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Direct reactions, single-step transfer of one or more nucleons to or 
from a target of interest.

Single-nucleon transfer probes single-particle properties of nuclei

Normal kinematics – light beam on heavy target

Inverse kinematics – heavy beam on light target

Inverse kinematics affected by kinematic compression of excited 
states in measured ejectile energies in lab frame.
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“New” Design for Magnetic Spectrometers: HELIOS
Solenoid with target 
on field axis.

Heavy	ejec)le	detected	in	
recoil	detector.	
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MEASURED QUANTITIES: position z, cyclotron 
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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 v0cosðycmÞþVcm. 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.
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Square barrel of 6 PSD per side  
700μm, resistive division  
active area 9mm x 51mm

Acceptance depends on bore, array 
length, target-array distance and field:
e.g. d(28Si,p) @ 6 MeV/u 2.0 T, each 
detector 21 msr, total 0.50 sr

B. P. KAY et al. PHYSICAL REVIEWC 84, 024325 (2011)

II. EXPERIMENT

The measurement was performed at the ATLAS facility
at Argonne National Laboratory. A beam of 136Xe was
delivered at 10 MeV/u in bunches ∼2 ns wide (FWHM) every
82.47 ns, derived from the intrinsic radio frequency (RF) of
the accelerator. At this beam energy, cross sections for transfer
to high-ℓ states are larger by a factor of ∼2 compared with
yields at ∼6 MeV/u, the energy used in the previous (d,p)
studies [17–19]. Typical beam intensities in this measurement
were ∼5×106 ions per second; the current was limited to
extend the useful life of the deuterated polyethylene [(C2D4)n]
targets. Several such targets were used with thicknesses
ranging between 125 and 175 µg/cm2. Outgoing protons,
emitted at forward center-of-mass (c.m.) angles (θlab > 90◦)
were analyzed in HELIOS, at a field strength of 2 T. Their
energy, distance #z from the target, and time of flight were
recorded by an array of position-sensitive Si detectors (PSDs)
surrounding the magnetic axis, which corresponds to the beam
axis (see Ref. [6]). A schematic of the experimental setup for
this measurement is given in Fig. 1.

FIG. 1. (Color online) Schematic of the detector and target
arrangements in HELIOS. Positions I and II are discussed in the text.
The beam enters, on axis, from the left. The radial distance, r , and
longitudinal coordinate, z, are given for sample proton trajectories
(solid lines). Trajectories of elastically scattered ions, used for
monitoring luminosity, are shown by dashed lines for deuterons (blue
online), and dotted lines for 12C ions (red online). The z axis is both
the beam axis and the magnetic axis where z = 0.0 m is the center of
the solenoid.

In this measurement, absolute cross sections for the (d,p)
reaction are measured to allow for a quantitative comparison
with other well-studied N = 82 isotones [14]. This was
achieved by measuring the luminosity—the product of the
beam intensity and the areal density of deuterons in the
target—in the arrangement of Fig. 1. The total beam dose was
determined from the integrated charge collected in the Faraday
cup on the z axis, while elastically scattered deuterons were
counted by a Si surface-barrier detector centered on, and with
its surface perpendicular to, the z axis. At this z, elastically
scattered deuterons intercept the surface of the detector at
θc.m. = 34.9◦. To determine the absolute cross-section scale,
elastic scattering in the Rutherford regime was measured with
the beam energy lowered to 5 MeV/u, where the elastic cross
section at this laboratory angle (θc.m. = 29.2◦) is within ±3%
of the Rutherford scattering cross section.

From previous studies with standard polyethylene targets,
it is known that these can degrade under beam irradiation [20].
Elastically scattered carbon ions (charge state q = 6+) are also
detected in the luminosity monitor but with approximately six
times the energy. This allowed a continuous monitoring of both
the target thickness and composition. Typically, the targets
would lose carbon and deuterium at similar rates, reaching
50% of the original number of atoms after a dose of ∼5×1011

136Xe ions with a beam spot of ∼3-mm diameter.
Data were collected over 59 hours of beam on target.

Of the 24 PSDs on the array, 18 were functional for this
experiment. A composite plot of data from the PSD array
is presented in Fig. 2. Two target positions were used to cover
the largest possible c.m.-angle range; for ℓ = 5 and 6 transfer,
the peak cross sections were expected to be at θc.m. ∼ 32◦

and 40◦, respectively. The positions of the target are shown
schematically in Fig. 1; data from the two positions are labeled
in the upper portion of Fig. 2. For each PSD, the slope in energy
versus position was corrected using a fourth-order polynomial
to account for nonlinear responses. The internal excitation-
energy calibration was performed on a detector-by-detector
basis, using well-known states in 137Xe. This procedure was
cross checked with an absolute energy calibration using a
multiline α source (148Gd-244Cm) performed before and after
the experiment. The α source also served as a check of
the detector-to-detector efficiency. In principle, the α source
should irradiate each PSD with the same number of α particles
as each PSD subtends the same solid angle and the α particles
are emitted isotropically. Due to varying PSD performance and
possible small misalignments of either the PSD array or the
target assembly, this is not the case. Data from the α source
provided a normalization to correct for these variations.

Events corresponding to one proton cyclotron period could
be clearly identified; these correspond to a time difference of
32.8 ns between the accelerator RF and a proton intercepting
the array (the timing resolution was ∼8 ns FWHM). Peaks
were also seen at 65.6 and 98.4 ns, corresponding to protons
that had performed two and three cyclotron periods before
intercepting the array, respectively, and these were readily
eliminated. Protons from fusion evaporation of the xenon
beam with carbon in the target were indistinguishable from
the protons of interest and account for the overall background
seen in the upper part of Fig. 2. This background contribution
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at ATLAS such that the magnetic field axis coincides with the beam line. The 90 cm diam-

eter warm bore of the magnet is enclosed by large end-flanges, which provides a vacuum

enclosure that serves as the target chamber. The beam enters via a 1 cm diameter hole

through the Si detector array support rod, which is clad on the outside with twenty-four 1

× 5 cm2 position sensitive Si detectors. It is planned to upgrade the Si detector array to

forty 2× 5 cm2 wafers in order to achieve almost 100% azimuthal acceptance over a length

of >60 cm. The position of a particle impact is obtained by charge division in the resistive
front electrode of the detectors. A fan-like structure supports up to nine targets, which can

be selected by rotation of the mounting rail located at the bottom of the magnet bore. The

position of the target fan and the Si detector array can independently be adjusted longitu-

dinally. Combined with magnetic field settings up to a maximum of 3 T, this allows for

optimal coverage of excitation energy and scattering angle of interest. A three-dimensional

engineering drawing cut-through of the setup is shown in Fig. 4.

6. First Results

The spectrometer was commissioned in August 2008 using a stable 28Si beam incident

upon an 84 µg/cm2 CD2 target to measure single neutron states in
28Si using the d(28Si,p)

reaction. The magnetic field was 1.915 T. Figure 5 shows a 2-dimensional spectrum of

the proton energy, Ep, versus the longitudinal position zp (the distance from the target)

for several longitudinal target positions. The top diagonal trace corresponds to the ground

Fig. 5. The energy of protons, Ep , is plotted vs. zp for the d(
28Si,p) reaction. The

diagonal traces represent states in 29Si, whereas horizontal lines arise from a short-lived

α-contamination in the chamber. Horizontal gaps of about 1 cm between the detectors

are evident, and a proton background from fusion-evaporation on the carbon in the CD2
target is seen.

Expectations confirmed by 
d(28Si,p) @ 8 MeV/u, 1.9 T, 84 
μgcm-2 CD2:

Prototype

J. C. Lighthall et al. NIMA 622 (2010) 97 



Results from HELIOS@ANL
D.K. Sharp et al, Phys.Rev.C 87 014312 (2013) 

B. P. Kay et al, Phys.Rev.C 84 024325 (2011) 

86Kr(d,p)87Kr 

136Xe(d,p)137Xe 

Early experiments using stable beams of varying mass with 
intensity similar to strong ISOLDE RIBs ~1e7 pps
Energy resolution of ~75 keV achieved

Evolution of single-particle levels at N=51 
and N=83

Test of tensor-interaction predictions



Results from HELIOS@ANL

19O(d,p)20O 

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

Radioactive beams produced using in-flight 
facility at ANL – example 19O(d,p).

Studying evolution of single-particle levels across 
isotopic chain.

Results compared to shell-model calculations 
using USD interaction. Test assumptions on shell 
closures and understanding of 4p-0h states.

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

And more stable beam work
-  20Ne(α,p)
-  10B(p,p’)

Plan to exploit CARIBU beams and upgraded in-
flight facility AIRIS
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Up to 4 T superconducting solenoidal
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Beam

e.g. protons
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e.g. recoil

ISOL Solenoidal Spectrometer @ ISOLDE 

4T superconducting solenoid

New array under design and construction

DSSDs + ASIC readout
1mm thick
x: 128 x 0.95mm
y: 11 x 2mm

Will be ready for physics measurements after LS2

Initial measurements will be made using the ANL array

Si ΔE-E for light-mass recoil detection

Funding bid for fast-counting gas ionization chamber for
 recoil detection 



ISOL Solenoidal Spectrometer @ ISOLDE 



Physics at HIE-ISOLDE with ISS
Pear Shapes and EDM

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



Proposed first measurements 
– 28,30Mg,(d,p)
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Study transition of single-particle states from outside to inside 
island of inversion
28Mg(d,p) - approved, 30Mg(d,p) – based on commissioning
Recoil detector used to identify reaction of interest
Identify bound and unbound states
Investigate spin-orbit splitting of p-orbital and evolution of fp orbitals

Marc Labiche simulations using NPTool



Proposed first measurements – 206Hg(d,p)

N=127 below Pb – very little 
nuclear structure information, 
terra incognita

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

Investigation of the role of 
s states in halo formation.

Marc Labiche simulations using NPTool



Summary

Transfer reactions are a direct probe of the single-particle structure of nuclei

Measurements in inverse kinematics are challenging

A new method of studying these reactions has been pioneered at ANL – HELIOS

The next generation of these devices are on their way – ISS@ISOLDE
- ReA Solenoidal Spectrometer at FRIB

Installation of the magnet in to the HIE-ISOLDE hall soon – physics not far away.
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