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Outline

ÅSpectroscopy of radioactive isotopes with direct reactions

ÅWorking with radioactive beams: The problem with inverse 
kinematics ...

ÅThe solenoidal spectrometer technique

ÅάtŜǊǎƻƴŀƭέ ǎŜƭŜŎǘƛƻƴ ƻŦ ǇƘȅǎƛŎǎ ŎŀǎŜǎ

ÅOutlook



Exploring the limits of the nuclear landscape

ÅWhat are the limits of nuclear 
existence?

ÅWhat features arise near those 
limits and beyond?

ÅWhat are the heaviest nuclei that 
can exist? (S. DƛǳƭƛŀƴƛΩǎ talk!)

ÅHow does the nucleus change as it 
is excited to higher energies?

ÅHow does matter behave at the 
most extreme densities in the 
universe?

ÅWhat is the origin of clustering?

Nature volume 569, pages 53ς58 (2019)

https://people.physics.anu.edu.au/~ecs103/chart/



Exploring the limits of the nuclear landscape
Nature Physicsvolume 14, pages 537ς541 (2018)

hΦ .Φ ¢ŀǊŀǎƻǾ Ŝǘ ŀƭΦ tƘȅǎΦ wŜǾΦ [ŜǘǘΦ мнмΣ лннрлм όнлмуύ

Isotopes: 288 stable, 3300 known (2100 have a least an excitation 
known), >7000 predicted 



Nuclear physics with ion reactions

Unifying reaction and structure!

Scattering and transfer as spectroscopic tools



A little  story: direct reactions above the Coulomb barrier 

H. B. Burrows et al., Phys. Rev. 80, 1095 (1950) S. T. Butler, Phys. Rev. 80,  1095 (1950)



Direct reactions : from ̈ Simplë  observables to nuclear properties
T. Aumannet al., Progress in Particle and Nuclear Physics 118 (2021) 103847

Å  Yields Ҧ /Ǌƻǎǎ sections Ҧ Overlaps/Spectroscopic factors 
ό{Cύ Ҧ Occupancies, sum rules (via model)

Å Angular distributions Ҧ ƻǊōƛǘŀƭ ŀƴƎǳƭŀǊ momentum.
Å Excitation energy ŀƴŘ {C Ҧ Effective Single-Particle Energy 

(ESPEs)

E. Becheva et al. Phys. Rev. Lett. 96, 012501 (2006)

Å  Χbut not only SP properties. Deformation 
lengths, proton and neutron matrix elements 
Ҧ Sensitivity to neutron/proton motion.

Å Coupling to the continuum.
Å Collective states, giant resonancesΧ

A. Tamii et al. Phys. Rev. Lett. 107,  (2011)



Physics from direct reactions: selected topics

How weak binding plays a role in heavy nuclei and whether 
neutron skins and neutron halos might exist in these systems?

Weak-Binding Phenomena Effective Interactions Deduced from Nuclear Spectra

Effective interactions which have led to highly 
refined shell-model calculations

Pairing in Nuclei

Nature volume 469, pages 68ς71 (2011)

what is the role of neutron pairing
correlations in more diffuse neutron-rich nuclei and in halo 

nuclei? Does isoscalarnp-pairing occur
in nuclei?

Charged-Particle Probes of Collective Properties in 
Nuclei and Fundamental Symmetries 

isoscalar(d) and isovector(p) probes in
light neutron-rich nuclei to characterize soft-dipole resonances



Direct reactions with spectrographs

Schiffer et al., Phys. Rev. Lett. 92, 162501 (2004)H. E. Enge, Physics Today 20, 7 (1967)

Poor acceptance but outstanding resolution



Inverse kinematics ... a challenge

ÅtŀǊǘƛŎƭŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ ɲ9-E techniques at low 
energies.

ÅEnergy dependence with respect to laboratory 
angle.

ÅKinematic compression at forward c.m.angles.

ÅTypically leading to poor resolution (100s of 
keV).

ÅΧ ŀƴŘ ōŜŀƳǎ ŀ ŦŜǿ ǘƻ 106 orders of magnitude 
weaker.



Inverse kinematics ... a challenge

Necessities: complex Si arrays, high intrinsic resolution, high 
angular granularity, low thresholds, large acceptance, often 
coincident gamma-ray detection (can cause problems), e.g., 
MUST-2 (GANIL), T-REX (ISOLDE), SHARC (TRIUMF), ORRUBA 
(ORNL), TIARA (GANIL), etc.

Using the traditional approach of placing a segmented Si 
detector at a fixed laboratory angle, typically around ~200-
500 keV FWHM



The solenoidal-spectrometer technique

A. H. Wuosmaa et al., NIMA 580, 1290 (2007) 



The helical-orbit spectrometer (HELIOS)



Solenoidal spectrometers: Working principle

Å4 sides, 6 detectors long
Å700 µm thick (~10 MeV protons)
ÅлΦпу ƻŦ нˉ



Solenoidal spectrometers around the world

TwinSol(ND)

RIBAS (Sao Paulo)

Isolde 
Solenoidal 

Spectrometer
(CERN)





²ƘŜƴ ǎǘŀǘƛǎǘƛŎǎ ƳŀǘǘŜǊΧ



The Active Target approach



The Active Target Time Projection Chamber (AT-TPC)

Å High luminosity and large dynamic 
range.

Å High resolution (in principle better 
than solid state detectors).

Å Pure elemental gases.

Å Cylindrical configuration: large 
thickness with moderate cost for 
electronics.

Å Versatile setup for different type of 
reactions.

Å Magnetic field enables rigidity 
measurement.

Å Kinematics reconstruction not ǘǊƛǾƛŀƭΧ

1 m length

25 cm radius



A microscope for nuclear reactions

14C+p, 1000 pps, 2.85 T, 300 torr pressure (1021 hydrogen targets), 24 hours



An example of luminosity: 12Be(p,d)11Be

12Be beam of about 150 ppsat 12A MeV 
on 600 torr pure hydrogen



Gallery of events

D. Bazin(FRIB, MSU)





Selected topics



Observation of a near-threshold isoscalardipole resonance in 10Be

Phys. Rev. Lett. 131, 212501 (2023)

SAMURAI, RIKEN (Japan)



Observation of a near-threshold isoscalardipole resonance in 10Be

Phys. Rev. Lett. 131, 212501 (2023)

SAMURAI, RIKEN (Japan)



Observation of a near-threshold isoscalardipole resonance in 10Be

Phys. Rev. Lett. 131, 212501 (2023)

SAMURAI, RIKEN (Japan)

J. Chen and YA et al., submitted to Phys. Rev. Lett. 

Strong isoscalar transition 
as clustering signature

thhreshold



Open quantum systems: the case of 11B



ɓ-delayed proton emission of 11Be: a neutron-rich nucleus that emits protons?



ɓ-delayed proton emission of 11Be: a neutron-rich nucleus that emits protons?

ωCƛǊǎǘ ŘƛǊŜŎǘ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ ʲ-p 
in a neutron-rich nuclei.

ωBranching ratio is 1.2x10-5 ,
(theory 8.0×10ҍс).

ωA narrowsingle-particle
resonance (12 keV) in 11B was 
inferred

ωDecay into the continuum 
would be characterized by a 
much shorter branching ratio 
(10-10).

E = 11425(20)keV, ɜ=12(5) 
keV, J̓ = 1/2;3/2+

YA et al.
Phys. Rev. Lett. 123, 082501 (2019)



{ǘƛƭƭ άƘƻǘέ ǎƛƴŎŜ нлмфΧ



11B is stable so why do we need 
inverse kinematics and a solenoid?:

Å11B beam is 100% pure.

ÅCharged-particles emitted in the 
decay are boosted and focused on 
the solenoidal field (Efficiency).

ÅThe solenoidal spectrometer 
technique is well suited for such 
narrow resonances.

ÅLarge coverage of excitation 
energy (very positive Q value)

Disentangling 11B structure with HELIOS


