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Low Energy Nuclear Experiments



Overview, part 1 (general properties of nuclei, mostly macroscopic)

• History ... the isotopes, the facilities we use 

• What can we measure/is observable? 

• Questions to ask about the nucleus 

- How much do they weigh? 

- What size are they? 

- What shape are they?

Attempt to use many accessible examples from recent literature, leaning towards the study of 
exotic nuclei where possible

What can experimentalists determine about a nuclear system in the lab?



Overview, part 2 (mostly direct reactions, not so exotic)

• History 

• Reactions, reaction types, direct reactions 

• Observables 

• Energies, momentum 

• Spectroscopic factors, occupancies (in context of ‘modern’ [but stable-beam] examples)

Attempt to steer clear of reactions for reaction’s sake, rather using them as a meaningful tool to 
gain insights into topical nuclear structure properties

The connection between direction reactions and nuclear structure



In many cases, single-particle strength is fragmented over several states. 41Ca is an excellent example of this: 
just one neutron outside the doubly-magic 40Ca (20 protons, 20 neutrons) … 

Single-particle energies — a ‘classic’ example

dσ
dΩ measured

= gSj
dσ
dΩ model

1.1. Nuclear shell structure 25
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Figure 1.2: [Colour] Plot of the spectroscopic strength for neutron single-particle con-
figurations 2p3/2 and 2p1/2 versus excitation energy for neutron outside the doubly-
magic core nucleus 41Ca. Data from Reference [7].
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For the (d,p) reaction …

σexp = (2j + 1)C2SjσDWBA⟺

The centroid of single-particle strength––
weighted by its spectroscopic strength––is a 
good approximation to the energy of the 
underlying single-particle orbital. 
(ESPEs, SPEs in lit., theory)



Recap …
• Reactions A(a,b)B reveal something about the atomic nucleus 
• Single-nucleon transfer (shameful bias in these lectures) can: 

– populate single-particle excitations 
– allow us to deduce spectroscopic factors, ℓ 
– … and thus single-particle energies 
– … and thus occupancies / vacancies 

• I showed ~two topical examples from the last ~decade, where reactions have 
been an essential tool in basic nuclear structure and in connection to 
fundamental symmetries

… and next
• Two more examples, exotic beams, spectrometers, …, bubbles, isomers, …



Overview, part 3 (mostly direct reactions, quite exotic, microscopic)

• History 

• Exotic beams 

• Kinematics 

• Spectrometers (with a focus on solenoidal spectrometers) 

• A few examples from the last few years (2014, 2017, 2017, current) (what drove 
them, reaction choices, results, commentary) 

The connection between direction reactions and nuclear structure



Part 3: Mostly direct reactions,... 
quite exotic



To begin at the beginning …

E. Rutherford, Philosophical Magazine 21, 669 (1911)

The Geiger-Marsden Experiment ... what was “supposed” to 
happen!

9

Note: the discovery of the nucleus used experimental apparatus which in essence, is 

very similar to how we do nuclear physics today

Gold foil

α

A few details

• Used a 0.1 Curie radium source

• ~1010 α particles per second bombard the thin gold foil

• The α particles had 7.7 MeV of energy

• A telescope was used to look at flashes of light on a zinc sulphide

Telescope

Vacuum chamber
The plum-pudding idea seemed 

reasonable: this result would fit 

expectations

• A 0.1 Ci radium source 
• ~1010 α particles per second (~ 1nA of 4He) 
• α particles of 7.7 MeV (~1.9 MeV/u) 
• A gold foil of 0.00004 cm thick (~0.8 mg/cm2) 
• A telescope was used to look at flashes of light on a zinc sulphide screen

The Geiger-Marsden experiment



[T 0⌫
1/2]

�1 = (Phase Space Factor)⇥ |Nuclear Matrix Element|2 ⇥ |hm��i|2

Neutrinoless double beta decay
A hypothetical decay process … made ‘possible’ by pairing in nuclei
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Reminder … pre 90s
• Direct reactions an essential probe of nuclear structure 
• Energies, angular momentum, overlaps 
• (High-resolution detectors developed accordingly) 
• Direct reactions, well-understood models 
• Highly selective 
• (Over 50-60 years experience) 
• Beams, nA-μA

Z

N

• Technique limited to stable systems 
‣ Few doubly-magic systems studied 
‣ Limited to changes of ~12 

neutrons/protons excess 
‣ Poor overlap with nuclei involved in 

astrophysical processes



… but people have been busy

Z

N

ATLAS ISOLDE

Stable
Known
102<I<104

104<I<106

I>106ReA

Rates are estimates, crude, source

ATLAS ISOLDE

Stable
Known
102<I<104

104<I<106

I>106ReA

Reach ….

(Beam rates are very crude estimates from various sources, illustrative, likely ~1-2 orders of mag. off

e.g. TRIUMFe.g. ATLAS e.g. ISOLDE e.g. ReA

 www.anl.gov/phy/helical-orbit-spectrometer

https://www.anl.gov/phy/helical-orbit-spectrometer


• Particle identification, ΔE-E techniques 
more challenging at low energies 

• Strong energy dependence with 
respect to laboratory angle 

• Kinematic compression at forward c.m. 
angles (in fact nearly all angles) 

• Typically leading to poor resolution 
(100s of keV) 

• … and beams a few to 106 orders of 
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Inverse-kinematics challenges

Kinematics: normal vs. inverse

A. H. Wuosmaa et al. Nucl. Intrum. Methods Phys. Res. A 580, 1290 (2007), J. C. Lighthall et al. ibid. 622, 97 (2010)



tan ✓labmax. = 1/
p
(V/v̄)2 � 1

V is c.m. velocity of the system, v is the 
velocity of the outgoing ion in the c.m. frame

Kinematics: normal vs. inverse
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• For negative Q-value 
reactions e.g. (d,3He) there 
is a double-valued 
kinematic solution ... 

• ... ions cannot scatter 
beyond θmax. in the 
laboratory, in this case 
θlab. = 44.6° 

• Particularly challenging for 
fixed lab-angle 
measurements, especially 
near θmax. 

Kinematics code (e.g.): 
Excel based: 
• Catkin, http://

personal.ph.surrey.ac.uk/
~phs1wc/kinematics/ 
(easy, visual, intuitive) 

• Heliomatic (for HELIOS, 
based on Catkin — email 
me) 

Java (old):  
• JRelkin, http://nukesim-

classes.sourceforge.net/
software_index.html 

Pro level: 
• LISE++ http://

lise.nscl.msu.edu/
lise.html 

Web based: 
• http://nrv.jinr.ru/nrv/

http://personal.ph.surrey.ac.uk/~phs1wc/kinematics/
http://personal.ph.surrey.ac.uk/~phs1wc/kinematics/
http://personal.ph.surrey.ac.uk/~phs1wc/kinematics/
http://nukesim-classes.sourceforge.net/software_index.html
http://nukesim-classes.sourceforge.net/software_index.html
http://nukesim-classes.sourceforge.net/software_index.html
http://lise.nscl.msu.edu/lise.html
http://lise.nscl.msu.edu/lise.html
http://lise.nscl.msu.edu/lise.html


Kinematics: normal vs. inverse (resolution)

S. J. FREEMAN et al. PHYSICAL REVIEW C 96, 054325 (2017)

TABLE I. List of laboratory angles at which mea-
surements were made for each of the reactions used.
Due to target problems, data were not measured for the
98Mo(3He,d) reaction at 14◦ and 22◦.

Reaction Laboratory angles

(p,d) 6◦, 18◦, 31◦, 40◦

(d,p) 8◦, 18◦, 27◦, 33◦

(3He,α) 10◦, 15◦, 20◦, 25◦

(3He,d) 6◦, 10◦, 14◦, 18◦, 22◦

the angular distributions and the differences in cross section
assisted some of the ℓ assignments, as discussed below.

Given the large number of cross-section measurements
made to states populated over a range of several MeV in
excitation, in four different reactions at several angles and
on four different targets, the state-by-state cross-section data
is given in the Supplemental Material [46].

A. Neutron transfer reactions

The neutron-removal reactions, (3He,α) and (p,d), were
carried out with beams of 3He ions at an energy of 36 MeV

FIG. 1. Spectra of protons from the (d,p) reaction on targets of
98Mo, 100Mo, 100Ru, and 102Ru at a laboratory angle of 8◦ as a function
of the excitation energy in the residual nucleus. The portions of the
spectra to the right of the dotted line have been scaled up by a factor
of five. The broader peaks that appear in these spectra are reactions
on light target contaminants, the strongest of which are marked by an
asterisk.

and protons at 24 MeV, respectively. The (d,p) neutron-adding
reaction was also performed using a deuteron beam at 15 MeV.
Data were recorded up to excitation energies of at least 3 MeV
in each residual nucleus. For the (d,p) and (p,d) reactions, this
was achieved using three different magnet settings, arranged
so that the subsequent spectra overlapped in excitation by at
least 100 keV. The lower dispersion associated with the magnet
settings for the (3He,α) reaction enabled data to be recorded
at one magnet setting. Figures 1, 2, and 3 show typical energy
spectra of outgoing ions from these reactions. The spectra were
calibrated using previously observed strongly populated final
states [49– 52].

Excitation energies were estimated to be accurate to better
than ∼ 3 keV for the (d,p) reaction and around ∼ 2 keV for the
(p,d) reaction. For the (3He,α) reaction, low-lying states are
accurate to ∼ 5 keV, rising to ∼ 10 keV at the higher excitation
energies measured. Typical energy resolutions obtained were
∼ 30 keV FWHM for (3He,α) and ∼ 8 keV FWHM for (p,d)
and (d,p) reactions.

Peaks corresponding to reactions on carbon and oxygen
target contaminants are present in the (d,p) spectra with
larger widths than those from the main target material due to
their larger kinematic shift. These contaminant peaks obscured
groups of interest at some angles, but the difference in their
kinematic shifts meant that angles were always available where

FIG. 2. Spectra of deuterons from the (p,d) reaction on targets
of 98Mo, 100Mo, 100Ru, and 102Ru at a laboratory angle of 6◦ as a
function of the excitation energy in the residual nucleus. The portions
of the spectra to the right of the dotted line have been scaled up by a
factor of five.
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P. PUPPE et al. PHYSICAL REVIEW C 84, 051305(R) (2011)

rest mass me.] The quantity G2ν(Q,Z) is the phase-space
factor, and values for different nuclei are summarized in
Ref. [38].

Because the relation between the GT transition strength and
the single β-decay matrix element for a 0+ → 1+ transition is

Bm(GT± ) = |Mm(GT± )|2, (3)

sign properties, which are important for the summation in
Eq. (2), get lost when deriving the latter from the former.

Experiment. The experiment was performed at the Research
Center for Nuclear Physics (RCNP) in Osaka. A 420-MeV 3He
beam was accelerated and focused onto a gas target located
in the scattering chamber at the entrance of the Grand Raiden
spectrometer. The WS beam line [39] provided the necessary
dispersion of the beam for achieving the highest resolution
[40]. Several tuning techniques for the dispersion matching
between beam line and the spectrometer were employed to
optimize energy and angular resolution [41– 43].

A specially designed gas-target system [44] was employed
to provide a target cell with isotopically enriched 136Xe
(99.92%) gas at the desired areal density. The gas cell was
made of a 6 mm thick copper piece with an inner 2.8-mm-diam
gas support line and an open area sealed by 6-µm-thin
polyethylene naphthalate (PEN) (trademark Teonex! Q51)
entrance and exit window foils. The windows were ∼30 mm
wide and 7 mm high. The physical thickness of the target
was 6 mm. Since the vertical extent of the dispersed beam
was significantly less than 1 mm, background due to slit
scattering did not occur during the experiment. The foils were
produced by DuPont Teijin Films and only contain carbon,
hydrogen, and oxygen components. Whereas hydrogen never
presents a serious background, the natural 13C and 18O
components, though of low natural abundance, have a low
enough reaction Q value (QR = 2.239 and 1.674 MeV) to

cause a sizable background in the region of low excitations
of the 136Xe reaction (QR = 0.108 MeV [45]). The 12C and
16O ground-state transitions, on the other hand, appear at
17.248 and 15.327 MeV in the excitation-energy frame of
136Xe and do therefore not contaminate the low-energy region.
Empty target cell measurements with high statistics allowed
an off-line subtraction of the contributions from the window
foils.

The gas cell was connected to a computer-controlled gas
supply system that provided the 136Xe gas at the desired
pressure of 0.5 atm at room temperature. This pressure
constitutes an areal density of the target of ∼2.2 mg/cm2.
Throughout the experiment the pressure stability and the
temperature were monitored by a precision pressure gauge
and a temperature sensor (PT100) installed inside the copper
frame of the cell. The gas pressure caused a slight bulging of
the foils, thereby increasing the areal density of the gas target.
The effect was measured using the (3He, t) reaction on 12C
by filling the cell with CO2 to equal pressure and temperature
and normalizing the yield to the known cross section of the
transition to the 12N ground state.

The PEN windows were found to safely withstand a 4 nA
electrical current at 420 MeV for more than 30 h. Several cells
were used during the course of the experiment.

A precise energy calibration at the level of ± 5 keV
accuracy was performed using a solid natural zirconium target
containing some minor contamination of natural silicon and
carbon. The various known Zr, Si, and C lines in the spectrum
span an excitation-energy region from 0 to ∼17 MeV in the
excitation-energy frame of the 136Cs final nucleus.

The experiment was performed at two spectrometer-angle
settings, i.e., 0◦ and 2.5◦. Appropriate solid angle cuts allowed
generating angular distributions ranging from ∼0◦ to 4.0◦.

After applying various off-line spectrometer aberration
corrections (up to tenth order) a final-state energy resolution
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FIG. 1. Excitation-energy spectra of the 136Xe(3He, t)136Cs reaction. Backgrounds from the window foils of the gas cell are subtracted.
The spectra were generated for different angle cuts (as indicated by the color/shade) and stacked on top of each other to indicate the effect of
the angular dependence. GT transitions are forward peaked and appear in black color at the most forward angle. Note that the energy scale is
compressed above 6 MeV. Whereas the J π assignments for the states indicated as 1+ and the one for the IAS are considered unique by the
shape of the angular distribution, the one indicated as 2− may still be considered tentative.
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Grand Raiden (RCNP, Osaka) 
[Puppe et al., Phys. Rev. C 84, 051305(R) (2011)]

Munich Q3D (Munich) 
[S. J. Freeman et al. Phys. Rev. C 96, 054325 (2017)]

8 keV FWHM6 keV FWHMMunich Q3D (Munich) 
[https://arxiv.org/abs/1802.07057]
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A b s t r a c t  

The one-neutron transfer react ions d(~3z~36Xe, p)m.~37Xe 
have been investigated in inverse kinematics with xenon 

beams incident on deuter ium loaded t i tanium targets. The 

angular distr ibut ions of the protons, measured with a de- 
tector array of 100 PIN-photodiodes, have been analyzed 

using standard DWBA. General ly,  good agreement  is 
obtained with results previously obtained in reactions in- 
duced by l ight-ion beams. 

PACS: 25.45.Gh;25.70.Cd 

The new GSl-accelerator SIS in combinat ion with the 
f ragment separator FRS and the exper imenta l  storage 
ring ESR will provide cooled beams of relat ively short - 
l ived nuclei, extending to isotopes far off stability. These 
beams open the possibi l i ty for nuclear structure studies 
on radioact ive nuclei through direct reactions in inverse 
kinematics. 

Of part icular interest are invest igat ions of s ingle-nucleon 
transfer reactions near doubly-magic nuclei, as for in- 

stance the determinat ion of s ingle-part ic le energies and 
matrix e lements of the two-body residual interaction in 

the vicini ty of 132Sn (N=82,  Z=50) ,  and of inelastic scat- 
ter ing studies of low-lying col lect ive states. 

In order to test the method of inverse kinematics, the ex- 
per imental  condit ions for such studies were investigated 
in the react ions d(132Xe,p)~33Xe and d(~36Xe,p)~37Xe. Stable 
xenon beams from the UNILAC accelerator  with E~b = 5.87 
MeV/u were focussed onto 100 /~g/cm 2 deuterated 
t i tanium targets (Ti:D content 1:1) on a 200/~g/cm 2 
a lumin ium backing. The recoi l -protons were detected 
using an array consisting of 100 PIN-photodiodes (10x10 
mm 2 active area and 320 #m thickness each) in a 10x10 
quadrat ic arrangement.  With a distance of 375 mm from 
the target the angular resolut ion of one PIN-diode was 
1.5~ the whole detector array covered an angular range 
of AO~b =180 and a solid angle of 71 mrad. 

The kinematic broadening dE/d 0 for protons from (d,p)- 
react ions for the invest igated region 0~o~ =90~ re- 

quired a col l imator  system (3 m m -  8 mm slits) to reach 
an energy resolut ion better than 100 keV (CMS) in every 
case. A semicol lect ive r e a d o u t -  method al lowed to ob- 

tain energy and t ime signals from each of 100 PIN - di- 
odes using only 20 electronic channels. For that purpose 
the 100 diodes were connected for all l ines at their  N - 

*Dedicated to Prof. Dr. P. Kienle on the occasion 
of his 60th birthday 

contacts and for all columns at their P - contacts. The 10 

l ines del ivered the t ime signals, the 10 columns the en- 
ergy signals and by a coincidence - condit ion the iden- 
t i f ication of the diode which had fired was obtained. A 

more detai led descript ion of the detector and the readout 
- method is given in ref. 1. 
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through the
58

Nisp, 2pnd reaction, is difficult to remove in

the accelerator, since the mass difference DMyM between
56

Ni and
56

Co is only 3.5 3 1025
. Chemical separation

could reduce the contribution of Fe and Co substantially,

but this adds complexity and the separation cannot be com-

plete, since
56

Co is the decay product of
56

Ni. The experi-

ment was, therefore, carried out with a mixed beam of
56

Fe,
56

Co, and
56

Ni ions.

The beam that was extracted from the negative ion

source and injected into the tandem accelerator contained

3 3 107 56
Ni

2
ionsysec and about a factor of 7 more of

the isobaric contaminant
56

Co. After stripping in the ter-

minal of the tandem accelerator, the mass 56101
beam was

accelerated to an energy of 250 MeV with the supercon-

ducting linear accelerator section of ATLAS. The
56

Ni

beam intensity on the target, averaged over a running time

of 3.7 d, was 2.5 3 104ysec. While measurements with a

stable
58

Ni beam gave a total transport efficiency (includ-

ing stripping in the terminal of the tandem accelerator) of

4.9%, a transport efficiency of only 0.1% was achieved in

this first experiment with
56

Ni. This was caused, in part,

by the lack of a stable feedback signal needed to synchro-

nize the bunching system of the accelerator.

The experiment was performed with a 500 mgy
cm

2
CD2 target located in the scattering chamber of the

Fragment Mass Analyzer (FMA) [7]. The inset of Fig. 1

shows a schematic of the experimental setup. The protons

emitted at backward angles from the ds56
Ni, pd57

Ni reac-

tion were detected in a large Si detector array consisting

of a position sensitive annular detector and six 5 3 5 cm
2

Si strip detectors (strip width 1 mm), covering a total

solid angle of 2.8 sr. To separate the sd, pd reactions

on
56

Ni from those induced by the
56

Co and
56

Fe beam

impurities, the reaction products were identified by their

FIG. 1. (top) Schematic of the experimental setup used for

measuring angular distributions for the ds56
Ni, pd57

Ni reaction

in inverse kinematics. (bottom) DE-Eres spectrum measured

with the ionization chamber in the focal plane of the FMA for

a mixed beam of
56

Fe,
56

Co, and
56

Ni.

mass and nuclear charge at the focal plane of the FMA

in coincidence with protons. For the Z identification

of the reaction products, it was necessary to use a pas-

sive absorber [8] consisting of a stack of ten Au foils

with a total thickness of 7 mgycm
2

(mounted 39 mm

downstream from the target) that slowed down the Fe,

Co, and Ni particles differently. The measurement of

the energy E and the time of flight in the focal plane of

the FMA, together with an energy loss DE signal from

an ionization chamber, allowed us to identify the three

isobaric components. A DE-E spectrum from the ioniza-

tion chamber measured for incident mass 56 ions in their

231
charge state is shown in the bottom part of Fig. 1.

The integrated beam intensity was determined by col-

lecting the
56

Ni and
56

Co particles elastically scattered

from the Au absorber on a circular ring covering the angu-

lar range between u ≠ 4.5± 11.9± and by measuring the

accumulated activity after the experiment with a calibrated

Ge detector. Corrections were applied for the
56

Ni decay

and for the time dependence of the exposure profile. The

uncertainties of these corrections are estimated to 610%.

The full experimental setup was tested by measuring the

inverse reaction ds28
Si, pd29

Si with a 125 MeV
28

Si beam

that was also used for tuning the ATLAS accelerator. Fur-

ther details will be given in a forthcoming paper [9].

Figure 2(a) presents a Q-value spectrum for protons

from the ds56
Ni, pd reaction as measured with the annular

Si detector that covers the angular range u ≠ 147± 162±

in coincidence with
57

Ni ions detected in the FMA.

In the center-of-mass system, this range corresponds to

forward angles for a sd, pd reaction, where transitions to

FIG. 2. (a) Q-value spectrum measured with the annular de-

tector (see Fig. 1) for the ds56
Ni, pd57

Ni reaction at Es56
Nid ≠

250 MeV. (b) Q-value spectrum for the ds28
Si, pd29

Si reaction.

In this angle range, only l ≠ 0, 1 states are strongly populated.
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configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6× 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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protons from reactions on carbon in the target produce a continuous background distribution. This is subtracted in the determination of
cross sections.
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FIG. 2 (color online). Expanded view of the excitation energy
spectrum showing astrophysically important mirror states in the
energy region Ex ¼ 7700–8200 keV. The green line shows a
cumulative fit to the data. The red lines indicate the individual fits
for the 7948, 7997, and 8043 keV levels with fixed peak widths,
and the background is displayed by the dotted line.
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the present results, an average value of 45þ19
−17 μeV for the

strength of the 188.9(6) keV resonance [18] and strong
resonances at 276.3(4) and 368.5(4) keV in 27Si [33]
(resonance energies are taken from Ref. [32]). It is clear
from Fig. 4 that the 127 keV resonance now dominates the
reaction over almost the entire temperature range of WR
stars and AGB stars (T ∼ 0.04–0.10 GK). Furthermore,
by significantly constraining the proton spectroscopic
factor for the 127 keV resonance compared to the full
range considered in Parikh et al. [15], we conclude that
its contribution in novae environments is likely to be
negligible.

It can be seen from Fig. 4 that for the region immediately
above ∼0.1 GK, corresponding to the lower temperature
range for hydrogen burning in novae, the 189 keV reso-
nance (7652 keV excitation energy), is the strongest single
contributing state to 26Al destruction. Lotay et al. [18]
paired this state with a mirror analog level at 7948 keV in
27Al [23], with angular distribution measurements of γ
decays giving a clear 11=2 spin assignment for the
7652 keV level in 27Si. The angular distribution and
ADWA fit for the 7948(3) keV excited state in 27Al is
shown in Fig. 3(c). As can be seen, the angular distribution
is well fitted by a pure l ¼ 1 transfer with C2S (l ¼ 1) of
0.14(3) and is inconsistent with l ¼ 0, 2 transfer, support-
ive of an 11=2− assignment. Such high values for C2S for
negative parity states at high excitation energies in sd-shell
nuclei have been associated with relatively pure single
particle configurations [34]. Using this value to obtain
an implied strength for the 189 keV resonance gives
52ð11Þ μeV, which is in excellent agreement with the
two direct measurements of 55(9) [16] and 35ð7Þ μeV [17].
In summary, we have performed a high-resolution study

of the 26Alðd; pÞ27Al transfer reaction in inverse kinematics
and have, for the first time, placed experimental constraints
on the proton spectroscopic factor C2S of the key 127 keV
resonance in the 26gAlðp; γÞ27Si reaction. This has resulted
in stringent restrictions on the rate at which this reaction
occurs and clearly points to the dominant role of the
127 keV resonance in the destruction of the cosmic γ-
ray emitting isotope 26Al in Wolf-Rayet and AGB stars. In
order to reduce further uncertainties in the reaction, we
would encourage a 26Alð3He; dÞ27Si study to obtain a direct
measurement of the proton spectroscopic factor of the
127 keV resonance in 27Si.

FIG. 3. Angular distributions together with ADWA fits
for excited states in 27Al at (a) 3004(2), (b) 7806(3), and
(c) 7948(3) keV. The dominant systematic uncertainty in
extracting cross sections relates to errors involved in determining
the initial target thickness.
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FIG. 4 (color online). Contribution of individual resonances to
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reaction rates are given in the text. As discussed in the text, the
contribution of the 68 keV resonance represents an upper limit.

PRL 115, 062701 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

7 AUGUST 2015

062701-4

configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6× 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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cross sections.
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Q-value resolution of 40 keV FWHM

Recent ‘state-of-the-art’ — impressive result
Notes
• Beam: 6 MeV/u, 1pnA 

(6.25×109 pps) 
• Target: 50 μg/cm2 
• Highly idealized setup, afford 

by very intense 26Al beam at 
TRIUMF 

• Place detectors far way 
• Annular Si detectors
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shell closure reveals itself as a large discontinuity, for instance at
132Sn, where E215 4,041.2(15) keV is significantly higher than that
of the other tin isotopes (about 1,200 keV) and drastically larger than
that for nearby isotopes of cadmium or tellurium (about 500 keV)
(Evaluated Nuclear Structure Data File (ENSDF) database; http://
www.nndc.bnl.gov/ensdf/). However, these excitations alone do
not prove that a nucleus is magic, because they may reflect other
properties such as changes in pairing strength8. Another sign ofmagic
nature comes from the sudden decrease in two-neutron separation
energies—S2n is shown in Fig. 1b—for the isotopes just beyond the
shell closure.

A critical test of the shell closure is to study the single-particle states
outside the closed shell. An important metric is the spectroscopic
factors (S) of single-particle states in the nuclei with one neutron
or one proton beyond the double-shell closure. For a good magic
nucleus A, the single-particle strength for a specific orbital in the
A1 1 nucleus should be concentrated in one state, resulting in high
spectroscopic factors, as opposed to being fragmented through the
spectrum of the nucleus.

Situated at the beginning of the neutron 82–126 shell, the single-
particle orbitals in 133Sn are expected to be 2f7/2, 3p 3/2, 1h9/2, 3p 1/2,
2f5/2 and 1i13/2 (the five bound states are shown in Fig. 1d).
Candidates for four of these states have been observed9,10, with the
notable exception of the p 1/2 and the i13/2 orbitals. The experimental
values of the excitation energies of single-particle states just outside a
shell closure are important benchmarks for shell-model calculations
for more exotic nuclei. Experimental investigations of the single-
particle nature of 133Sn have been confined to b-decay measure-
ments9 and the spectroscopy of prompt c-rays after the fission of
248Cf (ref. 10). In this region of the nuclear chart, b-decay preferen-
tially populates high-spin states in the daughter nucleus. In fission
fragment spectroscopy both the production of the daughter nucleus
of interest and the techniques used to extract information from the
plethora of photons emitted from a fission source favour high-spin
states. Therefore, none of the previous measurements of 133Sn were
well suited to the study of low-spin states, and none was a direct
probe of the single-particle character of the excitations.

One very sensitive technique for studying low angularmomentum,
single-particle states is by means of a reaction in which a single
nucleon is ‘transferred’ from one nucleus to another. These transfer
reactions traditionally require a light ion beam striking a target of
higher mass. For nuclei far from stability this is not possible, because
the target would not live long enough to perform the measurement.
Recently these reactions have been performed in inverse kinematics
with light-A targets, in particular deuterons in deuterated polyethyl-
ene (CD2) targets, and radioactive ion beams11,12. These measure-
ments include the pioneering experiment on the long-lived doubly
magic nucleus 56Ni (ref. 13). In a (d,p) reaction in inverse kinematics,
a neutron is removed from a deuteron (d) in the target, and is trans-
ferred to a beam particle, ejecting a proton (p) that can be detected
(see Fig. 2 top left inset). This reaction is ideally suited to the study of
low-lying single-neutron states in the final nucleus.

To perform the 132Sn(d,p) reaction in inverse kinematics, a beam14

of the short-lived isotope 132Sn (t1/25 39.7 s) was produced at the
Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory, using the isotope separation online technique. Protons
from the Oak Ridge Isochronous Cyclotron bombarded a pressed
powder target of uranium carbide, inducing fission. Negative ions of
tin were injected into and accelerated by the 25-MV tandem electro-
static accelerator to 630MeV. The resulting essentially pure (more
than 90%) 132Sn beam bombarded a CD2 reaction target with an
effective areal density of 160 mg cm22. Protons emerging from the
(d,p) reaction were measured in position-sensitive silicon Oak
Ridge Rutgers University Barrel Array (ORRUBA)15 detectors cover-
ing polar angles between 69u and 107u in the laboratory frame. At
forward angles, telescopes of ORRUBAdetectors consisting of 65-mm
or 140-mmDE (energy loss) detectors backed by 1,000-mm E (residual

energy) detectors were employed to stop elastically scattered 12C
recoils coming from the composite CD2 target, and to allow particle
identification. Backwards of the elastic scattering region (hlab. 90u),
single-layer 1,000 mmORRUBAdetectors were used. Amicrochannel
plate detector16 located downstream of the target chamber provided a
timing signal for beam-like recoil particles. The elastic scattering of
deuterons from the target was used in the normalization of the trans-
fer reaction cross-sections. These data, taken at forward angles
(hCM5 28–43u), were dominated by Rutherford scattering, which
can be easily calculated. Small corrections (about 6% or less) due to
nuclear scatteringwere included in the analysis of the elastic scattering
data. In this way uncertainties in the number of target deuterons and
beam ions were greatly decreased in the normalization.

Figure 2 shows the reaction Q-value spectrum for the 132Sn(d,p)
reaction as measured at 54u in the centre-of-mass frame. Four clear
peaks can be seen, corresponding to the ground state, the known
Ex5 854 keV and Ex5 2,005 keV excited states, and a previously
unobserved state at Ex5 1,3636 31 keV. The tentative spin-parity
assignments for the known states are 7/22 (presumably 2f7/2), 3/2

2

(presumably 3p 3/2) and 5/22 (presumably 2f5/2), respectively. The
initial supposition for the nature of the new state is that it is the
hitherto unobserved 3p 1/2 state.

Angular distributions of the protons from single-neutron transfer
experiments reflect the orbital angular momentum, l, of the trans-
ferred nucleon. Because the (d,p) reaction preferentially populates
low-l single-neutron states, only p -wave and f-wave states in the
region above 132Sn are expected to be significantly populated in the
132Sn(d,p) reaction. Angular distributions for the four states mea-
sured were extracted from the Q-value spectra at different angles by
using a four-Gaussian fit. The widths of the peaks were allowed to
increase for the higher excited states, reflecting the diminished
Q-value resolution for low-energy protons. For each state, transfer
angular distributions to an l5 1 and an l5 3 state were calculated in
the distorted-wave Born approximation (DWBA) framework, with
the use of the code FRESCO17. The Reid interaction18 was used for the
deuteron and the finite-range DWBA calculation included full com-
plex remnant in the transfer operator. The optical model potentials
were taken from ref. 19, and standard Woods–Saxon parameters for
the radius parameter r5 1.25 fm (where the radius R is given by
R5 rA1/3) and diffuseness a5 0.65 fm for the final bound state were
used. Spectroscopic factors were extracted by scaling the DWBA
calculation to the data. Figure 3a, b shows the angular distributions
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Figure 2 | Q-value spectrum for the 132Sn(d,p)133Sn reaction at 546 in the
centre of mass. Error bars are statistical, shown as a standard deviation in
the number of counts. The black solid line shows a fit to four peaks: the
ground state (green), the 854-keV state (red), the first observation of the
1,363-keV state (blue), and the 2,005-keV state (magenta). The top left inset
displays a diagram of the (d,p) reaction in inverse kinematics. The top right
inset shows the level scheme of 133Sn. The 1,561-keV state, expected to be the
9/22 h9/2 state, was not significantly populated in this reaction and therefore
was not included in the fit.

NATURE |Vol 465 |27 May 2010 LETTERS

455
Macmillan Publishers Limited. All rights reserved©2010

Using the traditional approach of placing a segmented Si detector at a fixed laboratory angle can 
result in poor excitation-energy resolution, typically of the order of ~300 keV (better can be 
achieved for light nuclei).

EXPERIMENTAL STUDY OF THE 11,12B(n,γ ) . . . PHYSICAL REVIEW C 81, 015802 (2010)
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FIG. 1. (Color online) Particle
identification spectra with 11,12B
beams. Panels (a) and (c) show plots
of "E versus E from the forward
recoil detectors and panels (b) and
(d) show excitation energy spectra
for 12B and 13B. The solid histogram
in panel (b) is obtained by selecting
events within the solid circle in panel
(a) (i.e., recoiling 12B from the (d,p)
reaction). The hatched histogram is
obtained by selecting events within
the dashed circle (i.e., recoiling 11B
from the (d,p)12B(n)11B). Panels (c)
and (d) show the same as described
for panels (a) and (b) only for the 12B
beam.

code PTOLEMY [27]. The optical-model parameters for these
calculations are summarized in Table I.

The minima in the ℓ = 0 angular distributions are smeared
out by the angular resolution, which is indicated by the
horizontal error bars in Fig. 2. For the 1.674-MeV state,
the calculated DWBA cross section was also averaged over
the same angular bins as the data to check the comparison

in the region of the 22◦ minimum in the calculation (dash-
dotted line). The averaging has only a small effect, and the ex-
tracted spectroscopic factor is the same as that extracted from
the unaveraged curve, within the measurement uncertainty.
Also, the doublet at 2.621 and 2.723 MeV was unresolved
within our Q-value resolution, so the DWBA curve was
calculated for the sum of both transitions with previously
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FIG. 2. (Color online) Angular-
distribution data for the 11B(d,p)12B
reaction in inverse kinematics with
the DWBA calculations. The dashed
lines correspond to spectroscopic
factors from Ajzenberg-Selove [26]
and the solid lines are normalized
to the current data. See the text for
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Important doublet:
unresolved

e.g. d(132Sn,p)133Sn, ~300 keV FWHM

Would like an approach that consistently: 
• Gives better than 100-keV FWHM resolution  
• 7-10 day runs with RI beams (104 pps, 100 μg/cm2 targets)

e.g. d(12B,p)13B, ~250 keV FWHM

Typically, resolution is a challenge …
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a) Solenoidal Geometry

A magnetic solenoid with its axis oriented along the beam direction could serve as a very large-

acceptance magnetic spectrograph for low-energy light particles from inverse reactions such as

d(132Sn,p)133Sn.In this case the protons of interest are emitted in the backwards hemisphere

with energies of 1-10 MeV. The particle energy measurements are done via silicon detector

barrels surrounding the beam axis. This type of magnetic spectrograph deserves further study.

b) Toroidal Geometry

Large-acceptance magnetic spectrometers based on a toroidaJ geometry of six or eight coils sur-

rounding the beam (symmetry) axis have been used in other areas of nuclear physics, but there

are no existing devices or design studies for ISOL-type applications. ‘(Orange “ spectrometers

for electrons have been implemented in many devices in the past. .A possible geometry to be

studied is one with a detector barrel surrounding the beam axis. The device would have nearly

complete azimuthal coverage in either the backward or forward hemisphere, as well as a large

energy range. Ion-optical simulations of such a device will have to be carried out to determine

the energy resolution and detailed geometrical acceptance. The dependence on the energy and

position resolution of the focal plane “barrel” detector will also have to be investigated.

4.3 Cost and Manpower Summary

The estimated costs and manpower needs for a conventional magnetic spectrograph are approx-

imateely $3M and about 5 man-years, respectively. This estimate is scaled from the experience

with the design and construction of the S800 spectrometer at MSU. In addition, about 2 FTE

of effort are needed for preliminary studies of the two large-acceptance, low magnetic rigidity

devices mentioned above. At the present time no funds for building a “Phase-II” spectrometer

are requested.

22

Other approaches?

Comment by John P. Schiffer, Argonne, I.Y. Lee (Ed.), Proceedings of the Workshop on Experimental Equipment for an 
Advanced ISOL Facility, Lawrence Berkeley National Laboratory, 1998, LBNL-42138, pp. 667–678.

A meeting at Berkeley in 1998 to discuss 
next generation facilities (to become FRIB) 

Move towards 100-keV FWHM or better for 
transfer reactions



Example: d(28Si,p) at 6 MeV/u with a 2-T field • A simple linear relationship 
between energy and z, where 
the energy separation is (nearly) 
identical to the excitation energy 
in the residual nucleus. 

• Removes kinematic compression. 

• Factor of ~2.4 improvement in 
resolution (for this example) 

• … and an MRI magnet seems 
ideal (in fact too good)
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tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23mm on a side
and is 710mm long with the active length covering 340mm. The
end of the array is fitted with a four-element, 5mm!5mm
square tantalum aperture for beam collimation; each element is
insulated from the array and the beam current incident on each
element can be monitored to aid beam tuning. The support for the
silicon array includes a liquid-cooled copper block, providing
cooling of the silicon detectors, although this cooling was not
operational during the commissioning experiment. A linear
bearing on the detector-array support structure permits axial
translation of the array within the solenoid volume over a range of
approximately 400mm. To ensure good transmission of the beam
through the array, it must be well aligned with respect to the
beam axis. This alignment is achieved using a translation stage,
providing motion perpendicular to the solenoid axis, and an
alignment ring which allows the plane of the array to tilt.

Conventional electronics are used to process the silicon-
detector signals. Each energy and position signal is first read out
using a charge-sensitive preamplifier (Mesytec MSI-8p), and then
fed to shaper/constant-fraction discriminator units (Mesytec
MSCF-16) that provide trigger information, and produce analog
signals that are digitized using conventional analog-to-digital
converters. The main trigger for the silicon-array readout is
formed from a logical OR of the discriminator outputs for all
energy and position signals.

Target foils in HELIOS are mounted on a nine-position target
fan, and the rotation angle is read out with a digital encoder. The
distance between the target and the array can be changed by
moving the target fan parallel to the beam axis, and the distance is
measured with a laser range finder. Both the rotation and linear
translation of the target fan can be accomplished under vacuum.
In addition to target foils, the target fan can also hold a calibration

source, a Faraday cup, and a silicon-detector telescope for beam
diagnostics.

3.3. The acceptance

HELIOS disperses charged particles along the detector array
in proportion to the reciprocal of their laboratory velocities,
parallel to the beam, vJ ¼ v0cosðycmÞþ Vcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
covered in the center-of-mass frame depends on the position of
the array. As seen from Fig. 2, a range of center-of-mass angles
from 211 to 421 is covered for the ground-state transition in
the d(28Si,p)29Si reaction, given a field of 2.0 T, for the interval
covered by the silicon array between & 680 and & 340mm from
the target.

The solid-angle acceptance also depends on the magnetic field
and the reaction being studied. An increase in the magnetic field
decreases the dispersion and thus increases the coverage in
center-of-mass angles for a given detector position. For example,
for the ground-state transition in the d(28Si,p)29Si reaction at
6MeV/u with a central magnetic field of 2.0 T, each detector
covers an interval of DcosðycmÞ ¼ 0:028 and covers an azimuthal
range of Df¼ 0:24p, giving a solid angle of 0.021 sr per element,
and a total solid angle coverage of 0.50 sr for the silicon array in
the center-of-mass frame.

4. Simulations

Monte-Carlo simulations were performed to characterize the
HELIOS response for the d(28Si,p)29Si reaction used for the
commissioning of the instrument. These simulations are similar
to those described in Ref. [5], but incorporate tracking of particles
through the actual measured field map of the HELIOS solenoid,
and a detector array with dimensions of the actual array. The
target is a deuterated polyethylene [(C2D4)n] foil with an areal
density of 84mg=cm2, and all of the silicon detectors are assumed
to have an intrinsic energy resolution of 50 keV FWHM. These
parameters were chosen to match those of the commissioning
experiment described below. Particles in these simulations were
emitted uniformly in laboratory angle.

Fig. 10 shows a simulated spectrum of proton energy versus
position for several different final states in 29Si populated in the
d(28Si,p)29Si reaction. The figure contains simulated events
for three different target-detector separations, & 95, & 340, and
& 490mm, as measured from the target to the most forward edge
of the active silicon. The active array regions for these three
separations are indicated by the sets of lines I, II, and III,
respectively, in Fig. 10. The dashed curve shows the acceptance
limit imposed by the size of the front of the silicon-detector array.
The gaps in the spectrum that line up for different states at the
same value of z are due to the spaces between individual
detectors on the array. The combination of analytical calculation
and Monte-Carlo simulation provides a convenient means to set
up the spectrometer to study particular nuclear reactions.

5. The d(28Si,p)29Si measurement

5.1. Experimental setup

HELIOS was commissioned with a study of the inverse-
kinematic reaction d(28Si,p)29Si. The (d,p) reaction on 28Si is
well-studied [1] and eight states in 29Si are strongly populated
between Ex¼0 and 7MeV, separated by an average interval of
0.91MeV. Near 6MeV there is a pair of states separated

Fig. 8. Photograph of one silicon PSD mounted on a printed-circuit board as used
in the HELIOS silicon-detector array.

Fig. 9. The assembled HELIOS silicon-detector array held in its transport stand.
The 5mm !5mm four-element collimator can be seen at the end of the array. The
inset shows a schematic drawing of the array cross-section.
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measured with a laser range finder. Both the rotation and linear
translation of the target fan can be accomplished under vacuum.
In addition to target foils, the target fan can also hold a calibration
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in proportion to the reciprocal of their laboratory velocities,
parallel to the beam, vJ ¼ v0cosðycmÞþ Vcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
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from 211 to 421 is covered for the ground-state transition in
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for the ground-state transition in the d(28Si,p)29Si reaction at
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covers an interval of DcosðycmÞ ¼ 0:028 and covers an azimuthal
range of Df¼ 0:24p, giving a solid angle of 0.021 sr per element,
and a total solid angle coverage of 0.50 sr for the silicon array in
the center-of-mass frame.

4. Simulations

Monte-Carlo simulations were performed to characterize the
HELIOS response for the d(28Si,p)29Si reaction used for the
commissioning of the instrument. These simulations are similar
to those described in Ref. [5], but incorporate tracking of particles
through the actual measured field map of the HELIOS solenoid,
and a detector array with dimensions of the actual array. The
target is a deuterated polyethylene [(C2D4)n] foil with an areal
density of 84mg=cm2, and all of the silicon detectors are assumed
to have an intrinsic energy resolution of 50 keV FWHM. These
parameters were chosen to match those of the commissioning
experiment described below. Particles in these simulations were
emitted uniformly in laboratory angle.

Fig. 10 shows a simulated spectrum of proton energy versus
position for several different final states in 29Si populated in the
d(28Si,p)29Si reaction. The figure contains simulated events
for three different target-detector separations, & 95, & 340, and
& 490mm, as measured from the target to the most forward edge
of the active silicon. The active array regions for these three
separations are indicated by the sets of lines I, II, and III,
respectively, in Fig. 10. The dashed curve shows the acceptance
limit imposed by the size of the front of the silicon-detector array.
The gaps in the spectrum that line up for different states at the
same value of z are due to the spaces between individual
detectors on the array. The combination of analytical calculation
and Monte-Carlo simulation provides a convenient means to set
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5. The d(28Si,p)29Si measurement
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HELIOS was commissioned with a study of the inverse-
kinematic reaction d(28Si,p)29Si. The (d,p) reaction on 28Si is
well-studied [1] and eight states in 29Si are strongly populated
between Ex¼0 and 7MeV, separated by an average interval of
0.91MeV. Near 6MeV there is a pair of states separated

Fig. 8. Photograph of one silicon PSD mounted on a printed-circuit board as used
in the HELIOS silicon-detector array.
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• 4 sides, 6 detectors long 
• Detector size, 9×50 mm 
• 700-μm thick (e.g. ~10 MeV protons) 
• Φ coverage, 0.48 of 2π 
• Ωdetector = 21 msr 
• Ωarray = 493 msr

Read-out cables

Si detector
Al tube

4 isolated slits 
5×5 mm

Incident ion

X1 X2
E

Position ≈ (X1–X2)/E

Position sensitive Si detectors

J. C. Lighthall et al., Nucl. Instrum. Methods Phys. A 662, 97 (2010)
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Analysis …
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We measure E vs. z, which is the excitation-energy spectrum of the residual nucleus
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… ta-da

0 2 4 6 8 10
0

10000

20000

30000

40000

50000

d(28Si,p)29Si, 6 MeV/u

Whole array

~100 keV FWHM

August 2008

g
.s

.,
 ℓ

=
 0

Excitation energy (MeV)

C
o
u
n
ts

 p
e
r 

c
h
a
n
n
e
l

1
2
7
3
, 
ℓ

=
 2

2
0
2
8
, 
ℓ

=
 2

2
4
2
6
, 
ℓ

=
 2

3
0
6
7
, 
ℓ

=
 2

3
6
2
4
, 
ℓ

=
 3

4
9
3
5
, 
ℓ

=
 1

6
3
8
1
, 
ℓ

=
 1

6
1
9
4
, 
ℓ

=
 3

Smooth background 

subtracted

J. C. Lighthall et al., Nucl. Instrum. Methods Phys. A 662, 97 (2010)



Comment on AIRIS
LE beam lines
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ATLAS, home to HELIOS
• Stable beams at high intensity and energies up to ~20 MeV/u 
• In-flight beams approx. 10 < A < 30 at energies up to ~20 MeV/u 
• CARIBU beams at low intensity and energies up to ~10-15 MeV/u 
• Low energy beams for trap measurements 
• State-of-the-art instruments

ATLAS, http://www.anl.gov/phy/ 

http://www.anl.gov/phy/
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SINGLE-NEUTRON ENERGIES OUTSIDE 136Xe PHYSICAL REVIEWC 84, 024325 (2011)

FIG. 2. (Color online) (Top) Proton energy versus longitudinal distance traveled between the target and the point of impact on the Si array,
!z, for the d(136Xe,p)137Xe reaction at 10 MeV/u and a 2-T field. The plot is a composite of two different target positions, as discussed in the
text. (Bottom) Representative proton spectrum. Peaks are labeled by their energy (to the nearest keV) and by their ℓ value, spin, and parity,
where these quantities are known. States marked with a △ symbol are those with energy, ℓ value, or both, deduced for the first time in this
work. A smooth background has been subtracted to produce the displayed spectrum as discussed in the text.

was smooth and was subtracted in the analysis, the associated
uncertainty in the extracted yields is discussed below.

The proton data were binned according to their position
z along the beam axis. A typical spectrum of proton energy
versus !z, the distance between the target and point of impact
on the array, is given in the upper portion of Fig. 2. The
sloping lines in this plot correspond to the population of
different excited states in the final nucleus; the ground state
is labeled for illustration. The locus of a line for a particular
final state corresponds to different proton angles. The central
position of each PSD on the array, at the two target-array
distances, was chosen as the set of angles for the angular
distributions, although the corresponding c.m. angle does
depend on the excitation energy. For the angular distributions,
the data were binned according to the angular range covered by

the respective PSDs; however, in HELIOS, each PSD subtends
equal solid angle in the c.m. frame. The yields to specific final
states were extracted for each of these angles and normalized,
using the elastic-scattering data, to produce absolute cross
sections.

Several factors that contribute to the cross-section uncer-
tainties are estimated here. The solid angle of the monitor
detector is the dominant source of systematic uncertainty
and is estimated to be ∼11%. With typical beam intensities
of ∼ 5 × 106 ions per second, the beam current integrator
was near the limit of its sensitivity, and the corresponding
uncertainty is estimated to be 5%. From α-source data, the
yield due to the performance of individual PSDs was found
to have an rms variation of ∼7%. The uncertainty in the
measurement of the Rutherford scattering cross section is at the
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FIG. 2. (Color online) (Top) Proton energy versus longitudinal distance traveled between the target and the point of impact on the Si array,
!z, for the d(136Xe,p)137Xe reaction at 10 MeV/u and a 2-T field. The plot is a composite of two different target positions, as discussed in the
text. (Bottom) Representative proton spectrum. Peaks are labeled by their energy (to the nearest keV) and by their ℓ value, spin, and parity,
where these quantities are known. States marked with a △ symbol are those with energy, ℓ value, or both, deduced for the first time in this
work. A smooth background has been subtracted to produce the displayed spectrum as discussed in the text.

was smooth and was subtracted in the analysis, the associated
uncertainty in the extracted yields is discussed below.

The proton data were binned according to their position
z along the beam axis. A typical spectrum of proton energy
versus !z, the distance between the target and point of impact
on the array, is given in the upper portion of Fig. 2. The
sloping lines in this plot correspond to the population of
different excited states in the final nucleus; the ground state
is labeled for illustration. The locus of a line for a particular
final state corresponds to different proton angles. The central
position of each PSD on the array, at the two target-array
distances, was chosen as the set of angles for the angular
distributions, although the corresponding c.m. angle does
depend on the excitation energy. For the angular distributions,
the data were binned according to the angular range covered by

the respective PSDs; however, in HELIOS, each PSD subtends
equal solid angle in the c.m. frame. The yields to specific final
states were extracted for each of these angles and normalized,
using the elastic-scattering data, to produce absolute cross
sections.

Several factors that contribute to the cross-section uncer-
tainties are estimated here. The solid angle of the monitor
detector is the dominant source of systematic uncertainty
and is estimated to be ∼11%. With typical beam intensities
of ∼ 5 × 106 ions per second, the beam current integrator
was near the limit of its sensitivity, and the corresponding
uncertainty is estimated to be 5%. From α-source data, the
yield due to the performance of individual PSDs was found
to have an rms variation of ∼7%. The uncertainty in the
measurement of the Rutherford scattering cross section is at the
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FIG. 1. (Color online) 14B excitation-energy spectrum from the
13B(d, p)14B reaction. The filled (open) histogram corresponds to
protons detected in coincidence with identified 14B(13B) recoil ions.
The vertical dashed line shows the neutron-separation energy, and the
cross-hatched peak is described in the text. The inset shows the level
diagram for 14B from [4].

with the EX(1−
1 ) = 654 ± 9 keV suggested by gamma-ray

observations [30]. The width of the 3−
1 peak at 1.38 MeV is

comparable to our instrumental resolution, though the 4−
1 peak

is broader (! ≈ 300 keV), suggesting that we are sensitive to
the natural width of that level. Deconvoluting the experimental
resolution, we estimate that the width of the 4−

1 state is roughly
! ≈ 200 ± 50 keV. We cannot rule out a contribution from the
broad reported 2−

2 state; however we are probably insensitive
to this excitation due to its width and expected yield. The
cross-hatched histogram in Fig. 1 represents an estimate of
how this state would appear in our data, and it would likely
be obscured by the peaks from the much stronger 3−

1 and
4−

1 transitions. At excitation energies greater than 2 MeV,
the spectrum is dominated by broad resonances. We do not
see evidence of a broad state observed in the 14Be(p, n)14B
reaction at 4.06 MeV, tentatively assigned 3+ or 3− [19].

Figure 2 shows angular distributions obtained for the four
low-lying narrow states in 14B populated in the (d, p) reaction.
The cross sections were obtained from the yields in the
silicon-array detectors, with the total number of beam particles
determined from the yield in the 0o-monitor detector. The
proton yields were corrected for the solid-angle acceptance of
the silicon-detector array, and the recoil-coincidence efficiency
for the beam-like 13,14B reaction partners detected at forward
angles. The recoil-coincidence efficiency was determined from
Monte-Carlo simulations of particle transport in HELIOS for
the two- and three-body final states where appropriate, as
described in [26]. Systematic uncertainties from the Monte-
Carlo simulations arising from the effects of possible detector
misalignment were approximately 10%. Due to the beam
attenuator, the measurement of the integrated beam flux
depended on the beam spot size and shape, and the sensitivity
of the absolute normalization to those effects has also been
investigated with Monte-Carlo simulations. We estimate that
the total uncertainty in the absolute cross-section scale is
approximately 30%.
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FIG. 2. (Color online) Angular distributions for different states in
the 13B(d, p)14B reaction. The horizontal bars represent the angular
range for each data point. The curves represent DWBA calculations
described in the text, with the thick-dashed, dot-dashed, and solid
curves corresponding to ℓ = 0, 2, and 0 + 2, respectively. The thin-
dashed curve in (a) shows the ℓ = 0 result for the 2−

1 state before
averaging over the scattering angle.

The curves in Fig. 2 represent the results of distorted-
wave Born-approximation (DWBA) calculations calculated
using the finite-range code PTOLEMY [31]. The optical-model
parameters for the entrance and exit channels were taken from
Refs. [32] and [33], and reproduce d+12C and p+12C elastic
scattering at Ed = 30 and Ep = 15 MeV. The bound-state
form factors were obtained from a Woods-Saxon well with
radius parameter r0 = 1.2 fm and diffuseness a = 0.6 fm, and
depth adjusted to match the known neutron binding energy.
For the unbound 3−

1 and 4−
1 states, the form factors were cal-

culated with the approximation that the states were bound by
100 keV.

Additional calculations using the code DWUCK4 [34], which
implements the method of Vincent and Fortune [35] for
unbound final states, give variations in the average ℓ = 2
cross section in the angle range of interest of ≈10% moving
from EX = 0.9 MeV (bound) to EX = 2.0 MeV (unbound).
Variations in the DWBA results for changes in the bound-
state well parameters of 5% in r0 and 20% in a lead to
changes in the ratio of σ (ℓ = 0)/σ (ℓ = 2) of approximately
20% over the measured angular range. Also, the angular-
distribution shapes are nearly identical to those obtained using
a theory that includes the effect of deuteron breakup for the
16O(d, p)17O reaction at similar deuteron energies [36]. We
use these variations as an estimate of the theoretical systematic
uncertainty on the spectroscopic factors discussed below.

The calculations have been averaged over an angular range
corresponding to the angular acceptance for the data points.
For the ground- and first-excited states that are assigned 2−

and 1−, respectively, both ℓ = 0 and 2 neutron transfers are
permitted. For those two states, the thick-dashed, dot-dashed,
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FIG. 7. 14B excitation-energy spectra from the 15C(d,3He)14B
reaction. (a) and (b) Particle-bound (unbound) states obtained in
coincidence with identified 14B (13B) ions.

approximately 180-keV full width at half maximum (FWHM),
dominated by detector resolution, kinematic shift, and energy
loss in the target. For the 15C data, the estimated excitation-
energy resolution includes an additional 140-keV contribution
from the spread in the energy of the secondary beam caused by
energy loss and straggling in the production cell, resulting in
a value of 240-keV FWHM when the contributions are added
in quadrature.

1. 14C → 13 B

In Fig. 6(a) the filled and open histograms represent the
same data; the open histogram was multiplied by a factor of 8
to illustrate the weaker transitions. For comparison, Table I lists
states reported in the literature for 13B and 14B. The strongest
transition in the 14C(d,3He)13B reaction is to the 13B ground
state. The next strongest transition at EX = 3.8 MeV likely
corresponds to the presumed 1/2− state at 3.71 MeV reported
in Ref. [6]. The suggested neutron-intruder (3/2−) (3.53 MeV)
state would have a ν(1s1/2)2 configuration, and the positive-
parity states at 3.48 and 3.68 MeV are dominantly ν(1s0d)-
neutron excitations; none of these should be strongly populated
in this reaction.

We cannot rule out some contribution to the 3.8-MeV peak
from the state reported at EX = 4.13 MeV which has no
assigned spin or parity, and would not be well resolved from
the 1/2− in our measurement. A small peak also appears near
EX = 4.8 MeV, which must be below the neutron-separation
energy of 4.878 MeV as it appears in coincidence with
identified 13B ions. This state likely corresponds to the possible
1/2+ state reported at 4.83 MeV. We observe two peaks in the
spectrum of neutron-unbound states, one very weak transition
at EX ≈ 5.3 MeV and another slightly stronger one at EX ≈
6.3 MeV. For comparison, states are reported in the literature

TABLE I. Excitation energies, spins, and parities of states in
13B and 14B from the present measurement and from the literature
(from [23] unless otherwise noted).

13B

Data Literature

State EX (MeV) J π EX (MeV) J π

0 0.0 3/2− 0.00 3/2−

3.48 (1/2+)a

3.53 (3/2−)b

3.68 (3/2,5/2)+a

1 3.8 (1/2−) 3.71 1/2−c

4.13
2 4.8 (1/2+) 4.83 (1/2+)d

Sn = 4.878 MeV
5.02

3 5.3 (1/2,3/2)− 5.11
5.39
5.56
6.17

4 6.3 π = + 6.43
6.93

14B
0.000 2− 0.000 2−

0.654e 1− 0.654e 1−

Sn = 0.969 MeV
1.380 3−

1.80 (2−) 1.860 2−

2.080 4−

2.320
2.970

aFrom Ref. [13].
bFrom Ref. [14].
cFrom Ref. [6].
dFrom Ref. [15].
eFrom Ref. [24].

at 5.02, 5.11, 5.39, 6.17, and 6.43 MeV, none of which has
a spin-parity assignment. The excitation-energy resolution of
the present measurement does not permit a firm identification
of the peaks observed here with previously known levels. We
also observe strength at higher excitation energies that could
represent transitions to even higher excited states, however,
given the limited acceptance and poor statistics it is not
possible to make any further statements about this yield.

To provide more information about the observed peaks,
the boron excitation energies deduced from the 3He energy
and position can be correlated with the boron-recoil energies.
Figure 8 shows this correlation for data obtained with the
14C beam, and from the Monte Carlo simulations described
above. The bound states labeled (0), (1), and (2) correspond to
excitation energies of 0.0, 3.8, and 4.8 MeV, respectively. For
these excitations the recoil energies are nearErecoil = 200 MeV
with a narrow spread in Erecoil. For unbound states at EX = 5.3
(3) and 6.3 (4) MeV, the recoil energies are smaller and the
distributions in Erecoil are wider because of the kinetic energy
lost to neutron emission. Although the peaks at 4.8 MeV (2)
and 5.3 MeV(3) are not fully resolved in excitation energy, the
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a FWHM of approximately 12.5 ns. The relative time between
a signal from the recoil detectors and a signal from a PSD was
used to identify coincidence events. The measured coincidence
time peak between 20O recoils and protons for data from the
same four PSDs given in Fig. 3(b) is provided in the plot
of Fig. 3(c).

B. Kinematics

The homogeneous magnetic field of HELIOS [40,41]
dictates that for a proton, the laboratory energy, Elab, and
the corresponding longitudinal distance from the target after a
single cyclotron orbit, z, give a complete kinematic determi-
nation of the reaction. These two quantities (Elab and z) are
linearly related:

Elab = Ec.m. −
m

2
V 2

c.m. +
mVc.m.z

Tcyc
. (2)

The proton energy in the center of mass, Ec.m., is proportional
to the reaction Q value and the center-of-mass velocity of the
system, Vc.m.. Therefore, protons from different final states
in a single reaction will be grouped in parallel lines in a
plot of Elab versus z. The separation of these parallel lines
is dictated by differences in Q value, and a plot of Elab versus
z readily translates into an excitation energy spectrum through
a rotation.

Experimental data from the 19O(d,p) reaction are displayed
in Fig. 4. Figure 4(a) shows the linear relation between Elab
and z. In this plot, θc.m. increases with z and also changes as a
function of E∗ [see Eq. (3) below]. An 20O excitation-energy
spectrum is presented in Fig. 4(b) for data summed over
the 2.0-T and 2.7-T field settings. The measured excitation
energies and uncertainties are given in Table I. Known levels
at 0.00, 1.67, 3.57, and 4.07 MeV were used to calibrate the
excitation energy which has a resolution of approximately
175 keV FWHM. Dominant contributions to the resolution
come from detector energy and position resolutions (!75 keV

depending on the individual detector), target thickness effects
on the beam and proton energies (∼ 80 keV), and the inherent
properties of the radioactive beam (∼ 125 keV), which include
the secondary-beam energy spread and spatial size (up to
5 mm in diameter).

The center-of-mass angle, θc.m., is determined from the
basic quantities identified above:

cosθc.m. = 1
2π

qeBz − 2πmVc.m.√
2mElab + m2V 2

c.m. − mVc.m.qeBz/π
. (3)

An alternate to this representation of θc.m. may be used if the
excitation energies of the final states are known (see Eq. (4)
of Ref. [41]). Uncertainties in the angle are negligible (<1◦).
Where statistics allowed, the 5-cm-long detectors were divided
in half longitudinally, yielding cross sections for two values
of θc.m.. The PSD array covered angles between 10◦ " θc.m. "
45◦, depending on the Q value and the magnetic field setting
of the specific measurement.

C. Cross sections

Absolute cross sections were determined from measured
proton yields through a normalization to the number of scat-
tered deuterons in the monitor detector. The deuterons were
measured at θc.m. = 18◦–24◦, depending on the beam species
and energy. At these angles, the scattering cross sections
were ≈ 30%–40% larger than Rutherford cross sections, and
they had to be calculated from an optical model. Optical-
model parameter sets were investigated for both deuterons
and protons through comparisons with elastically scattered
data on 16−18O targets at 5–10 MeV/u [46,47]. Five sets
of deuteron parameters were selected: sets H and C from
Table II of Ref. [48] and the references therein, those in Table I
of Ref. [49], set B of Table IV from Ref. [50], and set D2
from Table I of Ref. [24]. Three sets of proton optical-model
parameters were also chosen from Refs. [48,49,51]. The
scattering cross sections from the five deuteron optical-model
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FIG. 4. (Color online) (a) The measured energies (Elab) and corresponding distances along the beam axis (z), relative to the target position,
for outgoing protons from the 19O(d,p)20O reaction (field setting of B = 2.0 T). (b) The 20O excitation spectrum from the summed data of the
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FIG. 4. (Color online) Q-value spectra for (a) 12B from the
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The solid histograms represent transitions to particle bound states.
The cross-hatched histograms represent transitions to (a) neutron-
unbound states in 12B and (b) one- and two-neutron unbound states
in 13B.

parity π (0p−1
3/2)ν(0p−1

1/2,3/21s1/2) excitations. These configura-
tions correspond to the same ones populated in 14C(d,α)12B,
with the additional 1s1/2 neutron acting as a spectator.

Figure 4 shows the 13B data with one- and two-neutron
unbound transitions combined, as well as the particle-bound
states. The 12B data are shown for comparison. The most
prominent feature of the 13B data is a possible doublet near
EX(13B) = 12 MeV. The strength of this feature in comparison
to any other structure in the spectrum suggests that it arises
from the coupling of the [(0p3/2)−2]3+ state in 12B to a valence
1s1/2 neutron, leading to excitations with J π = 5/2+ and
7/2+. The shift in Q value for these states compared to
the 12B(3+) level is qualitatively consistent with an expected
monopole shift induced by the s1/2 neutron interacting with
the p3/2 holes. Despite the fact that these states are nearly
4 MeV above the 13B two-neutron decay threshold at S2n =
8.248 MeV, they appear to be relatively narrow and possess
significant one-neutron decay branches as seen in Fig. 3(b).
This observation is reasonable, since the favored decay of such
excitations would be not only to the 3+ state in 12B, which is un-
bound to the emission of a second neutron, but also to the bound
negative-parity doublet in 12B at 1.67- and 2.62-MeV excita-
tion energies that would not permit further neutron decay.

Further information about the nature of the strongly excited
levels in the 13B data may be found by examining the angular
distributions and comparing them to those obtained for transi-
tions in the 14C(d,α)12B reaction. Figure 5 shows angular dis-
tributions for the three strongest transitions in the 14C(d,α)12B
reaction and the angular dependence of the summed yield for
the two peaks of the structure at high excitation energy in
13B. The angular distributions have been constructed from the
measured yields, corrected for spectrometer acceptance and
for the effects of recoil-coincidence efficiency. These effects
have been analyzed using Monte Carlo simulations of the
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FIG. 5. (Color online) Angular-distribution data for different
transitions to states in 12,13B with the (d,α) reaction. The filled
circles in panel (c) are data for the 12B(3+) excitation, and the filled
squares are for the suggested 13B(5/2+,7/2+) doublet. The curves
are qualitative indications of shapes that may be expected for single ℓ

values: ℓ = 0, 2, and 2 in panels (a), (b), and (c). The sample DWBA
calculations are for transitions on 14C at the appropriate Q values.

transport properties of the spectrometer that include realistic
detector geometries and the measured magnetic field (see
Ref. [11] for more details). Where appropriate, the simulations
treated the one- or two-neutron decay of the recoiling nuclei.
Here, the angular distribution(s) of the emitted neutron(s) are
assumed to be isotropic in the center-of-mass frame of the
decaying nucleus. This assumption is not justified, however,
due to the strong focusing of the forward-going recoils and
the acceptance of the recoil detector, neglect of any angular
correlation does not affect the calculated detection efficiency.

In this case the 12B(1+) ground-state transition is expected
to be predominantly ℓ = 0, while the 2+ and 3+ states can be
populated with ℓ = 2, and ℓ = 2 + 4, respectively. The angular
distributions for the three transitions are quite different from
each other, as can be seen in Fig. 5. For the 1+ [Fig. 5(a)] and 2+

[Fig. 5(b)] states, the angular distributions show pronounced
maxima, whereas the data for the 3+ transition [Fig. 5(c), filled
circles] are relatively featureless.

For comparison, the angular distribution measured for the
12-MeV structure in 13B also appears in Fig. 5(c) (filled
squares). The relative normalization here is arbitrary. The
shape of the angular distribution is very similar to that of
the 3+ transition, as might be expected if these states were
populated by the same pickup mechanism as that leading to
the formation of the 3+ state in 12B. This similarity lends
further support to the contention that this structure represents
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FIG. 1. (Color online) Proton energies (Ep) as a function of the
longitudinal distance from the target (z) for the 17N(d,p)18N reaction
in inverse kinematics. The events shown required a coincidence in
the recoil detector telescope with either 18N ions for bound states, or
17N for unbound ones.

heavy-ion recoil, identified in the Si recoil detector telescope,
which covered θlab ∼0.4–2.2◦. Data were collected for the
18O(d,p)19O reaction at two beam energies. The first was taken
before the radioactive beam measurement at 14.7 MeV/u,
utilizing the primary 18O beam. The second was taken at 12.2
MeV/u in parallel with the 17N(d,p) measurement making use
of the secondary beam contamination. The higher energy 18O
beam data were used for the initial experimental setup and for
energy calibrations, and the combination of the two data sets
provided consistency checks of the analysis.

The experimental setup and analysis procedures are analo-
gous to those described in Ref. [37] and only details specific
to this measurement are given here. The measurement was
made using HELIOS [38,39] with its maximum magnetic field
strength of 2.85 T. The HELIOS position-sensitive Si detector
(PSD) array detected the outgoing protons covering a longi-
tudinal distance of − 50.8 < z < − 16.3 cm (upstream) from
the target and it was positioned within the uniform magnetic
field region. Deuterated polyethylene (CD2) targets of nominal
thickness 140 and 220 µg/cm2 were used. Downstream of the
target a monitor detector for scattered deuterons was fixed at
z = 12.0 cm, a recoil detector telescope was located at 132.6
cm, and a zero degree Si detector telescope was placed at
139.2 cm behind a Ta mesh that reduced the effective beam
intensity by a factor of ∼100. The energy response of the
PSDs was calibrated using the 14.7 MeV/u 18O beam and
known Q values from the 18O(d,p)19O reaction. Protons were
identified by their times-of-flight, measured with respect to the
accelerator radio frequency. To distinguish protons originating
from the reactions on different secondary beam components,
a coincidence requirement was enforced between protons
and a heavy-ion recoil. Protons identified in this manner,
having either a 18N or 17N recoil coincidence, are shown in
Fig. 1.

Mass values from Ref. [25] were used to determine the
Q-value and excitation-energy spectra in Fig. 2, where three
prominent peaks are visible. The measured Q value for the
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FIG. 2. (Color online) The measured excitation-energy (Q-value)
spectrum for the 17N(d,p) reaction with the same data set as is in
Fig. 1. An expanded region of the excitation energy below the neutron
separation energy (Sn) is shown in the inset.

lowest lying state in 18N was 0.48(4) MeV, ∼ 0.12 MeV below
the known ground-state value of 0.604(24) MeV [25]. Using
an identical set of proton energy and position calibrations,
the 18O(d,p) reaction Q value to the 19O ground state was
found to be 1.74(4) MeV from the 12.2 MeV/u data, in
agreement with the known value of 1.731(3) MeV [25]. The
dominant uncertainty in the Q values from the present work
is the secondary beam energy, with small contributions from
the proton energy and position calibrations. The resolution
in the 18N spectrum was ∼275 keV FWHM, largely due
to the properties associated with the radioactive beam, and
it represents data from both targets. Relative differential
cross sections to states in 18N are accurate to within a few
percent. Relative cross sections between excitations in 19O
(from the 12.2 MeV/u data) and 18N were measured to ∼8%
largely due to uncertainty in the beam composition. Absolute
cross sections were not obtained for the radioactive beam
measurement due to noise in the monitor detector. This had no
impact on the discussions presented below. Center-of-mass
angles were calculated from known quantities (Eq. (3) of
Ref. [37]) and a single ring of four PSDs, which covered
"z = 5 cm in longitudinal distance, was separated into two
angular bins when statistics allowed. Angular distributions are
shown in Figs. 3(a) and 3(b) for the excitations in 18N at
0.12(1), 0.74(1), and 1.17(2) MeV.

A distorted wave Born approximation (DWBA) analysis
was used to extract relative spectroscopic factors (S) (the
isospin factor C2 = 1 in this reaction) and spectroscopic
strengths

GS = 2Jf + 1
2Ji + 1

S ∝
σExp

σDWBA

, (1)

from the measured cross sections, where Ji = 1/2 (17N ground
state) and Jf is the spin of the state in 18N. Optical model
parameter sets D1 and P1 from Table I of Ref. [40] best
described the angular distributions of the 18O(d,p)19O data
and so they were used as the distorting potentials for the
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FIG. 9. A representative excitation spectrum of outgoing protons
for a single Si detector for the 2H(86Kr,p)87Kr reaction at 10 MeV/u.
Some of the prominent peaks are labeled by excitation energy in MeV.

points close to the first minimum were excluded. Although the
Kr data were treated differently in this sense, the results did
not appear anomalous in the normalization analysis described
below.

There is some uncertainty in the absolute normalization
of cross sections from DWBA reaction calculations, but it
has been shown that consistent results can be obtained by
employing a systematic approach to this normalization, see
for example Ref. [43]. In the current work, a single common
normalization factor for each reaction has been chosen to
ensure that the total low-lying summed transfer strength
involving a particular single-particle orbital is unity and
therefore the Macfarlane-French sum rules [44] are satisfied.
While in the final analysis a single normalization value is
applied across all targets and all ℓ transfers for a given reaction,
the degree to which normalization constants, extracted from
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FIG. 10. (Color online) Angular distributions for outgoing pro-
tons in the (d,p) reactions on 86Kr. The solid curves are DWBA
calculations, normalized to the data, based on the assigned ℓ values
given in Table IV (black: ℓ = 0; red: ℓ = 2; green: ℓ = 4; and blue:
ℓ = 5). Excited states are labeled by their energy in MeV.

subsets of the data, are consistent between different ℓ transfers
and across different targets is able to give confidence about the
extent to which all the low-lying strength has been observed,
even where that strength is fragmented. The consistency with
analyses of independent data sets is also instructive.

In the (d,p) reaction, the mean ℓ = 0 normalization factor
was found to be 0.63(3) across the targets used. For ℓ = 2
transitions, there is ambiguity for some states without a
definitive J π assignment. However, where firm assignments
have been made, it appears that the d5/2 strength is largely
confined to the ground state. Following this observation, for
excited states without firm assignment, J = 3/2+ is assumed
here. This yields normalization factors of 0.63(3) forJ = 5/2+

and 0.64(8) for J = 3/2+, both consistent with the ℓ = 0
value.

The (d ,p) normalization for ℓ = 4 transitions is 0.58(4).
The spectroscopic factors obtained using this normalization
for the weaker ℓ = 4 transitions in the (d ,p) reaction were
somewhat inconsistent with those from the better matched
(α,3He) reaction, even though there was reasonable agreement
for the strongly populated states. For ℓ = 5, the normalization
was considerably lower with a value of 0.35(3), suggesting
either that poor matching has consequences or that there is
significant unobserved strength.

Based on these considerations, a common single nor-
malization of 0.63(2) was adopted for the (d ,p) reaction,
corresponding to the weighted average over ℓ = 0 and 2
transitions.

In the (α,3He) reaction, the ℓ = 4 normalization is found
to be 0.55(1), assuming a projectile spectroscopic factor for
neutron removal from 4He to the 3He+n system of ∼2.0. It is
not unexpected to find a slightly different normalization from
the (d ,p) results since it is difficult to model two such different
reactions in a uniform fashion. The extracted normalization
for ℓ = 5 is approximately half that for ℓ = 4, with a value
of 0.24(3), suggesting strength remains unobserved. Missing
ℓ = 5 strength has also been reported in previous work, for
example, in Refs. [10,17]. The ℓ = 4 normalization is therefore
adopted as the common single normalization for the (α,3He)
reaction.

In both reactions, the individual contributions to the average
normalization from different targets and ℓ values are consistent
to within a variation of ∼15%.

A number of similar experiments have now been per-
formed by our collaboration and it is instructive to compare
normalizations extracted in a similar way to those values
deduced here, as summarized in Table V. With similar methods
and bombarding energies, and the same optical potentials
and bound states, a normalization of 0.58(2) was found
for the (p,d) reaction on N = 82 targets [45]. By ensuring
that the strengths from nucleon-addition and nucleon-removal
reactions sum to the orbital degeneracy, a value of 0.64(5) has
been found for the (d,p) and (p,d) reactions on the stable
Ni isotopes, again using the same optical potentials [43].
These compare very well with the current work and the level
of consistency across a wide mass range gives confidence
in the method employed and in the value obtained. It is
interesting to note that the observation of 50%–60% of the
full single-particle strength associated with an orbital over
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Snapshot

We have studied the 15Cðd; pÞ16C reaction in inverse
kinematics using a beam of short-lived (T1=2 ¼ 2:45 s)
15C ions from the In-Flight facility at ATLAS at Argonne
National Laboratory [20]. The beam was produced by
bombarding a cryogenic D2 gas cell with a 100 p nA 14C
primary beam with an energy of 133 MeV. The resulting
15C beam, from the 14Cðd; pÞ15C reaction, had an energy of
123 MeV, corresponding to a deuteron energy of 16.4 MeV,
where the ðd; pÞ reaction is well understood. The intensity
ranged from 1 to 2 $ 106 15C per second.

Protons from the 15Cðd; pÞ16C reaction were detected
with the Helical Orbit Spectrometer (HELIOS) [21,22].
HELIOS is a new device designed to study reactions in
inverse kinematics. It consists of a large-bore, supercon-
ducting solenoid with its axis aligned with the beam direc-
tion. The magnetic field was 2.85 T, and a 110 !g=cm2

deuterated polyethelyne [ðC2D4Þn] target was used. Protons
emitted at forward angles in the center-of-mass frame
("lab> 90%) were transported in the magnetic field and
detected with a position-sensitive silicon-detector array
surrounding the beam axis upstream of the target. The
silicon-detector array measured the protons’ energy, dis-
tance z from the target, and flight time (equal to the cyclo-
tron period Tcyc ¼ 2#m=Bq). The recoiling 16C ions were

detected in coincidence with protons in an array of silicon-
detector !E & E telescopes that covered 0.5%–2.8% in the
laboratory. All events with a particle detected in the up-
stream silicon array were recorded. The beam intensity was
monitored by using a silicon detector placed at 0% behind a
mesh attenuator that reduced the beam flux by a factor of
1000. The widely spaced holes in this attenuator made this
measurement sensitive to the alignment and the shape of
the beam spot, giving an estimated 30% systematic uncer-
tainty for the absolute beam flux.

Figure 1(a) shows a spectrum of proton energy versus
position z from the 15Cðd; pÞ16C reaction for p-16C co-
incidence events. The diagonal lines correspond to differ-
ent excited states in 16C, and the excitation-energy spec-
trum derived from these data is shown in Fig. 1(b). The
resolution is approximately 140 keV FWHM, determined
by a combination of intrinsic detector resolution, energy
loss of the beam in the target, and the energy spread of the
beam from straggling in the production cell and the kine-
matics of the production reaction. This resolution was
insufficient to resolve the closely spaced 2þ2 =3

þ
1 doublet

near EXð16CÞ ¼ 4 MeV, though the width of this peak is
20% greater than those of the other three excitations.

Angular distributions for the three resolved transitions in
16C and the unresolved 2þ2 =3

þ
1 doublet are shown in Fig. 2.

The proton solid angle was defined by the geometry of the
upstream silicon-detector array. The efficiency for the
coincident proton-16C-recoil detection was calculated by
using Monte Carlo simulations of particle transport in
HELIOS as described in Ref. [21] with the measured field
map of the solenoid magnet. This efficiency was typically

80%, with an estimated 5% systematic uncertainty from
detector misalignment. The absolute cross-section scale
was determined by using the 0% monitor detector as de-
scribed above; the plotted uncertainties reflect only the
combined statistical uncertainties from the data and
Monte Carlo simulations. The horizontal bars represent
the angular range included in each data point. The angular
distributions for the ground and second-excited states show
clear ‘ ¼ 0 character, confirming the tentative assignment
of J# ¼ 0þ [23] for the second-excited state. The first-
excited state and the presumed doublet near 4 MeV are
consistent with ‘ ¼ 2.
Relative spectroscopic factors were obtained by compar-

ing the experimental cross sections with distorted-wave
Born approximation calculations done with the code
PTOLEMY [24]. The curves in Fig. 2 represent calculations
done with four sets of optical-model parameters, and each
curve was normalized to the experimental cross sections.
The deduced spectroscopic factors are listed in Table I.
Because of the uncertainty in the absolute cross sections,
the results were normalized by requiring the sum of the 0þ

spectroscopic factors to add up to 2.0. The values obtained
with each of the four parameters sets were averaged to
obtain the results in Table I. The errors are dominated by
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FIG. 1 (color online). (a) Proton energy versus position
spectrum for the 15Cðd; pÞ16C reaction measured in inverse
kinematics with HELIOS. The target is at z ¼ 0 mm, and z
increases in the beam direction. The different groups correspond
to different final states in 16C, as is indicated on the figure.
(b) 16C excitation-energy spectrum.
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FIG. 2. The excitation-energy spectrum of 22F as determined from the 21F(d,p) reaction from the same data set as presented in Fig. 1. States
clearly identified in the present work are labeled with their corresponding spin assignments. The states that have been observed in previous
measurements are shown in the upper panel for comparison [18].

from integrated yields as detailed below (Table I). Of the large
number of levels populated strongly in this region by other
types of reactions (Fig. 2), none appear to be of dominant
single-neutron character. Additionally, as many of the known
levels have suggested J values of 0 or 1, their expected yields
would have been small to begin with.

Assignments of orbital angular momentum to the neutron
transfer, ℓ, and spectroscopic factors, S (for this reaction the
isospin coefficient C2 = 1), between the 21F ground state and
final states in 22F were extracted from the measured angular
distributions through a DWBA analysis utilizing the program
PTOLEMY [45]. The optical-model parameter sets of An et al.
[44] and Koning-Delaroche et al. [42] were used to define the
potentials of the entrance and outgoing channels, respectively.
The Argonne V18 [46] potential was used to define the deuteron
bound-state wave function and a Woods-Saxon potential with
central potential well parameters of r0 = 1.25 fm and a =
0.65 fm, and with spin-orbit parameters of Vso = 6.0 MeV,

rso = 1.1 fm, and aso = 0.65 fm, was used to define the final
bound-state wave function of the neutron. The depth of the
Woods-Saxon potential well was adjusted to reproduce the
correct binding energy of each of the final states in 22F.

The calculated angular distributions from DWBA were nor-
malized to the available data using a standard χ2 minimization
method, the results of which are shown in Fig. 3. The extracted
spectroscopic factors, and their corresponding strengths,

GS = 2Jf + 1
2Ji + 1

S, (1)

where Ji = 5/2 and Jf is the spin of the final state in 22F, are
listed in Table I. The uncertainties in the relative S arise from
statistics, the fitting procedure, and variations in the DWBA
analysis. In total they sum to ≈10% for the ℓ = 2 strength
and ≈17% for ℓ = 0 strength. For the weaker states observed
in Fig. 2 in which angular distributions were not possible,
upper limits on their strength were determined from a ratio
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3

FIG. 2. Measured proton energies (E) as a function of the
distance from the target (Z) for the 12B(d,3He)11Be reaction
in inverse kinematics at 12 MeV/u with a magnetic field
strength of 2.3 T. The data shown required a coincidence with
11Be (a) and 10Be (b) in Fig. 1. Final states identified in 11Be
are labelled by their corresponding excitation energy. The
kinematics loci for di↵erent excited states appear as diagonal
red-dotted lines. See details in the text.

III. RESULTS158

The events corresponding to the 12B(d,3He)11Be159

reaction to the bound or unbound states of 11Be160

were selected by requiring a 150�ns timing coincidence161

between a light particle in the PSD array with a 11Be or162

10Be ion discriminated in the recoil detectors. Most of163

the uncorrelated background was removed by using this164

timing coincidence. The energies of the light particles165

selected using this method are plotted in Fig. 2 versus the166

corresponding distance where the particles were detected167

by the PSD detectors.168

For the present range covered by the PSD array, a clear169

isolated bound state in 11Be appears as a straight line in170

the plot (Fig. 2a). For the unbound states, their loci171

do not follow straight lines and di↵erent states merge at172

FIG. 3. The excitation-energy spectrum of 11Be neutron
bound (blue) and unbound (red) states determined from the
data set as presented in Fig. 2(a) and (b) respectively. States
clearly identified in the present work are labelled with their
corresponding excitation energies.

around Z = 84 cm. This is caused by the shallow orbitals173

of the 3He particles, which reached the PSD detectors at174

shorter distances than the ideal situation. This e↵ect175

was observed in the previous (d,3He) measurement [16]176

as well as the kinematics calculation. The red-dotted177

line in Fig. 2b represents the calculated kinematics of178

the ideal situation where the radius of the silicon array179

was assumed to be zero. Events were selected where the180

experimental kinematics loci follows the straight lines,181

and were used to obtain the excitation spectrum as well182

as to evaluate the cross sections for the unbound states.183

The events (Z < 85 cm for the 2.65 state and Z < 85184

cm for the 3.90 state) obviously deviate from the straight185

kinematics lines were not used in the analysis.186

Excitation spectra for the 12B(d,3He) reactions were187

obtained from the projection of the data along the188

kinematic lines and the results are shown in Fig. 3,189

which presents data for both neutron-bound (blue) and190

unbound (red) states. The resolution for the excitation-191

energy spectrum of the bound state is around 560 keV192

(FWHM), dominated by the energy loss of the beam193

and 3He in the target as well as the angle straggling.194

The measured widths of the unbound states are also195

contributed to by their intrinsic widths, which are196

228(21) keV for the 2.65-MeV state [5], 3.2(8) keV for197

the 3.89-MeV state [10] and 7.9(7) keV for the 3.96-MeV198

states [10]. These widths are also compatible with the199

present spectrum given the apparent wider width of the200

2.65-MeV state.201

The peaks in Fig. 3 may be identified with the states202

reported in the literature for 11Be [17], listed in Table I.203

Below the neutron-separation energy (Sn = 0.510 MeV)204

of 11Be, the 1/2� first excited state at 320 keV was the205

most strongly populated state in the 12B(d,3He) reaction.206

The unbound 3/2� state at 2.654 MeV also presents as207

a strong transition in the present reaction. The next208

12B(d,3He)

with an 17O primary beam (15 MeV/u) at a typical intensity
of 60 pnA. A cryogenically cooled deuterium-filled gas cell
(∼80 K and 1.4 × 105 Pa) provided the production target
material. The resulting 18F beam was comprised of ions in
both ground and isomeric states. Previous experiments
using 18mF beams include those of Refs. [24–28]. In the
present work, the 18mF/18gF ratio has been estimated to be
0.56(8) immediately after production and 0.11(2) after
transport to the HELIOS experimental station (details on
this estimation are given below).
HELIOS was configured for the observation of protons

in coincidence with 19F from single-neutron transfer reac-
tions (d,p) on beams of both 18gF and 18mF. The solenoidal
field was set to 2.85 T and deuterated polyethylene (CD2)
targets with a nominal thickness of 400 μ g/cm2 were placed
near the center of the field region. Upstream of the target
location, an on-axis position-sensitive Si detector array was
installed for proton detection. Protons were uniquely iden-
tified from their cyclotron periods after completing a single
orbit from the target to the Si detector array. A fast-counting,
segmented ionization chamber [29] centered around 0° was
positioned downstream of the target for 19F recoil detection.
Coincidence events between protons and recoiling ions were
determined by the relative time difference between the two
detectors. Acceptance for proton-recoil events was possible
up to ∼5 MeV in excitation energy, covering all but the
11/2þ1 member in the 19F ground-state rotational band. The
acceptance also included proton center-of-mass angles θc:m:
ranging from ∼10° to 35°.
Levels in 19F populated by reactions on the isomeric beam

appear shifted by −1.07 MeV relative to ground-state
reactions, hence, the “apparent” qualifier in the angle-
integrated excitation spectrumof Fig. 1. The shift is primarily
the result of the Q-value difference between 18mF(d,p)
(Q ¼ 9.328 MeV) and 18gF(d,p) (Q ¼ 8.207 MeV). In
addition, an ∼50-keV shift arises from differences in the
kinematics between the two reactions. The Q-value reso-
lution was 280-keV FWHM, driven primarily by the target
thickness and the emittance of the secondary beam. The best
fit to the data using known 19F excitation energies [14] is
shown in Fig. 1 by the solid gray line. Details on the peak
assignment are discussed below.
Angle-integrated cross sections were determined from

measured yields for all states identified in Fig. 1. For the
levels that were populated strongly, relative differential
cross sections, dσ/dΩ, and angular distributions were also
derived and are presented in Fig. 2. The center-of-mass
angle θc:m: for each data point in Fig. 2 corresponds to the
average angle covered by one set of position-sensitive Si
detectors and has an uncertainty of ≲0.5°. The upper limits
on yields were determined for weaker states by an increase
of 5% to the best-fit χ2 value to the apparent excitation
spectrum (Fig. 1). The cross section for levels populated by
the isomeric component of the beam were corrected for the
18mF/18gF beam ratio at the HELIOS target.
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FIG. 2. Angular distributions for states in 19F obtained from
18gF(d,p) reactions, (a) 1/2þ1 and 5/2þ1 doublet, (b) 3/2þ1 , (c) 7/2

þ
1 ,

and from 18mF(d,p) reactions, (d) 13/2þ1 . The 13/2
þ
1 data include

the 0.11(2) normalization factor to account for the 18mF/18gF
secondary beam ratio. The DWBA calculations are represented
by the lines.
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Example 1 — inelastic scattering, inverse kinematics



Goal: Improve long standing 
uncertainties in the α-decay branch 
of the second (T=1) 2+ state in 10B 

Why? Contributes to B(E2) value, 
which have been used as precision 
tests of ab-initio calculations of the 
A = 10 isospin triplet 

A new technique in HELIOS …

Testing Microscopic Calculations

Binding energies
Spins, parities, moments
RMS Radii (e.g. P. Mueller et al. PRL 99 252501 (2007))
Spectroscopic Factors (e.g. Wuosmaa et al. PRL 94 082502 (2005))
Electromagnetic Transitions

Previous measurements of
10Be and 10C
Motivation to study the
analogous transition in 10B
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VMC

Example 1 (exotic beam techniques, stable beams)

S. Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)



Measurement of 10B(p,p0)10B at ANL

Status of Uncertainties:
Width(7%)
Alpha-particle branching ratio (25%)
�-decay branching ratio: (25%)

Gyürky et al., EPJA 21(2), 355 (2004).
Tilley et al., Nuclear Physics A 745(3), 155 (2004)
McCutchan et al., Phys.Rev. C 86, 057306 (2012).
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Measure the equivalent T = 1 E2 transition in 10B (Tz = 0)
Requires three good measurements of the total width of the
state(proportional to the lifetime), the alpha-particle branching ratio,
and the gamma-ray branching ratios.
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S. Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)

Mass 10 triplet



Measurement of 10B(p,p0)10B with HELIOS

A. H. Wuosmaa et al., NIMPRA 580, 1290 (2007).
J. C. Lighthall et al., NIMPRA 622, 97 (2010).

Two methods to determine the alpha-particle branching ratio:
From the ratio of the 10B + proton coincidence yield to the proton
“singles” yield.
Ratio of 10B + proton coincidence yield to 6Li/4He + proton
coincidence yield.
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Measurement of 10B(p,p0)10B with HELIOS

z (cm)
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Alburger et al. Phys. Rev 143 (1966)

Position measured as distance along the solenoid axis relative to the
target position.
45-70� CM for the 5.164 MeV State
Technical issue: nearby T=0 states at 5.110 MeV and 5.182 MeV
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Measurement of 10B(p,p0)10B with HELIOS
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• 10B beam (stable) at 10 
MeV/u 

• Thin CH2 target 

• ‘All’ recoils detected, 
including those 
following decay of the 
recoil 

• Method allows 
multiple analysis 
techniques

S. Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)

Inverse technique



Results

alpha-particle branching ratio
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Adopting the literature value for the reduced width of the state, the
value for the partial gamma decay branch of the T = 1, J⇡ = 2+ ! 0+

transition from McCutchan et al., and the particle branch from this
work, we determine a B(E2) value of 7.0±2.2 e2fm4.
With this result, the leading uncertainty in the B(E2) value is now in
the partial gamma-ray branch of the T = 1, J⇡ = 2+ ! 0+ transition.
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Challenging 
measurement. 
Alpha branching 
ratio now better 
constrained after 
some 50 years … 

… a follow-up 
measurement with 
Gammasphere 
constrain E2 
gamma branch

Results

alpha-particle branching ratio
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(d,n)

(p,p’)

)αHe,3(

 (1963)et al.Riley 

 (1966)et al.Segel 

 (1966)et al.Alburger 

This Work (p,p’)

)4
 fm2

) 
(e

1+
 0

→ 1+
B

(E
2;

2

5

10

15

C10 B10

Experiment
GFMC: AV18 + IL7

Be10

Adopting the literature value for the reduced width of the state, the
value for the partial gamma decay branch of the T = 1, J⇡ = 2+ ! 0+

transition from McCutchan et al., and the particle branch from this
work, we determine a B(E2) value of 7.0±2.2 e2fm4.
With this result, the leading uncertainty in the B(E2) value is now in
the partial gamma-ray branch of the T = 1, J⇡ = 2+ ! 0+ transition.
Sean A. Kuvin (UCONN) DNP Meeting 2017 October 26, 2017 13 / 36

RAPID COMMUNICATIONS

S. A. KUVIN et al. PHYSICAL REVIEW C 96, 041301(R) (2017)

E
ve

nt
s 

/ 1
0 

ke
V

210

310

(a) proton singles

E
ve

nt
s 

/ 1
0 

ke
V

210

310
Li)6He or 4(b) proton + (

B Excitation Energy (MeV)10
4.7 4.8 4.9 5 5.1 5.2 5.3

E
ve

nt
s 

/ 1
0 

ke
V

0

200

400

600

800

1000 B10(c) proton + 
 = 4.774 MeV FitxE
 = 5.110 MeV FitxE
 = 5.164 MeV FitxE
 = 5.182 MeV FitxE

Background
Total

FIG. 6. Fit results for excited states above the α decay threshold
for (a) proton singles, (b) proton-6Li/4He coincidence events, and (c)
proton-10B coincidences.

Riley et al., who reiterate a conclusion previously stated by
Gorodetzky et al. [20] that the 5.182 MeV state may belong
to a doubly excited configuration that is suppressed in single
nucleon transfer reactions.

To determine if this α-decaying broad state is populated
in (p,p′), we begin by analyzing the α-decay coincidence
events shown in Fig. 6(b). The narrow 5.110 and 5.164 MeV
states are reproduced in the fit using Gaussian distributions
with the shape of both states obtained from the fit of the
isolated 10B gated 5.164 MeV state, with a resolution of 70 keV
FWHM. The broader 5.182 MeV state is characterized by the
convolution of a Gaussian distribution, with a width of 70 keV
FWHM to reproduce the detector resolution, and a Lorentzian
distribution, with a width allowed to vary between 75 and
200 keV. Including the 5.182 MeV state, the fit yields a reduced
χ2 of 1.1 for energies between 5.0 and 5.3 MeV. If the 5.182
MeV state is omitted, the fit is significantly poorer, with a
reduced χ2 of 4.1. Figure 6(a) shows the result of fitting the
proton singles spectrum using parameters obtained from the γ -
and α-decay coincidence spectra. The width of the 5.182 MeV
state from the fit, 130 ± 30 keV, is consistent with previously
reported values [11,21]. The yield of the 5.182 MeV state
accounts for 10% of the total yield of the triplet in the singles
spectrum and 20% of the total yield in the α-gated spectrum,
suggesting that the 5.182 MeV state cannot be neglected in
this reaction.

The second method to calculate the α-particle branching
ratio, given by Eq. (3), carries additional uncertainty from
the need to estimate the p + 6Li/4He coincidence efficiency.
However, we expect that by summing the coincidence yields
for the detection of either 6Li or 4He, the detection efficiency

will be larger and less sensitive to angular-correlation effects
when compared to the detection of a specific decay particle
or the simultaneous detection of both decay particles. This is
confirmed by the Monte Carlo simulation which shows that the
efficiency is independent of the choice of angular distribution
of the decaying particles at the 2% level.

More information about the efficiency for detecting p +
4He/6Li events is obtained from the neighboring α-unbound
excitations. The ratios of the summed 6Li/4He coinci-
dence yields to the singles yields for the 4.77, 5.11, and
5.9 MeV states are 0.84 ± 0.02, 0.89 ± 0.02, and 0.95 ± 0.03,
respectively. The ratio for each resonance is independent of the
center-of-mass angle of the emitted proton, indicating that the
coincidence-detection efficiency is not strongly affected by
angular-correlation effects, which will be different for states
of different spin. The linear dependence of efficiency on the
excitation energy is expected, as the decay particles from
higher-lying α resonances are emitted in a wider cone around
the recoil direction, making it more likely that one of the decay
fragments is detected. Based on the Monte Carlo simulation,
we assume a 2% uncertainty due to angular-correlation
effects and take the proton-6Li/4He detection efficiency of the
5.164 MeV state to be the same as that of the 5.110 MeV state.

We obtain consistent results for the α-decay branching ratio
of 0.153 ± 0.029 and 0.135 ± 0.027, from Eqs. (2) and (3),
respectively. Our final value of 0.144 ± 0.027 is an average
of the two methods. This result is in excellent agreement
with the result of Alburger et al. [14] and is consistent with
the previously evaluated value. This result also settles any
ambiguity in the branching ratio when compared to Segel et al.
[15], which was only marginally in agreement with Alburger
et al.. Taking the weighted average of the Alburger et al. result
and our result of 0.144 ± 0.027, we suggest a new value for
the α-particle branching ratio of 0.140 ± 0.022 (see Fig. 7).
This new value is smaller than the previously adopted value by
10% and the uncertainty has been reduced from 25% to 15%.

-particle branching ratioα
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(d,n)

(p,p')

)αHe,3(

 (1963)et al.Riley

 (1966)et al.Segel
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FIG. 7. Past and current results for the α-particle branching ratio.
The results for both methods used to determine the branching ratio in
this work are shown. The gray band illustrates the new value for the
branching ratio suggested in this work.
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S. Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)

Branching ratio



Example 2 — isomeric beams



Transfer reactions are highly 
selective in ℓ transfer 

Question: 
How do the valence nucleons 
(single-particles) contribute to 
each state of this rotational 
band? 

Cannot study via transfer on 
the 0+ ground state of 18F …

9

Which states can be populated?
dasago@anl.gov

13/2+

Known states in 19F

Rotational bands (and single-particles)



9

Which states can be populated?
dasago@anl.gov

13/2+

Known states in 19F

18gF(0+)(d,p)19F 
ℓ=0, 2

18mF(5+)(d,p)19F 
ℓ=0, 2

18F has a 5+ isomeric state at 
around 1.1 MeV. 

We can exploit this to probe 
high-j states via low-ℓ 
transfer. 

Can populate every member 
of the rotational band in 19F 
via ℓ=0 and 2 transfer.

D. Santiago-Gonzalez et al., Phys. Rev. Lett. 120, 122503 (2018) 

Isomeric beams



2

C
o

u
n

ts
/(

1
0

0
 k

eV
)

0

50

100

150

200

Apparent excitation energy in 19F (MeV)

−1 0 1 2 3 4 5

Exp

From 18F isomer

From 18F g.s.
Fit

13/2+

7/2+

5/2+

1/2+

9/2+

7/2+

3/2+

1

1

1

1

3/2+
1

5/2+

5/2+
1 1

1

2

25/2+
3

Figure 1. Apparent excitation energy in 19F extracted from
protons in coincidence with 19F recoils following 18g,mF(d,p)
reactions (black points with statistical uncertainties). A
multi-Gaussian fit of the known levels in 19F including a small
linear background and fixed widths is shown in gray. States
populated from (d,p) reactions on 18gF are in blue while those
from 18mF are in red. Weak levels, which, if removed from
the fit would have little e↵ect on the �2 value are represented
by dashed lines.

iments using 18mF beams include those of Refs. [26–30].78

In the present work, the 18mF/18gF ratio was not directly79

measured but has been estimated to be 0.56(8) immedi-80

ately after production and 0.11(2) after transport to the81

HELIOS experimental station (details on this estimation82

are given below).83

HELIOS was configured for the observation of pro-84

tons in coincidence with 19F from single-neutron trans-85

fer reactions, (d,p), on beams of both 18gF and 18mF.86

The solenoid field was fixed at 2.85 T and deuterated87

polyethylene (CD2) targets with a nominal thickness of88

400 µg/cm2 were placed near the center of the field89

region. Upstream of the target location, an on-axis90

position-sensitive Si detector array was installed for pro-91

ton detection. Protons were uniquely identified from92

their cyclotron periods after completing a single orbit93

from the target to the Si detector array. A fast-counting,94

segmented ionization chamber [31] centered around 0�95

was positioned downstream of the target for 19F recoil96

detection. Coincidence events between protons and re-97

coiling ions were determined by the relative time di↵er-98

ence between the two detectors. Acceptance for proton-99

recoil events was possible up to ⇠5 MeV in excitation100

energy, covering all but the 11/2+1 member in the 19F101

ground-state rotational band. The acceptance also in-102

cluded proton center-of-mass angles, ✓c.m., ranging from103

⇠10-35�.104

Levels in 19F populated by reactions on the isomeric105

beam appear shifted by -1.07 MeV relative to ground-106

state reactions, hence the ‘apparent’ qualifier in the107
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Figure 2. Angular distributions for states in 19F obtained
from 18gF(d, p) reactions, (a) 1/2+1 and 5/2+1 doublet, (b)
3/2+1 , (c) 7/2+1 , and from 18mF(d, p) reactions, (d) 13/2+1 .
The 13/2+1 data include the 0.11(2) normalization factor
(and its associated systematic uncertainty) to account for the
18mF/18gF secondary beam ratio. Vertical error bars are sta-
tistical, horizontal ones are smaller than the size of the points.
Fits from calculated DWBA cross sections for single-neutron
transfer are represented by the lines.

angle-integrated excitation spectrum of Fig. 1. The108

shift is primarily the result of the Q-value di↵erence be-109

tween 18mF(d,p) (Q = 9.328 MeV) and 18gF(d,p) (Q =110

8.207 MeV). In addition, a ⇠50 keV shift arises from111

di↵erences in the kinematics between the two reactions.112

The Q-value resolution was 280 keV FWHM, determined113

primarily by the target thickness and the emittance of the114

secondary beam. The best fit to the data using known115

19F excitation energies [14] is shown in Fig. 1 by the solid116

grey line.117

Angle-integrated cross sections were determined from118

measured yields for all states identified in Fig. 1. For119

the levels that were populated strongly, relative di↵eren-120

tial cross sections, d�/d⌦, and angular distributions were121

also derived and are presented in Fig. 2. The center-of-122

mass angle, ✓c.m, for each data point in Fig. 2 corresponds123

to the average angle covered by one set of position-124

sensitive Si detectors and has an uncertainty of . 0.5�.125

Upper limits on yields were determined for weaker states126

by an increase of 5% to the best-fit �2 value to the appar-127

ent excitation spectrum (Fig. 1). Levels populated from128

Production 
2H(17O,18F)n 

15 MeV/u 
~5×105 pps 

18mF/18gF=0.58

At HELIOS 
18m,gF(d,p)19F 

14 MeV/u 
18mF/18gF=0.11

16.3 m, or 1.9 × half life (162 ns) 

(11/2+ at  
higher ex)

D. Santiago-Gonzalez et al., Phys. Rev. Lett. 120, 122503 (2018) 

18F(d,p) two ways
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Figure 3. Relative strengths as a function of spin for levels of
the ground-state band in 19F extracted in the present work
from the 18gF(d,p) reaction (a), or the 18mF(d,p) reaction (b),
are represented by the black data points or the lines with
arrows. The 9/2+ data is from the ` = 2 S value. The
same values calculated from the shell model using the USDB
interaction are represented by bars for ` = 0 (stripped), 2
(open), or 0 & 2 (hatched) strengths.

energy spectrum of Fig. 1, lines corresponding to the pop-213

ulation of the 13/2+ and 7/2+ levels are observed in the214

3-4 MeV range, identifying neutron transfer onto the iso-215

meric 5+ level of 18F for the first time. Of the five other216

known levels also open to population through transfer on217

18mF in the energy region covered, upper limits on the218

yields for 5/2+1 (-0.873 MeV), 9/2+1 (1.710 MeV), and219

the 5/2+3 (4.037 MeV) states could be determined. The220

angular distribution for the 13/2+ aligned state, and the221

resulting DWBA fit [Fig. 2(d)], identify it as a strong222

` = 2 neutron transfer, solidifying its population from223

18F in its 5+ state.224

Accessibility to an in-flight beam of 18F in both its225

ground and fully stretched 5+ states has enabled the ex-226

traction of (or setting limits on) the relative spectroscopic227

overlaps of the 1/2+, 3/2+, 5/2+, 7/2+, 9/2+ and 13/2+228

members of the ground-state rotational band of 19F (Ta-229

ble I and Fig. 3). The extracted S value for the 13/2+230

state, and its spectroscopic strength, (2Ji + 1)/(2Jf +231

1)S, exceed those of all other states in the rotational232

band. This observation confirms the dominant single-233

particle configuration in this band-terminating state as234

corresponding to the maximally aligned state with a235

⇡(0d5/2)
1
J=5/2 ⌦ ⌫(0d5/2)

2
J=4 configuration. This is the236

first direct measurement of the single-particle anatomy of237

a high-spin terminating state. This result, together with238

the large strengths of the levels populated from 18gF, and239

the upper limits on the strengths of states populated from240

18mF, confirm the single-particle character of these lev-241

els, which also exhibit the simple pattern characteristic242

of collective rotational behavior.243

Comparisons between the extracted S values and244

strengths of the present work to those calculated by the245

sd-confined USDB interaction are also given in Table I246

and Fig. 3. The calculations are consistent with the ex-247

perimental values, or limits, even though these incorpo-248

rate only three valence particles (one proton and two neu-249

trons) and three active orbitals for each nucleon.250

The present results highlight the single-particle char-251

acter of the highest-spin state in the rotational band of252

19F by confirming that the associated configuration cor-253

responds to the maximally-aligned, terminating state.254

Hence, some 40 years after his seminal paper [2], A.255

Bohr’s dual interpretation of the 19F sequence in terms of256

a collective and/or a single-particle excitation has been257

reinforced by the experimental verification that the three258

nucleons contribute coherently to the generation of the259

state with the highest possible spin within the valence260

space.261

Summary – The single-neutron nature of members be-262

longing to the ground-state rotational band in 19F, in-263

cluding the terminating 13/2+ state, have been probed264

in a single measurement via the (d,p) reaction. In partic-265

ular, the relatively large spectroscopic strength observed266

for the 13/2+ level confirms the wave function purity ex-267

pected in a maximally-aligned, terminating state. The268

measurement was possible only through the production269

of a beam of 18F whereby a significant fraction of ions270

resided in their short-lived isomeric state.271
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Excellent agreement 
with shell-model 
calculations (perhaps 
not surprisingly). 

Powerful technique, 
many future 
possibilities (26Al, 
34Cl, etc)
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Figure 1. Apparent excitation energy in 19F extracted from
protons in coincidence with 19F recoils following 18g,mF(d,p)
reactions (black points with statistical uncertainties). A
multi-Gaussian fit of the known levels in 19F including a small
linear background and fixed widths is shown in gray. States
populated from (d,p) reactions on 18gF are in blue while those
from 18mF are in red. Weak levels, which, if removed from
the fit would have little e↵ect on the �2 value are represented
by dashed lines.

iments using 18mF beams include those of Refs. [26–30].78

In the present work, the 18mF/18gF ratio was not directly79

measured but has been estimated to be 0.56(8) immedi-80

ately after production and 0.11(2) after transport to the81

HELIOS experimental station (details on this estimation82

are given below).83

HELIOS was configured for the observation of pro-84

tons in coincidence with 19F from single-neutron trans-85

fer reactions, (d,p), on beams of both 18gF and 18mF.86

The solenoid field was fixed at 2.85 T and deuterated87

polyethylene (CD2) targets with a nominal thickness of88

400 µg/cm2 were placed near the center of the field89

region. Upstream of the target location, an on-axis90

position-sensitive Si detector array was installed for pro-91

ton detection. Protons were uniquely identified from92

their cyclotron periods after completing a single orbit93

from the target to the Si detector array. A fast-counting,94

segmented ionization chamber [31] centered around 0�95

was positioned downstream of the target for 19F recoil96

detection. Coincidence events between protons and re-97

coiling ions were determined by the relative time di↵er-98

ence between the two detectors. Acceptance for proton-99

recoil events was possible up to ⇠5 MeV in excitation100

energy, covering all but the 11/2+1 member in the 19F101

ground-state rotational band. The acceptance also in-102

cluded proton center-of-mass angles, ✓c.m., ranging from103

⇠10-35�.104

Levels in 19F populated by reactions on the isomeric105

beam appear shifted by -1.07 MeV relative to ground-106

state reactions, hence the ‘apparent’ qualifier in the107
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Figure 2. Angular distributions for states in 19F obtained
from 18gF(d, p) reactions, (a) 1/2+1 and 5/2+1 doublet, (b)
3/2+1 , (c) 7/2+1 , and from 18mF(d, p) reactions, (d) 13/2+1 .
The 13/2+1 data include the 0.11(2) normalization factor
(and its associated systematic uncertainty) to account for the
18mF/18gF secondary beam ratio. Vertical error bars are sta-
tistical, horizontal ones are smaller than the size of the points.
Fits from calculated DWBA cross sections for single-neutron
transfer are represented by the lines.

angle-integrated excitation spectrum of Fig. 1. The108

shift is primarily the result of the Q-value di↵erence be-109

tween 18mF(d,p) (Q = 9.328 MeV) and 18gF(d,p) (Q =110

8.207 MeV). In addition, a ⇠50 keV shift arises from111

di↵erences in the kinematics between the two reactions.112

The Q-value resolution was 280 keV FWHM, determined113

primarily by the target thickness and the emittance of the114

secondary beam. The best fit to the data using known115

19F excitation energies [14] is shown in Fig. 1 by the solid116

grey line.117

Angle-integrated cross sections were determined from118

measured yields for all states identified in Fig. 1. For119

the levels that were populated strongly, relative di↵eren-120

tial cross sections, d�/d⌦, and angular distributions were121

also derived and are presented in Fig. 2. The center-of-122

mass angle, ✓c.m, for each data point in Fig. 2 corresponds123

to the average angle covered by one set of position-124

sensitive Si detectors and has an uncertainty of . 0.5�.125

Upper limits on yields were determined for weaker states126

by an increase of 5% to the best-fit �2 value to the appar-127

ent excitation spectrum (Fig. 1). Levels populated from128

D. Santiago-Gonzalez et al., Phys. Rev. Lett. 120, 122503 (2018) 

Reactions confirm 19F well understood
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spectrum is dominated by the 1=2þ states at Eex ¼ 0.84,
6.8, and 10.2 MeV in 27Al [38]. Transfers to other states
(e.g., the 5=2þ ground state in 27Al) are weaker by about 1
order of magnitude.
The 9=2þ state at 3.004 MeV in 27Al was used for beam

normalization. This state is dominantly populated via l ¼ 0
transfer from the ground state (5þ) component of the beam
as shown in Fig. 3(a). The angular distribution was fitted
with the adiabatic distorted-wave approximation (ADWA)
using the TWOFNR code [39] and the finite-range distorted-
wave Born approximation (DWBA) using the PTOLEMY

code [40]. The deuteron bound-state wave function was

described using the Argonne ν18 potential [41], which in the
case of ADWAwas done using the Johnson-Tandy adiabatic
model [42]. The target bound-state form factors were
generated using a Woods-Saxon potential with a spin-orbit
derivative term, defined by r0 ¼ 1.25 fm, a ¼ 0.65 fm,
Vso ¼ 6 MeV, rso0 ¼ 1.1 fm, and aso ¼ 0.65 fm. For the
DWBA calculations, two sets of global optical-model
potentials were explored for the deuterons [43,44] and
similarly for the protons [45,46]. The same proton potentials
were used for the nucleus-nucleon optical potentials in the
ADWA calculations. Variations in the resulting spectro-
scopic factors of less than 10% were seen between the
calculated cross sections using the two models and the
different combinations of optical-model parameters. The fit
to the 3.004 MeV state was normalized so that the spectro-
scopic factor of 0.49(2) of Ref. [24] was reproduced. From
this procedure the total intensity of the 26Alg beam could be
determined. The total intensity of the 26Alm beam was then
obtained using the measured 0.7=0.3 ratio.
Angular distributions for the three transitions to 1=2þ

states at Eex ¼ 0.84, 6.8, and 10.2 MeV in 27Al are shown
by the solid points in Figs. 3(b)–3(d). The uncertainties are
dominated by the beam normalization and background
subtraction. For that a 15% systematic uncertainty was
added linearly to the statistical uncertainties. The distribu-
tions are all forward peaked, confirming that the 0þ

isomeric beam preferentially populates 2s1=2 states in
27Al via l ¼ 0 neutron transfers. The solid lines in
Figs. 3(b)–3(d) are DWBA calculations assuming an
l ¼ 0 transfer, populating 2s1=2 states in 27Al at the

ππ

σ
Ω

θ

10

(a)

(c) (d)

(b)

FIG. 3. (a) Angular distribution and DWBA and ADWA fits for
the 9=2þ state in 27Al at Eex ¼ 3.004 MeV. The data agree with
the l ¼ 0 transfer from the 5þ ground state component observed
in Ref. [24]. A spectroscopic factor, C2S ¼ 0.49 [24] was used to
obtain the absolute beam normalization of the cross section.
Angular distributions and DWBA calculations for the states in
27Al at (b) Eex ¼ 0.84, (c) Eex ¼ 6.8, and (d) Eex ¼ 10.2 MeV.
These three states are strongly populated by l ¼ 0 neutron
transfers on the isomeric component of the 26Al beam.

FIG. 2. (a) Apparent excitation energy spectrum of 27Al
obtained from the 26Alðd; pÞ reaction at θc:m: ∼ 6°–12°. A smooth
carbon background has been subtracted. The 27Al excitation
energy was calculated using the Q value for the ground state.
Therefore, states populated by the isomer component of the beam
appear shifted down in energy. (b) Data from the 26Algðd; pÞ
reaction in a similar angular range [23] folded with a 120 keV
Gaussian, normalized to the state at 3.004 MeV are shown for
comparison. (c) Apparent excitation energy spectrum of 27Al
from the 26Almðd; pÞ reaction. The spectrum was obtained by
subtracting contributions from the 26Alg beam measured in
Ref. [23].
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Motivation — single-neutron excitations
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N = 126 excitations, N = 127 single-neutron excitations



Motivation — weak binding
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C. R. Hoffman, B. P. Kay, J. P. Schiffer, Phys Rev. C 89, 061305(R) (2014), C. R. Hoffman, B. P. Kay, J. P .Schiffer, submitted (2016). X. F. Yang et al., Phys. Rev. Lett. 116, 182501 

(2016) [Recent ISOLDE measurement suggests the 1/2+ isomeric state could potentially be below the 5/2+ state in the N = 49 system at Z = 30.]

s[and other]-states in loosely bound systems tend to linger below their [respective] barriers—
this feature seems to dominate the structural changes in light nuclei, and results in e.g., halo 
structures. Does this characteristic of s-states play a role in loosely bound heavier systems?

1s1/2 w.r.t 0d5/2 2s1/2 w.r.t 1d5/2 3s1/2 w.r.t 2d5/2 / 1g9/2

?



Motivation — r-process physics

Estimated r-process path

A = 130
(Z ~ 48, N = 82)
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(Z ~ 69, N = 126)
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Known nuclei

Stable nuclei

What is the nuclear structure of 
nuclei near the 3rd r-process 
mass-abundance peak? 

– What is the density of s-states? 
– What couplings between core 

excitations and single-neutron 
states exist? 

– … knowledge of single-
neutron states outside 206Hg 
will provide the first answers 
to some of these questions.
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Proposed measurement (as presented in 2016)
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The 206Hg(d,p) reaction at 10 MeV/u using ISS 

Why 10 MeV/u? 
– Cross sections 
– Angular momentum matching 
– Angular distributions 

Why ISS? 
Resolution 

– Charged-particle spectroscopy with <100-keV 
Q-value resolution using thin targets 

Efficiency 
– Limited only by geometrical acceptance, not 

intrinsic efficiency of the detectors. 
Direct probe of excited states 

– Does not require coincident γ-rays de-exciting 
the states (∴ no concerns with isomers*, ground 
state, states not connected by γ-ray decay, etc).

This measurement This measurement

*Isomers prevalent in the region around Pb

Cross sections estimated using DWBA code Ptolemy using standard parameterizations. 
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Simulation: 

Marc Labiche, STFC Daresbury, using NPTool, assuming 40-keV intrinsic Si resolution1 and the 

geometry of the ANL array, beam properties of the linac2. Comparable to actual performance of the 

HELIOS spectrometer at ANL. Location of states states in 207Hg estimated from Woods-Saxon 

calculations3.
1Mean value for ANL Si array, J. C. Lighthall et al., Nucl. Instrum. Methods Phys. Res. A 622, 97 (2010). 
2Beam spot: 2.3 mm FWHM, Beam divergence: 1.8 mrad, Beam energy spread: 0.26%
3http://www.volya.net

B = 2.5 T

The solenoidal-spectrometer technique

http://www.volya.net


Some changes …
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This measurement This measurementThe beam energy will be lower 
than 10 MeV/u, … 9 MeV/u, … 
8 MeV/u, … 7.3 MeV/u (maybe 
7 MeV/u) 

This is not ideal, but is just 
above barrier for the low-
excitation energy, low-l states, 
which is the focus of this initial 
exploration of 207Hg

ADs for l=0,2 and 4 still distinct at 7 MeV/u, and 
still relatively forward focused



Targets

 HELIOS, 2009 (5×106 136Xe ions per sec., 10 MeV/u, 8 hrs)



“ELUM” (luminosity detector)
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32 ~165 μg/cm2

23 ~300 μg/cm2

8 ~5/600 μg/cm2

 Mechanical: Russell A. Knaack, Targets: Matthew D. Gott



Cups, tuning, luminosity
We had two cups, one as part of the luminosity detector, the other the ISS standard

3 mm 8 mm

‘ISS cup’
‘ELUM’





ISOLDE and Hg beams

Nature Physics, October 10, 2018



ISS at ISOLDE

(186,000 mrem/hr)



Xe in the vacuum, 130Xe(29+) [206Hg(46+)]

Transpired to be negligible, but initial concerns it was substantial 
… <few thousand ions per second

(We had studied 130Xe(d,p) with HELIOS in 2009)



OR ...
A study of the hitherto unknown single-neutron structure of 207Hg was carried out using a 7.4 MeV/u 206Hg beam and 
the ISOLDE Solenoidal Spectrometer to momentum analyze the protons following the neutron-adding (d,p) reaction 

First exploration of single-
particle states outside 
N = 126, south of Pb, made 
possible by ISS. 
Experimental info:
• ~5×105 ions per second 

of 206Hg for ~82 hours
• Beam purity of >98%
• Measured in singles mode
• Using >30 deuterated 

polyethylene targets of 
thickness around 
165 μg/cm2 (to deal with 
target degradation)
• ISS set to a B-field of 2.5 T

Outgoing proton energy as a 
function of distance traveled 
between the target and 
intercepting the Si array – lines 
are excited states in 207Hg

Pr
ot

on
 e

ne
rg

y 
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)

Target-Si array distance (mm)

Image of the bore of ISS 
viewed from downstream 
showing the Si array, 64-target 
system, and Faraday cups

 Tang, Kay et al., (2018)
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Example 3 — N = 20 isotones
Requires a little setup, so please be patient



Electron scattering, charge density (remember sizes?!)

From 1983 NSAC Long Range Plan referring to J. M. Cavedon et al., Phys. Rev. Lett. 49, 978 (1982)
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“Even though there had been considerable 
skepticism about the validity of the shell model 

deep inside a heavy nucleus, recent 
experimental results shown on the right confirm 

this expectation.”

Electron scattering, charge density (remember sizes?!)

From 1983 NSAC Long Range Plan referring to J. M. Cavedon et al., Phys. Rev. Lett. 49, 978 (1982)
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“Even though there had been considerable 
skepticism about the validity of the shell model 

deep inside a heavy nucleus, recent 
experimental results shown on the right confirm 

this expectation.”

Electron scattering, charge density (remember sizes?!)

From 1983 NSAC Long Range Plan referring to J. M. Cavedon et al., Phys. Rev. Lett. 49, 978 (1982)
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
(1 + τ3)Aµ

)
γ µ

]
ψ

− κ

3!
(gsφ)3 − λ

4!
(gsφ)4 + ζ

4!

(
g2

vVµV µ
)2

+)v
(
g2

ρ bµ · bµ
)(

g2
vVµV µ

)
, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
(1 + τ3)Aµ

)
γ µ

]
ψ

− κ
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(
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(
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, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG.4.HFchargedensities(inunitsoffm−3)of36S(dashedline)
and34Si(solidline)calculatedwiththeSkyrmeinteractionSLy4.

Notethatthedensityprofileof24Oremainsunchangedwhen
pairingisswitchedon.

TheSLy4-HFchargedensityprofilescalculatedin34Si
and36S(wherethesstateisfullyoccupied)areshownin
Fig.4.Oneobservesthatthebubbleismoreprominentin
thiscasethanin22O.ThedepletionfractionFis∼23%
(38%fortheprotondensitywithoutCMandprotonfinite-size
corrections).Theconfidenceinthisresultisenhancedbythe
goodagreementbetweenthepredicteddensityprofilefor36S
andtheexperimentaloneshowninFig.2.Weshouldmention
thatpairingisexpectedtomodifythedensityprofileof36S.
BycomparingtheHFprotonpointdensityin34Si(F=38%)
withtheHFneutrondensityin22O(F=13%),oneobserves
thatthecentralvaluein34Siismuchlowerthanin22O.The
contributiontothecentralvalueofthedensityisentirely
duetothefirstswavefunction(i.e.,the1s).Thedifference
betweenthetwocentralvaluesmayberelatedtothepresence
ofaneutronexcessatthesurfaceof34Si.Theeffectofthis
neutronskinontheproton1s1/2wavefunctionistoattract
andpushittowardthesurface,therebyloweringitsvalueat
thecenter.Thiseffectisobviouslyabsentfortheneutron1s
wavefunctionin22Obecausetheprotondensityinthisnucleus
iswellconcentratedintheinterior.Thiscanbeobservedin
Fig.5wheretheneutron(proton)1scontributiontotheHF
densityisplottedfor22O(34Si).

C.Relativisticmean-fieldapproach

Asintheprevioussection,calculationsareperformedfor
thetwooxygenisotopes22Oand24OaswellasforthetwoN=
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TABLEIII.Bindingenergypernucleon,chargeradii,and
neutronskinthicknessfor34Si(upperblock)and36S(lowerblock)as
predictedbythetwoRMFmodelsusedinthiswork.Whenavailable,
experimentaldataareprovidedforcomparison.

ModelB/A(MeV)Rch(fm)Rn−Rp(fm)

NL38.363.130.25
FSUGold8.283.130.21
Experiment8.34––
NL38.503.260.12
FSUGold8.423.260.09
Experiment8.583.28–

20isotones34Siand36S,butnowusinganRMFapproach.
PairingeffectsareevaluatedwithintheRHBmodel.Inone
particularrealizationoftherelativisticformalismthedynamics
ofthesystemisdictatedbyaninteractingLagrangiandensity
ofthefollowingform:

Lint=¯ψ
[

gsφ−
(

gvVµ+gρ

2
τ·bµ+e

2
(1+τ3)Aµ

)
γµ

]
ψ

−κ
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vVµVµ
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ρbµ·bµ
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whereψrepresentsanisodoubletnucleonfieldinteracting
viatheexchangeoftwoisoscalarmesons—ascalar(φ)and
avector(Vµ),oneisovectormeson(bµ),andthephoton
(Aµ)[33,34].Inadditiontomeson-nucleoninteractions,the
Lagrangiandensityissupplementedbynonlinearmeson
interactionswithcouplingconstantsdenotedbyκ,λ,ζ,and
)vthatareresponsibleforasofteningofthenuclear-matter
equationofstate,bothforsymmetricandpure-neutronmatter.
FortheRMFcaseweconsidertwoparametrizations:thevery
successfulNL3parameterset[35,36]andamorerecentset
knownasFSUGold[37].Themaindifferencebetweenthese
twomodelsliesinthepredictionofthedensitydependence
ofthesymmetryenergy.Thisdifferencemanifestsitselfin
significantlylargerneutronskinsforNL3thanforFSUGold
[37].Neutronskinsforthetwoisotonesofinterestinthe
presentwork,alongsideotherground-stateproperties,have
beenlistedinTableIIIfor34Siand36S.

RMFneutrondensitiesforthetwoneutron-richisotopes
22Oand24OaredisplayedinFig.6.WhereastheRMFresults
showamildmodeldependence,differencesbetweenthe
relativisticandnonrelativisticmodelsaresignificant.Indeed,
incontrasttothenonrelativisticcase,therelativisticresults
displaynoenhancementofthecentralneutrondensityin
24O.Moreover,theremovalofboth2s1/2neutronsfrom24O
yieldsastrongdepletionoftheinteriorneutrondensityin
22O.Asaresult,centraldepletionfractionsofF=34%
F=28%arepredictedfor22ObytheFSUGoldandNL3
models,respectively.Thesevaluesaresignificantlylarger
thanthe13%depletionfractionobtainedwiththeSLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
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2
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]
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where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ
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2
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where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG.4.HFchargedensities(inunitsoffm−3)of36S(dashedline)
and34Si(solidline)calculatedwiththeSkyrmeinteractionSLy4.

Notethatthedensityprofileof24Oremainsunchangedwhen
pairingisswitchedon.

TheSLy4-HFchargedensityprofilescalculatedin34Si
and36S(wherethesstateisfullyoccupied)areshownin
Fig.4.Oneobservesthatthebubbleismoreprominentin
thiscasethanin22O.ThedepletionfractionFis∼23%
(38%fortheprotondensitywithoutCMandprotonfinite-size
corrections).Theconfidenceinthisresultisenhancedbythe
goodagreementbetweenthepredicteddensityprofilefor36S
andtheexperimentaloneshowninFig.2.Weshouldmention
thatpairingisexpectedtomodifythedensityprofileof36S.
BycomparingtheHFprotonpointdensityin34Si(F=38%)
withtheHFneutrondensityin22O(F=13%),oneobserves
thatthecentralvaluein34Siismuchlowerthanin22O.The
contributiontothecentralvalueofthedensityisentirely
duetothefirstswavefunction(i.e.,the1s).Thedifference
betweenthetwocentralvaluesmayberelatedtothepresence
ofaneutronexcessatthesurfaceof34Si.Theeffectofthis
neutronskinontheproton1s1/2wavefunctionistoattract
andpushittowardthesurface,therebyloweringitsvalueat
thecenter.Thiseffectisobviouslyabsentfortheneutron1s
wavefunctionin22Obecausetheprotondensityinthisnucleus
iswellconcentratedintheinterior.Thiscanbeobservedin
Fig.5wheretheneutron(proton)1scontributiontotheHF
densityisplottedfor22O(34Si).

C.Relativisticmean-fieldapproach

Asintheprevioussection,calculationsareperformedfor
thetwooxygenisotopes22Oand24OaswellasforthetwoN=
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FIG.5.Neutron(proton)1scontributionstothedensity(inunits
offm−3)for22O(34Si).

TABLEIII.Bindingenergypernucleon,chargeradii,and
neutronskinthicknessfor34Si(upperblock)and36S(lowerblock)as
predictedbythetwoRMFmodelsusedinthiswork.Whenavailable,
experimentaldataareprovidedforcomparison.

ModelB/A(MeV)Rch(fm)Rn−Rp(fm)

NL38.363.130.25
FSUGold8.283.130.21
Experiment8.34––
NL38.503.260.12
FSUGold8.423.260.09
Experiment8.583.28–

20isotones34Siand36S,butnowusinganRMFapproach.
PairingeffectsareevaluatedwithintheRHBmodel.Inone
particularrealizationoftherelativisticformalismthedynamics
ofthesystemisdictatedbyaninteractingLagrangiandensity
ofthefollowingform:

Lint=¯ψ
[
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(

gvVµ+gρ

2
τ·bµ+e

2
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whereψrepresentsanisodoubletnucleonfieldinteracting
viatheexchangeoftwoisoscalarmesons—ascalar(φ)and
avector(Vµ),oneisovectormeson(bµ),andthephoton
(Aµ)[33,34].Inadditiontomeson-nucleoninteractions,the
Lagrangiandensityissupplementedbynonlinearmeson
interactionswithcouplingconstantsdenotedbyκ,λ,ζ,and
)vthatareresponsibleforasofteningofthenuclear-matter
equationofstate,bothforsymmetricandpure-neutronmatter.
FortheRMFcaseweconsidertwoparametrizations:thevery
successfulNL3parameterset[35,36]andamorerecentset
knownasFSUGold[37].Themaindifferencebetweenthese
twomodelsliesinthepredictionofthedensitydependence
ofthesymmetryenergy.Thisdifferencemanifestsitselfin
significantlylargerneutronskinsforNL3thanforFSUGold
[37].Neutronskinsforthetwoisotonesofinterestinthe
presentwork,alongsideotherground-stateproperties,have
beenlistedinTableIIIfor34Siand36S.

RMFneutrondensitiesforthetwoneutron-richisotopes
22Oand24OaredisplayedinFig.6.WhereastheRMFresults
showamildmodeldependence,differencesbetweenthe
relativisticandnonrelativisticmodelsaresignificant.Indeed,
incontrasttothenonrelativisticcase,therelativisticresults
displaynoenhancementofthecentralneutrondensityin
24O.Moreover,theremovalofboth2s1/2neutronsfrom24O
yieldsastrongdepletionoftheinteriorneutrondensityin
22O.Asaresult,centraldepletionfractionsofF=34%
F=28%arepredictedfor22ObytheFSUGoldandNL3
models,respectively.Thesevaluesaresignificantlylarger
thanthe13%depletionfractionobtainedwiththeSLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
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]
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, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG.4.HFchargedensities(inunitsoffm−3)of36S(dashedline)
and34Si(solidline)calculatedwiththeSkyrmeinteractionSLy4.

Notethatthedensityprofileof24Oremainsunchangedwhen
pairingisswitchedon.

TheSLy4-HFchargedensityprofilescalculatedin34Si
and36S(wherethesstateisfullyoccupied)areshownin
Fig.4.Oneobservesthatthebubbleismoreprominentin
thiscasethanin22O.ThedepletionfractionFis∼23%
(38%fortheprotondensitywithoutCMandprotonfinite-size
corrections).Theconfidenceinthisresultisenhancedbythe
goodagreementbetweenthepredicteddensityprofilefor36S
andtheexperimentaloneshowninFig.2.Weshouldmention
thatpairingisexpectedtomodifythedensityprofileof36S.
BycomparingtheHFprotonpointdensityin34Si(F=38%)
withtheHFneutrondensityin22O(F=13%),oneobserves
thatthecentralvaluein34Siismuchlowerthanin22O.The
contributiontothecentralvalueofthedensityisentirely
duetothefirstswavefunction(i.e.,the1s).Thedifference
betweenthetwocentralvaluesmayberelatedtothepresence
ofaneutronexcessatthesurfaceof34Si.Theeffectofthis
neutronskinontheproton1s1/2wavefunctionistoattract
andpushittowardthesurface,therebyloweringitsvalueat
thecenter.Thiseffectisobviouslyabsentfortheneutron1s
wavefunctionin22Obecausetheprotondensityinthisnucleus
iswellconcentratedintheinterior.Thiscanbeobservedin
Fig.5wheretheneutron(proton)1scontributiontotheHF
densityisplottedfor22O(34Si).

C.Relativisticmean-fieldapproach

Asintheprevioussection,calculationsareperformedfor
thetwooxygenisotopes22Oand24OaswellasforthetwoN=
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FIG.5.Neutron(proton)1scontributionstothedensity(inunits
offm−3)for22O(34Si).

TABLEIII.Bindingenergypernucleon,chargeradii,and
neutronskinthicknessfor34Si(upperblock)and36S(lowerblock)as
predictedbythetwoRMFmodelsusedinthiswork.Whenavailable,
experimentaldataareprovidedforcomparison.

ModelB/A(MeV)Rch(fm)Rn−Rp(fm)

NL38.363.130.25
FSUGold8.283.130.21
Experiment8.34––
NL38.503.260.12
FSUGold8.423.260.09
Experiment8.583.28–

20isotones34Siand36S,butnowusinganRMFapproach.
PairingeffectsareevaluatedwithintheRHBmodel.Inone
particularrealizationoftherelativisticformalismthedynamics
ofthesystemisdictatedbyaninteractingLagrangiandensity
ofthefollowingform:

Lint=¯ψ
[

gsφ−
(

gvVµ+gρ

2
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2
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whereψrepresentsanisodoubletnucleonfieldinteracting
viatheexchangeoftwoisoscalarmesons—ascalar(φ)and
avector(Vµ),oneisovectormeson(bµ),andthephoton
(Aµ)[33,34].Inadditiontomeson-nucleoninteractions,the
Lagrangiandensityissupplementedbynonlinearmeson
interactionswithcouplingconstantsdenotedbyκ,λ,ζ,and
)vthatareresponsibleforasofteningofthenuclear-matter
equationofstate,bothforsymmetricandpure-neutronmatter.
FortheRMFcaseweconsidertwoparametrizations:thevery
successfulNL3parameterset[35,36]andamorerecentset
knownasFSUGold[37].Themaindifferencebetweenthese
twomodelsliesinthepredictionofthedensitydependence
ofthesymmetryenergy.Thisdifferencemanifestsitselfin
significantlylargerneutronskinsforNL3thanforFSUGold
[37].Neutronskinsforthetwoisotonesofinterestinthe
presentwork,alongsideotherground-stateproperties,have
beenlistedinTableIIIfor34Siand36S.

RMFneutrondensitiesforthetwoneutron-richisotopes
22Oand24OaredisplayedinFig.6.WhereastheRMFresults
showamildmodeldependence,differencesbetweenthe
relativisticandnonrelativisticmodelsaresignificant.Indeed,
incontrasttothenonrelativisticcase,therelativisticresults
displaynoenhancementofthecentralneutrondensityin
24O.Moreover,theremovalofboth2s1/2neutronsfrom24O
yieldsastrongdepletionoftheinteriorneutrondensityin
22O.Asaresult,centraldepletionfractionsofF=34%
F=28%arepredictedfor22ObytheFSUGoldandNL3
models,respectively.Thesevaluesaresignificantlylarger
thanthe13%depletionfractionobtainedwiththeSLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =

0 1 2 3 4 5
r (fm)

0

0.02

0.04

0.06

0.08

D
en

si
ty

p 1s1/2 
n 1s1/2

Si

O22

34

FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
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2
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where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
(1 + τ3)Aµ

)
γ µ

]
ψ

− κ
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4!
(gsφ)4 + ζ

4!

(
g2

vVµV µ
)2

+)v
(
g2

ρ bµ · bµ
)(

g2
vVµV µ

)
, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG.4.HFchargedensities(inunitsoffm−3)of36S(dashedline)
and34Si(solidline)calculatedwiththeSkyrmeinteractionSLy4.

Notethatthedensityprofileof24Oremainsunchangedwhen
pairingisswitchedon.

TheSLy4-HFchargedensityprofilescalculatedin34Si
and36S(wherethesstateisfullyoccupied)areshownin
Fig.4.Oneobservesthatthebubbleismoreprominentin
thiscasethanin22O.ThedepletionfractionFis∼23%
(38%fortheprotondensitywithoutCMandprotonfinite-size
corrections).Theconfidenceinthisresultisenhancedbythe
goodagreementbetweenthepredicteddensityprofilefor36S
andtheexperimentaloneshowninFig.2.Weshouldmention
thatpairingisexpectedtomodifythedensityprofileof36S.
BycomparingtheHFprotonpointdensityin34Si(F=38%)
withtheHFneutrondensityin22O(F=13%),oneobserves
thatthecentralvaluein34Siismuchlowerthanin22O.The
contributiontothecentralvalueofthedensityisentirely
duetothefirstswavefunction(i.e.,the1s).Thedifference
betweenthetwocentralvaluesmayberelatedtothepresence
ofaneutronexcessatthesurfaceof34Si.Theeffectofthis
neutronskinontheproton1s1/2wavefunctionistoattract
andpushittowardthesurface,therebyloweringitsvalueat
thecenter.Thiseffectisobviouslyabsentfortheneutron1s
wavefunctionin22Obecausetheprotondensityinthisnucleus
iswellconcentratedintheinterior.Thiscanbeobservedin
Fig.5wheretheneutron(proton)1scontributiontotheHF
densityisplottedfor22O(34Si).

C.Relativisticmean-fieldapproach

Asintheprevioussection,calculationsareperformedfor
thetwooxygenisotopes22Oand24OaswellasforthetwoN=
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FIG.5.Neutron(proton)1scontributionstothedensity(inunits
offm−3)for22O(34Si).

TABLEIII.Bindingenergypernucleon,chargeradii,and
neutronskinthicknessfor34Si(upperblock)and36S(lowerblock)as
predictedbythetwoRMFmodelsusedinthiswork.Whenavailable,
experimentaldataareprovidedforcomparison.

ModelB/A(MeV)Rch(fm)Rn−Rp(fm)

NL38.363.130.25
FSUGold8.283.130.21
Experiment8.34––
NL38.503.260.12
FSUGold8.423.260.09
Experiment8.583.28–

20isotones34Siand36S,butnowusinganRMFapproach.
PairingeffectsareevaluatedwithintheRHBmodel.Inone
particularrealizationoftherelativisticformalismthedynamics
ofthesystemisdictatedbyaninteractingLagrangiandensity
ofthefollowingform:

Lint=¯ψ
[

gsφ−
(

gvVµ+gρ

2
τ·bµ+e

2
(1+τ3)Aµ

)
γµ

]
ψ

−κ
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(gsφ)3−λ
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(gsφ)4+ζ
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(
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vVµVµ
)2
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(
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ρbµ·bµ

)(
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vVµVµ
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,(4)

whereψrepresentsanisodoubletnucleonfieldinteracting
viatheexchangeoftwoisoscalarmesons—ascalar(φ)and
avector(Vµ),oneisovectormeson(bµ),andthephoton
(Aµ)[33,34].Inadditiontomeson-nucleoninteractions,the
Lagrangiandensityissupplementedbynonlinearmeson
interactionswithcouplingconstantsdenotedbyκ,λ,ζ,and
)vthatareresponsibleforasofteningofthenuclear-matter
equationofstate,bothforsymmetricandpure-neutronmatter.
FortheRMFcaseweconsidertwoparametrizations:thevery
successfulNL3parameterset[35,36]andamorerecentset
knownasFSUGold[37].Themaindifferencebetweenthese
twomodelsliesinthepredictionofthedensitydependence
ofthesymmetryenergy.Thisdifferencemanifestsitselfin
significantlylargerneutronskinsforNL3thanforFSUGold
[37].Neutronskinsforthetwoisotonesofinterestinthe
presentwork,alongsideotherground-stateproperties,have
beenlistedinTableIIIfor34Siand36S.

RMFneutrondensitiesforthetwoneutron-richisotopes
22Oand24OaredisplayedinFig.6.WhereastheRMFresults
showamildmodeldependence,differencesbetweenthe
relativisticandnonrelativisticmodelsaresignificant.Indeed,
incontrasttothenonrelativisticcase,therelativisticresults
displaynoenhancementofthecentralneutrondensityin
24O.Moreover,theremovalofboth2s1/2neutronsfrom24O
yieldsastrongdepletionoftheinteriorneutrondensityin
22O.Asaresult,centraldepletionfractionsofF=34%
F=28%arepredictedfor22ObytheFSUGoldandNL3
models,respectively.Thesevaluesaresignificantlylarger
thanthe13%depletionfractionobtainedwiththeSLy4-HF
parametrization.
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Figure 1.3: [Colour] Schematic illustration of the reduction of the spin-orbit strength
when neutrons skins form in nuclei. The plot below the cartoon nuclei represent the
matter density radius (top) and the differential of this (bottom) which has the form of
the spin-orbit splitting. Adapted from figure in [10].

1.2 Trends in single-particle energies

Experimental evidence from a study of stable nuclei over large range of neutron ex-

cess have shown that the energy of single-particle levels evolve in stable nuclei. For

example, for the Z=51 nuclei, the low-lying states are expected to arise from excita-

tions of the single proton outside the Z=50 core. Of particular note is the systematic

movement of the energy of the lowest 7/2+ and 11/2� states. These might naively be

interpreted as excitations of the single proton into the g7/2 and h11/2 orbits respectively

and that the binding energies show an increase in separation with neutron excess as

shown in Figure 1.4.

The energy of the lowest state of a given spin-parity can give a misleading esti-

mate of the energy of the corresponding single-particle orbital if there is significant

fragmentation. Transfer reactions are a good probe to measure this fragmentation

because under certain conditions they can proceed via the direct transfer of a single

nucleon without exciting other degrees of freedom. Schiffer et al. [12] performed (↵,t)

reactions on the seven stable even Sn isotopes in order to probe the single-particle
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =
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FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
(1 + τ3)Aµ

)
γ µ

]
ψ
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vVµV µ
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, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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FIG.4.HFchargedensities(inunitsoffm−3)of36S(dashedline)
and34Si(solidline)calculatedwiththeSkyrmeinteractionSLy4.

Notethatthedensityprofileof24Oremainsunchangedwhen
pairingisswitchedon.

TheSLy4-HFchargedensityprofilescalculatedin34Si
and36S(wherethesstateisfullyoccupied)areshownin
Fig.4.Oneobservesthatthebubbleismoreprominentin
thiscasethanin22O.ThedepletionfractionFis∼23%
(38%fortheprotondensitywithoutCMandprotonfinite-size
corrections).Theconfidenceinthisresultisenhancedbythe
goodagreementbetweenthepredicteddensityprofilefor36S
andtheexperimentaloneshowninFig.2.Weshouldmention
thatpairingisexpectedtomodifythedensityprofileof36S.
BycomparingtheHFprotonpointdensityin34Si(F=38%)
withtheHFneutrondensityin22O(F=13%),oneobserves
thatthecentralvaluein34Siismuchlowerthanin22O.The
contributiontothecentralvalueofthedensityisentirely
duetothefirstswavefunction(i.e.,the1s).Thedifference
betweenthetwocentralvaluesmayberelatedtothepresence
ofaneutronexcessatthesurfaceof34Si.Theeffectofthis
neutronskinontheproton1s1/2wavefunctionistoattract
andpushittowardthesurface,therebyloweringitsvalueat
thecenter.Thiseffectisobviouslyabsentfortheneutron1s
wavefunctionin22Obecausetheprotondensityinthisnucleus
iswellconcentratedintheinterior.Thiscanbeobservedin
Fig.5wheretheneutron(proton)1scontributiontotheHF
densityisplottedfor22O(34Si).

C.Relativisticmean-fieldapproach

Asintheprevioussection,calculationsareperformedfor
thetwooxygenisotopes22Oand24OaswellasforthetwoN=
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FIG.5.Neutron(proton)1scontributionstothedensity(inunits
offm−3)for22O(34Si).

TABLEIII.Bindingenergypernucleon,chargeradii,and
neutronskinthicknessfor34Si(upperblock)and36S(lowerblock)as
predictedbythetwoRMFmodelsusedinthiswork.Whenavailable,
experimentaldataareprovidedforcomparison.

ModelB/A(MeV)Rch(fm)Rn−Rp(fm)

NL38.363.130.25
FSUGold8.283.130.21
Experiment8.34––
NL38.503.260.12
FSUGold8.423.260.09
Experiment8.583.28–

20isotones34Siand36S,butnowusinganRMFapproach.
PairingeffectsareevaluatedwithintheRHBmodel.Inone
particularrealizationoftherelativisticformalismthedynamics
ofthesystemisdictatedbyaninteractingLagrangiandensity
ofthefollowingform:

Lint=¯ψ
[
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(

gvVµ+gρ

2
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whereψrepresentsanisodoubletnucleonfieldinteracting
viatheexchangeoftwoisoscalarmesons—ascalar(φ)and
avector(Vµ),oneisovectormeson(bµ),andthephoton
(Aµ)[33,34].Inadditiontomeson-nucleoninteractions,the
Lagrangiandensityissupplementedbynonlinearmeson
interactionswithcouplingconstantsdenotedbyκ,λ,ζ,and
)vthatareresponsibleforasofteningofthenuclear-matter
equationofstate,bothforsymmetricandpure-neutronmatter.
FortheRMFcaseweconsidertwoparametrizations:thevery
successfulNL3parameterset[35,36]andamorerecentset
knownasFSUGold[37].Themaindifferencebetweenthese
twomodelsliesinthepredictionofthedensitydependence
ofthesymmetryenergy.Thisdifferencemanifestsitselfin
significantlylargerneutronskinsforNL3thanforFSUGold
[37].Neutronskinsforthetwoisotonesofinterestinthe
presentwork,alongsideotherground-stateproperties,have
beenlistedinTableIIIfor34Siand36S.

RMFneutrondensitiesforthetwoneutron-richisotopes
22Oand24OaredisplayedinFig.6.WhereastheRMFresults
showamildmodeldependence,differencesbetweenthe
relativisticandnonrelativisticmodelsaresignificant.Indeed,
incontrasttothenonrelativisticcase,therelativisticresults
displaynoenhancementofthecentralneutrondensityin
24O.Moreover,theremovalofboth2s1/2neutronsfrom24O
yieldsastrongdepletionoftheinteriorneutrondensityin
22O.Asaresult,centraldepletionfractionsofF=34%
F=28%arepredictedfor22ObytheFSUGoldandNL3
models,respectively.Thesevaluesaresignificantlylarger
thanthe13%depletionfractionobtainedwiththeSLy4-HF
parametrization.
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“Come quickly brothers, I am drinking stars!” The quote is attributed to Dom
Pierre Pérignon (Fig. 1), a French Benedictine monk, cellar master at the Abbey
of Hautvillers (near Epernay, in the heart of the Champagne region), on tasting a
wine made sparkling by accident for the first time. But even if it is now generally
accepted that much of this story is fiction, champagne has been the most renowned
French sparkling wine, praised world-wide for the fineness of its effervescence (the
very much sought-after bubbling process). Despite the huge body of research, ini-
tiated by Louis Pasteur in the 19th century, aimed at progressively unlocking wine
science in general, only quite recently much interest was devoted to depict each and
every parameter involved in the bubbling process characteristic of champagne and
sparkling wines.
Bubbles are indeed very common in our everyday life. They play a crucial role

in many natural as well as industrial processes (in physics, chemical and mechanical
engineering, oceanography, geophysics, technology, and even medicine). Nevertheless,
their behavior is often surprising and, in many cases, still not fully understood. Since
the past decades, a large body of research has been devoted to bubbles and foams
dynamics. Otherwise, and rather surprisingly, physical and chemical processes behind
the formation of bubbles in Champagne wines (and more generally in sparkling bev-
erages) remained completely unexplored until the late 1990s. In the small volume of a
champagne flute, each and every step of a fleeting bubble’s life can be found. Bubbles
arise through non-classical heterogeneous nucleation. They grow in size while rising
through the liquid surface, where they finally collapse in a very complex and visu-
ally appealing mechanical process, leading to the projection of fast-traveling droplets
of wine. Each of these steps deserves particular attention in order to better under-
stand how bubble dynamics enhance the perception of aromas under standard tasting
conditions. The first part of this volume describes in minute details the journey of
yeast-fermented CO2, from grape harvest to the nucleation and rise of gaseous CO2
bubbles in the flute, including the thermodynamic equilibrium of CO2 within the
sealed bottle, and the fascinating cork-popping process. It is an extension of an ear-
lier review published by Gérard Liger-Belair in EPJST in 2012 [1], complemented
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Abstract. Bubbles in a glass of champagne may seem like the acme of
frivolity to most of people, but in fact they may rather be considered as
a fantastic playground for any fluid physicist. Under standard tasting
conditions, about a million bubbles will nucleate and rise if you resist
drinking from your flute. The so-called effervescence process, which
enlivens champagne and sparkling wines tasting, is the result of the
complex interplay between carbon dioxide (CO2) dissolved in the liq-
uid phase, tiny air pockets trapped within microscopic particles during
the pouring process, and some both glass and liquid properties. In this
tutorial review, the journey of yeast-fermented CO2 is reviewed (from
its progressive dissolution in the liquid phase during the fermentation
process, to its progressive release in the headspace above glasses). The
most recent advances about the physicochemical processes behind the
nucleation, and rise of gaseous CO2 bubbles, under standard tasting
conditions, have been gathered hereafter. Let’s hope that your enjoy-
ment of champagne will be enhanced after reading this tutorial review
dedicated to the unsuspected physics hidden right under your nose each
time you enjoy a glass of bubbly.

1 Introduction

Wine is consumed since ancient times [1], but produced at a large scale, and all
over the world, since several decades. The origin of sparkling wines nevertheless still
remains unclear. Many regions claim to have made the very first bubbly, but the
records are either incomplete, ambiguous or unclear, as reported by Phillips in his
latest book [2]. For centuries, the origin of sparkling wines was attributed to a monk,
Dom Pierre Perignon, the cellar master of the Abbey of Hautvillers (near Epernay in
Champagne) from 1668 to his death in 1715. On drinking a wine made sparkling by
accident for the first time, he is said to have exclaimed, “I am drinking the stars!” But
even if it is now generally accepted that much of this story is fiction, champagne has
been the most renowned French sparkling wine, praised world-wide for the fineness
of its effervescence (the very much sought-after bubbling process).

a e-mail: gerard.liger-belair@univ-reims.fr
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Fig. 84. Sketch of the infrared diode laser spectrometer designed to measure gaseous CO2
concentrations above glasses poured with sparkling beverages.

experimental set-up. After the pouring process, significant differences in gaseous CO2
concentrations above the glass were evidenced depending on whether it was poured
with champagne or beer (see Fig. 85).
Immediately after pouring, the level of gaseous CO2 above the glass poured with

champagne is approximately twice the one reached above the glass poured with beer
(around 2.5% for Champagne against only 1.3% for beer). Then, the level of gaseous
CO2 progressively decreases as time proceeds. The decrease nevertheless appears
faster above champagne than above beer, so that approximately 15 minutes after
pouring, gaseous CO2 concentrations end to roughly superimpose above champagne
and beer. We were logically tempted to wonder why such differences appear between
champagne and beer. Actually, it is worth noting from equation (93) that, every other
parameter being equal under the same operating conditions, the higher the bulk con-
centration of dissolved CO2 in the liquid phase (i.e., cL), the higher the volume of
gaseous CO2 escaping from the flute per unit of time. Besides, because champagne
holds about twice more dissolved CO2 than beers do [3], the headspace above a cham-
pagne glass appears logically more concentrated in CO2 vapors than the headspace
above a beer glass.
Real-time monitoring of gas phase CO2 above glasses is indeed a challenge of

importance, aimed at better understanding the close relationship between the release
of gaseous CO2 and a collection of various parameters such as glass-shape, liquid level
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)b()a(

Fig. 52. Photograph of a typical flute poured with champagne (a); detail showing several
tiny particles acting as bubble nucleation sites freely floating in the bulk (called fliers),
thus creating charming bubble trains in motion in the champagne bulk (b) (Alain Cornu –
Collection CIVC).

setup). Moreover, because the curvature of every filament left by rising bubbles
continuously decreases as the distance from the flier increases (i.e., the tangent to
the light streak tends toward vertical), it can be concluded that the vertical com-
ponent U (t) of the bubble’s velocity continuously increases with time (in other
words, the rising velocity of ascending bubbles continuously increases with time).
Continuous acceleration of bubbles finds its origin in continuous growth of bubbles
along their way up, which will be the main focus of our next chapter.

(ii) Otherwise, during the exposure time t of the photo camera, the number of bubbles
released from a flier is accessible by counting the number N of filaments arising
from the bottom of the print. Generally speaking, the bubbling frequency f of
a given flier (expressed in bubbles/s) is therefore simply accessible by the ratio
of the number of filaments arising from the bottom of the print to the exposure
time of the camera (f = N/t). Concerning the various fliers prints presented in
Figure 54, their respective bubbling frequencies were found to range from about
4 bubbles s−1 (frame 54c) up to about 22 bubbles s−1 (frame 54b). Actually, the
regular and clockwork release of bubbles from a cellulose fiber is indeed the most
common and usual way of blowing bubbles. The various filaments left by bubbles
released along the fliers’ paths in Figures 54 and 55 are clearly regularly spaced.



And how would this affect the neutron levels?

36Sc 37Sc 38Sc 39Sc 40Sc 41Sc 42Sc 43Sc 44Sc 45Sc 46Sc 47Sc 48Sc 49Sc 50Sc

34Ca 35Ca 36Ca 37Ca 38Ca 39Ca 40Ca 41Ca 42Ca 43Ca 44Ca 45Ca 46Ca 47Ca 48Ca 49Ca

32K 33K 34K 35K 36K 37K 38K 39K 40K 41K 42K 43K 44K 45K 46K 47K 48K

31Ar 32Ar 33Ar 34Ar 35Ar 36Ar 37Ar 38Ar 39Ar 40Ar 41Ar 42Ar 43Ar 44Ar 45Ar 46Ar 47Ar

30Cl 31Cl 32Cl 33Cl 34Cl 35Cl 36Cl 37Cl 38Cl 39Cl 40Cl 41Cl 42Cl 43Cl 44Cl 45Cl 46Cl

29S 30S 31S 32S 33S 34S 35S 36S 37S 38S 39S 40S 41S 42S 43S 44S 45S

28P 29P 30P 31P 32P 33P 34P 35P 36P 37P 38P 39P 40P 41P 42P 43P 44P

27Si 28Si 29Si 30Si 31Si 32Si 33Si 34Si 35Si 36Si 37Si 38Si 39Si 40Si 41Si 42Si 43Si
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Figure 1.1: [Colour] Schematic ordering of single-particle orbitals as reproduced by
a variety of different central potentials. The colour coding follows quantum number
`. The so called magic numbers are circled in the far right-hand column, where as
they appear as brackets in all others. The numbers adjacent to the levels with the
spin-orbit term indicate the j of those states. Figure taken from [6].
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And how would this affect the neutron levels?

NUCLEAR “BUBBLE” STRUCTURE IN 34Si PHYSICAL REVIEW C 79, 034318 (2009)
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FIG. 4. HF charge densities (in units of fm−3) of 36S (dashed line)
and 34Si (solid line) calculated with the Skyrme interaction SLy4.

Note that the density profile of 24O remains unchanged when
pairing is switched on.

The SLy4-HF charge density profiles calculated in 34Si
and 36S (where the s state is fully occupied) are shown in
Fig. 4. One observes that the bubble is more prominent in
this case than in 22O. The depletion fraction F is ∼23%
(38% for the proton density without CM and proton finite-size
corrections). The confidence in this result is enhanced by the
good agreement between the predicted density profile for 36S
and the experimental one shown in Fig. 2. We should mention
that pairing is expected to modify the density profile of 36S.
By comparing the HF proton point density in 34Si (F = 38%)
with the HF neutron density in 22O (F = 13%), one observes
that the central value in 34Si is much lower than in 22O. The
contribution to the central value of the density is entirely
due to the first s wave function (i.e., the 1s). The difference
between the two central values may be related to the presence
of a neutron excess at the surface of 34Si. The effect of this
neutron skin on the proton 1s1/2 wave function is to attract
and push it toward the surface, thereby lowering its value at
the center. This effect is obviously absent for the neutron 1s
wave function in 22O because the proton density in this nucleus
is well concentrated in the interior. This can be observed in
Fig. 5 where the neutron (proton) 1s contribution to the HF
density is plotted for 22O (34Si).

C. Relativistic mean-field approach

As in the previous section, calculations are performed for
the two oxygen isotopes 22O and 24O as well as for the two N =

0 1 2 3 4 5
r (fm)

0

0.02

0.04

0.06

0.08

D
en

si
ty

p 1s1/2 
n 1s1/2

Si

O22

34

FIG. 5. Neutron (proton) 1s contributions to the density (in units
of fm−3) for 22O (34Si).

TABLE III. Binding energy per nucleon, charge radii, and
neutron skin thickness for 34Si (upper block) and 36S (lower block) as
predicted by the two RMF models used in this work. When available,
experimental data are provided for comparison.

Model B/A (MeV) Rch (fm) Rn − Rp (fm)

NL3 8.36 3.13 0.25
FSUGold 8.28 3.13 0.21
Experiment 8.34 – –
NL3 8.50 3.26 0.12
FSUGold 8.42 3.26 0.09
Experiment 8.58 3.28 –

20 isotones 34Si and 36S, but now using an RMF approach.
Pairing effects are evaluated within the RHB model. In one
particular realization of the relativistic formalism the dynamics
of the system is dictated by an interacting Lagrangian density
of the following form:

Lint = ψ̄
[
gsφ −

(
gvVµ + gρ

2
τ · bµ + e

2
(1 + τ3)Aµ

)
γ µ

]
ψ

− κ

3!
(gsφ)3 − λ

4!
(gsφ)4 + ζ

4!

(
g2

vVµV µ
)2

+)v
(
g2

ρ bµ · bµ
)(

g2
vVµV µ

)
, (4)

where ψ represents an isodoublet nucleon field interacting
via the exchange of two isoscalar mesons—a scalar (φ) and
a vector (V µ), one isovector meson (bµ), and the photon
(Aµ) [33,34]. In addition to meson-nucleon interactions, the
Lagrangian density is supplemented by nonlinear meson
interactions with coupling constants denoted by κ, λ, ζ , and
)v that are responsible for a softening of the nuclear-matter
equation of state, both for symmetric and pure-neutron matter.
For the RMF case we consider two parametrizations: the very
successful NL3 parameter set [35,36] and a more recent set
known as FSUGold [37 ]. The main difference between these
two models lies in the prediction of the density dependence
of the symmetry energy. This difference manifests itself in
significantly larger neutron skins for NL3 than for FSUGold
[37 ]. Neutron skins for the two isotones of interest in the
present work, alongside other ground-state properties, have
been listed in Table III for 34Si and 36S.

RMF neutron densities for the two neutron-rich isotopes
22O and 24O are displayed in Fig. 6. Whereas the RMF results
show a mild model dependence, differences between the
relativistic and nonrelativistic models are significant. Indeed,
in contrast to the nonrelativistic case, the relativistic results
display no enhancement of the central neutron density in
24O. Moreover, the removal of both 2s1/2 neutrons from 24O
yields a strong depletion of the interior neutron density in
22O. As a result, central depletion fractions of F = 34%
F = 28% are predicted for 22O by the FSUGold and NL3
models, respectively. These values are significantly larger
than the 13% depletion fraction obtained with the SLy4-HF
parametrization.
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Figure 1.1: [Colour] Schematic ordering of single-particle orbitals as reproduced by
a variety of different central potentials. The colour coding follows quantum number
`. The so called magic numbers are circled in the far right-hand column, where as
they appear as brackets in all others. The numbers adjacent to the levels with the
spin-orbit term indicate the j of those states. Figure taken from [6].
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What experiments, reactions? (protons first)
Does the 0d3/2 orbitals empty, then the 1s1/2? Sounds like 
a question about occupancies …

36Sc 37Sc 38Sc 39Sc 40Sc 41Sc 42Sc 43Sc 44Sc 45Sc 46Sc 47Sc 48Sc 49Sc 50Sc

34Ca 35Ca 36Ca 37Ca 38Ca 39Ca 40Ca 41Ca 42Ca 43Ca 44Ca 45Ca 46Ca 47Ca 48Ca 49Ca

32K 33K 34K 35K 36K 37K 38K 39K 40K 41K 42K 43K 44K 45K 46K 47K 48K

31Ar 32Ar 33Ar 34Ar 35Ar 36Ar 37Ar 38Ar 39Ar 40Ar 41Ar 42Ar 43Ar 44Ar 45Ar 46Ar 47Ar

30Cl 31Cl 32Cl 33Cl 34Cl 35Cl 36Cl 37Cl 38Cl 39Cl 40Cl 41Cl 42Cl 43Cl 44Cl 45Cl 46Cl

29S 30S 31S 32S 33S 34S 35S 36S 37S 38S 39S 40S 41S 42S 43S 44S 45S

28P 29P 30P 31P 32P 33P 34P 35P 36P 37P 38P 39P 40P 41P 42P 43P 44P

27Si 28Si 29Si 30Si 31Si 32Si 33Si 34Si 35Si 36Si 37Si 38Si 39Si 40Si 41Si 42Si 43Si

26Al 27Al 28Al 29Al 30Al 31Al 32Al 33Al 34Al 35Al 36Al 37Al 38Al 39Al 40Al 41Al 42Al

0d3/2

1s1/2

Z = 20

N = 20

Historical data for the stable 
nuclei … very crudely … 

e.g. 40Ca(d,3He) should imply 4 
protons in the 0d3/2 orbital, 
and 2 in the 1s1/2 

e.g. 38Ar(d,3He) might imply 2 
protons in the 0d3/2 orbital, 
and 2 holes … 

e.g. 36S(d,3He) might imply 0 
protons in the 0d3/2 orbital, 
and 4 holes … 2 in the 1s1/2



The stable-beam bit
Very quick glance at ENSDF, confirms suspicions about 36S 

1.63 out of 2 
present (full-ish)

Only 0.31 out of 4 
present (empty-ish)

(Be careful though, always read the original works to double check)



The exotic-beam bit
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A proton density bubble in the doubly magic
34Si nucleus
A. Mutschler1,2, A. Lemasson2,3, O. Sorlin2*, D. Bazin4, C. Borcea5, R. Borcea5, Z. Dombrádi6,
J.-P. Ebran7, A. Gade4, H. Iwasaki4, E. Khan1, A. Lepailleur2, F. Recchia3, T. Roger2, F. Rotaru5, D. Sohler6,
M. Stanoiu5, S. R. Stroberg4,8, J. A. Tostevin9, M. Vandebrouck1, D. Weisshaar3 and K. Wimmer3,10,11

Many properties of the atomic nucleus, such as vibrations, rotations and incompressibility, can be interpreted as due to a two-
component quantum liquid of protons and neutrons. Electron scattering measurements on stable nuclei demonstrate that their
central densities are saturated, as for liquid drops. In exotic nuclei near the limits of mass and charge, with large imbalances
in their proton and neutron numbers, the possibility of a depleted central density, or a ‘bubble’ structure, has been discussed
in a recurrent manner since the 1970s. Here we report first experimental evidence that points to a depletion of the central
density of protons in the short-lived nucleus 34Si. The proton-to-neutron density asymmetry in 34Si o�ers the possibility to
place constraints on the density and isospin dependence of the spin–orbit force—on which nuclear models have disagreed for
decades—and on its stabilizing e�ect towards limits of nuclear existence.

M icroscopic systems composed of atoms or clusters can
exhibit intrinsic structures that are bubble-like, with small
or depleted central densities. For example, the fullerene

molecules, composed of C atoms, are structures with extreme
central depletion1. In nuclear physics, depletions also arise in nuclei
with well-developed cluster structures when clusters are arranged
in a triangle or ring-like structure—such as in the triple-↵ Hoyle
state2,3. Unlike such a non-homogeneous, clustered system, central
density depletions or bubble-like structures would be much more
surprising in homogeneous systems, such as typical atomic nuclei
with properties characteristic of a quantum liquid4.

This hindrance of bubble formation in atomic nuclei is inherent
in the nature of the strong force between nucleons, which is strongly
repulsive at short distances (below 0.7 fm), attractive at medium
range (⇡1.0 fm) and vanishes at distances beyond 2 fm. In a classical
picture, the medium-ranged attraction of nuclear forces implies
that nucleons interact strongly and attractively only with immediate
neighbours, leading to a saturation of the nuclear central density,
⇢0. Quantum mechanically, the delocalization of nucleons5 leads to
a further homogeneity of the density. Extensive precision electron
scattering studies from stable nuclei6 confirm that their central
densities are essentially constant, with ⇢0 ⇡0.16 fm�3, independent
of the number of nucleons A. As a consequence, like a liquid drop,
the nuclear radii and volumes increase asA1/3 and asA, respectively.
Thus, a priori, bubble-like nuclei with depleted central densities
are unexpected.

Historically, the possibility of forming bubble nuclei was
investigated theoretically in intermediate-mass7–10, superheavy11
and hyperheavy systems12. In general, central depletions will arise
from a reduced occupation of single-particle orbits with low angular

momentum `. These wavefunctions extend throughout the nuclear
interior whereas those with high ` are more excluded by centrifugal
forces. For example, in a comparison of the charge densities of 206Pb
and 205Tl, the contribution from `=0 orbits (there 3s) is peaked at
the nuclear centre13. The amplitude of this central depletion in 205Tl
is of order 11%. Amuch larger central depletion of protons, of about
40% comparedwith stable 36S, was proposed in 34Si (refs 10,14) using
various mean field approaches, arising from the lack of protons in
the 2s1/2 orbital. However, recent theoretical calculations suggest
that nuclear correlations act to smoothen these orbital occupancies
in both the heavy and superheavy nuclei15,16 and in 34Si (ref. 17).
Here, we use the one-proton removal (�1p) reaction technique to
show that the 2s1/2 proton orbit in 34Si is in fact essentially empty, in
contrast to 36S where this 2s1/2 orbit is almost fully occupied by 1.7(4)
protons compared to the maximum occupancy of 2 (refs 18,19).

A beam of 4 ⇥ 105 34Si nuclei per second was produced by
the fragmentation of a 140MeVu�1 48Ca primary beam on a
846mg cm�2-thick 9Be target at the Coupled Cyclotron Facility at
the National Superconducting Cyclotron Laboratory. The 34Si then
impinged on a 9Be secondary target (100mg cm�2) producing 33Al
nuclei through the (�1p) reaction. These 33Al residues were iden-
tified through their measured energy loss in an ionization chamber
located at the focal plane of the S800 spectrograph, and their time of
flight between two scintillators placed at the object and image focal
planes of the device. Their trajectories were obtained from their
positions measured at two cathode-readout drift chambers.

Prompt �-rays, originating from the in-flight decay of excited 33Al
produced during the reaction, were detected in coincidence with the
33Al residues in the seven modules of the GRETINA array20 that
surrounded the target at angles near 90� and 58�. Event-by-event

1Institut de Physique Nucléaire, IN2P3-CNRS, F-91406 Orsay Cedex, France. 2Grand Accélérateur National d’Ions Lourds (GANIL),
CEA/DSM-CNRS/IN2P3, B. P. 55027, F-14076 Caen Cedex 5, France. 3National Superconducting Cyclotron Laboratory, Michigan State University,
East Lansing, Michigan 48824, USA. 4Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State
University, East Lansing, Michigan 48824-1321, USA. 5IFIN-HH, PO Box MG-6, 76900 Bucharest-Magurele, Romania. 6Institute for Nuclear Research,
Hungarian Academy of Sciences, PO Box 51, Debrecen H-4001, Hungary. 7CEA, DAM, DIF, F-91297 Arpajon, France. 8TRIUMF, 4004 Westbrook Mall,
Vancouver, British Columbia V67 2A3, Canada. 9Department of Physics, University of Surrey, Guildford GU2 7XH, UK. 10Department of Physics, Central
Michigan University, Mount Pleasant, Michigan 48859, USA. 11Department of Physics, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
*e-mail: sorlin@ganil.fr
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Need a 34Si beam … not many choices  
Need a reaction sensitive to occupancies … (d,3He), proton knockout? 
Need a suitable spectrometer system … again, not many choices



S800 and GRETINA
Proton knockout on a 9Be target (e.g. of test case 36S — remember checklist?)

Notes
• Beam: ~40 MeV/u, 1pnA 

(4×105 pps) 
• Target: 100 mg/cm2 
• Prompt gamma-rays in 

GRETINA 
• S800 identifies residues, 

used for longitudinal 
momentum distributions of 
resides (can determine ℓ 
value of knocked out proton), 
and, with γ-gating, the cross 
sections 

• Good consistency checks

Stolen from Sorlin’s slides at 
 https://indico.cern.ch/event/505871/attachments/1250569/1843685/seminaire_CERN-OS.pdf



Indeed, the 1s1/2 is ~empty 
NATURE PHYSICS DOI: 10.1038/NPHYS3916 ARTICLES
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Figure 2 | Level scheme of 33Al with parallel momentum distributions of the strongest populated states. a, Level scheme of 33Al, obtained from the ���
coincidence spectra of Fig. 1, with energies (in keV) and branching ratios bKO

f (in %). Error bars on the bKO
f values result from the uncertainty in extracting

the intensity of the � transitions decaying from the corresponding levels. When these levels are fed from higher lying states, the corresponding feeding
contribution was subtracted, inducing larger error bars. As fed by many transitions, the branching ratio to the ground state therefore has the largest error
bar. The J⇡ assignments and experimental spectroscopic factors C2Sexp

norm of the strongest populated states are shown. Uncertainties on the C2Sexp
norm values

are derived from equation (1). They include the one, discussed above, on bKO
f and that on the empirical quenching factor RS, which amounts to about 20%.

b–g, Experimental parallel momentum, pk, distributions for the strongest populated states in 33Al (black crosses) are compared with theory, assuming
removal of an `=0 (red curves) or `=2 (blue curves) proton from the 34Si ground state. As explained in the Methods, the high-momentum part of pk is
considered in this comparison. Momentum distributions for weakly populated states (bKO

f < 1%) have insu�cient statistics to be exploited. Horizontal bars
correspond to the binning on the pk value. Vertical error bars are deduced from uncertainties on bKO

f per bin of pk value.

be increased by only 0.07 (3). This very small proton occupancy of
the 2s1/2 orbital, 10% of that in 36S, results in a large depletion of the
central density of protons in 34Si.

On the other hand, the neutron 2s1/2 orbit is essentially fully
occupied in 34Si, with a summed spectroscopic factor value of 2.0(3)
being deduced from the corresponding neutron removal reaction
from 34Si (ref. 23). Thus, 34Si exhibits a large proton-to-neutron
density asymmetry that, to our knowledge, has not been revealed
in any other nucleus. It is favoured because 34Si can be viewed
as a doubly magic nucleus in which mixing between normally
occupied and valence orbits is very limited23,24. The high energy of
its first excited state (3.3MeV), its low reduced transition probability
B(E2;0+ !2+) (ref. 25) and the small electric monopole strength
⇢(E0;0+

1 !0+
2 )26 complete this picture of doublemagicity. Figure 3

visualizes the changed proton densities and almost unchanged
neutron densities between 34Si and 36S from relativistic Hartree–
Fock–Bogoliubov calculations that use the PKO2 energy density
functional27 and which predict very similar proton and neutron
occupancies to those deduced here. It should however be noted
that mean field calculations do not all predict similar neutron and
proton density profiles in 34Si. Indeed, they are very sensitive to
the size of the proton and neutron gaps derived from the choice of
functionals, as well as to the treatment of pairing and quadrupole
correlations that act to reduce the central density depletion, as found
in ref. 17. Indeed, this model-dependence of the predictions of the
existence of a central depletion was a major motivation to perform
the present experiment.

With this di�erential two-fluid behaviour, 34Si o�ers unique
possibilities to test the density and proton-to-neutron (isospin)

dependence of the nuclear spin–orbit (SO) potential—which
generates most of the shell gaps that stabilize magic nuclei in the
chart of nuclides28,29. In most theoretical models, the SO potential
can be expressed in terms of the derivative of the proton and neutron
densities, with coe�cients that di�er by a factor of as much as two
between various relativistic or non-relativistic approaches (see for
example, the discussions in refs 11,29–33). These as yet unknown
density and isospin dependences of the SO interaction strongly
impact the evolution of the SO interaction and magic numbers as
one approaches the drip lines30,32, where the surface di�useness is
increased and consequently the SO interaction is expected to be
reduced. This influences the binding energies and the lifetimes, as
well as neutron capture rates and possibly fission barriers, of the
nuclei close to the neutron drip line that are involved in the synthesis
of elements in the Universe beyond Fe through the rapid neutron
capture process. This also impacts the location of a possible island
of stability for superheavy nuclei11 that di�er strongly depending
on the theoretical models used, and the puzzling discontinuity in
the isotope shifts observed for the Pb isotopes31,34, a phenomenon
that seems to be accounted for only by a certain category of models.
These aspects of the SO force have not previously been accessible
to experimental scrutiny as, in the vast majority of nuclei, the
saturation of the nuclear forces implies a near-constant central
density for protons and neutrons, and an almost universal surface
di�useness. The result is a SO force peaked at the proton and
neutron surfaces having a similar strength for allmodels. The central
proton density depletion in 34Si drives an additional (interior)
component of the SO force, with a sign opposite to that at the
surface. Therefore, low-` nucleons, which can probe the interior

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

© ƐƎƏƖɥMacmillan Publishers LimitedƦɥ/�13ɥ.$ɥ�/1(-%#1ɥ��341#. All rights reservedƥ

3

d5/2=∑5.8 out of 6

s1/2=∑0.16 out of 2

A. Mutschler et al., Nat. Phys. 13, 152 (2017)



What experiments, reactions? (neutrons next)

G. Burgunder et al., Phys. Rev. Lett. 112, 042502 (2014)
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(d,p) reaction to find 1p strength
Need a 34Si beam … not many choices  
Need a reaction sensitive to occupancies … (d,p)? 
Need a suitable spectrometer system … again, not many choices

Stolen from Sorlin’s slides at 
 https://indico.cern.ch/event/505871/attachments/1250569/1843685/seminaire_CERN-OS.pdf



and 49Ca nuclei [8–10]. However, the effect of the two-
body SO force was diluted and possibly contaminated by
other effects. The present work aims at studying the change
in the neutron 2p3=2-2p1=2 SO splittings between the 35Si
and 37S nuclei caused by the filling of the proton 2s1=2
orbit. Between these nuclei, changes in the SO splitting are
likely totally carried by the two-body SO interactions as the
two-body central and tensor contributions equate for each
SO partner [6,11]. Effects of the proximity of the con-
tinuum and of proton-to-neutron binding energies on the
central part of the interaction were estimated to be of less
than 5% using mean field calculations constrained to
experimental binding energies. The present study therefore
provides a first and unique constraint of the two-body SO
interaction in atomic nuclei, to be compared to the value
derived from realistic nucleon-nucleon forces.

Experiment.—The changes in 2p and 1f SO splitting
between the 37S and 35Si nuclei have been studied using
(d, p) transfer reactions in inverse kinematics with beams of
36S and 34Si. The 34Si nuclei were produced at the Grand
Accélérateur National d’Ions Lourds (GANIL) in the frag-
mentation of a 55 A ⋅MeV 36S16þ beam, of mean intensity
3 μA, in a 1075 μm-thick Be target. The LISE3 spectrometer
[12] was used to select and transport the 34Si nuclei which
were slowed down to 20.5 A ⋅MeV by using an achromatic
Be degrader of 559.3 μm between the two dipoles of the
spectrometer. A rate of 1.1 × 105 34Si ions per second and a
purity of 95% were achieved. In a separate spectrometer
setting, abeamof 36Swasproducedinsimilarconditions,at an
energyof19A ⋅MeVandan intensity limited to2 × 105 pps.
Nuclei were tracked event by event with a position resolution
(FWHM) of 1 mm using a set of two position-sensitive
multiwire proportional chambers (MWPCs) [13] placed
0.92 m and 0.52 m upstream of the 2.6ð1Þmg=cm2 CD2

target in which transfer reactions took place.
Nuclei were identified by means of their energy loss in an

ionizationchamber (IC), of10 × 10 cm2 surface area, placed
40 cm downstream of the target. The energy-loss EIC of the
ionswas obtained from the peak-height value of the digitized
signal. A 1.5 cm-thick plastic scintillator, located behind the
IC, additionally provided a high-resolution time signal used
for precise time-of-flight (TOF) measurements, and allowed
the monitoring of the beam intensity complementary to the
MWPC detectors. By achieving selections in EIC and in
TOF between the MWPCs and the plastic scintillator, the Si
nuclei [in the case of 34Siðd; pÞ] were selected and the part
corresponding to incomplete fusion reactions induced by the
C nuclei of the CD2 target was rejected.
Energies and angles of the protons arising from the (d, p)

reactions were measured using four modules of the MUST2
detector array [14] consisting each of a highly segmented
(128× 128) double-sided 300 μm-thick Si detector, fol-
lowed by a 16-fold segmented Si(Li) detector of 4.5 mm
thickness. These detectors were placed at 10 cm from the
CD2 target, covering polar angles ranging from 105° to 150°

with respect to the beam direction. In addition, a 16 Si strip
annular detector (external diameter 96 mm, central hole
diameter of 48 mm and thickness 300 μm) was placed at a
distanceof 11.3 cm to cover polar angles from157° to 168° to
detect the full energy of protons in the (d, p) reaction.
Four segmented Ge detectors from the EXOGAM array

[15] were installed perpendicular to the beam axis at a mean
distance of 5 cm to detect the γ rays emitted in the decay
of excited states. The center of these detectors was shifted
9 cm downstream from the target in order to avoid them
shadowing part of the MUST2 detectors, leading to a γ
efficiency of ϵγ ¼ 3.8ð2Þ% at 1 MeV.

Results.—Excitation energy spectra (E%) corresponding to
the 34Siðd; pÞ35Si reaction (Fig. 1) were constructed using
the energy and angle of the emitted protons in coincidence
with the Si nuclei. Three structures are seen below the
neutron emission threshold Sn ¼ 2.47ð4ÞMeV at
E% ¼ 0ð25Þ, 906(32), and 2060(50) keV. Other structures
are present above Sn, tentatively at 3330(120) keV and
more prominently at ≃5500 keV. The presently fitted
shape of these peaks is a convolution between a rectangular
step function, that takes into account the energy loss of the
beam in the target before the reaction point, and a Gaussian.
The energy-dependent widths of all fitted peaks are in very
good accordance with Monte Carlo simulations [16].
A more accurate energy determination of the bound levels
populated in 35Si is provided by the γ-energy spectrum,
gated by protons associated to different E% ranges. When
applying suitable Doppler corrections to the γ’s emitted in

FIG. 1 (color online). Top: excitation energy spectrum E% of
35Si obtained with the detection of protons in the angular domain
106°–115° in the laboratory. The fitting procedure of the peaks, as
well as the origin of the asymmetric black curve, are described in
the text. Bottom: Doppler-corrected γ energy spectrum shows two
peaks at 0.910 MeV and 1.134MeV. The latter peak disappears
when gating on excitation energy E% > 1.4 MeV (red shaded
area), indicating that it comes from a level at 2044 keV.
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flight and detected in the EXOGAM array, two peaks are
clearly observed at 910(3) keV and 1134(6) keV in the
bottom part of Fig. 1. The energy of the first γ peak matches
that of E! ¼ 906ð32Þ keV of Fig. 1, as well as the energy of
a 3=2− state at 910.10(30) keV fed indirectly in the β-decay
study of 35Al [17]. From the number of protons detected
in the peak at 906(32) keV, Np ¼ 1894ð185Þ, an expected
number of photons at 910 keV of Nγ ¼ 72ð11Þ is derived,
after having corrected from the ϵγ value. The number of
detected photons, 82(10), matches this expected value of 72
(11) within one σ uncertainty. We deduce that a contami-
nation of the excitation energy spectrum at E! ¼ 906ð32Þ
due to transfer to the 3/2þ state at the nearby energy of
970 keV is less than 30% of the 3=2− component, with a
confidence limit of 3σ. With a half-life of 6 ns, the γ decay
of the 3=2þ isomer would occur after the target location,
mostly out of the range of the EXOGAM detectors. The
energy of the second γ peak is in accordance with the one
observed in [18] at 1133(5) keV. The summed energy of the
two γ peaks, 910ð3Þ þ 1134ð6Þ ¼ 2044ð7Þ keV, matches
the energy of the third peak at E! ¼ 2060ð50Þ keV in
Fig. 1, hereby establishing a level at 2044(7) keV which
decays by a cascade of two γ rays.
Proton angular distributions corresponding to transfer

reactions populating the four states in 35Si are shown in
Fig. 2. Adiabatic distorted wave approximation (ADWA)
calculations [19] were performed using the code TWOFNR

[20] and the global optical potentials of [21] and [22] for
the entrance and exit channels of the (d, p) reaction,
respectively. A nonlocal correction [23] has been used with
a Gaussian function of widths β ¼ 0.85 fm for the nucleons
and 0.54 fm for the deuteron. These calculations were fitted
to the experimental angular distributions to infer the
transferred angular momentum l and spectroscopic factor
(SF) of individual orbitals in 35Si, given with their
uncertainties in Fig. 2. Additional uncertainties on the

SF values (not given here) due to the use of other global
potentials amount to about 15% [8]. The same set of optical
potentials was used for the 35Si and 37S nuclei. With this
set, we reproduce within one sigma themean hSFi values in
37S derived from Refs. [24,25] for the 7=2− ground state
[hSFi ¼ 0.73; our value 0.69(14)], the 3=2−1 state at
645 keV [hSFi ¼ 0.545; our value 0.53(10)] as well as
the 1=2−1 state at 2638 keV [hSFi ¼ 0.625; our value 0.68
(13)] [16]. It has been pointed out in Ref. [26] that observed
SFs are usually quenched, by a factor of about 0.5–0.7, as
compared to the ones expected from the single particle
structure around closed shell nuclei. In the 37S nucleus, the
SF values of the 7=2−, 3=2−, and 1=2− states exhaust this
quenched SF sum rule, within the present experimental
uncertainties.
From the shape of the proton angular distributions of

Fig. 2, the first peak in 35Si could be attributed to a l ¼ 3
transfer to the f7=2 ground state with SF ¼ 0.56ð6Þ. The
angular distributions of the second and third peaks corre-
spond to l ¼ 1, with SF values of 0.69(10) and 0.73(10),
respectively. The third peak at 2044 keV is likely to be
1=2− as its large SF value discards another large l ¼ 1,
3=2− component. The SF values of these 7=2−, 3=2−, and
1=2− states in 35Si are compatible, within one σ, with the
ones measured in 37S. However, the excitation energy of the
1=2− state in 35Si (E! ¼ 2044 keV) is significantly smaller
than that in 37S (E! ¼ 2638 keV). The structure above the
neutron threshold at about 3330 keV likely corresponds to
the elastic deuteron break-up process, the cross section of
which was estimated to be 0.1 mb=MeV [27] and the shape
of which was obtained from phase-space simulations
(hatched zone below the black curve of the top part of
Fig. 1). The broad structure around 5.5 MeV in 35Si could
be fitted with an angular distribution corresponding to a
l ¼ 3 state coming from a fraction of the f5=2 strength.
Using the prescription of Ref. [28] for the states lying in the
continuum, a value of SF ¼ 0.32ð2Þ has been extracted. It
has a similar amplitude as the f5=2 component SF ¼ 0.36
found in three states centered around 5.6 MeV in 37S [24].

Change in p-orbital SO splitting?—To a first approximation
the first states in 41Ca, 37S, and 35Si can be viewed as one
1f7=2 or 2p1=2;3=2 neutron on top of the core nuclei 40Ca,
36S, and 34Si, respectively, as these N ¼ 20 nuclei can be
considered as doubly magic nuclei. When taking the
major fragment of the 2p3=2 and 2p1=2 single-particle
(SP) strengths, the 3=2−-1=2− splitting remains close to
2 MeV in the 41Ca [29] and 37S [24,25] nuclei after the
removal of 4protons from the1d3=2 orbit.As shown inFig. 3,
it drops to 1.134MeVin 35Si by removing 2 protons from the
2s1=2 orbit. This sudden reduction of the 3=2−- 1=2− split-
ting is attributed to the difference in the two-body proton-
neutron monopole terms Vpn

2s1=22p1=2
and Vpn

2s1=22p3=2
involved

between the 35Si and 37S nuclei as well as to the effects of
correlations inherent to atomic nuclei. As there is no change
in 3=2−-1=2− splitting between the 41Ca and 37S nuclei,

FIG. 2 (color online). Proton angular distributions of the states
at E! ¼ 0; 910, 2044, and 5500 keV in 35Si. The curves
correspond to ADWA calculations assuming transfer to l ¼ 1
(dashed-dotted line) or l ¼ 3 (solid line) states.
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(d,p) reaction to find 1p strength

HAPPY … ?



But these aren’t the centroids … 
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Dominant states
Dominant neutron 1p3/2 and 1p1/2 states in 41Ca 
(those with largest SF, typically lowest lying )
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Centroids
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Actually the same separation, just offset … what about the rest?



All together … [all from (d,p)-reaction data]

∆1pdom 
(MeV)

∆1pcent 
(MeV)

41Ca 2.00 2.10

39Ar 2.00 1.61

37S 2.00 1.50

35Si 1.13 1.13

Supplemental Material to “Effect of Finite Binding on the Apparent Spin-Orbit Splitting in 
Nuclei” by B. P. Kay, C. R. Hoffman, and A. O. Macchiavelli. 

 
From the available experimental data as given in the Evaluated Nuclear Structure Data File [1] the 
centroids of the 1p3/2 and 1p1/2 orbitals can be estimated. In most cases, the excitation energies of 
these centroids lie several hundred keV above the dominant fragments. As discussed in the 
manuscript, the centroids of the single-particle strength are the spectroscopic-factor weighted 
energies of the fragments. For all, except 35Si where only the single states are known, we only used 
states with firm spin-parity assignments. For 41Ca, there are 10 firmly assigned 1p3/2 states and 13 
firmly assigned 1p1/2. The centroids lie ~0.5 MeV higher than the dominant fragments. For 39Ar, 
the data a more limited. There are 3 reported 1p3/2 states for which spectroscopic factor are known. 
Ref. [1] does not report a 1p1/2 state, although Ref. [2] makes a clear assignment of a 1p1/2 state at 
3.27 MeV. For 37S, there are 4 1p3/2 reported with firm assignments. For the 1p1/2 strength, there 
are 2 firmly assigned states. Estimated uncertainties are of the order of a few hundred keV for 39Ar 
and 37S, largely due to a number of states known to have l=1, but with j assignment. For 41Ca, the 
data are more complete and we estimate and uncertainty of around 50 keV on the centroids. The 
uncertainties for 35Si are difficult to estimate, because they depend on possible missed states.  
 

 
 
Figure 1: The hatched bars show the dominant fragment of the 1p3/2 and the 1p1/2 strength. The 
solid bars show the estimated centroids from the available experimental data. 
 
[1] Evaluated Nuclear Structure Date File (ENSDF) http://www.nndc.bnl.gov/ensdf/. 
[2] S. Sen, C. L. Hollas, C. W. Bjork, and P. J. Riley, Phys. Rev. C 5, 1278 (1972). 
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…

These lectures ends here, the ‘34Si story’ is a great example of well-targeted nuclear-reaction 
studies and wonderfully well done measurements, given the obstacles. 

(However, the story doesn’t end here. You can read the original papers and an interesting follow up [BPK, C. R. Hoffman, and A. O. Macchiavelli, Phys. Rev. Lett. 119, 182502 (2017)])
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FIG. 2. For (a) 35Si and (b) 41Ca, a comparison of the ex-
perimentally determined binding energies (Exp.) [5] of the 1p
orbitals with those obtained from Woods-Saxon calculations
(WS) with a fixed spin-orbit potential, potential depths of
47.0 MeV (35Si) and 51.8 MeV (41Ca), and parameters given
in the text.

small, at ⇠500 keV.
In the following, we will discuss how the changes ob-

served experimentally for 1p3/2 and 1p1/2 states from Ca
to Si can be described in terms of the proximity of the
p1/2 orbital to the neutron threshold. To explore such ef-
fects, calculations were carried out with a Woods-Saxon
potential using the code of Volya [11] and several estab-
lished parameter sets characterizing the neutron-nucleus
potential. In Fig. 2 we show the binding energies of the
1p levels from experiment for 34Si+n and 40Ca+n and
from Woods-Saxon calculations with potential parame-
ters r0 = 1.28 fm, a = 0.63 fm, rso0 = 1.1, aso = 0.65 fm,
and Vso = 6 MeV (as used in Ref. [7]). The depth of
the potential was chosen to reproduce the binding of the
1p3/2 orbital. Note, the spin-orbit potential is the same
for both Si and Ca.

Immediately it can be seen that the general feature, a
decrease of ⇠1 MeV in the separation of the 1p3/2 and
1p1/2 states, is reproduced by the calculations without
any change to the spin-orbit strength. At 35Si the 1p1/2
orbital is just bound by a few hundred keV. With no
experimental information yet available on the fragmen-
tation of the 1p states, it is possible the 1p are slightly
less bound as fragmentation would, most likely, shift the
centroid that way.

Other Woods-Saxon calculations using a range of sen-
sible parameters, for example, r0 = 1.25–1.28 fm, a =
0.60–0.75 fm, rso0 = 1.1, aso = 0.65–0.80 fm, and
Vso = 6–7.5 MeV, were explored. In these cases, the
depth of the binding potential chosen to reproduce the
experimental binding energy of the 1p3/2 orbital. Typical
potential depths for 40Ca+n were around 52 MeV and for
34Si+n, 47 MeV, consistent with the global parameteri-
zation of Ref. [12]. For some of the parameter sets, the
1p1/2 is just slightly bound (by a few hundred keV) and
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FIG. 3. A comparison between experimental spin-orbit split-
ting of the 1p states atN = 21 for 14  Z  20 compared with
calculations of the same splittings in a Woods-Saxon potential
with a fixed spin-orbit strength. The width of the shaded re-
gion is to give a measure of the uncertainties associated with
the calculations. The uncertainties on the experimental data
points are discussed in Ref. [5].

for others slightly unbound. The change in the separa-
tion between the 1p3/2 and 1p1/2 spin-orbit partners from
41Ca to 35Si is relatively insensitive to the choice of the
parameter, varying from around 0.7–0.9 MeV. The rela-
tive proximity of these orbitals to the separation thresh-
old is what dominates the change in separation between
the 1p orbitals, without invoking a weakening of the spin-
orbit force.

Figure 3 shows the di↵erence in binding energies of
the 1p3/2 and 1p1/2 neutron single-particle orbitals from
the experimental data and from the Woods-Saxon cal-
culations described above. The shaded band showing
the theoretical calculations is an indication of the range
of uncertainties associated with the choice of reasonable
Woods-Saxon parameters. The parameters characteriz-
ing the spin-orbit interaction were fixed, being the same
for all nuclei in the calculations.

Key to all calculations is that the 1p1/2 orbital ap-
proaches the neutron separation threshold in a manner
similar to the experimental data. As the state approaches
threshold it moves more slowly with changing potential
well depth and/or changing potential radius. The 1p3/2
orbital is more deeply bound and it moves more rapidly
in energy as the nucleus gets smaller. Since the domi-
nant features of the experimental data are quantitatively
described by the consequences of weak-binding e↵ects on
the 1p1/2 orbital, this e↵ect must be taken into account
before discussing any changes in the spin-orbit interac-
tion strength.

The lingering below threshold is associated with ex-
tended rms radii. While bound states with higher-` val-
ues have rms radii more in line with a typical r0A1/3 de-
pendence, as low-` orbits approach threshold their wave



Closing remarks

The future: facilities in the US and elsewhere have worked to develop exotic beams, we on the 
precipice an era of exotic-beam physics — the next decade or so will be very exciting as, e.g., 
FRIB comes on line, other facilities too 

(We should not forget, many major works in the last decade or so have also been done with 
more modest set ups, facilities … exotic beams are not the be-all and end-all.) 

How we practice physics is important. Models have to be understood, their limitations 
appreciated, and marginal data not pushed too far. Precision and clarity is essential. 



Transfer reactions, especially those induced by ‘simple’ projectiles and carried out at energies a 
few MeV/u above the Coulomb barrier, allow us to infer a great deal about nuclear structure.  

The reduced cross sections provide consistent, quantitative nuclear-structure information. 

Major text books, monographs, conferences, and 1000s of paper have been dedicated this 
subject over the 50 years. (In just a few hours I missed out on 99% of the it, I suspect.) 

I hope I showed you a few interesting examples, with techniques directly applicable to exciting 
new measurements with the available/anticipated EBs here in the US and elsewhere — already 
there are many obvious questions to ask / address. 

A major challenge is to bring our instrumentation up to date in order to exploit the weakest 
exotic beams, to be able to do detailed charged-particle spectroscopy as was done yesteryear.

Closing remarks



Closing remarks

It takes a community 
The vitality of nuclear physics, in the US and internationally, depends on a vibrant and diverse 
community ... small labs, to behemoths, are all essential parts of the puzzle 

... and YOU!


