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Solenoidal Spectrometers and Techniques:  
HELIOS and SOLARIS



Why develop a solenoidal spectrometer? 

➡ Why inverse kinematics, concept 

HELIOS 

➡ The first generation, how it works in reality 
➡ Things we have learnt 

Next steps in the US 
➡ SOLARIS @ FRIB, 3rd generation 
➡ ISS @ ISOLDE 

Overview



Transfer reactions (approx. pre 90s)

• An essential probe of nuclear structure 
• Energies, angular momentum, overlaps 
• (High-resolution detectors developed accordingly) 
• Direct reactions, well understood models 
• Highly selective 
• (Over 50-60 years experience) 
• Count rates 10-1000s Hz

Z

N

• Technique limited to stable systems 
‣ Few doubly-magic systems studied 
‣ Limited to changes of ~12 neutrons/

protons excess 
‣ Poor overlap with nuclei involved in 

astrophysical processes



Kinematics: normal vs. inverse

• Particle identification, ΔE-E techniques 
more challenging at low energies 

• Strong energy dependence with 
respect to laboratory angle 

• Kinematic compression at forward 
c.m. angles (in fact nearly all angles) 

• Typically leading to poor resolution 
(100s of keV) 

• … and beams a few to 106 orders of 
magnitude weaker
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Inverse-kinematics challenges:
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• For negative Q-value reactions e.g. (d,
3He) there is a double-valued kinematic 
solution ... 

• ... ions cannot scatter beyond θmax. in the 
laboratory, in this case θlab. = 44.6° 

• Particularly challenging for fixed lab-angle 
measurements, especially near θmax. 

tan ✓lab
max. = 1/

p
(V/v̄)2 � 1 V	is	c.m.	velocity	of	the	system,	v	is	the	velocity	

of	the	outgoing	ion	in	the	c.m.	frame

Kinematics: normal vs. inverse
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A b s t r a c t  

The one-neutron transfer react ions d(~3z~36Xe, p)m.~37Xe 
have been investigated in inverse kinematics with xenon 

beams incident on deuter ium loaded t i tanium targets. The 

angular distr ibut ions of the protons, measured with a de- 
tector array of 100 PIN-photodiodes, have been analyzed 

using standard DWBA. General ly,  good agreement  is 
obtained with results previously obtained in reactions in- 
duced by l ight-ion beams. 

PACS: 25.45.Gh;25.70.Cd 

The new GSl-accelerator SIS in combinat ion with the 
f ragment separator FRS and the exper imenta l  storage 
ring ESR will provide cooled beams of relat ively short - 
l ived nuclei, extending to isotopes far off stability. These 
beams open the possibi l i ty for nuclear structure studies 
on radioact ive nuclei through direct reactions in inverse 
kinematics. 

Of part icular interest are invest igat ions of s ingle-nucleon 
transfer reactions near doubly-magic nuclei, as for in- 

stance the determinat ion of s ingle-part ic le energies and 
matrix e lements of the two-body residual interaction in 

the vicini ty of 132Sn (N=82,  Z=50) ,  and of inelastic scat- 
ter ing studies of low-lying col lect ive states. 

In order to test the method of inverse kinematics, the ex- 
per imental  condit ions for such studies were investigated 
in the reactions d(132Xe,p)~33Xe and d(~36Xe,p)~37Xe. Stable 
xenon beams from the UNILAC accelerator  with E~b = 5.87 
MeV/u were focussed onto 100 /~g/cm 2 deuterated 
t i tanium targets (Ti:D content 1:1) on a 200/~g/cm 2 
a lumin ium backing. The recoi l -protons were detected 
using an array consisting of 100 PIN-photodiodes (10x10 
mm 2 active area and 320 #m thickness each) in a 10x10 
quadrat ic arrangement.  With a distance of 375 mm from 
the target the angular resolut ion of one PIN-diode was 
1.5~ the whole detector array covered an angular range 
of AO~b =180 and a solid angle of 71 mrad. 

The kinematic broadening dE/d 0 for protons from (d,p)- 
react ions for the invest igated region 0~o~ =90~ re- 

quired a col l imator  system (3 m m -  8 mm slits) to reach 
an energy resolut ion better than 100 keV (CMS) in every 
case. A semicol lect ive r e a d o u t -  method al lowed to ob- 

tain energy and t ime signals from each of 100 PIN - di- 
odes using only 20 electronic channels. For that purpose 
the 100 diodes were connected for all l ines at their  N - 

*Dedicated to Prof. Dr. P. Kienle on the occasion 
of his 60th birthday 

contacts and for all columns at their P - contacts. The 10 

l ines del ivered the t ime signals, the 10 columns the en- 
ergy signals and by a coincidence - condit ion the iden- 
t i f ication of the diode which had fired was obtained. A 

more detai led descript ion of the detector and the readout 
- method is given in ref. 1. 
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Fig. 1 :Angular distribution of the differential cross section 
for la2Xe + d elastic scattering normalized to the 
Rutherford cross section. The solid line is the result of an 
optical - model calculation. The errors shown are statis- 
tical. 
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Early inverse-kinematics studies

Necessities: complex Si arrays, high intrinsic resolution, high angular granularity, low 
thresholds, large acceptance, often coincident gamma-ray detection, e.g., MUST-2 (GANIL), T-REX 
(ISOLDE), SHARC (TRIUMF), ORRUBA (ORNL), TIARA (GANIL), etc.
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through the 58Nisp, 2pnd reaction, is difficult to remove in
the accelerator, since the mass difference DMyM between
56Ni and 56Co is only 3.5 3 1025. Chemical separation
could reduce the contribution of Fe and Co substantially,
but this adds complexity and the separation cannot be com-
plete, since 56Co is the decay product of 56Ni. The experi-
ment was, therefore, carried out with a mixed beam of 56Fe,
56Co, and 56Ni ions.
The beam that was extracted from the negative ion

source and injected into the tandem accelerator contained
3 3 107 56Ni2 ionsysec and about a factor of 7 more of
the isobaric contaminant 56Co. After stripping in the ter-
minal of the tandem accelerator, the mass 56101 beam was
accelerated to an energy of 250 MeV with the supercon-
ducting linear accelerator section of ATLAS. The 56Ni
beam intensity on the target, averaged over a running time
of 3.7 d, was 2.5 3 104ysec. While measurements with a
stable 58Ni beam gave a total transport efficiency (includ-
ing stripping in the terminal of the tandem accelerator) of
4.9%, a transport efficiency of only 0.1% was achieved in
this first experiment with 56Ni. This was caused, in part,
by the lack of a stable feedback signal needed to synchro-
nize the bunching system of the accelerator.
The experiment was performed with a 500 mgy

cm2 CD2 target located in the scattering chamber of the
Fragment Mass Analyzer (FMA) [7]. The inset of Fig. 1
shows a schematic of the experimental setup. The protons
emitted at backward angles from the ds56Ni, pd57Ni reac-
tion were detected in a large Si detector array consisting
of a position sensitive annular detector and six 5 3 5 cm2

Si strip detectors (strip width 1 mm), covering a total
solid angle of 2.8 sr. To separate the sd, pd reactions
on 56Ni from those induced by the 56Co and 56Fe beam
impurities, the reaction products were identified by their

FIG. 1. (top) Schematic of the experimental setup used for
measuring angular distributions for the ds56Ni, pd57Ni reaction
in inverse kinematics. (bottom) DE-Eres spectrum measured
with the ionization chamber in the focal plane of the FMA for
a mixed beam of 56Fe, 56Co, and 56Ni.

mass and nuclear charge at the focal plane of the FMA
in coincidence with protons. For the Z identification
of the reaction products, it was necessary to use a pas-
sive absorber [8] consisting of a stack of ten Au foils
with a total thickness of 7 mgycm2 (mounted 39 mm
downstream from the target) that slowed down the Fe,
Co, and Ni particles differently. The measurement of
the energy E and the time of flight in the focal plane of
the FMA, together with an energy loss DE signal from
an ionization chamber, allowed us to identify the three
isobaric components. A DE-E spectrum from the ioniza-
tion chamber measured for incident mass 56 ions in their
231 charge state is shown in the bottom part of Fig. 1.
The integrated beam intensity was determined by col-

lecting the 56Ni and 56Co particles elastically scattered
from the Au absorber on a circular ring covering the angu-
lar range between u ≠ 4.5± 11.9± and by measuring the
accumulated activity after the experiment with a calibrated
Ge detector. Corrections were applied for the 56Ni decay
and for the time dependence of the exposure profile. The
uncertainties of these corrections are estimated to 610%.
The full experimental setup was tested by measuring the
inverse reaction ds28Si, pd29Si with a 125 MeV 28Si beam
that was also used for tuning the ATLAS accelerator. Fur-
ther details will be given in a forthcoming paper [9].
Figure 2(a) presents a Q-value spectrum for protons

from the ds56Ni, pd reaction as measured with the annular
Si detector that covers the angular range u ≠ 147± 162±

in coincidence with 57Ni ions detected in the FMA.
In the center-of-mass system, this range corresponds to
forward angles for a sd, pd reaction, where transitions to

FIG. 2. (a) Q-value spectrum measured with the annular de-
tector (see Fig. 1) for the ds56Ni, pd57Ni reaction at Es56Nid ≠
250 MeV. (b) Q-value spectrum for the ds28Si, pd29Si reaction.
In this angle range, only l ≠ 0, 1 states are strongly populated.
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Recent ‘state-of-the-art’ (highly idealized conditions)

configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6 × 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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FIG. 1. Excitation energy spectrum of 27Al obtained from the 26gAlðd; pÞ transfer reaction at θc:m: ∼ 0.5°–12°. Fusion-evaporated
protons from reactions on carbon in the target produce a continuous background distribution. This is subtracted in the determination of
cross sections.
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FIG. 2 (color online). Expanded view of the excitation energy
spectrum showing astrophysically important mirror states in the
energy region Ex ¼ 7700–8200 keV. The green line shows a
cumulative fit to the data. The red lines indicate the individual fits
for the 7948, 7997, and 8043 keV levels with fixed peak widths,
and the background is displayed by the dotted line.
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the present results, an average value of 45þ19
−17 μeV for the

strength of the 188.9(6) keV resonance [18] and strong
resonances at 276.3(4) and 368.5(4) keV in 27Si [33]
(resonance energies are taken from Ref. [32]). It is clear
from Fig. 4 that the 127 keV resonance now dominates the
reaction over almost the entire temperature range of WR
stars and AGB stars (T ∼ 0.04–0.10 GK). Furthermore,
by significantly constraining the proton spectroscopic
factor for the 127 keV resonance compared to the full
range considered in Parikh et al. [15], we conclude that
its contribution in novae environments is likely to be
negligible.

It can be seen from Fig. 4 that for the region immediately
above ∼0.1 GK, corresponding to the lower temperature
range for hydrogen burning in novae, the 189 keV reso-
nance (7652 keV excitation energy), is the strongest single
contributing state to 26Al destruction. Lotay et al. [18]
paired this state with a mirror analog level at 7948 keV in
27Al [23], with angular distribution measurements of γ
decays giving a clear 11=2 spin assignment for the
7652 keV level in 27Si. The angular distribution and
ADWA fit for the 7948(3) keV excited state in 27Al is
shown in Fig. 3(c). As can be seen, the angular distribution
is well fitted by a pure l ¼ 1 transfer with C2S (l ¼ 1) of
0.14(3) and is inconsistent with l ¼ 0, 2 transfer, support-
ive of an 11=2− assignment. Such high values for C2S for
negative parity states at high excitation energies in sd-shell
nuclei have been associated with relatively pure single
particle configurations [34]. Using this value to obtain
an implied strength for the 189 keV resonance gives
52ð11Þ μeV, which is in excellent agreement with the
two direct measurements of 55(9) [16] and 35ð7Þ μeV [17].
In summary, we have performed a high-resolution study

of the 26Alðd; pÞ27Al transfer reaction in inverse kinematics
and have, for the first time, placed experimental constraints
on the proton spectroscopic factor C2S of the key 127 keV
resonance in the 26gAlðp; γÞ27Si reaction. This has resulted
in stringent restrictions on the rate at which this reaction
occurs and clearly points to the dominant role of the
127 keV resonance in the destruction of the cosmic γ-
ray emitting isotope 26Al in Wolf-Rayet and AGB stars. In
order to reduce further uncertainties in the reaction, we
would encourage a 26Alð3He; dÞ27Si study to obtain a direct
measurement of the proton spectroscopic factor of the
127 keV resonance in 27Si.

FIG. 3. Angular distributions together with ADWA fits
for excited states in 27Al at (a) 3004(2), (b) 7806(3), and
(c) 7948(3) keV. The dominant systematic uncertainty in
extracting cross sections relates to errors involved in determining
the initial target thickness.
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configuration dominated by l ¼ 0 transfer [31]. This
distribution is, indeed, well reproduced by the ADWA
calculation with pure l ¼ 0 transfer and a high spectro-
scopic factor, C2S ¼ 0.49ð2Þ. Figure 3(b) shows the
angular distribution for the 9=2þ 7806ð3Þ keV state, which
corresponds to the mirror analog of the 127 keV resonance
at an excitation energy of 7590 keV in 27Si [18]. From
comparison with TWOFNR calculations, it is evident that the
most forward angle component is predominantly l ¼ 0
transfer, while an additional l ¼ 2 component is required
in order to accurately reproduce the full distribution at less
forward angles. A best fit is obtained combining l ¼ 0 and
2 transfers with C2S (l ¼ 0) of 9.3ð19Þ × 10−3 and C2S
(l ¼ 2) of 6.8ð14Þ × 10−2 for the 7806 keV state (errors
quoted on spectroscopic factors represent experimental
uncertainties). This is significantly higher than the upper
limit of 2.2 × 10−3 [19] for l ¼ 0 proton capture to the

7590 resonant state in 27Si in the 26Alð3He; dÞ27Si study of
Vogelaar et al. [19]. However, we note that Parikh et al.
[15] point out that the experimental limit of C2S (l ¼ 0)
may be compatible with values up to a maximum of ∼11 ×
10−3 for the 7590 keV state in 27Si when the smallest
scattering angle is discarded from the Vogelaar et al.
data [19]. The present result is, therefore, within the upper
range of the value suggested by Parikh et al. [15], and
using a C2S (l ¼ 0) of 9.3ð19Þ × 10−3 implies a strength
of 0.025ð5Þ μeV for the 127 keV resonance in the
26gAlðp; γÞ27Si reaction (the error quoted for the strength
represents a statistical error; there is also an uncertainty of
∼20% associated with possible differences between
spectroscopic factors of analog states). It should be noted
that in the energy region of interest for the 7806 keV level
in 27Al, there are two potential excited states at 7790.4(7)
[32] and 7798(2) keV [23], which have been pre-
viously assigned as 5=2þ and 3=2þ, respectively [32].
We performed a detailed fit analysis of the 7806 keV
peak and looked for potential excess counts contribut-
ing to the differential cross section around the energy
region 7790 and 7798 keV. We found that the peak was
entirely consistent with a single-state structure at an
energy of 7806(3) keV, in agreement with the value of
7807.2(10) keV reported in the γ-ray spectroscopy study of
27Al by Lotay et al. [32]. This indicates there is no
significant contribution to the observed differential cross
section for the 7806 keV state from these two neighboring
excited levels. The 7790 keV state in 27Al has been
assigned to a mirror analog in 27Si, corresponding to a
5=2þ resonance at 68 keV in the 26gAlðp; γÞ27Si reaction
[32]. Based on the analysis above, we set an upper limit for
C2S (l ¼ 2) of 1.6 × 10−2, corresponding to a resonance
strength of ωγ < 8 × 10−10 μeV.
Figure 4 shows the contributions of individual resonan-

ces to the 26gAlðp; γÞ27Si stellar reaction rate, incorporating
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FIG. 2 (color online). Expanded view of the excitation energy
spectrum showing astrophysically important mirror states in the
energy region Ex ¼ 7700–8200 keV. The green line shows a
cumulative fit to the data. The red lines indicate the individual fits
for the 7948, 7997, and 8043 keV levels with fixed peak widths,
and the background is displayed by the dotted line.
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shell closure reveals itself as a large discontinuity, for instance at
132Sn, where E215 4,041.2(15) keV is significantly higher than that
of the other tin isotopes (about 1,200 keV) and drastically larger than
that for nearby isotopes of cadmium or tellurium (about 500 keV)
(Evaluated Nuclear Structure Data File (ENSDF) database; http://
www.nndc.bnl.gov/ensdf/). However, these excitations alone do
not prove that a nucleus is magic, because they may reflect other
properties such as changes in pairing strength8. Another sign ofmagic
nature comes from the sudden decrease in two-neutron separation
energies—S2n is shown in Fig. 1b—for the isotopes just beyond the
shell closure.

A critical test of the shell closure is to study the single-particle states
outside the closed shell. An important metric is the spectroscopic
factors (S) of single-particle states in the nuclei with one neutron
or one proton beyond the double-shell closure. For a good magic
nucleus A, the single-particle strength for a specific orbital in the
A1 1 nucleus should be concentrated in one state, resulting in high
spectroscopic factors, as opposed to being fragmented through the
spectrum of the nucleus.

Situated at the beginning of the neutron 82–126 shell, the single-
particle orbitals in 133Sn are expected to be 2f7/2, 3p3/2, 1h9/2, 3p1/2,
2f5/2 and 1i13/2 (the five bound states are shown in Fig. 1d).
Candidates for four of these states have been observed9,10, with the
notable exception of the p1/2 and the i13/2 orbitals. The experimental
values of the excitation energies of single-particle states just outside a
shell closure are important benchmarks for shell-model calculations
for more exotic nuclei. Experimental investigations of the single-
particle nature of 133Sn have been confined to b-decay measure-
ments9 and the spectroscopy of prompt c-rays after the fission of
248Cf (ref. 10). In this region of the nuclear chart, b-decay preferen-
tially populates high-spin states in the daughter nucleus. In fission
fragment spectroscopy both the production of the daughter nucleus
of interest and the techniques used to extract information from the
plethora of photons emitted from a fission source favour high-spin
states. Therefore, none of the previous measurements of 133Sn were
well suited to the study of low-spin states, and none was a direct
probe of the single-particle character of the excitations.

One very sensitive technique for studying low angularmomentum,
single-particle states is by means of a reaction in which a single
nucleon is ‘transferred’ from one nucleus to another. These transfer
reactions traditionally require a light ion beam striking a target of
higher mass. For nuclei far from stability this is not possible, because
the target would not live long enough to perform the measurement.
Recently these reactions have been performed in inverse kinematics
with light-A targets, in particular deuterons in deuterated polyethyl-
ene (CD2) targets, and radioactive ion beams11,12. These measure-
ments include the pioneering experiment on the long-lived doubly
magic nucleus 56Ni (ref. 13). In a (d,p) reaction in inverse kinematics,
a neutron is removed from a deuteron (d) in the target, and is trans-
ferred to a beam particle, ejecting a proton (p) that can be detected
(see Fig. 2 top left inset). This reaction is ideally suited to the study of
low-lying single-neutron states in the final nucleus.

To perform the 132Sn(d,p) reaction in inverse kinematics, a beam14

of the short-lived isotope 132Sn (t1/25 39.7 s) was produced at the
Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory, using the isotope separation online technique. Protons
from the Oak Ridge Isochronous Cyclotron bombarded a pressed
powder target of uranium carbide, inducing fission. Negative ions of
tin were injected into and accelerated by the 25-MV tandem electro-
static accelerator to 630MeV. The resulting essentially pure (more
than 90%) 132Sn beam bombarded a CD2 reaction target with an
effective areal density of 160 mg cm22. Protons emerging from the
(d,p) reaction were measured in position-sensitive silicon Oak
Ridge Rutgers University Barrel Array (ORRUBA)15 detectors cover-
ing polar angles between 69u and 107u in the laboratory frame. At
forward angles, telescopes of ORRUBAdetectors consisting of 65-mm
or 140-mmDE (energy loss) detectors backed by 1,000-mm E (residual

energy) detectors were employed to stop elastically scattered 12C
recoils coming from the composite CD2 target, and to allow particle
identification. Backwards of the elastic scattering region (hlab. 90u),
single-layer 1,000 mmORRUBAdetectors were used. Amicrochannel
plate detector16 located downstream of the target chamber provided a
timing signal for beam-like recoil particles. The elastic scattering of
deuterons from the target was used in the normalization of the trans-
fer reaction cross-sections. These data, taken at forward angles
(hCM5 28–43u), were dominated by Rutherford scattering, which
can be easily calculated. Small corrections (about 6% or less) due to
nuclear scatteringwere included in the analysis of the elastic scattering
data. In this way uncertainties in the number of target deuterons and
beam ions were greatly decreased in the normalization.

Figure 2 shows the reaction Q-value spectrum for the 132Sn(d,p)
reaction as measured at 54u in the centre-of-mass frame. Four clear
peaks can be seen, corresponding to the ground state, the known
Ex5 854 keV and Ex5 2,005 keV excited states, and a previously
unobserved state at Ex5 1,3636 31 keV. The tentative spin-parity
assignments for the known states are 7/22 (presumably 2f7/2), 3/2

2

(presumably 3p3/2) and 5/22 (presumably 2f5/2), respectively. The
initial supposition for the nature of the new state is that it is the
hitherto unobserved 3p1/2 state.

Angular distributions of the protons from single-neutron transfer
experiments reflect the orbital angular momentum, l, of the trans-
ferred nucleon. Because the (d,p) reaction preferentially populates
low-l single-neutron states, only p-wave and f-wave states in the
region above 132Sn are expected to be significantly populated in the
132Sn(d,p) reaction. Angular distributions for the four states mea-
sured were extracted from the Q-value spectra at different angles by
using a four-Gaussian fit. The widths of the peaks were allowed to
increase for the higher excited states, reflecting the diminished
Q-value resolution for low-energy protons. For each state, transfer
angular distributions to an l5 1 and an l5 3 state were calculated in
the distorted-wave Born approximation (DWBA) framework, with
the use of the code FRESCO17. The Reid interaction18 was used for the
deuteron and the finite-range DWBA calculation included full com-
plex remnant in the transfer operator. The optical model potentials
were taken from ref. 19, and standard Woods–Saxon parameters for
the radius parameter r5 1.25 fm (where the radius R is given by
R5 rA1/3) and diffuseness a5 0.65 fm for the final bound state were
used. Spectroscopic factors were extracted by scaling the DWBA
calculation to the data. Figure 3a, b shows the angular distributions
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Figure 2 | Q-value spectrum for the 132Sn(d,p)133Sn reaction at 546 in the
centre of mass. Error bars are statistical, shown as a standard deviation in
the number of counts. The black solid line shows a fit to four peaks: the
ground state (green), the 854-keV state (red), the first observation of the
1,363-keV state (blue), and the 2,005-keV state (magenta). The top left inset
displays a diagram of the (d,p) reaction in inverse kinematics. The top right
inset shows the level scheme of 133Sn. The 1,561-keV state, expected to be the
9/22 h9/2 state, was not significantly populated in this reaction and therefore
was not included in the fit.
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Using the traditional approach of placing a segmented Si detector at a fixed laboratory angle can 
result in poor excitation-energy resolution, typically of the order of ~300 keV (better can be 
achieved for light nuclei).
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FIG. 1. (Color online) Particle
identification spectra with 11,12B
beams. Panels (a) and (c) show plots
of "E versus E from the forward
recoil detectors and panels (b) and
(d) show excitation energy spectra
for 12B and 13B. The solid histogram
in panel (b) is obtained by selecting
events within the solid circle in panel
(a) (i.e., recoiling 12B from the (d,p)
reaction). The hatched histogram is
obtained by selecting events within
the dashed circle (i.e., recoiling 11B
from the (d,p)12B(n)11B). Panels (c)
and (d) show the same as described
for panels (a) and (b) only for the 12B
beam.

code PTOLEMY [27]. The optical-model parameters for these
calculations are summarized in Table I.

The minima in the ℓ = 0 angular distributions are smeared
out by the angular resolution, which is indicated by the
horizontal error bars in Fig. 2. For the 1.674-MeV state,
the calculated DWBA cross section was also averaged over
the same angular bins as the data to check the comparison

in the region of the 22◦ minimum in the calculation (dash-
dotted line). The averaging has only a small effect, and the ex-
tracted spectroscopic factor is the same as that extracted from
the unaveraged curve, within the measurement uncertainty.
Also, the doublet at 2.621 and 2.723 MeV was unresolved
within our Q-value resolution, so the DWBA curve was
calculated for the sum of both transitions with previously

10
0

10
1

10
2

dσ
/d

Ω
 (m

b/
sr

)

Ex=0.0 MeV : 1+

S = 0.69, l = 1

10
0

10
1

10
2

Ex=0.953 MeV :2+

S = 0.56, l = 1

11B(d,p)12B

10
-1

10
0

10
1

10
2

Ex=1.674 MeV : 2-

S = 0.57, l = 0

0 5 10 15 20 25 30 35

10
0

10
1

10
2

Ex=2.621:1
-
 & 2.723:0

+

S=0.75(l=0) + 0.21(l=1)

0 5 10 15 20 25 30 35
θc.m. (deg)

10
0

10
1

10
2

Ex=3.389 MeV : 3-

S = 0.50, l = 2

0 5 10 15 20 25 30 35

10
-1

10
0

10
1 Ex=4.301 MeV : 1-

S = 0.20, l = 2

FIG. 2. (Color online) Angular-
distribution data for the 11B(d,p)12B
reaction in inverse kinematics with
the DWBA calculations. The dashed
lines correspond to spectroscopic
factors from Ajzenberg-Selove [26]
and the solid lines are normalized
to the current data. See the text for
details.
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Important	doublet:	
unresolved

e.g. d(132Sn,p)133Sn, ~300 keV FWHM

On the whole, results are often limited

Would like an approach that consistently: 
• Gives better than 100-keV FWHM resolution  
• 7-10 day runs with RI beams (104 pps, 100 μg/cm2 targets)

H. Y. Lee et al., Phys. Rev. C 81, 015802 (2010), K. L. Jones et al., Nature 465, 454 (2010).

e.g. d(12B,p)13B, ~250 keV FWHM
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a) Solenoidal Geometry

A magnetic solenoid with its axis oriented along the beam direction could serve as a very large-

acceptance magnetic spectrograph for low-energy light particles from inverse reactions such as

d(132Sn,p)133Sn.In this case the protons of interest are emitted in the backwards hemisphere

with energies of 1-10 MeV. The particle energy measurements are done via silicon detector

barrels surrounding the beam axis. This type of magnetic spectrograph deserves further study.

b) Toroidal Geometry

Large-acceptance magnetic spectrometers based on a toroidaJ geometry of six or eight coils sur-

rounding the beam (symmetry) axis have been used in other areas of nuclear physics, but there

are no existing devices or design studies for ISOL-type applications. ‘(Orange “ spectrometers

for electrons have been implemented in many devices in the past. .A possible geometry to be

studied is one with a detector barrel surrounding the beam axis. The device would have nearly

complete azimuthal coverage in either the backward or forward hemisphere, as well as a large

energy range. Ion-optical simulations of such a device will have to be carried out to determine

the energy resolution and detailed geometrical acceptance. The dependence on the energy and

position resolution of the focal plane “barrel” detector will also have to be investigated.

4.3 Cost and Manpower Summary

The estimated costs and manpower needs for a conventional magnetic spectrograph are approx-

imateely $3M and about 5 man-years, respectively. This estimate is scaled from the experience

with the design and construction of the S800 spectrometer at MSU. In addition, about 2 FTE

of effort are needed for preliminary studies of the two large-acceptance, low magnetic rigidity

devices mentioned above. At the present time no funds for building a “Phase-II” spectrometer

are requested.
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Connection made …

… by John P. Schiffer, Argonne

(iv)

(v)

(vi)

(vii)

High gramdarity (because many expefi-ents will ~volve high recoil velocities. A high

granularity will alSO help to improve the count rate capability),

Modular design for flexibility and portability,

Compatibility with other auxiliary detector devices, such as a 47rcharged particle detector

placed inside its cavity (because many experiments require very high selectivity), and

Capability to provide total gamma-ray energy and multiplicity on an event-by-event basis.
..

It seems that for the foreseeable future there is no real alternative to using high purity ger-

manium (HpGe) as the basic detector material. However, an entirely new concept of tracking

detector array based on highly segmented Ge crystals could provide an enormous performance

improvement over the current generation of detector arrays. Such a 47rshell of germanium

would be significantly more efficient than the GAMMASPHERE, as the BGO suppression

shields can be discarded. The fdl gamma-ray energy is obtained by summing the interactions

belonging to that gamma-ray, identified using the energy-angle relationship given by the Comp-

ton scattering formula. High granularity is crucial for many experiments, especially at an ISOL

facility where gamma-rays horn fast-moving radioactive beams will need precise Doppler cor-

rections. The granularity also distributes the count rate to many individual channels, resulting

in a faster counting system. Further, the granularity allows linear polarization to be measured

on an event-by-event basis.

Design Options

Since the Class 1 detectors which use existing technology are already available, the discussion

below will concentrate on the new Class 2 energy-tracking detector systems. To date a working

tracking system has not yet been achieved. However, several possibilities are being aggressively

pursued. One concept, called GRETA (Gamma-Ray Energy Tracking Array) builds on the

Gammasphere concept of segmentation of large HpGe crystals. About 60 of the present Gam-

masphere detectors have two-electrode segmentation, an innovation at that time. One possible

GRETA design would have a 4T shell of about 100 large HpGe crystals, with a diameter of 7

cm and a length of 8 cm, each with 36-way segmentation. Another concept, called GARBO

(GAmma-Ray BOX), using stacks of large-area higldy-segmented planar germanium crystals,

involves very different technical challenges but may be extremely powerful, especially for low

energy gamma-ray spectroscopy.

In the last three years, R&D efforts have been carried out to achieve the “proof of principle” of

tracking detectors. A 12-segment GRETA prototype detector has been produced and tested.

Recently, a 36-segment detector has also been produced. Preliminary studies of the induced

signals have demonstrated that a resolution in the range of 2-3 mm is possible. Tracking algo-

rithms have been developed and tracking efficiency has been studied as functions of gamma-ray
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benefit scientifically. The same will be true of an energy-tracking array which, due to its smaller
physical size compared to the GAMMASPHERE, will be even easier to move. b addition,

the modularity of the basic Class 2 detector designs bodes well for their compatibility to other

auxiliary detectors.

Cost and Schedule

The necessary Class 1 type detectors (see above) have already

$2M). The cost of a next-generation tracking array is presently

been purchased (at a cost of

estimated to be about $20M.

Considering their huge gains in sensitivity, they are extremely cost effective devices and will

satisfy a large user base. This means that the cost of these new major gamma-ray detector

systems may be shared by a broad physics community and does not have to come solely from

the ISOL instrumentation budget.

The next 2-3 years are a crucial time for the R&D in this exciting new field of energy-tracking

gamma-ray detector systems . Much work needs to be done to investigate the relative advan-

tages of the different approaches. Results obtained so far confirm the expected gains for these

new designs over existing systems. In terms of the manpower, the above R&D tasks require

four post-doctoral associates over the next 3 years, in addition to the permzment stafEwho are

aheady engaged in related activities at various laboratories. The community is optimistic that,

given the necessary support, the R&D, design and construction work can be finished prior to

the first beams from the Advanced ISOL Facility.

Data Acquisition and Analysis Needs

The data acquisition requirements of the standard Class 1 gamma-ray detectors poses no extra

needs beyond present capabilities. The Class 2 energy-tracking gamma-ray detectors, however,

require the development of new methods for data acquisition and analysis. Tracking needs

the position of the interaction points in three dimensions, obtained horn a detailed analysis of

the shape of the pulses. This, in turn, requires preamplifiers with faster rise time and digital

processing of pulse shapes. Digital processing provides the additional benefit of allowing higher

count rate. Currently, intensive R&D work is being carried out and prototype electronics have

already been constructed. However, further developments in miniaturization and cost reduction

are needed. Field tests of this new approach with the GAMMA SPHERE will be performed.

This digital approach, when developed, can be used to improve the performance of other de-

tector systems as well. On-line processing of peak shapes and tracking require developments

of efficient algorithms and optimal computer connection. In terms of off-line data analysis,

the work which is being carried out on new techniques of high-coincidence-fold data analysis

indicate that the currently available computer power is adequate.
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Interestingly DGS was mentioned ... now a reality

As was GRETA / GRETINA ... now a reality

HELIOS ... now a reality



Transport through solenoid
Example: d(28Si,p) at 6 MeV/u with a 2-T field

• A simple linear relationship 
between energy and z, where the 
energy separation is (nearly) 
identical to the excitation energy 
in the residual nucleus. 

• Removes kinematic compression. 

• Factor of ~2.4 improvement in 
resolution (for this example) 

• … and an MRI magnet seems 
ideal (in fact too good)
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or ATLAS (in-flight-produced beams) ➝ HELIOS 
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tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23mm on a side
and is 710mm long with the active length covering 340mm. The
end of the array is fitted with a four-element, 5mm!5mm
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 400mm. 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 &340mm 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
6MeV/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
&490mm, 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 7MeV, separated by an average interval of
0.91MeV. Near 6MeV 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 5mm !5mm 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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tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23mm on a side
and is 710mm long with the active length covering 340mm. The
end of the array is fitted with a four-element, 5mm!5mm
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 400mm. 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 &340mm 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
6MeV/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
&490mm, 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 7MeV, separated by an average interval of
0.91MeV. Near 6MeV 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 5mm !5mm 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

• 4 sides, 6 elements long 

• Detector size, 9×50 mm 

• 700-μm thick (e.g. ~10 MeV protons) 

• Φ coverage, 0.48 of 2π 

• Ωelement = 21 msr 

• Ωarray = 493 msr

Read-out	cables

Si	detector

Al	tube

4	isolated	slits	
5×5	mm

Incident	ion

X1 X2

E

PosiFon	≈	(X1–X2)/E

J. C. Lighthall et al., Nucl. Instrum. Methods Phys. A 662, 97 (2010)

Prototype Si array
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Some milestones

• Tuning techniques (a major challenge) 
• Beam monitoring, absolute cross sections 
• Types of reactions (single-nucleon, pair, cluster, inelastic scattering, etc) 
• Full multi-final body reconstruction (decays from unbound states, branching ratios) 
• Recoil detection (fast ionization) [a talk in itself — still not ideal] 
• Gamma-ray detection with Apollo (LaBr and CsI) 
• Gas targets (for astrophysics) 
• Electron spectroscopy 

• Light masses (A < 30), mastered 
• Around A ~ 130-140 looks plausible soon 
• AIRIS will be a game changer (Calem’s talk)

Major component of the first 10 years of HELIOS has been instrument / technique R&D … 
this has been a nontrivial exercise 



LE	beam	lines* AIRIS*

AGFA*

PIIRFQ
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ECR2

CARIBU

CPT

BOOSTER

ATLAS
BPT

HELIOS
FMA

SPS2,	MUSIC
GP

GS/GT

GS/GT

• Stable beams at high intensity and energies up to 20 MeV/u 
• In-flight beams approx. 10 < A < 30 at energies up to 20 MeV/u 
• CARIBU beams at low intensity and energies up to ~15 MeV/u 
• Low energy beams for trap measurements 
• State of the art instruments, low-energy, Coulomb barrier, 

reactions above barrier

ATLAS (today and near future)

*upcoming instruments / capabilities 
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See	e.g.	website	h/p://www.phy.anl.gov/airis/index.html

Primary	beam	from	ATLAS,	a	few	to	20	MeV/u,	<few	pμA

Provide	in-flight	beams	
to	all	experimental	
areas	downstream	of	
ATLAS,	with	up	to	x100	
increase	in	yield,	and	
access	to	higher	mass	
beams

AIRIS
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252Cf

• Fission	fragments	stopped	in	
high	purity	He	

• Ions	transported	by	RF	fields,	
DC	gradients,	and	gas	flow	

• Fast	and	essenHally	universal

DC	gradient

RF	field
4He	gas	flow

EBIS	source	has	been	installed,	commissioned,	and	beam	accelerated	
N.B.	2015	campaign	used	the	ECR1	ion	source	for	CARIBU	beams	
CARIBU:	G.	Savard	et	al.,	Hyperfine	InteracHons	199,	301	(2011)



Transfer with fission-fragment beams

Calem will discuss RI beam program with HELIOS 
I briefly show 136Xe … a precursor to using fission-fragment beams

Z

N

AIRIS (2018+)

CARIBU (20XX)



A 10 MeV/u study of 137Xe via (d,p)
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SINGLE-NEUTRON ENERGIES OUTSIDE 136Xe PHYSICAL REVIEWC 84, 024325 (2011)

FIG. 2. (Color online) (Top) Proton energy versus longitudinal distance traveled between the target and the point of impact on the Si array,
!z, for the d(136Xe,p)137Xe reaction at 10 MeV/u and a 2-T field. The plot is a composite of two different target positions, as discussed in the
text. (Bottom) Representative proton spectrum. Peaks are labeled by their energy (to the nearest keV) and by their ℓ value, spin, and parity,
where these quantities are known. States marked with a △ symbol are those with energy, ℓ value, or both, deduced for the first time in this
work. A smooth background has been subtracted to produce the displayed spectrum as discussed in the text.

was smooth and was subtracted in the analysis, the associated
uncertainty in the extracted yields is discussed below.

The proton data were binned according to their position
z along the beam axis. A typical spectrum of proton energy
versus !z, the distance between the target and point of impact
on the array, is given in the upper portion of Fig. 2. The
sloping lines in this plot correspond to the population of
different excited states in the final nucleus; the ground state
is labeled for illustration. The locus of a line for a particular
final state corresponds to different proton angles. The central
position of each PSD on the array, at the two target-array
distances, was chosen as the set of angles for the angular
distributions, although the corresponding c.m. angle does
depend on the excitation energy. For the angular distributions,
the data were binned according to the angular range covered by

the respective PSDs; however, in HELIOS, each PSD subtends
equal solid angle in the c.m. frame. The yields to specific final
states were extracted for each of these angles and normalized,
using the elastic-scattering data, to produce absolute cross
sections.

Several factors that contribute to the cross-section uncer-
tainties are estimated here. The solid angle of the monitor
detector is the dominant source of systematic uncertainty
and is estimated to be ∼11%. With typical beam intensities
of ∼ 5 × 106 ions per second, the beam current integrator
was near the limit of its sensitivity, and the corresponding
uncertainty is estimated to be 5%. From α-source data, the
yield due to the performance of individual PSDs was found
to have an rms variation of ∼7%. The uncertainty in the
measurement of the Rutherford scattering cross section is at the

024325-3

Cautionary tale though — high-j states 
are tough (though results [C2S] 
comparable). It is likely the improved 
resolution of ISS will help.

Kay et al., Phys. Rev. C 84, 024325 (2011) and Talwar et al., to appear in Phys. Rev. C 2017



Potential CARIBU experiments
October 2016 rates, 315 beams > 10 pps
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Potential CARIBU experiments
October 2016 rates, 252 beams > 100 pps
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Potential CARIBU experiments
October 2016 rates, 141 beams > 1000 pps
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Potential CARIBU experiments
October 2016 rates, 52 beams > 5000 pps  
(~4–8 weeks transfer / scattering)
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Potential CARIBU experiments
October 2016 rates, 18 beams > 10,000 pps  
(~2–4 weeks transfer / scattering)

N

Z



Potential CARIBU experiments

104Mo 1.2

105Mo 1.2

106Mo 1.4

107Tc 1.5

108Tc 1.3

109Ru 1.2

110Ru 1.5

113Pd 1.0

137Xe 1.1

138Xe 1.5

139Xe 1.4

140Xe 1.0

140Cs 1.2

141Cs 1.6

142Ba 1.1

143Ba 1.8

144Ba 1.3

145La 1.0

134Te 0.99

132Sn 0.057

136Xe(d,p)137Xe @ 10 MeV/u 

137Xe(d,d’)137Xe @ 11–12 MeV/u 
138Xe(d,t)137Xe @ 10 MeV/u 

[138Xe(d,p)139Xe @ 10 MeV/u, for ‘free’]

Z

N

October 2016 rates, 18 beams > 10,000 pps  
(~2–4 weeks transfer / scattering)



Gd-146 Gd-148 Gd-148

Eu-145 Eu-146 Eu-147

Sm-144 Sm-145 Sm-146

Pm-143 Pm-144 Pm-145

Nd-142 Nd-142 Nd-142

Pr-141 Pr-142 Pr-143

Ce-140 Ce-141 Ce-142

La-139 La-140 La-141

Ba-138 Ba-139 Ba-140

Cs-137 Cs-138 Cs-139

Xe-136 Xe-137 Xe-138

I-135 I-136 I-137

Te-134 Te-135 Te-136

Sb-133 Sb-134 Sb-135

Sn-132 Sn-133 Sn-134

In context of this work, 134Te(d,p) is obvious … and approved 

143Nd is a nucleus where “complete” spectroscopy has been done: 
142Nd(d,p)143Nd — singles-particle states 
143Nd(d,d’)143Nd  — particles coupled to the surface vibrations 
144Nd(d,t)143Nd — holes coupled to pairing vibration 

Maybe we could do the same with 137Xe? And potentially lower 
Z systems in time with either CARIBU or ISOLDE

What could be done next?

N=82 N=84



FRIB and SOLARIS
• FRIB will be the US flagship nuclear physics lab. It 

is progressing at an outstanding rate 

• Has a major reaccelerated beam component, 
ReAX, where X is around 3 currently 

• ‘Fast beams’ and a reaccelerated beam program 

• Instrumentation is king, natural to develop a 
solenoid spec (HELIOS and a “super HELIOS” 
discussed in 2009, and every year since) 

• The ‘model’ will be similar to the European ISS 
one. A 4-T solenoid being home to a Si array 
spectrometer and an active target system
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Brad DiGiovine, Argonne (chief engineer/designer on SOLARIS project) — concept





Upcoming HELIOS run

6He(d,d’), (d,p) run and the “stub” array … our first ‘dual 
array’ measurement. Likely a nice way to commission 
the ISS ‘stub’ array 

Jie Chen, FRIB-China fellow, Argonne (End of August 2017)
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Summary

Solenoid spectrometers offer a very attractive approach to studying 
transfer and inelastic scattering reactions 

➡ simple set ups, good resolution, outstanding efficiency, highly 
versatile 

The success of the ANL device evident from published results 
➡ It is now being emulated elsewhere 

The technique is still relatively new. Lots of scope for improvements. 
Higher B-field devices and exciting facilities coming … 


