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•  Introduction of solenoid technique for transfer reactions.

•  Introduce ISS project.

•  First results from IS621 and IS631.
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Transfer reactions as a probe of single-particle properties

Transfer reactions are a direct reaction. Single-step transfer of one or 
more nucleons to or from a target of interest.

Single-nucleon transfer probes single-particle properties of nuclei.
•  Ejectile energy - > Excitation of residual nucleus.
•  Yield -> cross section.
•  Angular distributions ->  ℓ.

In inverse kinematics Q-value spectrum affected by kinematic 
compression of measured ejectile energies in lab frame - leading to 
poor resolution.
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“New” Technique for Magnetic Spectrometers: Solenoid

Solenoid with target 
on field axis.

Heavy ejectile detected in 
recoil detector.
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MEASURED QUANTITIES: position z, cyclotron 
period Tcyc and lab particle energy Ep
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Suffers no kinematic compression of the Q-value spectrum

Linear relationship between Ecm and Elab

Contribution from position resolution ~15-20 keV
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19O(d,p)20O 

C. R. Hoffman et. al., PRC 85, 054318 (2012)

86Kr(d,p)87Kr 

D.K. Sharp et al, PRC 87 014312 (2013) B. P. Kay et al, PRC 84 024325 (2011) 

136Xe(d,p)137Xe 

Many others – not limited to (d,p)
-     12,13B,15C, 18N(d,p)
-     14,15C(d,3He)
-  14,15C(d,α)

-  20Ne(α,p)
-  10B(p,p’)

Plan to exploit CARIBU beams and upgraded in-flight facility AIRIS.

Early experiments using stable beams of varying mass with 
intensity similar to strong ISOLDE RIBs ~1e7 pps.

Energy resolution of ~75 keV achieved.

Radioactive beams produced in-flight.



Physics at HIE-ISOLDE with a solenoid

Pear Shapes

Z=82 and N=126 
Shell Evolution

Pb-Po shape 
coexistence

N=82 r-process, shell 
evolution

N=50 shell quenching 
and evolution

p-process

rp-process

For direct reactions – ideally 10MeV/u beams 
at intensities > 10^5 pps – 5 day experiment.

EDM



Getting a magnet 

Calicanto Bridge

Magnet available from Brisbane (UQ)
OR66 4T ex-MRI magnet.

Only 10 ever made -> Argonne found 
three of them!
#2 SOLARIS -> FRIB
#10 ANL HEP
#5 ISS -> ISOLDE 
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Getting a magnet 
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Beam profile scans – FWHM<1.5mm 
Test of ANL array and DAQ - ~110keV FWHM (200ug target) – 
comparable with simulations. 

22Ne(d,p)23Ne 



EXP #1 IS621 – Changing shell structure near Island of Inversion
32Si 34Si

33Al32Al31Al30Al

28Mg

28Na

28Ne 30Ne

29Mg 30Mg 31Mg 32Mg 33Mg 34Mg

29Na 30Na 31Na 32Na

N
=
2
0

N
=
1
6

Ground states and low-lying excitations from intruder 
configurations have been observed.

Prevalence of intruder orbitals is indicative of weakening 
N=20 shell closure.

In the Ne, Al and Na isotopes there is a soft transition to a 
deformed ground state.

In Mg isotopes this transition is sharper with 31Mg inside the 
island and 30Mg outside.

Measurements of the single-particle properties moving in 
to the island of inversion provide important systematic 
information on the behavior of the relevant orbitals and shell 
gaps.

In particular the difference between the d and s orbitals and 
fp -shell which define the N=20 shell gap. 
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EXP #1 IS621– 28Mg(d,p)29Mg

10^6 pps 9.473 MeV/u (dE/E = 0.3%) beam – highest 
HIE-ISOLDE RIB beam energy per nucleon. 

Annular detector to monitor target thickness.

ΔE-E recoil detector (annular silicon) used to remove 
beam contamination. 

Zero-degree detector to ascertain degree of 
contamination.

Target ladder can hold multiple CD2 targets 
(~90-150ug/cm2) and apertures.

ISS set at a field of 2.5T – 2 target-array positions used 
to cover 10o<θcm40o for states up to ~ 4MeV.

 



EXP #1 IS621– 28Mg(d,p)29Mg

tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23 mm on a side
and is 710 mm long with the active length covering 340 mm. The
end of the array is fitted with a four-element, 5 mm!5 mm
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 400 mm. 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 & 340 mm 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
6 MeV/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
& 490 mm, 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 7 MeV, separated by an average interval of
0.91 MeV. Near 6 MeV 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 5 mm !5 mm four-element collimator can be seen at the end of the array. The
inset shows a schematic drawing of the array cross-section.

J.C. Lighthall et al. / Nuclear Instruments and Methods in Physics Research A 622 (2010) 97–106 101



EXP #1 IS621– 28Mg(d,p)29Mg reaction gating
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EXP #1 IS621– 28Mg(d,p)29Mg reaction gating
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EXP #1 IS621– 28Mg(d,p)29Mg Bound/unbound comparison
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Ability to gate on 29Mg 
recoil and 28Mg component 
following neutron emission.

Further optimisation of 
gates required in order to 
put limits on potential 
gamma branches – some 
sign of 4.32 MeV gamma 
branch.
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Comparison to SM calculations using 
the SDPF-MU interaction with 0p-0h 
excitations only for the positive-parity 
states,1p-1h excitations for the 
negative-parity states, N=20 shell 
closure smaller than predicted?

Work still to be done – optimise 
gates.

Optimise detector calibrations.

Treatment of reaction calculations for 
unbound states.

Comparison with new SM interaction.

FWHM <115keV 

Angular distributions extracted 
for 9 states up to 4.32 MeV ( 2 
unbound). 

Compared to DWBA calculations 
to make preliminary  ℓ 
assignments – calculations 
extrapolated for unbound states.



EXP#2 IS631 - 206Hg(d,p)207Hg
N=127 istones below Pb 

Below Pb, around N=126 very little is known.

Evolution of single-particle structure not 
investigated in lead region – requires heavy 
RIB’s which HIE-ISOLDE can provide

Few theoretical studies on single-particle 
excitations.

s-states in loosely bound systems tend to 
linger below threshold—this feature seems to 
dominate the structural changes in light 
nuclei, and that results in halo structures. 
Does this characteristic of s-states play a role in 
loosely bound heavier systems? 

C. R. Hoffman, B. P. Kay, J. P. Schiffer, PRC 89, 061305(R) (2014), C. R. Hoffman, B. P. Kay, J. P .Schiffer, PRC 94, 024330 (2016), 
C. R. Hoffman, and B. P. Kay, Nuclear Physics News International Oct-Dec 2015. X. F. Yang et al., Phys. Rev. Le7. 116, 182501 (2016)

Slides courtesy of B Kay 



EXP#2 IS631 - 206Hg(d,p)207Hg set up

Experimental info: 
 

•  ~5×105 ions per second of 
206Hg for ~82 hours 

•  a 7.4 MeV/u 206Hg beam – 
highest total energy HIE-
ISOLDE beam >1.5 GeV. 

•  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 

Slides courtesy of B Kay 



EXP#2 IS631 - 206Hg(d,p)207Hg preliminary results
The bulk of the 0g9/2, 2d5/2, 3s1/2, 2d3/2, and 0g7/2 strength, corresponding 
to l = 4, 2, 0, 2, and 4 transfer – beam energy limited cross section for higher  
ℓ transfer.  transfer. 
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Outstanding tasks include: 
refining the analysis of the 
background and of the angular 
distributions, then interpreting the 
findings. All data presented are 
preliminary and subject to 
change 

Slides courtesy of B Kay 



Conclusions and future developments
First two experiments with ISS have both been 
successful. 

Also for HIE-ISOLDE operating at new extremes of 
energy.

Operation of ISS in two different mass regions 
demonstrated.

New array (alpha tests to start in new year – 
commissioning during LS2 ).

New fast counting recoil detector – ready for after 
LS2.

SpecMat – time projection chamber with gamma ray 
detection. Full system characterized March 2019 – move 
to ISOLDE by end of 2019.

Recoil spectrometer tests in the solenoid field. Francesco Recchia

Riccardo Raabe
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SpecMat

Readout electronics
100MS/s 12bit
3072 channels

Pixelated pad plane 
3072 channels

Field cage
up to 30kV

45 CeBr3 48´48´48mm
scintillation
detectors

Gas chamber
up to 1 atm

Beam entrance
window
6 µm


