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Introduction Rings Solenoids Summary

Reactions	studies	with	RIBs:	challenges

● The	luminosity	dilemma
Low	beam	intensities	→	use	larger	target	thickness

→	worse	energy	resolution
→	no	access	to	low	momentum-transfer	reactions

● Inverse	kinematics
→	Energy	changes	fast	with	lab	angle
→	Kinematic	compression

very	small	differences	in	energy
of	the	light	particle	for	different	E*

→	worse	energy	resolution

E1 E2

Same	state,
different	energies!

Typical	values	200-300	keV
resolution	in	E*
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Particle-gamma	coincidence

proton - gamma: prompt

random

66Ni(d,p)67Ni	at	REX-ISOLDE
J.	Diriken et	al,	PLB	736	(2014)	533

Relatively	high	intensities
Not	all	states	decay	gamma
→	still	a	compromise
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Transfer	reactions	in	rings

Advantages
● Recirculating	beam

→	increased	intensity
(but	beam	lifetime?)

● Cooled	beams
and	very	thin targets
→	excellent	resolution,

low	detection	thresholds

Problems	to	overcome
● High-density	gas-jet	target

● Detectors	in	ultra-high
vacuum

Gas jet

Particle detectors

Q.	Zhong,	Journal	of	Physics:
Conference	Series	202	(2010)	012011
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Gas jet

Particle detectors

Transfer	reactions	in	rings
Measurements	at	ESR
● (p,g),	(α,g)	and	(p,d)

in	inverse	kinematics

● 96Ru(p,g)97Rh		B	Mei	et	al,	PRC	92	(2015)	035803
20Ne(p,d)19Ne		D	T	Doherty	et	al,	Phys	Scr 2015	014007

● Windowless	gas	target
(1013 H2/cm2)
Decelerated	beam
Luminosity	1025 cm-2 s-1

● Detectors	in	pockets
separated	from	UHV
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Low	momentum-transfer	reactions

Low	energy	recoils:	detectors	
as	vacuum	interfaces

P.	Egelhof (GSI),	EXL Collaboration
H.	Moeini et	al.,	NIMA	634	(2011)	77
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Low	momentum-transfer	reactions
Physics Letters B 763 (2016) 16–19
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A new technique developed for measuring nuclear reactions at low momentum transfer with stored 
beams in inverse kinematics was successfully used to study isoscalar giant resonances. The experiment 
was carried out at the experimental heavy-ion storage ring (ESR) at the GSI facility using a stored 58Ni 
beam at 100 MeV/u and an internal helium gas-jet target. In these measurements, inelastically scattered 
α-recoils at very forward center-of-mass angles (θcm ≤ 1.5◦) were detected with a dedicated setup, 
including ultra-high vacuum compatible detectors. Experimental results indicate a dominant contribution 
of the isoscalar giant monopole resonance at this very forward angular range. It was found that the 
monopole contribution exhausts 79+12

−11% of the energy-weighted sum rule (EWSR), which agrees with 
measurements performed in normal kinematics. This opens up the opportunity to investigate the giant 
resonances in a large domain of unstable and exotic nuclei in the near future. It is a fundamental 
milestone towards new nuclear reaction studies with stored ion beams.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Light-ion scattering measurements provide important informa-
tion about the structure and bulk properties of nuclei. For in-
stance, elastic scattering gives access to nuclear potentials and 
the radial distribution of nuclear matter [1–3]. Inelastic scatter-

* Corresponding author.
E-mail address: jczamorac@ikp.tu-darmstadt.de (J.C. Zamora).

ing provides the possibility to study the deformation and collec-
tive excitation modes of nuclei [4,5]. In particular, from inelastic 
α-scattering, compression modes like the ISGMR (isoscalar giant 
monopole resonance) or the ISGDR (isoscalar giant dipole reso-
nance) are predominantly excited because of the scalar-isoscalar 
nature of the α-particle. These isoscalar giant resonances are of 
great interest because their energies are directly related to the 

http://dx.doi.org/10.1016/j.physletb.2016.10.015
0370-2693/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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compression modulus K A for finite nuclei [5]. Microscopic calcula-
tions are then usually employed to connect the experimental value 
K A and the nuclear incompressibility K∞ . The latter is a key pa-
rameter of the equation of state (EoS) for nuclear matter. With 
relativistic and non-relativistic microscopic models, the nuclear-
matter incompressibility has been determined with an accuracy 
of at most 10% to 20% [6,7]. Part of the uncertainty is due to 
our poor knowledge of the symmetry energy Ksym [7]. Therefore, 
new experimental data along isotopic chains covering a wide range 
in N/Z ratios, including neutron-deficient and neutron-rich nuclei, 
are of paramount importance to determine both the nuclear-matter 
incompressibility and the symmetry energy more precisely. The 
knowledge of the EoS of asymmetric nuclear matter is not only 
fundamental for the understanding of nuclear phenomena, but is 
also a prerequisite for the understanding of explosive events like 
supernovae and properties of dense objects in the cosmos like neu-
tron stars.

Over the years, measurements of giant resonances over a wide 
range of nuclei have been successfully performed in normal kine-
matics by employing dedicated spectrometers to separate the in-
elastically scattered particles at small angles in the center-of-mass 
system (θcm) [8–10]. However, this technique is limited to stable 
nuclei because of the difficulty to produce targets of short-lived ex-
otic nuclei. With the availability of radioactive beams, novel tech-
niques have been developed using inverse kinematics [11,12]. One 
of the major advantages of carrying out this type of experiments 
in inverse kinematics is that the scattered recoils at small θcm can 
be measured at relatively large laboratory angles of up to 50◦ . 
This means, inelastically scattered particles are kinematically sepa-
rated from the beam direction, which in turn is quite favorable for 
measurements at very forward angles in the center-of-mass frame. 
However, the experiments are constrained by the low kinetic en-
ergies of the scattered recoils that are usually in the order of few 
hundreds of keV. In this case, straggling and energy loss in the 
target as well as in the windows of the experimental setup play 
a critical role in the recoil detection. Therefore, windowless tar-
gets and detector systems are preferable for such measurements. 
Recent experiments with active targets produce successful mea-
surements of the excitation of giant resonances [13–15]. However, 
such experiments were limited due to detection sensitivity for the 
recoiling particle to center-of-mass scattering angles significantly 
above 1◦ , a region where quadrupole excitations and even higher 
multipolarities become significant. In this Letter, we report the first 
measurement of inelastic α-scattering in inverse kinematics cover-
ing scattering angles around 1◦ in the center-of-mass frame (and 
even below), i.e., in the range where the excitation of the ISGMR 
is dominant.

A new method which fulfills the previous conditions, besides 
providing high luminosities, was applied for the present measure-
ments. This method is the stored-beam technique, which is the 
basis of the EXL (exotic nuclei studied with light-ion induced re-
actions in storage rings) project [16,17] that is presently being 
operated at the existing experimental heavy-ion storage ring (ESR) 
[18] at the GSI facility. In the future, this project will also be a 
part of the program for nuclear structure, astrophysics and reaction 
(NUSTAR) studies at the future facility for antiproton and ion res-
earch (FAIR) [16] under construction at GSI. A first in-ring exper-
iment with a stored radioactive 56Ni beam was recently reported 
[19,20]. Also, the experimental procedure and some preliminary 
results of this work were already reported in Ref. [21].

In this pioneering experiment, a 58Ni beam was produced and 
accelerated up to the energy of 150 MeV/u by the UNILAC-SIS18 
accelerator complex and injected into the ESR which has a cir-
cumference of about 108 m and a maximum magnetic rigidity of 
10 Tm. With each beam injection, about 108 particles were stored 

Fig. 1. (Color online.) Schematic illustration of the vacuum chamber installed in the 
ESR [22]. The stored beam interacts with the gas-jet target oriented perpendicular 
to the beam. The detectors were assembled at two internal pockets centered at 80◦

and 32◦ , with respect to the beam direction. Measurements of isoscalar giant res-
onances were performed with a DSSD covering angles from 27◦ to 37◦ . Kinematics 
for the excitation of the ISGMR is shown in the inserted plot (for details see text).

in the ring. The ESR magnets and rf system were set to decel-
erate the stored 58Ni ions to a final energy of 100 MeV/u. This 
energy results in a beam revolution frequency inside the ring of 
about 1.2 MHz. The use of the electron cooler enabled a con-
stant beam energy and a small beam emittance (of the order of 
0.1π mm mrad). The cooled 58Ni beam interacted with an internal 
gas-jet target of helium which has an extension of about 5 mm 
full width at half maximum (FWHM) at the interaction zone. The 
density of the helium target was about 7 × 1012 part./cm2. This 
low target density was well compensated by the beam revolution 
frequency, which leads to a significant improvement in the lumi-
nosity. Luminosities of the order of 1025 to 1026 cm−2 s−1 were 
obtained in our measurements. With the present experimental 
conditions at the ESR, due to the target densities and the trans-
mission efficiency for radioactive beams, only measurements with 
stable beams or close to stability radioactive beams are feasible 
to achieve sufficiently high luminosities that are needed in experi-
ments to study giant resonances. In particular, these measurements 
are of great importance because they will provide a proof of prin-
ciple for future experiments with radioactive beams. In the future, 
radioactive beams provided by Super-FRS at FAIR to the storage 
ring will increase by a few orders of magnitude in intensity com-
pared to those provided by the present FRS and the detection 
system EXL will cover almost 4π solid angle [16].

As it was necessary for this experiment to measure low energy 
recoils (above 100 keV), the detector array was designed to be win-
dowless and placed directly inside the ring. As a consequence, the 
detector setup must be ultra-high vacuum (UHV) compatible and 
mounted around the internal gas-jet target where a vacuum in the 
order of 10−10 mbar or below is required. An additional constraint 
is that to achieve such a vacuum condition in the ESR, it is nec-
essary to increase the temperature of the chamber to a value of 
about 150 ◦C for several days (bakeout) before the experiment. In 
order to comply with these conditions, the detector array was in-
stalled in a vacuum chamber and composed of two internal pockets
covering the laboratory angular ranges of [74◦, 88◦] and [27◦, 37◦], 
respectively, as illustrated in Fig. 1.

In the front part of each pocket, a DSSD (double-sided silicon 
strip detector) of 285 µm thickness, (64 × 64) mm2 in area and 
with 128 × 64 orthogonally oriented strips was installed. Inside 
these pockets all unbakeable and outgassing elements (e.g., con-
nectors, cabling, etc.) were placed in high vacuum (in the order 
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Fig. 4. (Color online.) Multipole-decomposition analysis (MDA). The top panels show 
angular distributions for two measured excitation energies. The bottom figure shows 
the result of the MDA for the monopole component. The data are compared with a 
self-consistent RPA calculation presented with a solid line.

Table 1
ISGMR contribution obtained from multipole-decomposition analysis. The results of 
this experiment are obtained from a Gaussian fit in the energy range from 15 to 
30 MeV.

Reference Centroid [MeV] WidthRMS [MeV] EWSR [%]

this work 20.5(6) 4.6(6) 79+12
−11

[9] 19.20+0.44
−0.19 4.89+1.05

−0.31 85+13
−10

[32] 20.30+1.69
−0.14 4.25+0.69

−0.23 74+22
−12

[26] 19.9+0.7
−0.8 – 92+4

−3

mb/sr MeV−1. Moreover, the dipole contribution increases at high 
energies and becomes dominant where the scattering angles corre-
spond to the minimum of the monopole angular distribution. The 
coefficients of such fits are directly related to the percentage of 
the exhausted energy-weighted sum rule (EWSR) in each energy 
interval [25]. In the bottom of Fig. 4 the results for the monopole 
contribution are shown. As was discussed above, because of the 
cuts in the cross-section data, the sensitivity of this energy distri-
bution is constrained to excitation energies higher than 15 MeV. 
The monopole strength observed in the range from 15 to 30 MeV 
exhausts 79+12

−11% of the E0 EWSR, which is in agreement with re-
sults performed in the past in normal kinematics. Table 1 shows a 
comparison of some of these results with the ones obtained in this 
work. The centroid and width of the ISGMR contribution in this 
experiment are obtained from a Gaussian fit of the energy distri-
bution from 15 to 30 MeV.

In Fig. 4, also a theoretical prediction from a self-consistent
RPA (random-phase approximation) calculation is presented with 
a solid line. This strength function was calculated with the 
code SKYRME_RPA [33] by applying the interaction SkO’ [34]. 
Lorentzian functions of 2 MeV width were employed for smear-
ing this distribution. The comparison with the experimental data 
shows a reasonable agreement in the whole energy range, in par-
ticular around the maximum of the ISGMR distribution and the 
exhausted EWSR strength. This is quite remarkable since it also 
demonstrates the consistency of our experimental results even 
without availability of data below 15 MeV.

In summary, a new technique developed to perform nuclear 
reaction experiments using stored ion beams and an UHV com-
patible detection system have allowed measurements of recoil-like 
particles at very low momentum transfer. The technique was suc-

cessfully applied to measure isoscalar giant resonances in a stored-
beam experiment for the first time. Experimental results reveal a 
dominant contribution of ISGMR in the θcm range from 0.5◦ to 
1.5◦ . The pure isoscalar giant monopole resonance derived from 
multipole-decomposition analysis is consistent with the analysis of 
other experiments performed in normal kinematics as well as with 
theoretical predictions with RPA calculations applying a Skyrme 
force. This is a clear demonstration for the feasibility of prospective 
studies with stored radioactive beams. In particular, the new tech-
nique allowed to perform measurements down to below 1◦ in the 
center-of-mass system, not feasible for inverse kinematics by other 
techniques up to date. In the future this experimental method 
can be applied to investigate the giant resonances of a large do-
main of unstable and exotic nuclei. New experiments with the EXL 
program are already planned with an extended detector setup cov-
ering larger angular ranges for studies with unstable stored beams 
at GSI and in the future, at FAIR.
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Storage	ring	at	ISOLDE

Physics	programme
● Astrophysics

Capture,	transfer	reactions
7Be	half	life

● Atomic	physics
Effects	on	half	lives
Di-electronic	recombination

● Nuclear	physics
Reaction	studies	(with	limitations	→	improve	source)
Isomeric	states
Decay	of	halo	states
Laser	spectroscopy

● Neutrino	physics

can follow each other increasing the particle current, before per-
forming the measurement. The range of A=q and beam magnetic
rigidity provided by HIE-ISOLDE is well matched to the TSR (see
Fig. 18 in [1]), although an upgrade to the EBIS charge breeder will
be required to facilitate the injection of the heaviest ions. The
injection of highly-stripped ions from an upgraded EBIS will also
enhance the survival of the recirculating ions that would otherwise
undergo charge exchange in the residual gas or gas-jet target. This
will increase the storage time from 1 s to 10 s for the heavier
(Z > 40) ions for a H2 target having a density of 3:1013 atoms/cm2.

3. In-ring reaction measurements

Lighter mass beams can be stacked and recirculated through an
ultra-thin, ultra-pure internal gas target. High luminosity can be
achieved since the beam has multiple (!1 MHz) passes through
the target. Light reaction products can be observed using an inter-
nal spectrometer in the ring, consisting of a Si array adapted for
UHV conditions with recoil products detected in a downstream
detector. The technical challenge for the in-ring spectrometer is
to detect outgoing light particles from reactions, such as (d,p)
and (p,d), for which the differential cross sections in the centre-
of-mass frame peak at small scattering angles. In inverse kinemat-
ics this corresponds to the detection of light particles with energies
less than "10 MeV at laboratory angles depending on the reaction.
For example, forward laboratory angles near 0# correspond to the
peak cross sections for (p,d), but backward laboratory angles for
(d,p). In either case the detector array will have to be mounted
on actuators so that the detectors are withdrawn during the beam
injection phase, when the beam diameter is large (a few cm in
diameter) prior to cooling (see Fig. 1). The forward angles in the
centre-of-mass are generally most important for studies of astro-
physical resonances, since the critical states are produced in low
orbital angular momentum transfer reactions (e.g. s and p wave

transfers) which peak in cross-section at forward angles. In stellar
burning conditions, the most important states correspond to reso-
nances with low centrifugal barriers, and therefore high quantum
tunnelling probabilities. In addition to the detectors positioned
closest to the target region, particle detection at and around 0# in
the laboratory frame will be needed for other reactions of interest
(e.g. proton-capture reactions) and for detection of the heavy
projectile-like fragments at forward angles. Compared to conven-
tional approaches, in-ring experiments for lighter mass beams will
benefit from increased luminosity from recirculation and improved
resolution from a high-quality beam. In order not to degrade the
potential resolution, particle detection should be performed with
minimal intervening material, necessitating thin window-less
gas-jet targets and thin detector dead layers. Excellent angular res-
olution is necessary, to minimise the effects of kinematic broaden-
ing, combined with a high intrinsic energy resolution in the
detector to obtain the highest precision and sensitivity for the
excitation-energy spectrum (corresponding to the ion energy in
the centre-of-mass frame).

The provision of a detection system in the ring provides many
opportunities for applications to nuclear astrophysics. For exam-
ple, cataclysmic astronomical events, such as supernovae, neutron
star mergers, and novae, are now generally understood to consti-
tute the source of almost all the chemical elements we find on
Earth and observe in our Galaxy. However, the specific stellar pro-
duction site for a vast majority of elemental species is still largely
undefined, due to uncertainties in the key underlying nuclear phy-
sics processes that drive explosive stellar scenarios. In particular,
(p,c) and (a; c) radiative capture reactions on unstable nuclei play
a critical role, determining both the rate of energy release and path
of nucleosynthesis in such events [2]. Unfortunately, nearly all of
these key astrophysical reactions are too weak to be measured
directly in the relevant low-energy Gamow burning regime and
consequently, an indirect approach is required for progress to be
made. Single-nucleon transfer reactions probe the basic single-
particle structure of nuclei and may be used to populate excited
states, corresponding to astrophysical resonances in (p,c) and
(a; c) reactions. In particular, these studies allow for the extraction
of spin-parity assignments and spectroscopic factors for key reso-
nant states. By obtaining a measure of such properties, it is possible
to indirectly determine the stellar reaction rate (the rate is directly
proportional to the strength of each resonance, while the strength
depends on the spin-parity assignment and spectroscopic factor of
the state). In the case of explosive astrophysical reactions, where
radioactive nuclei are involved, transfer reactions must be per-
formed in inverse kinematics. This traditionally generates a num-
ber of experimental challenges but, in fact, makes the use of the
TSR uniquely well suited. Specifically, a key experimental aspect
is that astrophysical resonances often exist in regions of high
level-density where excited states are present every 30–40 keV
and as such, ultra-high resolution spectroscopy is essential. In
many instances, one is dealing with relatively light heavy-ion
beams, which can easily be produced fully stripped, and which
have lifetimes greater than 1 s, since in general the most important
individual reactions involve radioactive isotopes close to, or adja-
cent to, the valley of b-stability. Therefore, it is possible to use such
beams for reaction studies within the TSR. The use of high-quality,
pure radioactive-ion beams from the TSR in combination with a
newly designed, highly segmented silicon detection system will
allow for ultra-high resolution to be achieved.

4. External spectrometer

Fig. 2 shows the variation of the product of luminosity and solid
angle as a function of mass for a typical internal spectrometer

Fig. 1. Schematic layout of the in-ring Si detector array mounted on a 4-jaw
actuator. The upper figure shows the configuration when the beam is injected, the
lower figure when the beam is cooled.
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- TDR	2016
● Astrophysics	(reactions)
● Atomic	physics
● Nuclear	physics

(with	atomic	methods)

GSI Helmholtzzentrum für Schwerionenforschung GmbH

can follow each other increasing the particle current, before per-
forming the measurement. The range of A=q and beam magnetic
rigidity provided by HIE-ISOLDE is well matched to the TSR (see
Fig. 18 in [1]), although an upgrade to the EBIS charge breeder will
be required to facilitate the injection of the heaviest ions. The
injection of highly-stripped ions from an upgraded EBIS will also
enhance the survival of the recirculating ions that would otherwise
undergo charge exchange in the residual gas or gas-jet target. This
will increase the storage time from 1 s to 10 s for the heavier
(Z > 40) ions for a H2 target having a density of 3:1013 atoms/cm2.

3. In-ring reaction measurements

Lighter mass beams can be stacked and recirculated through an
ultra-thin, ultra-pure internal gas target. High luminosity can be
achieved since the beam has multiple (!1 MHz) passes through
the target. Light reaction products can be observed using an inter-
nal spectrometer in the ring, consisting of a Si array adapted for
UHV conditions with recoil products detected in a downstream
detector. The technical challenge for the in-ring spectrometer is
to detect outgoing light particles from reactions, such as (d,p)
and (p,d), for which the differential cross sections in the centre-
of-mass frame peak at small scattering angles. In inverse kinemat-
ics this corresponds to the detection of light particles with energies
less than "10 MeV at laboratory angles depending on the reaction.
For example, forward laboratory angles near 0# correspond to the
peak cross sections for (p,d), but backward laboratory angles for
(d,p). In either case the detector array will have to be mounted
on actuators so that the detectors are withdrawn during the beam
injection phase, when the beam diameter is large (a few cm in
diameter) prior to cooling (see Fig. 1). The forward angles in the
centre-of-mass are generally most important for studies of astro-
physical resonances, since the critical states are produced in low
orbital angular momentum transfer reactions (e.g. s and p wave

transfers) which peak in cross-section at forward angles. In stellar
burning conditions, the most important states correspond to reso-
nances with low centrifugal barriers, and therefore high quantum
tunnelling probabilities. In addition to the detectors positioned
closest to the target region, particle detection at and around 0# in
the laboratory frame will be needed for other reactions of interest
(e.g. proton-capture reactions) and for detection of the heavy
projectile-like fragments at forward angles. Compared to conven-
tional approaches, in-ring experiments for lighter mass beams will
benefit from increased luminosity from recirculation and improved
resolution from a high-quality beam. In order not to degrade the
potential resolution, particle detection should be performed with
minimal intervening material, necessitating thin window-less
gas-jet targets and thin detector dead layers. Excellent angular res-
olution is necessary, to minimise the effects of kinematic broaden-
ing, combined with a high intrinsic energy resolution in the
detector to obtain the highest precision and sensitivity for the
excitation-energy spectrum (corresponding to the ion energy in
the centre-of-mass frame).

The provision of a detection system in the ring provides many
opportunities for applications to nuclear astrophysics. For exam-
ple, cataclysmic astronomical events, such as supernovae, neutron
star mergers, and novae, are now generally understood to consti-
tute the source of almost all the chemical elements we find on
Earth and observe in our Galaxy. However, the specific stellar pro-
duction site for a vast majority of elemental species is still largely
undefined, due to uncertainties in the key underlying nuclear phy-
sics processes that drive explosive stellar scenarios. In particular,
(p,c) and (a; c) radiative capture reactions on unstable nuclei play
a critical role, determining both the rate of energy release and path
of nucleosynthesis in such events [2]. Unfortunately, nearly all of
these key astrophysical reactions are too weak to be measured
directly in the relevant low-energy Gamow burning regime and
consequently, an indirect approach is required for progress to be
made. Single-nucleon transfer reactions probe the basic single-
particle structure of nuclei and may be used to populate excited
states, corresponding to astrophysical resonances in (p,c) and
(a; c) reactions. In particular, these studies allow for the extraction
of spin-parity assignments and spectroscopic factors for key reso-
nant states. By obtaining a measure of such properties, it is possible
to indirectly determine the stellar reaction rate (the rate is directly
proportional to the strength of each resonance, while the strength
depends on the spin-parity assignment and spectroscopic factor of
the state). In the case of explosive astrophysical reactions, where
radioactive nuclei are involved, transfer reactions must be per-
formed in inverse kinematics. This traditionally generates a num-
ber of experimental challenges but, in fact, makes the use of the
TSR uniquely well suited. Specifically, a key experimental aspect
is that astrophysical resonances often exist in regions of high
level-density where excited states are present every 30–40 keV
and as such, ultra-high resolution spectroscopy is essential. In
many instances, one is dealing with relatively light heavy-ion
beams, which can easily be produced fully stripped, and which
have lifetimes greater than 1 s, since in general the most important
individual reactions involve radioactive isotopes close to, or adja-
cent to, the valley of b-stability. Therefore, it is possible to use such
beams for reaction studies within the TSR. The use of high-quality,
pure radioactive-ion beams from the TSR in combination with a
newly designed, highly segmented silicon detection system will
allow for ultra-high resolution to be achieved.

4. External spectrometer

Fig. 2 shows the variation of the product of luminosity and solid
angle as a function of mass for a typical internal spectrometer

Fig. 1. Schematic layout of the in-ring Si detector array mounted on a 4-jaw
actuator. The upper figure shows the configuration when the beam is injected, the
lower figure when the beam is cooled.
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A	different	approach:	the	HELIOS	solenoidal	spectrometer

Eliminates	kinematic	compression
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Some	HELIOS	results
28Si(d,p)29Si	commissioning	

Residual α source background 

protons from 28Si+12C 

J. C. Lighthall et al, NIMPRA 622, 97 (2010) August	2008	

Figures	and	info:	A.	Wuosmaa,
Workshop	Solenoid	at	ReA,	ARGONNE	2017
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Some	HELIOS	results
28Si(d,p)29Si	commissioning	

Residual α source background 

protons from 28Si+12C 

J. C. Lighthall et al, NIMPRA 622, 97 (2010) August	2008	

28Si(d,p)29Si Excita?on-energy spectrum

Typical resolution ~ 120 keV FWHM 
Best resolution ~ 80 keV FWHM J. C. Lighthall et al,  

NIMPRA 622, 97 (2010) 

Figures	and	info:	A.	Wuosmaa,
Workshop	Solenoid	at	ReA,	ARGONNE	2017
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Some	HELIOS	results
● (d,p)	on	heavy	stable	beams	86Kr,	136Xe
● Reactions	with	light	RIBs

(d,p)
10B(p,p’)10B*
14,15C(d,3He)13,14B
27Al(d,t)26Al
14,15C(d,α)12,13B
(α,p)
(3He,d)
(6Li,d)

● 13	publications	to	date

Figures	and	info:	A.	Wuosmaa,
Workshop	Solenoid	at	ReA,	ARGONNE	2017

S.	Bedoor PRC	93,	044323	

S. BEDOOR et al. PHYSICAL REVIEW C 93, 044323 (2016)

ℓ = 0 and 2 neutron strengths for the ground 2−
1 , and excited

1−
1 , 3−

1 , and 4−
1 states [16]. The 2−

1 and 1−
1 levels were

predominantly ℓ = 0. The expected 2−
2 /1−

2 pair, dominated
by ν(0d5/2) configurations, was not observed in the (d,p)
measurements, although a broad (# ≈ 1 MeV) 2−

2 state does
appear in the literature near 2 MeV from various reactions [17].
That broad state would have been obscured by much stronger
transitions to the 3−

1 and 4−
1 levels in (d,p). No information

exists about a possible second 1− state. While the 2−
2 and 1−

2
levels were not observed in the (d,p) measurement, their 1s1/2
and 0d5/2 neutron spectroscopic factors could still be estimated
in a two-state mixing model.

Other aims of this work are to confirm the reported 2−
2

state, and to compare the proton-removal strength for different
14B excitations to expectations based on the earlier (d,p)
measurements. Because of the 1s1/2 single-particle character of
the 15C ground state, the strongest transitions in 15C(d,3He)14B
will be to final states with large 1s1/2 neutron strength. The
3−

1 and 4−
1 levels that obscured the excited 2− state in the

(d,p) study are neutron ℓ = 2 excitations that should be absent
in (d,3He). Because the present 15C beam intensity is low,
weaker transitions to states with proton configurations other
than π (0p3/2)−1 will be difficult to observe.

In this paper we first present experimental details, followed
by a description of the data reduction process including
Monte Carlo simulations of the response of the apparatus.
We then give a distorted wave Born approximation (DWBA)
reaction-model analysis of the angular distributions to extract
spectroscopic factors. Finally, we discuss our results in the
context of shell-model calculations.

II. EXPERIMENT

The 14,15C(d,3He)13,14B reactions were studied in inverse
kinematics at the ATLAS facility at Argonne National Labo-
ratory. The reaction products were analyzed using the helical
orbit spectrometer (HELIOS) [18,19]. HELIOS is a solenoidal
spectrometer designed to study transfer and other reactions in
inverse kinematics.

A. Secondary-beam production

The 14C (T1/2 = 5,730 ± 40 year) beam was produced from
enriched 14C material in a Cs sputter source. The 14C energy
was 17.1 AMeV, and for the 14C(d,3He)13B experiment the
beam intensity was approximately 0.1 pnA. The 15C beam was
made using the in-flight method described in Refs. [20,21]. To
produce the secondary beam, the 14C primary-beam intensity
was increased to 100 pnA. This beam bombarded a cryogenic
D2 gas cell held at a pressure of 1400 mbar and at a temperature
of −184 ◦C. The 15C beam was made from d(14C ,15C)p
(Q = −1.007 MeV) reactions in the cell. The resulting 15C
beam of approximately 5×105 particles/s had an energy of
15.7 AMeV. The high bombarding energies, which were
the greatest available from the accelerator at the time, were
chosen because of the very negative Q values of −15.337
and −15.586 MeV of the 14C(d,3He)13B and 15C(d,3He)14B
reactions. The secondary-beam contained small impurities

FIG. 1. Schematic diagram of the experimental setup.

from lower charge states of the primary 14C ions (≈ 3%),
and from isotopes of Be (≈ 1%). Events from these impurity
beams were eliminated by requiring coincidences between
3He ions and identified 13,14B reaction products as described
below.

B. Experimental setup

The experimental setup was identical to that described
in [22]. A schematic diagram of the experimental setup
appears in Fig. 1. HELIOS consists of a superconducting
solenoid with a bore diameter of 920 mm and length of
2350 mm that produces an approximately uniform magnetic
field aligned with the beam direction. For this measurement,
the field strength was 2.5 T. The 14,15C beams bombarded solid
deuterated-polyethylene [(CD2)n] foil targets of areal density
140 µg/cm2 placed on the magnetic axis near the entrance
of the solenoid, 550 mm upstream of the geometric center
of the magnet (ztgt = −550 mm). The 3He particles emerged
in the forward hemisphere with laboratory angles less than
35o. These particles were transported in helical trajectories to
an array of 24 position-sensitive silicon detectors (PSDs) that
surrounded the beam in the downstream end of the magnet.
The PSD array subtended distances between 940 and 1290 mm
from the target. These detectors registered the energies of the
3He ions, the distances from the target at which they returned
to the solenoid axis, and the particle flight times. The 3He
time of flight was approximately equal to the cyclotron period
TCYC = 39.3 ns. Deviations of the flight time from TCYC arose
for very small-angle trajectories that intercepted the PSD array
a significant distance from where they would return to the
solenoid axis. Other distortions in the helical orbits arose from
particles traveling through nonuniform regions of the magnetic
field, however, the geometry for this measurement confined
the 3He ions to volumes where the field differed from the
maximum value by at most 5%.

Additional information about the reaction was provided
by a set of silicon-detector %E-E telescopes positioned
between the target and the PSD array. These detectors
were perpendicular to the beam direction, and detected and
identified the 14,13,12,11B reaction products. The telescopes
covered the full 2π azimuthal angle except for four 8o-wide
gaps from their mounting structure, and subtended laboratory
polar angles between 1o and 5o. The thicknesses of the
%E and E layers were 500 µm and 1000 µm, respectively.
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FIG. 2. Silicon-detector telescope particle-identification spec-
trum obtained with the 14C beam incident on the (CD2)n target. The
heavy particles are in coincidence with a particle in the HELIOS PSD
array. The groups labeled 13B and 12B b are from particle-bound and
unbound states in 13B; the groups labeled 12B a and 11B are from
particle-bound and unbound states in 12B from the (d,α) reaction.

A representative particle-identification spectrum from these
detectors for 14C +CD2 collisions appears in Fig. 2. Here,
the events include a light particle detected in the HELIOS
PSD array. The resolution was sufficient to identify all of the
boron isotopes of interest and the different reaction channels.
Because of this good resolution, the time-of-flight information
for the light-charged particles in the PSD array was not used
in the analysis. In Fig. 2, 12B ions from both the (d,α) reaction
(labeled 12B a) and from neutron-unbound states in 13B from
the (d,3He) reaction (labeled 12B b) are present. The strong
11B group arises from neutron-unbound states in 12B from
the 14C(d,α)12B reaction. Results for the 14,15C(d,α)12,13B
reactions have been presented elsewhere [22].

The incident beam flux was monitored by using a silicon
surface-barrier (SSB) detector mounted on the recoil-detector
assembly at 0o. A tantalum sheet 0.5-mm thick, with regularly
spaced 80-µm diameter holes at intervals of 2.5 mm, was used
in front of the SSB telescope to attenuate the beam flux by a
factor of approximately 1000 to keep the monitor count rate
at a manageable level. For the stable-beam experiments, the
beam spot was less than 2 mm in diameter, a size comparable
to the hole spacing. The count rate in that detector was thus
extremely sensitive to the beam-spot size and position and the
deduced value of the integrated beam flux was not usable for
normalization purposes. The secondary-beam spot was larger,
approximately 5 mm in diameter, and so for the secondary
beam the ion-flux measurements were reliable at the 30% to
50% level. A procedure for determining the absolute yields for
the 14C measurements is described below.

Information for any event with a particle detected in the
HELIOS PSD array was recorded for all detectors. Subsets of
events where only a heavy recoil was detected in the "E-E
telescope or a beam particle triggered the 0o monitor detector
were also recorded. Calibration information for the PSD array
was provided by a mixed 148Gd -244Cm source, as well as
by data for known transitions from the 14C(d,3,4He)13,12B
reactions.

III. DATA REDUCTION AND ANALYSIS

In HELIOS, for a given excitation energy the laboratory
kinetic energy of the detected particle depends linearly on the
distance between the target and the point at which the particle
is detected near the solenoid axis (“z”). The kinematic loci for
different excited states appear as diagonal lines in the E(3He)
vs z plane. Figure 3 shows spectra of energy-versus-position
for the 14C(d,3He)13B reaction for events where the 3He was
in coincidence with an identified 13B(a) or 12B(b) ion. The
vertical gaps correspond to spaces between the PSDs.

For comparison, Fig. 4 shows a Monte Carlo simulation
of the response of the apparatus for several transitions in the
14C(d,3He)13B reaction. Equal numbers of events for each
transition were used in the simulations. Figures 4(a) and 4(b)
have the same significance as in Fig. 3. The simulation includes
the detector geometry and energy-loss effects in the target, and
tracks both the 3He and recoil particles through a magnetic
field described in Ref. [19]. The excitation energies used in
the calculation are from the analysis outlined below. The
line for the ground state is straight. For the excited states,
however, the 3He particles have shallower orbits and intercept

Z (mm)
950 1000 1050 1100 1150 1200 1250 1300

H
e)

 (
M

eV
)

3
E

(

5

10

15

20

25
(a)

Z (mm)
950 1000 1050 1100 1150 1200 1250 1300

H
e)

 (
M

eV
)

3
E

(

5

10

15

20

25
(b)

FIG. 3. Energy-versus-position spectra for 3He particles from the
14C(d,3He)13B reaction. (a) Data for 3He +13B coincidence events.
(b) Data for 3He +12B coincidence events. Further analysis on the
unbound states includes only data taken for z > 1180 mm.
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ISOL	Solenoidal	Spectrometer	at	ISOLDE

Approved	proposals
● D	K	Sharp	(Manchester)

28,29Mg(d,p)

● B	P	Kay	(Argonne)
206Hg(d,p)

P	Butler,	S	Freeman,	R	Page
Liverpool,	Manchester,	Daresbury
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ISS	at	ISOLDE:	SpecMAT

AsAd boards

Pad plane

Field cage
SiPMs

Scintillation
crystals

Gas 
chamber

Beam
entrance

SpecMAT
Active	target	+	𝛾-ray	detection
● High	luminosity,	preserving	resolution

● Transfer	reactions

● Low	momentum-transfer	reactions

IKS,	KU	Leuven
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Summary

● Transfer	reactions:
- Solenoids	now	routinely	used
- Rings	at	present	limited	to	few	cases	(astrophysics),
for	more	general	use	still	issues	to	be	assessed

● Low	momentum-transfer	reactions
- Rings	(ESR)	first	measurements
- Active	targets	may	prove	competitive

● Scope	of	rings	is	very	broad	– extremely	exciting	machines!


