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Overview

Inverse kinematics, HELIOS 
➡ Direct reactions with RI beams 
➡ HELIOS at the ATLAS facility 

Recent highlights 
➡ Inelastic scattering, Isomer beams 

Upgrades, ISS and SOLARIS 
➡ Better hardware: HELIOS’s new siblings 



• 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 Beams, nA-μA

Z

N

• ~pre-90s, 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

Transfer reactions



Direct reactions with RI beams

• single-particles states, E(ex,spe), l-values, 
spectroscopic factors, e.g., (d,p), … 

• pair correlations, e.g., (p,t), (t,p), 
(3He,p), … 

• Collective properties via, e.g, (p,p’), 
(d,d’), (α,α’), …

Nuclear structure with RI beams
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•single-par5cles	states;	
shell	structure	evolu5on,	

•pair	correla5ons	with	two-
nucleon	transfer	e.g.	(p,t),	
(t,p),	

•collec5vity,	β	decay,	
moments,	Coulomb	
excita5on,	(list	reac5ons	
aIer	all	of	these)	

•Clustering,	np	pairing,	test	
ab-ini5o	methods	...	etc.

Well	understood	mechanisms	
Direct	connec1on	between	the	ini1al	and	final	states,	highly	selec1ve

10 MeV/u (5-20 MeV/u), >104 pps



Excellent Si arrays have been developed, with high angular granularity, large acceptance, and (often) coincident gamma-ray 
detection, e.g., MUST2 (GANIL), T-REX (ISOLDE), SHARC (TRIUMF), ORRUBA (ORNL, elsewhere), TIARA (GANIL, Texas A&M), etc.

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 (than stable beams)
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Inverse-kinematics challenges:



Transport through a solenoidal field

Ecm = Elab +
m

2
V 2
cm � mVcm z

Tcyc
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HELIOS (it works)
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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
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~100 keV FWHM

http://www.anl.gov/phy/
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• 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

*upcoming instruments / capabilities 

ATLAS (today and near future)



ATLAS Beams for FY2015

The ATLAS facility                  Guy Savard, Argonne National Laboratory                      LECM, South Bend,  August 12, 2016 8

54 Different Beams and Beam Configurations
23% of beam time for accelerated CARIBU runs 

(Last CARIBU accelerated beam run May 10, 2015: 39% of beam time over 7+ months)
13% of beam time for In-Flight Radioactive Beams

Label Legend
Red:  CARIBU
Blue: In-flight
Green:  AMS
Black:  Stable

From	the	report	on	ATLAS	at	the	Low	Energy	Community	Mee8ng	2016,	Notre	Dame,	G.	Savard

Stable	
(59%)

CARIBU	
(24%)

In-flight	
(13%)

AMS	
				(4%)

54	unique	beams		
37%	resulHng	in	a	RIB	on	target

ATLAS, e.g. beams (2015)
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A	highly	versaHle	instrument	
•Major	research	programs	from	UConn,	
LANL,	LSU,	etc.	Others	include	Berkeley,	
Lowell,	CMU,	Manchester,	…	

• Apollo,	gas	target,	ion	chamber,	
backwards	/	forwards	/	all	rou8ne	

• Use	of	triHum	target
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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
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STRUCTURE OF 14B AND THE EVOLUTION OF . . . PHYSICAL REVIEW C 88, 011304(R) (2013)

FIG. 1. (Color online) 14B excitation-energy spectrum from the
13B(d, p)14B reaction. The filled (open) histogram corresponds to
protons detected in coincidence with identified 14B(13B) recoil ions.
The vertical dashed line shows the neutron-separation energy, and the
cross-hatched peak is described in the text. The inset shows the level
diagram for 14B from [4].

with the EX(1−
1 ) = 654 ± 9 keV suggested by gamma-ray

observations [30]. The width of the 3−
1 peak at 1.38 MeV is

comparable to our instrumental resolution, though the 4−
1 peak

is broader (! ≈ 300 keV), suggesting that we are sensitive to
the natural width of that level. Deconvoluting the experimental
resolution, we estimate that the width of the 4−

1 state is roughly
! ≈ 200 ± 50 keV. We cannot rule out a contribution from the
broad reported 2−

2 state; however we are probably insensitive
to this excitation due to its width and expected yield. The
cross-hatched histogram in Fig. 1 represents an estimate of
how this state would appear in our data, and it would likely
be obscured by the peaks from the much stronger 3−

1 and
4−

1 transitions. At excitation energies greater than 2 MeV,
the spectrum is dominated by broad resonances. We do not
see evidence of a broad state observed in the 14Be(p, n)14B
reaction at 4.06 MeV, tentatively assigned 3+ or 3− [19].

Figure 2 shows angular distributions obtained for the four
low-lying narrow states in 14B populated in the (d, p) reaction.
The cross sections were obtained from the yields in the
silicon-array detectors, with the total number of beam particles
determined from the yield in the 0o-monitor detector. The
proton yields were corrected for the solid-angle acceptance of
the silicon-detector array, and the recoil-coincidence efficiency
for the beam-like 13,14B reaction partners detected at forward
angles. The recoil-coincidence efficiency was determined from
Monte-Carlo simulations of particle transport in HELIOS for
the two- and three-body final states where appropriate, as
described in [26]. Systematic uncertainties from the Monte-
Carlo simulations arising from the effects of possible detector
misalignment were approximately 10%. Due to the beam
attenuator, the measurement of the integrated beam flux
depended on the beam spot size and shape, and the sensitivity
of the absolute normalization to those effects has also been
investigated with Monte-Carlo simulations. We estimate that
the total uncertainty in the absolute cross-section scale is
approximately 30%.

1

1

10

0 10 20 30 40 50
θc.m. (deg)

10

2-: 0.0

1-: 0.65

3-: 1.38

4-: 2.08

dσ
/d

Ω
 (

m
b/

sr
)

(a)

(b)

(c)

(d)

FIG. 2. (Color online) Angular distributions for different states in
the 13B(d, p)14B reaction. The horizontal bars represent the angular
range for each data point. The curves represent DWBA calculations
described in the text, with the thick-dashed, dot-dashed, and solid
curves corresponding to ℓ = 0, 2, and 0 + 2, respectively. The thin-
dashed curve in (a) shows the ℓ = 0 result for the 2−

1 state before
averaging over the scattering angle.

The curves in Fig. 2 represent the results of distorted-
wave Born-approximation (DWBA) calculations calculated
using the finite-range code PTOLEMY [31]. The optical-model
parameters for the entrance and exit channels were taken from
Refs. [32] and [33], and reproduce d+12C and p+12C elastic
scattering at Ed = 30 and Ep = 15 MeV. The bound-state
form factors were obtained from a Woods-Saxon well with
radius parameter r0 = 1.2 fm and diffuseness a = 0.6 fm, and
depth adjusted to match the known neutron binding energy.
For the unbound 3−

1 and 4−
1 states, the form factors were cal-

culated with the approximation that the states were bound by
100 keV.

Additional calculations using the code DWUCK4 [34], which
implements the method of Vincent and Fortune [35] for
unbound final states, give variations in the average ℓ = 2
cross section in the angle range of interest of ≈10% moving
from EX = 0.9 MeV (bound) to EX = 2.0 MeV (unbound).
Variations in the DWBA results for changes in the bound-
state well parameters of 5% in r0 and 20% in a lead to
changes in the ratio of σ (ℓ = 0)/σ (ℓ = 2) of approximately
20% over the measured angular range. Also, the angular-
distribution shapes are nearly identical to those obtained using
a theory that includes the effect of deuteron breakup for the
16O(d, p)17O reaction at similar deuteron energies [36]. We
use these variations as an estimate of the theoretical systematic
uncertainty on the spectroscopic factors discussed below.

The calculations have been averaged over an angular range
corresponding to the angular acceptance for the data points.
For the ground- and first-excited states that are assigned 2−

and 1−, respectively, both ℓ = 0 and 2 neutron transfers are
permitted. For those two states, the thick-dashed, dot-dashed,

011304-3
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FIG. 7. 14B excitation-energy spectra from the 15C(d,3He)14B
reaction. (a) and (b) Particle-bound (unbound) states obtained in
coincidence with identified 14B (13B) ions.

approximately 180-keV full width at half maximum (FWHM),
dominated by detector resolution, kinematic shift, and energy
loss in the target. For the 15C data, the estimated excitation-
energy resolution includes an additional 140-keV contribution
from the spread in the energy of the secondary beam caused by
energy loss and straggling in the production cell, resulting in
a value of 240-keV FWHM when the contributions are added
in quadrature.

1. 14C → 13 B

In Fig. 6(a) the filled and open histograms represent the
same data; the open histogram was multiplied by a factor of 8
to illustrate the weaker transitions. For comparison, Table I lists
states reported in the literature for 13B and 14B. The strongest
transition in the 14C(d,3He)13B reaction is to the 13B ground
state. The next strongest transition at EX = 3.8 MeV likely
corresponds to the presumed 1/2− state at 3.71 MeV reported
in Ref. [6]. The suggested neutron-intruder (3/2−) (3.53 MeV)
state would have a ν(1s1/2)2 configuration, and the positive-
parity states at 3.48 and 3.68 MeV are dominantly ν(1s0d)-
neutron excitations; none of these should be strongly populated
in this reaction.

We cannot rule out some contribution to the 3.8-MeV peak
from the state reported at EX = 4.13 MeV which has no
assigned spin or parity, and would not be well resolved from
the 1/2− in our measurement. A small peak also appears near
EX = 4.8 MeV, which must be below the neutron-separation
energy of 4.878 MeV as it appears in coincidence with
identified 13B ions. This state likely corresponds to the possible
1/2+ state reported at 4.83 MeV. We observe two peaks in the
spectrum of neutron-unbound states, one very weak transition
at EX ≈ 5.3 MeV and another slightly stronger one at EX ≈
6.3 MeV. For comparison, states are reported in the literature

TABLE I. Excitation energies, spins, and parities of states in
13B and 14B from the present measurement and from the literature
(from [23] unless otherwise noted).

13B

Data Literature

State EX (MeV) J π EX (MeV) J π

0 0.0 3/2− 0.00 3/2−

3.48 (1/2+)a

3.53 (3/2−)b

3.68 (3/2,5/2)+a

1 3.8 (1/2−) 3.71 1/2−c

4.13
2 4.8 (1/2+) 4.83 (1/2+)d

Sn = 4.878 MeV
5.02

3 5.3 (1/2,3/2)− 5.11
5.39
5.56
6.17

4 6.3 π = + 6.43
6.93

14B
0.000 2− 0.000 2−

0.654e 1− 0.654e 1−

Sn = 0.969 MeV
1.380 3−

1.80 (2−) 1.860 2−

2.080 4−

2.320
2.970

aFrom Ref. [13].
bFrom Ref. [14].
cFrom Ref. [6].
dFrom Ref. [15].
eFrom Ref. [24].

at 5.02, 5.11, 5.39, 6.17, and 6.43 MeV, none of which has
a spin-parity assignment. The excitation-energy resolution of
the present measurement does not permit a firm identification
of the peaks observed here with previously known levels. We
also observe strength at higher excitation energies that could
represent transitions to even higher excited states, however,
given the limited acceptance and poor statistics it is not
possible to make any further statements about this yield.

To provide more information about the observed peaks,
the boron excitation energies deduced from the 3He energy
and position can be correlated with the boron-recoil energies.
Figure 8 shows this correlation for data obtained with the
14C beam, and from the Monte Carlo simulations described
above. The bound states labeled (0), (1), and (2) correspond to
excitation energies of 0.0, 3.8, and 4.8 MeV, respectively. For
these excitations the recoil energies are near Erecoil = 200 MeV
with a narrow spread in Erecoil. For unbound states at EX = 5.3
(3) and 6.3 (4) MeV, the recoil energies are smaller and the
distributions in Erecoil are wider because of the kinetic energy
lost to neutron emission. Although the peaks at 4.8 MeV (2)
and 5.3 MeV(3) are not fully resolved in excitation energy, the
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a FWHM of approximately 12.5 ns. The relative time between
a signal from the recoil detectors and a signal from a PSD was
used to identify coincidence events. The measured coincidence
time peak between 20O recoils and protons for data from the
same four PSDs given in Fig. 3(b) is provided in the plot
of Fig. 3(c).

B. Kinematics

The homogeneous magnetic field of HELIOS [40,41]
dictates that for a proton, the laboratory energy, Elab, and
the corresponding longitudinal distance from the target after a
single cyclotron orbit, z, give a complete kinematic determi-
nation of the reaction. These two quantities (Elab and z) are
linearly related:

Elab = Ec.m. −
m

2
V 2

c.m. +
mVc.m.z

Tcyc
. (2)

The proton energy in the center of mass, Ec.m., is proportional
to the reaction Q value and the center-of-mass velocity of the
system, Vc.m.. Therefore, protons from different final states
in a single reaction will be grouped in parallel lines in a
plot of Elab versus z. The separation of these parallel lines
is dictated by differences in Q value, and a plot of Elab versus
z readily translates into an excitation energy spectrum through
a rotation.

Experimental data from the 19O(d,p) reaction are displayed
in Fig. 4. Figure 4(a) shows the linear relation between Elab
and z. In this plot, θc.m. increases with z and also changes as a
function of E∗ [see Eq. (3) below]. An 20O excitation-energy
spectrum is presented in Fig. 4(b) for data summed over
the 2.0-T and 2.7-T field settings. The measured excitation
energies and uncertainties are given in Table I. Known levels
at 0.00, 1.67, 3.57, and 4.07 MeV were used to calibrate the
excitation energy which has a resolution of approximately
175 keV FWHM. Dominant contributions to the resolution
come from detector energy and position resolutions (!75 keV

depending on the individual detector), target thickness effects
on the beam and proton energies (∼ 80 keV), and the inherent
properties of the radioactive beam (∼ 125 keV), which include
the secondary-beam energy spread and spatial size (up to
5 mm in diameter).

The center-of-mass angle, θc.m., is determined from the
basic quantities identified above:

cosθc.m. = 1
2π

qeBz − 2πmVc.m.√
2mElab + m2V 2

c.m. − mVc.m.qeBz/π
. (3)

An alternate to this representation of θc.m. may be used if the
excitation energies of the final states are known (see Eq. (4)
of Ref. [41]). Uncertainties in the angle are negligible (<1◦).
Where statistics allowed, the 5-cm-long detectors were divided
in half longitudinally, yielding cross sections for two values
of θc.m.. The PSD array covered angles between 10◦ " θc.m. "
45◦, depending on the Q value and the magnetic field setting
of the specific measurement.

C. Cross sections

Absolute cross sections were determined from measured
proton yields through a normalization to the number of scat-
tered deuterons in the monitor detector. The deuterons were
measured at θc.m. = 18◦–24◦, depending on the beam species
and energy. At these angles, the scattering cross sections
were ≈ 30%–40% larger than Rutherford cross sections, and
they had to be calculated from an optical model. Optical-
model parameter sets were investigated for both deuterons
and protons through comparisons with elastically scattered
data on 16−18O targets at 5–10 MeV/u [46,47]. Five sets
of deuteron parameters were selected: sets H and C from
Table II of Ref. [48] and the references therein, those in Table I
of Ref. [49], set B of Table IV from Ref. [50], and set D2
from Table I of Ref. [24]. Three sets of proton optical-model
parameters were also chosen from Refs. [48,49,51]. The
scattering cross sections from the five deuteron optical-model
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FIG. 4. (Color online) (a) The measured energies (Elab) and corresponding distances along the beam axis (z), relative to the target position,
for outgoing protons from the 19O(d ,p)20O reaction (field setting of B = 2.0 T). (b) The 20O excitation spectrum from the summed data of the
two experiments. Spin-parity assignments (J π ) along with excitation energies label the states observed in panel (b), while only the dominant
peaks have been identified in panel (a).
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We have studied the 15Cðd; pÞ16C reaction in inverse
kinematics using a beam of short-lived (T1=2 ¼ 2:45 s)
15C ions from the In-Flight facility at ATLAS at Argonne
National Laboratory [20]. The beam was produced by
bombarding a cryogenic D2 gas cell with a 100 p nA 14C
primary beam with an energy of 133 MeV. The resulting
15C beam, from the 14Cðd; pÞ15C reaction, had an energy of
123 MeV, corresponding to a deuteron energy of 16.4 MeV,
where the ðd; pÞ reaction is well understood. The intensity
ranged from 1 to 2 $ 106 15C per second.

Protons from the 15Cðd; pÞ16C reaction were detected
with the Helical Orbit Spectrometer (HELIOS) [21,22].
HELIOS is a new device designed to study reactions in
inverse kinematics. It consists of a large-bore, supercon-
ducting solenoid with its axis aligned with the beam direc-
tion. The magnetic field was 2.85 T, and a 110 !g=cm2

deuterated polyethelyne [ðC2D4Þn] target was used. Protons
emitted at forward angles in the center-of-mass frame
("lab> 90%) were transported in the magnetic field and
detected with a position-sensitive silicon-detector array
surrounding the beam axis upstream of the target. The
silicon-detector array measured the protons’ energy, dis-
tance z from the target, and flight time (equal to the cyclo-
tron period Tcyc ¼ 2#m=Bq). The recoiling 16C ions were

detected in coincidence with protons in an array of silicon-
detector !E & E telescopes that covered 0.5%–2.8% in the
laboratory. All events with a particle detected in the up-
stream silicon array were recorded. The beam intensity was
monitored by using a silicon detector placed at 0% behind a
mesh attenuator that reduced the beam flux by a factor of
1000. The widely spaced holes in this attenuator made this
measurement sensitive to the alignment and the shape of
the beam spot, giving an estimated 30% systematic uncer-
tainty for the absolute beam flux.

Figure 1(a) shows a spectrum of proton energy versus
position z from the 15Cðd; pÞ16C reaction for p-16C co-
incidence events. The diagonal lines correspond to differ-
ent excited states in 16C, and the excitation-energy spec-
trum derived from these data is shown in Fig. 1(b). The
resolution is approximately 140 keV FWHM, determined
by a combination of intrinsic detector resolution, energy
loss of the beam in the target, and the energy spread of the
beam from straggling in the production cell and the kine-
matics of the production reaction. This resolution was
insufficient to resolve the closely spaced 2þ2 =3

þ
1 doublet

near EXð16CÞ ¼ 4 MeV, though the width of this peak is
20% greater than those of the other three excitations.

Angular distributions for the three resolved transitions in
16C and the unresolved 2þ2 =3

þ
1 doublet are shown in Fig. 2.

The proton solid angle was defined by the geometry of the
upstream silicon-detector array. The efficiency for the
coincident proton-16C-recoil detection was calculated by
using Monte Carlo simulations of particle transport in
HELIOS as described in Ref. [21] with the measured field
map of the solenoid magnet. This efficiency was typically

80%, with an estimated 5% systematic uncertainty from
detector misalignment. The absolute cross-section scale
was determined by using the 0% monitor detector as de-
scribed above; the plotted uncertainties reflect only the
combined statistical uncertainties from the data and
Monte Carlo simulations. The horizontal bars represent
the angular range included in each data point. The angular
distributions for the ground and second-excited states show
clear ‘ ¼ 0 character, confirming the tentative assignment
of J# ¼ 0þ [23] for the second-excited state. The first-
excited state and the presumed doublet near 4 MeV are
consistent with ‘ ¼ 2.
Relative spectroscopic factors were obtained by compar-

ing the experimental cross sections with distorted-wave
Born approximation calculations done with the code
PTOLEMY [24]. The curves in Fig. 2 represent calculations
done with four sets of optical-model parameters, and each
curve was normalized to the experimental cross sections.
The deduced spectroscopic factors are listed in Table I.
Because of the uncertainty in the absolute cross sections,
the results were normalized by requiring the sum of the 0þ

spectroscopic factors to add up to 2.0. The values obtained
with each of the four parameters sets were averaged to
obtain the results in Table I. The errors are dominated by
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FIG. 1 (color online). (a) Proton energy versus position
spectrum for the 15Cðd; pÞ16C reaction measured in inverse
kinematics with HELIOS. The target is at z ¼ 0 mm, and z
increases in the beam direction. The different groups correspond
to different final states in 16C, as is indicated on the figure.
(b) 16C excitation-energy spectrum.
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FIG. 4. (Color online) Q-value spectra for (a) 12B from the
14C(d,α)12B reaction and (b) 13B from the 15C(d,α)13B reaction.
The solid histograms represent transitions to particle bound states.
The cross-hatched histograms represent transitions to (a) neutron-
unbound states in 12B and (b) one- and two-neutron unbound states
in 13B.

parity π (0p−1
3/2)ν(0p−1

1/2,3/21s1/2) excitations. These configura-
tions correspond to the same ones populated in 14C(d,α)12B,
with the additional 1s1/2 neutron acting as a spectator.

Figure 4 shows the 13B data with one- and two-neutron
unbound transitions combined, as well as the particle-bound
states. The 12B data are shown for comparison. The most
prominent feature of the 13B data is a possible doublet near
EX(13B) = 12 MeV. The strength of this feature in comparison
to any other structure in the spectrum suggests that it arises
from the coupling of the [(0p3/2)−2]3+ state in 12B to a valence
1s1/2 neutron, leading to excitations with J π = 5/2+ and
7/2+. The shift in Q value for these states compared to
the 12B(3+) level is qualitatively consistent with an expected
monopole shift induced by the s1/2 neutron interacting with
the p3/2 holes. Despite the fact that these states are nearly
4 MeV above the 13B two-neutron decay threshold at S2n =
8.248 MeV, they appear to be relatively narrow and possess
significant one-neutron decay branches as seen in Fig. 3(b).
This observation is reasonable, since the favored decay of such
excitations would be not only to the 3+ state in 12B, which is un-
bound to the emission of a second neutron, but also to the bound
negative-parity doublet in 12B at 1.67- and 2.62-MeV excita-
tion energies that would not permit further neutron decay.

Further information about the nature of the strongly excited
levels in the 13B data may be found by examining the angular
distributions and comparing them to those obtained for transi-
tions in the 14C(d,α)12B reaction. Figure 5 shows angular dis-
tributions for the three strongest transitions in the 14C(d,α)12B
reaction and the angular dependence of the summed yield for
the two peaks of the structure at high excitation energy in
13B. The angular distributions have been constructed from the
measured yields, corrected for spectrometer acceptance and
for the effects of recoil-coincidence efficiency. These effects
have been analyzed using Monte Carlo simulations of the
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FIG. 5. (Color online) Angular-distribution data for different
transitions to states in 12,13B with the (d,α) reaction. The filled
circles in panel (c) are data for the 12B(3+) excitation, and the filled
squares are for the suggested 13B(5/2+,7/2+) doublet. The curves
are qualitative indications of shapes that may be expected for single ℓ

values: ℓ = 0, 2, and 2 in panels (a), (b), and (c). The sample DWBA
calculations are for transitions on 14C at the appropriate Q values.

transport properties of the spectrometer that include realistic
detector geometries and the measured magnetic field (see
Ref. [11] for more details). Where appropriate, the simulations
treated the one- or two-neutron decay of the recoiling nuclei.
Here, the angular distribution(s) of the emitted neutron(s) are
assumed to be isotropic in the center-of-mass frame of the
decaying nucleus. This assumption is not justified, however,
due to the strong focusing of the forward-going recoils and
the acceptance of the recoil detector, neglect of any angular
correlation does not affect the calculated detection efficiency.

In this case the 12B(1+) ground-state transition is expected
to be predominantly ℓ = 0, while the 2+ and 3+ states can be
populated with ℓ = 2, and ℓ = 2 + 4, respectively. The angular
distributions for the three transitions are quite different from
each other, as can be seen in Fig. 5. For the 1+ [Fig. 5(a)] and 2+

[Fig. 5(b)] states, the angular distributions show pronounced
maxima, whereas the data for the 3+ transition [Fig. 5(c), filled
circles] are relatively featureless.

For comparison, the angular distribution measured for the
12-MeV structure in 13B also appears in Fig. 5(c) (filled
squares). The relative normalization here is arbitrary. The
shape of the angular distribution is very similar to that of
the 3+ transition, as might be expected if these states were
populated by the same pickup mechanism as that leading to
the formation of the 3+ state in 12B. This similarity lends
further support to the contention that this structure represents
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FIG. 1. (Color online) Proton energies (Ep) as a function of the
longitudinal distance from the target (z) for the 17N(d,p)18N reaction
in inverse kinematics. The events shown required a coincidence in
the recoil detector telescope with either 18N ions for bound states, or
17N for unbound ones.

heavy-ion recoil, identified in the Si recoil detector telescope,
which covered θlab ∼0.4–2.2◦. Data were collected for the
18O(d,p)19O reaction at two beam energies. The first was taken
before the radioactive beam measurement at 14.7 MeV/u,
utilizing the primary 18O beam. The second was taken at 12.2
MeV/u in parallel with the 17N(d,p) measurement making use
of the secondary beam contamination. The higher energy 18O
beam data were used for the initial experimental setup and for
energy calibrations, and the combination of the two data sets
provided consistency checks of the analysis.

The experimental setup and analysis procedures are analo-
gous to those described in Ref. [37] and only details specific
to this measurement are given here. The measurement was
made using HELIOS [38,39] with its maximum magnetic field
strength of 2.85 T. The HELIOS position-sensitive Si detector
(PSD) array detected the outgoing protons covering a longi-
tudinal distance of − 50.8 < z < − 16.3 cm (upstream) from
the target and it was positioned within the uniform magnetic
field region. Deuterated polyethylene (CD2) targets of nominal
thickness 140 and 220 µg/cm2 were used. Downstream of the
target a monitor detector for scattered deuterons was fixed at
z = 12.0 cm, a recoil detector telescope was located at 132.6
cm, and a zero degree Si detector telescope was placed at
139.2 cm behind a Ta mesh that reduced the effective beam
intensity by a factor of ∼100. The energy response of the
PSDs was calibrated using the 14.7 MeV/u 18O beam and
known Q values from the 18O(d,p)19O reaction. Protons were
identified by their times-of-flight, measured with respect to the
accelerator radio frequency. To distinguish protons originating
from the reactions on different secondary beam components,
a coincidence requirement was enforced between protons
and a heavy-ion recoil. Protons identified in this manner,
having either a 18N or 17N recoil coincidence, are shown in
Fig. 1.

Mass values from Ref. [25] were used to determine the
Q-value and excitation-energy spectra in Fig. 2, where three
prominent peaks are visible. The measured Q value for the
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FIG. 2. (Color online) The measured excitation-energy (Q-value)
spectrum for the 17N(d,p) reaction with the same data set as is in
Fig. 1. An expanded region of the excitation energy below the neutron
separation energy (Sn) is shown in the inset.

lowest lying state in 18N was 0.48(4) MeV, ∼ 0.12 MeV below
the known ground-state value of 0.604(24) MeV [25]. Using
an identical set of proton energy and position calibrations,
the 18O(d,p) reaction Q value to the 19O ground state was
found to be 1.74(4) MeV from the 12.2 MeV/u data, in
agreement with the known value of 1.731(3) MeV [25]. The
dominant uncertainty in the Q values from the present work
is the secondary beam energy, with small contributions from
the proton energy and position calibrations. The resolution
in the 18N spectrum was ∼275 keV FWHM, largely due
to the properties associated with the radioactive beam, and
it represents data from both targets. Relative differential
cross sections to states in 18N are accurate to within a few
percent. Relative cross sections between excitations in 19O
(from the 12.2 MeV/u data) and 18N were measured to ∼8%
largely due to uncertainty in the beam composition. Absolute
cross sections were not obtained for the radioactive beam
measurement due to noise in the monitor detector. This had no
impact on the discussions presented below. Center-of-mass
angles were calculated from known quantities (Eq. (3) of
Ref. [37]) and a single ring of four PSDs, which covered
"z = 5 cm in longitudinal distance, was separated into two
angular bins when statistics allowed. Angular distributions are
shown in Figs. 3(a) and 3(b) for the excitations in 18N at
0.12(1), 0.74(1), and 1.17(2) MeV.

A distorted wave Born approximation (DWBA) analysis
was used to extract relative spectroscopic factors (S) (the
isospin factor C2 = 1 in this reaction) and spectroscopic
strengths

GS = 2Jf + 1
2Ji + 1

S ∝
σExp

σDWBA

, (1)

from the measured cross sections, where Ji = 1/2 (17N ground
state) and Jf is the spin of the state in 18N. Optical model
parameter sets D1 and P 1 from Table I of Ref. [40] best
described the angular distributions of the 18O(d,p)19O data
and so they were used as the distorting potentials for the
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FIG. 9. A representative excitation spectrum of outgoing protons
for a single Si detector for the 2H(86Kr,p)87Kr reaction at 10 MeV/u.
Some of the prominent peaks are labeled by excitation energy in MeV.

points close to the first minimum were excluded. Although the
Kr data were treated differently in this sense, the results did
not appear anomalous in the normalization analysis described
below.

There is some uncertainty in the absolute normalization
of cross sections from DWBA reaction calculations, but it
has been shown that consistent results can be obtained by
employing a systematic approach to this normalization, see
for example Ref. [43]. In the current work, a single common
normalization factor for each reaction has been chosen to
ensure that the total low-lying summed transfer strength
involving a particular single-particle orbital is unity and
therefore the Macfarlane-French sum rules [44] are satisfied.
While in the final analysis a single normalization value is
applied across all targets and all ℓ transfers for a given reaction,
the degree to which normalization constants, extracted from
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FIG. 10. (Color online) Angular distributions for outgoing pro-
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subsets of the data, are consistent between different ℓ transfers
and across different targets is able to give confidence about the
extent to which all the low-lying strength has been observed,
even where that strength is fragmented. The consistency with
analyses of independent data sets is also instructive.

In the (d,p) reaction, the mean ℓ = 0 normalization factor
was found to be 0.63(3) across the targets used. For ℓ = 2
transitions, there is ambiguity for some states without a
definitive J π assignment. However, where firm assignments
have been made, it appears that the d5/2 strength is largely
confined to the ground state. Following this observation, for
excited states without firm assignment, J = 3/2+ is assumed
here. This yields normalization factors of 0.63(3) for J = 5/2+

and 0.64(8) for J = 3/2+, both consistent with the ℓ = 0
value.

The (d,p) normalization for ℓ = 4 transitions is 0.58(4).
The spectroscopic factors obtained using this normalization
for the weaker ℓ = 4 transitions in the (d,p) reaction were
somewhat inconsistent with those from the better matched
(α,3He) reaction, even though there was reasonable agreement
for the strongly populated states. For ℓ = 5, the normalization
was considerably lower with a value of 0.35(3), suggesting
either that poor matching has consequences or that there is
significant unobserved strength.

Based on these considerations, a common single nor-
malization of 0.63(2) was adopted for the (d,p) reaction,
corresponding to the weighted average over ℓ = 0 and 2
transitions.

In the (α,3He) reaction, the ℓ = 4 normalization is found
to be 0.55(1), assuming a projectile spectroscopic factor for
neutron removal from 4He to the 3He+n system of ∼2.0. It is
not unexpected to find a slightly different normalization from
the (d,p) results since it is difficult to model two such different
reactions in a uniform fashion. The extracted normalization
for ℓ = 5 is approximately half that for ℓ = 4, with a value
of 0.24(3), suggesting strength remains unobserved. Missing
ℓ = 5 strength has also been reported in previous work, for
example, in Refs. [10,17]. The ℓ = 4 normalization is therefore
adopted as the common single normalization for the (α,3He)
reaction.

In both reactions, the individual contributions to the average
normalization from different targets and ℓ values are consistent
to within a variation of ∼15%.

A number of similar experiments have now been per-
formed by our collaboration and it is instructive to compare
normalizations extracted in a similar way to those values
deduced here, as summarized in Table V. With similar methods
and bombarding energies, and the same optical potentials
and bound states, a normalization of 0.58(2) was found
for the (p,d) reaction on N = 82 targets [45]. By ensuring
that the strengths from nucleon-addition and nucleon-removal
reactions sum to the orbital degeneracy, a value of 0.64(5) has
been found for the (d,p) and (p,d) reactions on the stable
Ni isotopes, again using the same optical potentials [43].
These compare very well with the current work and the level
of consistency across a wide mass range gives confidence
in the method employed and in the value obtained. It is
interesting to note that the observation of 50%–60% of the
full single-particle strength associated with an orbital over
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Measurement of 10B(p,p0)10B with HELIOS

A. H. Wuosmaa et al., NIMPRA 580, 1290 (2007).
J. C. Lighthall et al., NIMPRA 622, 97 (2010).

Two methods to determine the alpha-particle branching ratio:
From the ratio of the 10B + proton coincidence yield to the proton
“singles” yield.
Ratio of 10B + proton coincidence yield to 6Li/4He + proton
coincidence yield.
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‘Downstream’ mode
• 10B beam (stable) at 

10 MeV/u 

• Thin CH2 target 

• ‘All’ recoils 
detected, including 
those following 
decay of the recoil 

• Method allows 
multiple analysis 
techniques 

Sean Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)
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Adopting the literature value for the reduced width of the state, the
value for the partial gamma decay branch of the T = 1, J⇡ = 2+ ! 0+

transition from McCutchan et al., and the particle branch from this
work, we determine a B(E2) value of 7.0±2.2 e2fm4.
With this result, the leading uncertainty in the B(E2) value is now in
the partial gamma-ray branch of the T = 1, J⇡ = 2+ ! 0+ transition.
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Branch ratio

Sean Kuvin et al. Phys. Rev. C 96, 041301(R) (2017)

Challenging 
measurement. 
Alpha branching 
ratio now better 
constrained after 
some 50 years … 

… a follow-up 
measurement 
with 
Gammasphere 
constrain E2 
gamma branch
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FIG. 6. Fit results for excited states above the α decay threshold
for (a) proton singles, (b) proton-6Li/4He coincidence events, and (c)
proton-10B coincidences.

Riley et al., who reiterate a conclusion previously stated by
Gorodetzky et al. [20] that the 5.182 MeV state may belong
to a doubly excited configuration that is suppressed in single
nucleon transfer reactions.

To determine if this α-decaying broad state is populated
in (p,p′), we begin by analyzing the α-decay coincidence
events shown in Fig. 6(b). The narrow 5.110 and 5.164 MeV
states are reproduced in the fit using Gaussian distributions
with the shape of both states obtained from the fit of the
isolated 10B gated 5.164 MeV state, with a resolution of 70 keV
FWHM. The broader 5.182 MeV state is characterized by the
convolution of a Gaussian distribution, with a width of 70 keV
FWHM to reproduce the detector resolution, and a Lorentzian
distribution, with a width allowed to vary between 75 and
200 keV. Including the 5.182 MeV state, the fit yields a reduced
χ2 of 1.1 for energies between 5.0 and 5.3 MeV. If the 5.182
MeV state is omitted, the fit is significantly poorer, with a
reduced χ2 of 4.1. Figure 6(a) shows the result of fitting the
proton singles spectrum using parameters obtained from the γ -
and α-decay coincidence spectra. The width of the 5.182 MeV
state from the fit, 130 ± 30 keV, is consistent with previously
reported values [11,21]. The yield of the 5.182 MeV state
accounts for 10% of the total yield of the triplet in the singles
spectrum and 20% of the total yield in the α-gated spectrum,
suggesting that the 5.182 MeV state cannot be neglected in
this reaction.

The second method to calculate the α-particle branching
ratio, given by Eq. (3), carries additional uncertainty from
the need to estimate the p + 6Li/4He coincidence efficiency.
However, we expect that by summing the coincidence yields
for the detection of either 6Li or 4He, the detection efficiency

will be larger and less sensitive to angular-correlation effects
when compared to the detection of a specific decay particle
or the simultaneous detection of both decay particles. This is
confirmed by the Monte Carlo simulation which shows that the
efficiency is independent of the choice of angular distribution
of the decaying particles at the 2% level.

More information about the efficiency for detecting p +
4He/6Li events is obtained from the neighboring α-unbound
excitations. The ratios of the summed 6Li/4He coinci-
dence yields to the singles yields for the 4.77, 5.11, and
5.9 MeV states are 0.84 ± 0.02, 0.89 ± 0.02, and 0.95 ± 0.03,
respectively. The ratio for each resonance is independent of the
center-of-mass angle of the emitted proton, indicating that the
coincidence-detection efficiency is not strongly affected by
angular-correlation effects, which will be different for states
of different spin. The linear dependence of efficiency on the
excitation energy is expected, as the decay particles from
higher-lying α resonances are emitted in a wider cone around
the recoil direction, making it more likely that one of the decay
fragments is detected. Based on the Monte Carlo simulation,
we assume a 2% uncertainty due to angular-correlation
effects and take the proton-6Li/4He detection efficiency of the
5.164 MeV state to be the same as that of the 5.110 MeV state.

We obtain consistent results for the α-decay branching ratio
of 0.153 ± 0.029 and 0.135 ± 0.027, from Eqs. (2) and (3),
respectively. Our final value of 0.144 ± 0.027 is an average
of the two methods. This result is in excellent agreement
with the result of Alburger et al. [14] and is consistent with
the previously evaluated value. This result also settles any
ambiguity in the branching ratio when compared to Segel et al.
[15], which was only marginally in agreement with Alburger
et al.. Taking the weighted average of the Alburger et al. result
and our result of 0.144 ± 0.027, we suggest a new value for
the α-particle branching ratio of 0.140 ± 0.022 (see Fig. 7).
This new value is smaller than the previously adopted value by
10% and the uncertainty has been reduced from 25% to 15%.

-particle branching ratioα
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(d,n)

(p,p')

)αHe,3(
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FIG. 7. Past and current results for the α-particle branching ratio.
The results for both methods used to determine the branching ratio in
this work are shown. The gray band illustrates the new value for the
branching ratio suggested in this work.
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Isomer beams, studying 19F

Transfer reactions are highly 
selective in l transfer 

How do the valence nucleons 
(single-particles) contribute to 
each state of this rotational 
band? 

Cannot study via transfer on 
the 0+ ground state of 18F …

9

Which states can be populated?
dasago@anl.gov

13/2+

Known states in 19F

D. Santiago-Gonzalez et al. (2017)



Isomer beams

9

Which states can be populated?
dasago@anl.gov

13/2+

Known states in 19F

18gF(0+)(d,p)19F 
l=0, 2

18mF(5+)(d,p)19F 
l=0, 2

18F has a 5+ isomeric state at 
around 1.1 MeV. 

Probing high-j states via low-l 
transfer. 

Can populate every member 
of the rotational band in 19F 
via l=0 and 2 transfer.

D. Santiago-Gonzalez et al. (2017)
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Figure 1. Apparent excitation energy in 19F extracted from
protons in coincidence with 19F recoils following 18g,mF(d,p)
reactions (black points with statistical uncertainties). A
multi-Gaussian fit of the known levels in 19F including a small
linear background and fixed widths is shown in gray. States
populated from (d,p) reactions on 18gF are in blue while those
from 18mF are in red. Weak levels, which, if removed from
the fit would have little e↵ect on the �2 value are represented
by dashed lines.

iments using 18mF beams include those of Refs. [26–30].78

In the present work, the 18mF/18gF ratio was not directly79

measured but has been estimated to be 0.56(8) immedi-80

ately after production and 0.11(2) after transport to the81

HELIOS experimental station (details on this estimation82

are given below).83

HELIOS was configured for the observation of pro-84

tons in coincidence with 19F from single-neutron trans-85

fer reactions, (d,p), on beams of both 18gF and 18mF.86

The solenoid field was fixed at 2.85 T and deuterated87

polyethylene (CD2) targets with a nominal thickness of88

400 µg/cm2 were placed near the center of the field89

region. Upstream of the target location, an on-axis90

position-sensitive Si detector array was installed for pro-91

ton detection. Protons were uniquely identified from92

their cyclotron periods after completing a single orbit93

from the target to the Si detector array. A fast-counting,94

segmented ionization chamber [31] centered around 0�95

was positioned downstream of the target for 19F recoil96

detection. Coincidence events between protons and re-97

coiling ions were determined by the relative time di↵er-98

ence between the two detectors. Acceptance for proton-99

recoil events was possible up to ⇠5 MeV in excitation100

energy, covering all but the 11/2+1 member in the 19F101

ground-state rotational band. The acceptance also in-102

cluded proton center-of-mass angles, ✓c.m., ranging from103

⇠10-35�.104

Levels in 19F populated by reactions on the isomeric105

beam appear shifted by -1.07 MeV relative to ground-106

state reactions, hence the ‘apparent’ qualifier in the107
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Figure 2. Angular distributions for states in 19F obtained
from 18gF(d, p) reactions, (a) 1/2+1 and 5/2+1 doublet, (b)
3/2+1 , (c) 7/2+1 , and from 18mF(d, p) reactions, (d) 13/2+1 .
The 13/2+1 data include the 0.11(2) normalization factor
(and its associated systematic uncertainty) to account for the
18mF/18gF secondary beam ratio. Vertical error bars are sta-
tistical, horizontal ones are smaller than the size of the points.
Fits from calculated DWBA cross sections for single-neutron
transfer are represented by the lines.

angle-integrated excitation spectrum of Fig. 1. The108

shift is primarily the result of the Q-value di↵erence be-109

tween 18mF(d,p) (Q = 9.328 MeV) and 18gF(d,p) (Q =110

8.207 MeV). In addition, a ⇠50 keV shift arises from111

di↵erences in the kinematics between the two reactions.112

The Q-value resolution was 280 keV FWHM, determined113

primarily by the target thickness and the emittance of the114

secondary beam. The best fit to the data using known115

19F excitation energies [14] is shown in Fig. 1 by the solid116

grey line.117

Angle-integrated cross sections were determined from118

measured yields for all states identified in Fig. 1. For119

the levels that were populated strongly, relative di↵eren-120

tial cross sections, d�/d⌦, and angular distributions were121

also derived and are presented in Fig. 2. The center-of-122

mass angle, ✓c.m, for each data point in Fig. 2 corresponds123

to the average angle covered by one set of position-124

sensitive Si detectors and has an uncertainty of . 0.5�.125

Upper limits on yields were determined for weaker states126

by an increase of 5% to the best-fit �2 value to the appar-127

ent excitation spectrum (Fig. 1). Levels populated from128

18m,gF(d,p)19F

D. Santiago-Gonzalez et al. (2017)

Production 
2H(17O,18F)n 
15 MeV/u 

~5×105 pps 
18mF/18gF=0.58

At HELIOS 
18m,gF(d,p)19F 

14 MeV/u 
18mF/18gF=0.11

16.3 m, or 1.9 × half life (162 ns) 

(11/2+ at  
higher ex) 
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19F, well understood
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energy spectrum of Fig. 1, lines corresponding to the pop-213

ulation of the 13/2+ and 7/2+ levels are observed in the214

3-4 MeV range, identifying neutron transfer onto the iso-215

meric 5+ level of 18F for the first time. Of the five other216

known levels also open to population through transfer on217

18mF in the energy region covered, upper limits on the218

yields for 5/2+1 (-0.873 MeV), 9/2+1 (1.710 MeV), and219

the 5/2+3 (4.037 MeV) states could be determined. The220

angular distribution for the 13/2+ aligned state, and the221

resulting DWBA fit [Fig. 2(d)], identify it as a strong222

` = 2 neutron transfer, solidifying its population from223

18F in its 5+ state.224

Accessibility to an in-flight beam of 18F in both its225

ground and fully stretched 5+ states has enabled the ex-226

traction of (or setting limits on) the relative spectroscopic227

overlaps of the 1/2+, 3/2+, 5/2+, 7/2+, 9/2+ and 13/2+228

members of the ground-state rotational band of 19F (Ta-229

ble I and Fig. 3). The extracted S value for the 13/2+230

state, and its spectroscopic strength, (2Ji + 1)/(2Jf +231

1)S, exceed those of all other states in the rotational232

band. This observation confirms the dominant single-233

particle configuration in this band-terminating state as234

corresponding to the maximally aligned state with a235

⇡(0d5/2)
1
J=5/2 ⌦ ⌫(0d5/2)

2
J=4 configuration. This is the236

first direct measurement of the single-particle anatomy of237

a high-spin terminating state. This result, together with238

the large strengths of the levels populated from 18gF, and239

the upper limits on the strengths of states populated from240

18mF, confirm the single-particle character of these lev-241

els, which also exhibit the simple pattern characteristic242

of collective rotational behavior.243

Comparisons between the extracted S values and244

strengths of the present work to those calculated by the245

sd-confined USDB interaction are also given in Table I246

and Fig. 3. The calculations are consistent with the ex-247

perimental values, or limits, even though these incorpo-248

rate only three valence particles (one proton and two neu-249

trons) and three active orbitals for each nucleon.250

The present results highlight the single-particle char-251

acter of the highest-spin state in the rotational band of252

19F by confirming that the associated configuration cor-253

responds to the maximally-aligned, terminating state.254

Hence, some 40 years after his seminal paper [2], A.255

Bohr’s dual interpretation of the 19F sequence in terms of256

a collective and/or a single-particle excitation has been257

reinforced by the experimental verification that the three258

nucleons contribute coherently to the generation of the259

state with the highest possible spin within the valence260

space.261

Summary – The single-neutron nature of members be-262

longing to the ground-state rotational band in 19F, in-263

cluding the terminating 13/2+ state, have been probed264

in a single measurement via the (d,p) reaction. In partic-265

ular, the relatively large spectroscopic strength observed266

for the 13/2+ level confirms the wave function purity ex-267

pected in a maximally-aligned, terminating state. The268

measurement was possible only through the production269

of a beam of 18F whereby a significant fraction of ions270

resided in their short-lived isomeric state.271
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the fit would have little e↵ect on the �2 value are represented
by dashed lines.
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Figure 2. Angular distributions for states in 19F obtained
from 18gF(d, p) reactions, (a) 1/2+1 and 5/2+1 doublet, (b)
3/2+1 , (c) 7/2+1 , and from 18mF(d, p) reactions, (d) 13/2+1 .
The 13/2+1 data include the 0.11(2) normalization factor
(and its associated systematic uncertainty) to account for the
18mF/18gF secondary beam ratio. Vertical error bars are sta-
tistical, horizontal ones are smaller than the size of the points.
Fits from calculated DWBA cross sections for single-neutron
transfer are represented by the lines.

angle-integrated excitation spectrum of Fig. 1. The108

shift is primarily the result of the Q-value di↵erence be-109

tween 18mF(d,p) (Q = 9.328 MeV) and 18gF(d,p) (Q =110

8.207 MeV). In addition, a ⇠50 keV shift arises from111

di↵erences in the kinematics between the two reactions.112

The Q-value resolution was 280 keV FWHM, determined113

primarily by the target thickness and the emittance of the114

secondary beam. The best fit to the data using known115

19F excitation energies [14] is shown in Fig. 1 by the solid116

grey line.117

Angle-integrated cross sections were determined from118

measured yields for all states identified in Fig. 1. For119

the levels that were populated strongly, relative di↵eren-120

tial cross sections, d�/d⌦, and angular distributions were121

also derived and are presented in Fig. 2. The center-of-122

mass angle, ✓c.m, for each data point in Fig. 2 corresponds123

to the average angle covered by one set of position-124

sensitive Si detectors and has an uncertainty of . 0.5�.125

Upper limits on yields were determined for weaker states126

by an increase of 5% to the best-fit �2 value to the appar-127

ent excitation spectrum (Fig. 1). Levels populated from128



HELIOS going forwards

New 6-sided Si array, new digital DAQ (based on 
Gammashpere/Gretina/GRETA digitizers) 

The Argonne In-flight Radioactive Ion Separator 
(AIRIS), improved in-flight beams 

CARIBU beams,  
e.g., 134Te(d,p), 144,146Ba(d,d), … 

Tritium target, and so on. z (cm)
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[Tritium-target tests, Kuvin, Wuosmaa (2017)]



AIRIS

AGFA

PIIRFQ
EBIS

ECR2

CARIBU

CPT

BOOSTER

ATLAS
BPT

HELIOS
FMA

SPS2,	MUSIC
GP

GS/GT

GS/GT

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

See e.g. http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis 

http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis
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Estimated Beam Rates at AIRIS Exit

particles / sec

>107

>106

>105

>104

>103

>102

www.phy.anl.gov/airis/rates.html

Up to x10 uncertainty 

in rate estimates

Up to x100 increase of in-Eight 

production yields following 

facility upgrades

● Weak cross-section measurements  Astrophysics and Fusion →

cross sections
● Pairing in Nuclei  reactions on neutron-rich and → N=Z nuclei
● Single-Particle Structure  Transfer reactions & Inelastic →

scattering
● Possibly fusion evaporation with neutron-defcient beams  →

38Ca, 42Ti, 56Ni, (60Zn) etc.
● (a,p), (p,g) reactions on neutron-defcient beams

• Weak cross-sec. measurements — astro / fusion 
• Pairing 
• Single-particle structure 
• Possibly fusion-evap. with e.g. 38Ca, 42Ti, 56Ni beams

AIRIS beams, 2018

See e.g. http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis 

http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis


ISS @ HIE-ISOLDE

Schema;c	courtesy	of	Ian	Burrows,	STFC	Daresbury

~2.5 m

Up to 4 T superconducting solenoidal

~0.9 m

Si array

Beam

e.g. protons

Target

e.g. recoil
Pear Shapes and EDM

Z=82 and N=126 
Shell Evolution

Hg-Po shape coexistence

N=82 r-process, shell evolution

N=50 shell quenching 
and evolution

p-process

rp-process

Physics with ISS @ ISOLDE

Island of 
inversion

� IS621 – D. K. Sharp (Manchester, UK)
“Single-particle behaviour towards the island of 
inversion – 28,30Mg(d,p)29,31Mg in inverse kinematics”

� IS631 – B. Kay (Argonne, USA)
“The (d,p) reaction on 206Hg”

5

10 MeV/u beams opens up the  possibility  
of a major direct-reaction program  
at ISOLDE … ISS being developed 

Chart of nuclides taken from talk by Liam Gaffney



N	=	127	isotones	below	Pb	
– Terra	incognita.	Below	Pb,	around	N	=	126,	very	liTle	known	(limited	knowledge	on	

masses,	decays).	
– EvoluHon	of	single-parHcle	states	has	not	been	explored	in	nuclei	around	208Pb	as	these	

require	radioacHve	ion	beams.	
– Data	on	2+	and	3–	in	even	nuclei	allows	us	to	make	some	assump;ons.	
– Few	/	no	theoreHcal	studies	on	single-par;cle	excita;ons.	
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ℓ= 7, 15/2–

The	206Hg(d,p)	reacJon	at	10	MeV/u	using	
the	ISOL	Solenoidal	Spectrometer	(ISS)	

Why	(close	to)	10	MeV/u?	
– Cross	sec;ons	
– Angular	momentum	matching	
– Angular	distribu;ons	

Why	ISS?	
ResoluJon	
– Charged-par;cle	spectroscopy	with	<100-
keV	Q-value	resoluHon	using	thin	targets	

Efficiency	
– Limited	only	by	geometrical	acceptance,	not	
intrinsic	efficiency	of	the	detectors.	

Direct	probe	of	excited	states	
– Does	not	require	coincident	γ-rays	de-
exci;ng	the	states	(∴	no	concerns	with	
isomers*,	ground	state,	states	not	
connected	by	γ-ray	decay,	etc).

This	measurement This	measurement

*Isomers	prevalent	in	the	region	around	Pb	
Cross	sec;ons	es;mated	using	DWBA	code	Ptolemy	using	standard	parameteriza;ons.	

Early physics opportunities



In collaboration with ANL

For potential 2018 experiments, 
28Mg(d,p) and 206Hg(d,p), the 
HELIOS digital DAQ and Si array 
will be shipped to CERN in 2018 

Shorter ‘test’ Si-array to be 
shipped in spring/summer for 
stable beam tests.

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 v0cosðycmÞþ Vcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
covered in the center-of-mass frame depends on the position of
the array. As seen from Fig. 2, a range of center-of-mass angles
from 211 to 421 is covered for the ground-state transition in
the d(28Si,p)29Si reaction, given a field of 2.0 T, for the interval
covered by the silicon array between & 680 and & 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

ISOLDE, December 3, 2017



SOLARIS at NSCL/FRIB

*Estimated, http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis 

http://www.anl.gov/phy/group/argonne-flight-radioactive-ion-separator-airis


SOLARIS

http://www.anl.gov/phy/group/solaris

Will operate in dual modes, like the ISS. 

http://www.anl.gov/phy/group/solaris
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ReA
ENERGY UPGRADE

SOLARIS
Website and white paper 
available shortly (email me 
if interested). Anyone is 
welcome to join us. 

 

 

 

 

 

 

 

 

SOLARIS White Paper 

http://www.anl.gov/phy/group/solaris

http://www.anl.gov/phy/group/solaris


Summary
Solenoidal spectrometers are a valuable tool for studying direct reactions in 
inverse kinematics with Q-value good resolution 

- ‘Simplicity’ 
- Efficiency 
- Versatility 
- Resolution

Demonstrated with a ~10-year program with HELIOS at ATLAS

… BUT, the beams are king 
- AIRIS upgrade at ATLAS, CARIBU beams … 

… ISS at HIE-ISOLDE and SOLARIS at FRIB (ReA) 


