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Weighing Halos  - TITAN @ TRIUMF
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Shortest half-life measured with Penning trap
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Weighing Halos  - TITAN @ TRIUMF

M. Smith et al., PRL 101 (2008) 202501  
Shortest half-life measured with Penning trap
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What lies behind the halo
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Picking the paired halo neutrons in 11Li 
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Core (9Li) excited state :  
Evidence of phonon mediated pairing
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compared to the giant dipole resonance peak. There has been
no identification so far of the isoscalar dipole resonance
in 11Li.
The pion double charge exchange reaction

11Bðπ−; πþÞ11Li [12] found indications of a peak at
1.2$ 0.1 MeV. However, since this reaction does not favor
the excitation of a collective state, and the dipole L ¼ 1
nature was not established, it did not allow a firm conclusion
on the soft dipole resonance. Proton inelastic scattering
measurements reported a resonance peak at 1.3$ 0.1 MeV
with a width Γ ¼ 0.75$ 0.6 MeV [13]. The poor resolution
in the experiment, 2.2 MeV (FWHM), made it difficult to
confirm the existence of a resonance state and define its
properties.An analysis of the ðp; p0Þ data in the frameworkof
multiple scattering expansion of the total transition ampli-
tude [14] proposed that, while there is a strong dipole
contribution, it is nonresonant in character. These calcula-
tions suggested anL ¼ 0 resonance at an excitation energyof
0.5 MeV with a width Γ ¼ 0.6 MeV. The pion capture
reaction 14Cðπ−; pdÞ11Li exhibited a peak at 1.02$
0.07 MeV [15], but this experiment did not allow a deter-
mination of the nature of the resonance or its width. Peaks
were also found atEx ¼ 2.07$ 0.12 and 3.63$ 0.13 MeV.
The 9Li-n-n relative energy spectra from the different

Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an enhance-
ment around Ex ¼ 1.25 MeV with C and Pb targets, while
a second broad structure was seen around 2 MeV with a Pb
target only. The measurement at MSU [17], on the other
hand, showed an enhancement of the E1 strength peaked at
Ex ∼ 1 MeV. The most recent data from RIKEN [18]
showed the dissociation spectrum with a Pb target peaked
at a much lower Ex ∼ 0.6 MeV.
The low-lying dipole strength observed from Coulomb

dissociation in the one-neutron halo nucleus 11Be has been
understood to be of nonresonant character originating from
the long tail of the halo wave function [19]. The 1=2−
excited state at 3.103 MeV [20] in 15C is a dipole excitation
but is not observed as a peak in the Coulomb dissociation
spectrum [21]. These observations demonstrate that the
Coulomb dissociation spectrum is dominated by nonreso-
nant E1 strength associated with direct breakup from the
halo density tail. Therefore, one needs studies through
different experiments to investigate if the 0.6 MeV peak
most recently observed in the Coulomb dissociation of 11Li
is a resonance state.
In order to conclusively establish a resonance in 11Li

and understand its nature, we performed the first meas-
urement of deuteron inelastic scattering using a novel thin
solid deuterium target. The experiment was performed at
TRIUMF, Canada with the 11Li beam reaccelerated to
5.5A MeV by using the superconducting linear accelerator
at the ISACII facility. The study was undertaken using
the newly developed ISAC charged particle spectros-
copy station, IRIS [22], that is pioneering the use of a

windowless thin, ∼100 μm, solid deuterium target. The
experiment setup is shown in Fig. 1(a). The incoming 11Li
beam is counted throughout the experiment by using a low-
pressure (19.5 Torr isobutane) ionization chamber. A total
of ∼8 × 108 11Li bombarded the target with average
intensity of ∼3000 pps. The measured energy loss con-
firmed that the beam was devoid of isobaric contaminants.
The beam then interacts with the solid D2 target formed on
a 5.4 μm Ag foil backing that faced the beam direction. A
copper shield cooled to 30 K with an opening for the
scattered particles surrounds the copper target cell (cooled
to 4 K) to reduce the radiative heating. The targetlike
reaction products, i.e., p; d; t, were identified [Fig. 1(b)] by
using annular ΔE-E arrays of 100 μm thick segmented
silicon detectors Si(YY1) followed by 12 mm thick CsI(Tl)
detectors. The silicon detector array is composed of eight
independent sectors forming an annulus and providing
azimuthal segmentation. Each sector is segmented into 16
rings which provide the scattering angle. The detector array
covered θlab ¼ 32°–58°. The CsI(Tl) array is segmented
into 16 sectors where two sectors match one sector of
the silicon detector. From the ΔE-E spectrum shown in
Fig. 1(b), the scattered deuterons can be clearly identified.
The energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.
The heavy beam-like particles scattered at very forward

angles pass through the hole in the annular Si(YY1)-CsI(Tl)
array and are detected by using anotherΔE-E array of double-
sided silicon strip detectors. Each detector is segmented on
one side into 24 rings which determine the scattering angle
and on the reverse side into 32 azimuthal sectors. The ΔE
layer is60 μm thick, and the particles stop in the500 μmthick
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FIG. 1 (color online). (a) A schematic layout of the experiment.
(b) Particle identification (PID) spectrum of light ejectiles using
the Si(YY1)ðΔEÞ silicon array and the stopping (E) CsI(Tl) array.
(c) PID spectrum of heavy reaction residues in coincidence with
deuterons using the S3d1ðΔEÞ and the S3d2, stopping (E) silicon
arrays.
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compared to the giant dipole resonance peak. There has been
no identification so far of the isoscalar dipole resonance
in 11Li.
The pion double charge exchange reaction

11Bðπ−; πþÞ11Li [12] found indications of a peak at
1.2$ 0.1 MeV. However, since this reaction does not favor
the excitation of a collective state, and the dipole L ¼ 1
nature was not established, it did not allow a firm conclusion
on the soft dipole resonance. Proton inelastic scattering
measurements reported a resonance peak at 1.3$ 0.1 MeV
with a width Γ ¼ 0.75$ 0.6 MeV [13]. The poor resolution
in the experiment, 2.2 MeV (FWHM), made it difficult to
confirm the existence of a resonance state and define its
properties.An analysis of the ðp; p0Þ data in the frameworkof
multiple scattering expansion of the total transition ampli-
tude [14] proposed that, while there is a strong dipole
contribution, it is nonresonant in character. These calcula-
tions suggested anL ¼ 0 resonance at an excitation energyof
0.5 MeV with a width Γ ¼ 0.6 MeV. The pion capture
reaction 14Cðπ−; pdÞ11Li exhibited a peak at 1.02$
0.07 MeV [15], but this experiment did not allow a deter-
mination of the nature of the resonance or its width. Peaks
were also found atEx ¼ 2.07$ 0.12 and 3.63$ 0.13 MeV.
The 9Li-n-n relative energy spectra from the different

Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an enhance-
ment around Ex ¼ 1.25 MeV with C and Pb targets, while
a second broad structure was seen around 2 MeV with a Pb
target only. The measurement at MSU [17], on the other
hand, showed an enhancement of the E1 strength peaked at
Ex ∼ 1 MeV. The most recent data from RIKEN [18]
showed the dissociation spectrum with a Pb target peaked
at a much lower Ex ∼ 0.6 MeV.
The low-lying dipole strength observed from Coulomb

dissociation in the one-neutron halo nucleus 11Be has been
understood to be of nonresonant character originating from
the long tail of the halo wave function [19]. The 1=2−
excited state at 3.103 MeV [20] in 15C is a dipole excitation
but is not observed as a peak in the Coulomb dissociation
spectrum [21]. These observations demonstrate that the
Coulomb dissociation spectrum is dominated by nonreso-
nant E1 strength associated with direct breakup from the
halo density tail. Therefore, one needs studies through
different experiments to investigate if the 0.6 MeV peak
most recently observed in the Coulomb dissociation of 11Li
is a resonance state.
In order to conclusively establish a resonance in 11Li

and understand its nature, we performed the first meas-
urement of deuteron inelastic scattering using a novel thin
solid deuterium target. The experiment was performed at
TRIUMF, Canada with the 11Li beam reaccelerated to
5.5A MeV by using the superconducting linear accelerator
at the ISACII facility. The study was undertaken using
the newly developed ISAC charged particle spectros-
copy station, IRIS [22], that is pioneering the use of a

windowless thin, ∼100 μm, solid deuterium target. The
experiment setup is shown in Fig. 1(a). The incoming 11Li
beam is counted throughout the experiment by using a low-
pressure (19.5 Torr isobutane) ionization chamber. A total
of ∼8 × 108 11Li bombarded the target with average
intensity of ∼3000 pps. The measured energy loss con-
firmed that the beam was devoid of isobaric contaminants.
The beam then interacts with the solid D2 target formed on
a 5.4 μm Ag foil backing that faced the beam direction. A
copper shield cooled to 30 K with an opening for the
scattered particles surrounds the copper target cell (cooled
to 4 K) to reduce the radiative heating. The targetlike
reaction products, i.e., p; d; t, were identified [Fig. 1(b)] by
using annular ΔE-E arrays of 100 μm thick segmented
silicon detectors Si(YY1) followed by 12 mm thick CsI(Tl)
detectors. The silicon detector array is composed of eight
independent sectors forming an annulus and providing
azimuthal segmentation. Each sector is segmented into 16
rings which provide the scattering angle. The detector array
covered θlab ¼ 32°–58°. The CsI(Tl) array is segmented
into 16 sectors where two sectors match one sector of
the silicon detector. From the ΔE-E spectrum shown in
Fig. 1(b), the scattered deuterons can be clearly identified.
The energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.
The heavy beam-like particles scattered at very forward

angles pass through the hole in the annular Si(YY1)-CsI(Tl)
array and are detected by using anotherΔE-E array of double-
sided silicon strip detectors. Each detector is segmented on
one side into 24 rings which determine the scattering angle
and on the reverse side into 32 azimuthal sectors. The ΔE
layer is60 μm thick, and the particles stop in the500 μmthick
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deuterons using the S3d1ðΔEÞ and the S3d2, stopping (E) silicon
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compared to the giant dipole resonance peak. There has been
no identification so far of the isoscalar dipole resonance
in 11Li.
The pion double charge exchange reaction

11Bðπ−; πþÞ11Li [12] found indications of a peak at
1.2$ 0.1 MeV. However, since this reaction does not favor
the excitation of a collective state, and the dipole L ¼ 1
nature was not established, it did not allow a firm conclusion
on the soft dipole resonance. Proton inelastic scattering
measurements reported a resonance peak at 1.3$ 0.1 MeV
with a width Γ ¼ 0.75$ 0.6 MeV [13]. The poor resolution
in the experiment, 2.2 MeV (FWHM), made it difficult to
confirm the existence of a resonance state and define its
properties.An analysis of the ðp; p0Þ data in the frameworkof
multiple scattering expansion of the total transition ampli-
tude [14] proposed that, while there is a strong dipole
contribution, it is nonresonant in character. These calcula-
tions suggested anL ¼ 0 resonance at an excitation energyof
0.5 MeV with a width Γ ¼ 0.6 MeV. The pion capture
reaction 14Cðπ−; pdÞ11Li exhibited a peak at 1.02$
0.07 MeV [15], but this experiment did not allow a deter-
mination of the nature of the resonance or its width. Peaks
were also found atEx ¼ 2.07$ 0.12 and 3.63$ 0.13 MeV.
The 9Li-n-n relative energy spectra from the different

Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an enhance-
ment around Ex ¼ 1.25 MeV with C and Pb targets, while
a second broad structure was seen around 2 MeV with a Pb
target only. The measurement at MSU [17], on the other
hand, showed an enhancement of the E1 strength peaked at
Ex ∼ 1 MeV. The most recent data from RIKEN [18]
showed the dissociation spectrum with a Pb target peaked
at a much lower Ex ∼ 0.6 MeV.
The low-lying dipole strength observed from Coulomb

dissociation in the one-neutron halo nucleus 11Be has been
understood to be of nonresonant character originating from
the long tail of the halo wave function [19]. The 1=2−
excited state at 3.103 MeV [20] in 15C is a dipole excitation
but is not observed as a peak in the Coulomb dissociation
spectrum [21]. These observations demonstrate that the
Coulomb dissociation spectrum is dominated by nonreso-
nant E1 strength associated with direct breakup from the
halo density tail. Therefore, one needs studies through
different experiments to investigate if the 0.6 MeV peak
most recently observed in the Coulomb dissociation of 11Li
is a resonance state.
In order to conclusively establish a resonance in 11Li

and understand its nature, we performed the first meas-
urement of deuteron inelastic scattering using a novel thin
solid deuterium target. The experiment was performed at
TRIUMF, Canada with the 11Li beam reaccelerated to
5.5A MeV by using the superconducting linear accelerator
at the ISACII facility. The study was undertaken using
the newly developed ISAC charged particle spectros-
copy station, IRIS [22], that is pioneering the use of a

windowless thin, ∼100 μm, solid deuterium target. The
experiment setup is shown in Fig. 1(a). The incoming 11Li
beam is counted throughout the experiment by using a low-
pressure (19.5 Torr isobutane) ionization chamber. A total
of ∼8 × 108 11Li bombarded the target with average
intensity of ∼3000 pps. The measured energy loss con-
firmed that the beam was devoid of isobaric contaminants.
The beam then interacts with the solid D2 target formed on
a 5.4 μm Ag foil backing that faced the beam direction. A
copper shield cooled to 30 K with an opening for the
scattered particles surrounds the copper target cell (cooled
to 4 K) to reduce the radiative heating. The targetlike
reaction products, i.e., p; d; t, were identified [Fig. 1(b)] by
using annular ΔE-E arrays of 100 μm thick segmented
silicon detectors Si(YY1) followed by 12 mm thick CsI(Tl)
detectors. The silicon detector array is composed of eight
independent sectors forming an annulus and providing
azimuthal segmentation. Each sector is segmented into 16
rings which provide the scattering angle. The detector array
covered θlab ¼ 32°–58°. The CsI(Tl) array is segmented
into 16 sectors where two sectors match one sector of
the silicon detector. From the ΔE-E spectrum shown in
Fig. 1(b), the scattered deuterons can be clearly identified.
The energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.
The heavy beam-like particles scattered at very forward

angles pass through the hole in the annular Si(YY1)-CsI(Tl)
array and are detected by using anotherΔE-E array of double-
sided silicon strip detectors. Each detector is segmented on
one side into 24 rings which determine the scattering angle
and on the reverse side into 32 azimuthal sectors. The ΔE
layer is60 μm thick, and the particles stop in the500 μmthick
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(c) PID spectrum of heavy reaction residues in coincidence with
deuterons using the S3d1ðΔEÞ and the S3d2, stopping (E) silicon
arrays.

PRL 114, 192502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
15 MAY 2015

192502-2

Exciting 11Li with deuterons  

R.Kanungo, A. Sanetullaev, J. Tanaka et al. 
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11Li  + Pb  :  Deviating from Rutherford scattering

M. Cubero  et al.,

First measurement elastic scattering of 11Li around the Coulomb barrier

Reduction in dσ/dΩ due to strong dipole coupling between ground state and 
continuum states in 11Li 

Ecm = 23.1 MeV Ecm = 28.3 MeVBelow Barrier Near Barrier

9Li9Li

11Li
11Li
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11Li  breakup  @ Coulomb barrier 

J.P. Fernández García  et al.

First measurement of breakup of 11Li around the Coulomb barrier

11Li
9Li

Substantial breakup probability 
found even below Coulomb barrier

Breakup probability and B(E1)
require 11Li a dipole resonance
~ 0.7 MeV
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11Be + Au near-barrier scattering 

11Begs = 88%(10Begs) + 12%(10Be-2+)

 V. Pesudo  et al.

@ TIGRESS

11Begs

11Beex1
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11Li  halo breaks N = 8 shell
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A. Sanetullaev, R.Kanungo  et al., Phys. Lett. B 755 (2016) 481 

Resonance energy of 10Li

N = 8 closed shell (p1/2) ~ 100%

11Li(p,d)10Li
@ TRIUMF

Er = 0.62±0.04 MeV
Γ = 0.33±0.07 MeV
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11Li  halo breaks N = 8 shell
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9Li(d,p)10Li   

 M. Cavallaro  et al.

Er = 0.45±0.03 MeV
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12Be :  Intruder  s-orbital 

Δpsd = -1.2, 42%N=0 + 58%N=2, 
d5/2  lower 0.8 MeV

Δpsd = -1.85, 32%N=0 + 68%N=2 

Δpsd = -1.85, 50%N=0 + 50%N=2 

G. Gori et al., PRC 69 (’04) 041302R
 (particle vibration +Av14) 

WBP

B.A. Brown

R. Kanungo et al.,  Phys. Lett. B 682 (2010) 391.

11Be(d,p)12Be

TRIUMF
(d,p)
Knockout (-1n)

2s1/2
2s1/2

1d5/2
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J. Chen et al., Phys. Lett. B 781 (2018) 412
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12Be :  Intruder  s-orbital 
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J. Chen et al., Phys. Lett. B 781 (2018) 412

YSOX

YSOX 
lower d5/2

Exp

Higher 2s1/2 fraction in 02+ state

RCNP

RCNP

RCNP

12Begs :  small 2s1/2 , large 1d5/2 fraction
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11Li  Beta decay :  preserves halo as excited  11Be

F. Sarazin  et al.

9Li
9Be*(5/2-)

B(E1;2− → 2+ )Ex = 7.7 ×10
−4W .u.

B(E1;2− → 2+ )Theo = 0.02W .u.

Halo in excited state of 11Be
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11Li  Halo decay

2n  d  

11Li

16mm x16mm

• Large branching ratio  Bd = 1.3 x 10-4

• Decay proceeds directly to continuum. 
  This will be useful to constrain the wavefunction of 11Li

R. Raabe  et al.

9Li+n+n 9Li+d

(6He : Bd ~ 10-6)



R. KanungoISAC20, TRIUMF, Canada, August 21, 2019

11Li  : Quadrupole  moment

A. Voss  et al.  (2013)
Most precise measurement of quadrupole moment ratio of 9Li/11Li

Q 11Li( )
Q 9Li( ) = 1.0775 12( ) 0⎡⎣ ⎤⎦
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 Summary

20 years of ISAC-beams - 11Li TRIUMF’s signature beam -  
made pioneering measurements in unveiling the neutron halo

TITAN :  11Li shortest half-life measured most precisely

Isotope Shift :  First Charge radius of halo 11Li  ->  Halo correlation

Active Target :  First pair transfer halo 11Li  ->  Halo correlation, phonon mediated pairing

IRIS :  Established soft dipole resonance in 11Li, found resonance in 10Li

TUDA :  Found p- and d- wave resonance in 10Li

Silicon setup : Below barrier Coulomb scattering and breakup - Halo dipole coupling effect seen 

8 - pi :  Observed halo preserved in excited daughter state in 11Li β-decay 

:  First measurement of  halo neutron decay in 11Li

β-ΝQR :  Most precise measurement of quadrupole moment of 9,11Li

Silicon 
implantation

TIGRESS : Halo configuration in 11Be and 12Be 



R. KanungoISAC20, TRIUMF, Canada, August 21, 2019

Look Ahead

Proton Halo in 17Ne - 2s1/2 orbital search

Beyond the Borromean drip-line : 12Li

I. Martel et al.

Spectroscopy of 8He

Unbound 13BePair transfer 12Be
R.K. et al.

R.K. et al.

M. Holl et al.

K.L. Jones, R.K. et al.
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Thank you to TRIUMF - ISAC for enabling a glorius 
period of pioneering experiments  with Halo beams   

Looking forward to Many Many Happy Returns of decades of new 
discoveries with ARIEL-beams

Remembering our treasured colleagues who we lost along the journey 

Pat Walden Randy Churchman Grant Sheffer

Halo explorers @ TRIUMF from around the world

Happy 20th Anniversary !!

John D’Auria


