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OUTLINE
A little past, mostly present, some future

• HELIOS @ ATLAS 

• New Position-sensitive Si Array Upgrade 

• Improved monitor, signal & data processing 

• Recent “non-standard” reaction measurements 

• Future ideas / plans 

• Misc. comments along the way 



HELIOS @ ATLAS OVERVIEW 
 - US DOE National User Facility covering a broad range of nuclear science 
 - Stable & radioactive beams [CARIBU, RAISOR] up to ~15 MeV/u with high intensity 
 - Few hundred Users per year, >6000 Hrs running time, range of experimental equipment
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HELIOS @ ATLAS OVERVIEW 
 - US DOE National User Facility covering a broad range of nuclear science 
 - Stable & radioactive beams [CARIBU, RAISOR] up to ~15 MeV/u with high intensity 
 - Few hundred Users per year, >6000 Hrs running time, range of experimental equipment



Probing the structure of the atomic nucleus

RAISOR: UPGRADE TO ATLAS IN-FLIGHT PROGRAM
▪Expand reach, intensity, & accessibility of the ATLAS in-flight beam program 
▪In-use for ~1 year: 6 completed experiments, 4 with HELIOS
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Previously produced 
Expected w/ new capabilities 

[> 103 pps]

www.anl.gov/atlas/inflight-radioactive-beams



Probing the structure of the atomic nucleus
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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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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%.
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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

13B(d,p)

136Xe(d,p)

STRUCTURE OF 14C AND 14B FROM THE . . . PHYSICAL REVIEW C 93, 044323 (2016)

0

5

10

C
ou

nt
s/

60
 k

eV

0 2 4 6 8 10 12

EX (13 B) (MeV)

0

2

4

6

C
ou

nt
s/

24
0 

ke
V

14B
(a)

(b)14B(13 B+n)

0.
00

 (
2- 1)

0.
65

4 
(1

- 1)

1.
8 

(2
- 2)

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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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-
tons in the (d ,p) reactions on 86Kr. The solid curves are DWBA
calculations, normalized to the data, based on the assigned ℓ values
given in Table IV (black: ℓ = 0; red: ℓ = 2; green: ℓ = 4; and blue:
ℓ = 5). Excited states are labeled by their energy in MeV.

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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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
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to different final states in 16C, as is indicated on the figure.
(b) 16C excitation-energy spectrum.

PRL 105, 132501 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

24 SEPTEMBER 2010

132501-2

15C(d,p)

z (cm)
-45 -40 -35 -30 -25 -20 -15 -10

H
) (

M
eV

)
1

E(

0
1
2
3
4
5
6
7
8
9

Excitation Energy (MeV)
0 2 4 6 8 10 12

Ev
en

ts
 / 

45
 k

eV

0
50

100
150
200
250
300
350
400
450

B12 n + →B 13B(t,p)11

B13B(t,p)11

B12B(t,d)11

Total Energy (MeV)
60 70 80 90 100 110 120

En
er

gy
 L

os
s 

(M
eV

)

10

15

20

25

30

35

40

45

B12 n + →B 13B(t,p)11
B13B(t,p)11

B12B(t,d)11

Array-RF Time (ns)
0 10 20 30 40 50 60 70 80

Ev
en

ts
 / 

ns

5

10

15

20

25
310×

αd,

p

11B(t,p)
J. CHEN et al. PHYSICAL REVIEW C 98, 014325 (2018)

E* (MeV)
1 0 1 2 3 4 5 6

C
ou

nt
s 

/ 4
0 

ke
V

0

5

10

15

20

25

30

 (
0.

07
2)

+
 (

0.
00

) 
&

 3
+ 4

 (
0.

71
)

+ 2

)36.1( + 3

 (
2.

01
)

+ 2

)01.5( )+
(4

S(n)

)58.4(

FIG. 2. The excitation-energy spectrum of 22F as determined from the 21F(d,p) reaction from the same data set as presented in Fig. 1. States
clearly identified in the present work are labeled with their corresponding spin assignments. The states that have been observed in previous
measurements are shown in the upper panel for comparison [18].

from integrated yields as detailed below (Table I). Of the large
number of levels populated strongly in this region by other
types of reactions (Fig. 2), none appear to be of dominant
single-neutron character. Additionally, as many of the known
levels have suggested J values of 0 or 1, their expected yields
would have been small to begin with.

Assignments of orbital angular momentum to the neutron
transfer, ℓ, and spectroscopic factors, S (for this reaction the
isospin coefficient C2 = 1), between the 21F ground state and
final states in 22F were extracted from the measured angular
distributions through a DWBA analysis utilizing the program
PTOLEMY [45]. The optical-model parameter sets of An et al.
[44] and Koning-Delaroche et al. [42] were used to define the
potentials of the entrance and outgoing channels, respectively.
The Argonne V18 [46] potential was used to define the deuteron
bound-state wave function and a Woods-Saxon potential with
central potential well parameters of r0 = 1.25 fm and a =
0.65 fm, and with spin-orbit parameters of Vso = 6.0 MeV,

rso = 1.1 fm, and aso = 0.65 fm, was used to define the final
bound-state wave function of the neutron. The depth of the
Woods-Saxon potential well was adjusted to reproduce the
correct binding energy of each of the final states in 22F.

The calculated angular distributions from DWBA were nor-
malized to the available data using a standard χ2 minimization
method, the results of which are shown in Fig. 3. The extracted
spectroscopic factors, and their corresponding strengths,

GS = 2Jf + 1
2Ji + 1

S, (1)

where Ji = 5/2 and Jf is the spin of the final state in 22F, are
listed in Table I. The uncertainties in the relative S arise from
statistics, the fitting procedure, and variations in the DWBA
analysis. In total they sum to ≈10% for the ℓ = 2 strength
and ≈17% for ℓ = 0 strength. For the weaker states observed
in Fig. 2 in which angular distributions were not possible,
upper limits on their strength were determined from a ratio
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21F(d,p)

3

FIG. 2. Measured proton energies (E) as a function of the
distance from the target (Z) for the 12B(d,3He)11Be reaction
in inverse kinematics at 12 MeV/u with a magnetic field
strength of 2.3 T. The data shown required a coincidence with
11Be (a) and 10Be (b) in Fig. 1. Final states identified in 11Be
are labelled by their corresponding excitation energy. The
kinematics loci for di↵erent excited states appear as diagonal
red-dotted lines. See details in the text.

III. RESULTS158

The events corresponding to the 12B(d,3He)11Be159

reaction to the bound or unbound states of 11Be160

were selected by requiring a 150�ns timing coincidence161

between a light particle in the PSD array with a 11Be or162

10Be ion discriminated in the recoil detectors. Most of163

the uncorrelated background was removed by using this164

timing coincidence. The energies of the light particles165

selected using this method are plotted in Fig. 2 versus the166

corresponding distance where the particles were detected167

by the PSD detectors.168

For the present range covered by the PSD array, a clear169

isolated bound state in 11Be appears as a straight line in170

the plot (Fig. 2a). For the unbound states, their loci171

do not follow straight lines and di↵erent states merge at172

FIG. 3. The excitation-energy spectrum of 11Be neutron
bound (blue) and unbound (red) states determined from the
data set as presented in Fig. 2(a) and (b) respectively. States
clearly identified in the present work are labelled with their
corresponding excitation energies.

around Z = 84 cm. This is caused by the shallow orbitals173

of the 3He particles, which reached the PSD detectors at174

shorter distances than the ideal situation. This e↵ect175

was observed in the previous (d,3He) measurement [16]176

as well as the kinematics calculation. The red-dotted177

line in Fig. 2b represents the calculated kinematics of178

the ideal situation where the radius of the silicon array179

was assumed to be zero. Events were selected where the180

experimental kinematics loci follows the straight lines,181

and were used to obtain the excitation spectrum as well182

as to evaluate the cross sections for the unbound states.183

The events (Z < 85 cm for the 2.65 state and Z < 85184

cm for the 3.90 state) obviously deviate from the straight185

kinematics lines were not used in the analysis.186

Excitation spectra for the 12B(d,3He) reactions were187

obtained from the projection of the data along the188

kinematic lines and the results are shown in Fig. 3,189

which presents data for both neutron-bound (blue) and190

unbound (red) states. The resolution for the excitation-191

energy spectrum of the bound state is around 560 keV192

(FWHM), dominated by the energy loss of the beam193

and 3He in the target as well as the angle straggling.194

The measured widths of the unbound states are also195

contributed to by their intrinsic widths, which are196

228(21) keV for the 2.65-MeV state [5], 3.2(8) keV for197

the 3.89-MeV state [10] and 7.9(7) keV for the 3.96-MeV198

states [10]. These widths are also compatible with the199

present spectrum given the apparent wider width of the200

2.65-MeV state.201

The peaks in Fig. 3 may be identified with the states202

reported in the literature for 11Be [17], listed in Table I.203

Below the neutron-separation energy (Sn = 0.510 MeV)204

of 11Be, the 1/2� first excited state at 320 keV was the205

most strongly populated state in the 12B(d,3He) reaction.206

The unbound 3/2� state at 2.654 MeV also presents as207

a strong transition in the present reaction. The next208

12B(d,3He)

with an 17O primary beam (15 MeV/u) at a typical intensity
of 60 pnA. A cryogenically cooled deuterium-filled gas cell
(∼80 K and 1.4 × 105 Pa) provided the production target
material. The resulting 18F beam was comprised of ions in
both ground and isomeric states. Previous experiments
using 18mF beams include those of Refs. [24–28]. In the
present work, the 18mF/18gF ratio has been estimated to be
0.56(8) immediately after production and 0.11(2) after
transport to the HELIOS experimental station (details on
this estimation are given below).
HELIOS was configured for the observation of protons

in coincidence with 19F from single-neutron transfer reac-
tions (d,p) on beams of both 18gF and 18mF. The solenoidal
field was set to 2.85 T and deuterated polyethylene (CD2)
targets with a nominal thickness of 400 μ g/cm2 were placed
near the center of the field region. Upstream of the target
location, an on-axis position-sensitive Si detector array was
installed for proton detection. Protons were uniquely iden-
tified from their cyclotron periods after completing a single
orbit from the target to the Si detector array. A fast-counting,
segmented ionization chamber [29] centered around 0° was
positioned downstream of the target for 19F recoil detection.
Coincidence events between protons and recoiling ions were
determined by the relative time difference between the two
detectors. Acceptance for proton-recoil events was possible
up to ∼5 MeV in excitation energy, covering all but the
11/2þ1 member in the 19F ground-state rotational band. The
acceptance also included proton center-of-mass angles θc:m:
ranging from ∼10° to 35°.
Levels in 19F populated by reactions on the isomeric beam

appear shifted by −1.07 MeV relative to ground-state
reactions, hence, the “apparent” qualifier in the angle-
integrated excitation spectrumof Fig. 1. The shift is primarily
the result of the Q-value difference between 18mF(d,p)
(Q ¼ 9.328 MeV) and 18gF(d,p) (Q ¼ 8.207 MeV). In
addition, an ∼50-keV shift arises from differences in the
kinematics between the two reactions. The Q-value reso-
lution was 280-keV FWHM, driven primarily by the target
thickness and the emittance of the secondary beam. The best
fit to the data using known 19F excitation energies [14] is
shown in Fig. 1 by the solid gray line. Details on the peak
assignment are discussed below.
Angle-integrated cross sections were determined from

measured yields for all states identified in Fig. 1. For the
levels that were populated strongly, relative differential
cross sections, dσ/dΩ, and angular distributions were also
derived and are presented in Fig. 2. The center-of-mass
angle θc:m: for each data point in Fig. 2 corresponds to the
average angle covered by one set of position-sensitive Si
detectors and has an uncertainty of ≲0.5°. The upper limits
on yields were determined for weaker states by an increase
of 5% to the best-fit χ2 value to the apparent excitation
spectrum (Fig. 1). The cross section for levels populated by
the isomeric component of the beam were corrected for the
18mF/18gF beam ratio at the HELIOS target.
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18mF(d,p)

15N(7Li,t)

▪~70 experiment / development beam times since 2007 commissioning 
▪(d,p) workhorse, followed by (d,3He), (d,alpha) & (t,p) 
▪Scattering reactions (p,p’), (d,d’) picking up steam  
▪along with investigations into more exotic transfer reaction types, e.g., (12C,alpha), (7Li,t), …

HELIOS PROGRAM OVERVIEW



HELIOS SCIENCE PROGRAM: 2008 - PRESENT
12 papers, 3 letters, 3 rapid communications, 2 editors suggestions, ~120 citations

!8



Probing the structure of the atomic nucleus

HELIOS PROGRAM OVERVIEW
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32S(12C,a)

31Si(d,p)
29Al(d,p)

15N(7Li, t) 
12B(t, p) 

8Li(t, p) 

12C(p, p’) 

Experiments run in calendar year 2019 

▪~70 experiment / development beam times since 2007 commissioning 
▪(d,p) workhorse, followed by (d,3He), (d,alpha) & (t,p) 
▪Scattering reactions (p,p’), (d,d’) picking up steam  
▪along with investigations into more exotic transfer reaction types, e.g., (12C,alpha), (7Li,t), …
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NEW POSITION SENSITIVE SI DETECTOR ARRAY 
 - Improved phi angle coverage & a larger support tube ID 
 - In use with custom preamps & digital data acquisition since spring 2019 
 - Modular design in principle, e.g., 4, 6 or 10 sided array could be constructed

!10
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~2 cm



POSITION SENSITIVE RESISTIVE & SEGMENTED HYBRID SI DETECTORS 
 - developed by Microelectronica / Barcelona 
 - ~x50 800 um thick detectors delivered (some variations in performance) 
 - 4 signal readouts from each individual detector (total energy, x2 positions, guard ring) 
 - Assembly & wire bonding done in-house at ANL/PHY

!11

50 mm



PSD PERFORMANCE
Requirement of rise time &/or ring information

!12



Offline / Trace / Large 
Data Processing 
➡ Transfer data to LCRC via 

GLOBUS [slow still at present] 
➡ Access to >10 cores on login 

nodes 
➡ Large amount of free computing 

power / space through HELIOS 
project 

➡ Full trace analysis of collected 
data straight forward on this 
platform

PSD SIGNAL PROCESSING
Custom preamplifiers, digital data acquisition, & advanced sorting algorithms

!13

Preamplifier 
➡ Mesytec 4-channel preamplifier 

board 
➡ Motherboard to combine 4x5 per 

Si array side 
➡ x2 10 channel outputs matched 

to digitizer inputs

Digital DAQ 
➡ 200 channels of 100 MHz 

sampling 
➡ Flexible triggering / data 

collection / inputs 
➡ Data throughput limited to 

~10-12 MB/s per 40 channels

Local Data Processing 
➡ 1 Gb direct link to data 

acquisition 
➡ “real-time” processing of data 

with single “click” 
➡ Git repository for each 

experiment



Offline / Trace / Large 
Data Processing 
➡ Transfer data to LCRC via 

GLOBUS [slow still at present] 
➡ Access to >10 cores on login 

nodes 
➡ Large amount of free computing 

power / space through HELIOS 
project 

➡ Full trace analysis of collected 
data straight forward on this 
platform

PSD SIGNAL PROCESSING
Example of trace analysis on in-beam recoil detector signals
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Probing the structure of the atomic nucleus

EXPERIMENT MONITORING
▪Gaining improvements in: 
▪Information flow, Reliability, Automation 

▪ Information can be stored in database, displayed in real-time through Grafana 
▪ Critical rates / items can be set with alarms / alerts & notifications 
▪ Also can trigger automated adjustments / fixes to experiment, i.e. thresholds, low-buffers 

▪ Transparency for Users with dedicated set of modern analysis software
!15

Beam Intensity

File Size and Run Number

Trigger Rate
Recoil hit rate

Digitizer Buffer

Array hit rate

Run Num

Elapsed Time

Start Time

Router Lock status

Alarm Status

Monitoring

DAQ

Automatic system

Feed backRecord

Alarm

July 17, 2019



ALPHA(-LIKE) TRANSFER REACTIONS
Spectroscopy of key states in nuclear astrophysics & np-nh excitations

(6Li,d) & (7Li,t) Reaction on 15N [Deibel - LSU] 
• Limited / no success in other alpha-like transfer 

measurements using 14C [Lee - LANL], 22Ne 
[Almaraz - FSU], & 32S [Avila - ANL] 

• Analysis underway to explore possibility for 
identifying (12C,alpha) transfer in inverse kinematics 
34S->42Ca [Henderson - LLNL] 

!16

REACTION
BEAM (1) 34S

TARGET (2) 12C
LIGHT (3) a

HEAVY (4) 42Ca
Q-value 6.191 (MeV)

min KE/A -0.697 (MeV/u)
Beam Ex 0.000 (MeV)

E beam/ u 5 (MeV/u)
E BEAM 170 (MeV)

B FIELD 2.5 (T)

RADIUS DET. 0.0115 (m)
BORE RADIUS 0.360 (m)

Max Ex 15.580 1
show ideal line 0 Ex [MeV] CM [deg] Eb[MeV] Zb0[m] Zb[m] 2ρ[cm] θbLab [deg] Tcyc [ns] EB[MeV] θBLab [deg]

θCM 0 deg Ex1 0.000 30.000 18.149 -0.929 -0.921 39.238 -52.991 52.370 158.042 4.795 e -1
θCM Limit 0 deg Ex2 2.000 30.000 17.104 -0.887 -0.878 38.450 -53.716 52.355 157.081 4.713 z 0.69

Ex3 4.000 30.000 16.075 -0.843 -0.835 37.645 -54.504 52.341 156.104 4.629 Ex #NUM!
Ex4 6.000 30.000 15.064 -0.799 -0.791 36.824 -55.361 52.327 155.110 4.542 thetaCM #NUM!
Ex5 8.000 30.000 14.070 -0.754 -0.746 35.984 -56.299 52.313 154.098 4.453

QUANTITIES AT A GIVEN CM ANGLE   34S(12C,a)42Ca, 8Be-Adding

Inverse Calculation

# of Cycle

REACTION-1

34S(12C,a)42Ca, 8Be-Adding

0

5

10

15

20

25

30

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5

En
er

gy
 [M

eV
]

z [m]

34S(12C,a)42Ca

0

5

10

15

20

25

30

35

40

45

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5

r =
 Sq

rt
(x

2+
y2

) [
cm

] 

z [m]

34S(12C,a)42Ca



Probing the structure of the atomic nucleus

USE OF THE HELIOS CYRO-COOLD GAS TARGET
▪Tested with (d,p) & (3He,d) reactions - Resolution equivalent to ~300-400 ug/cm2 CD2 target 
▪Physics measurement led by LSU group to measure 22Ne(alpha,p) 
▪Stronger / thinner windows being investigated by LSU group

!17

22Ne(alpha,p)



COINCIDENCE TAGGING WITHIN HELIOS
Advantages of inverse kinematics
• Precise determination of particle decay 

branches 
• 10B(p,p’) -> 10B vs. 6Li + alpha branch 

[Kuvin - UConn]

!18

• Triple coincidence from 12C 0+ state 
• 12C(p,p’) -> 12C + e+e- [Smith - UConn] 
• PSD Array + DE-E Recoil + Si(Li)

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.

Sean A. Kuvin (UCONN) DNP Meeting 2017 October 26, 2017 9 / 36

Measurement of 10B(p,p0)10B with HELIOS
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Position measured as distance along the solenoid axis relative to the
target position.
45-70� CM for the 5.164 MeV State
Technical issue: nearby T=0 states at 5.110 MeV and 5.182 MeV
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Measurement of 10B(p,p0)10B with HELIOS
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Measurement of 10B(p,p0)10B with HELIOS
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APOLLO: GAMMA-RAY DETECTION WITHIN HELIOS
CsI & LaBr3 Array for (d,pgamma) measurements [Couture, Lee, Mosby - LANL]

Apollo + Helios

Incoming Beam

57Fe(d,pγ)

58Fe Excitation Energy (MeV)

γ-
ra

y 
En

er
gy

 (M
eV

)

C. Prokop, LANL Postdoc

57Fe(d,pγ)

!19



Probing the structure of the atomic nucleus

TAGGING ON RECOILS “THRU” PSD ARRAY
▪Suppression of recoils needed in (d,d’) reactions with heavy beams  
▪Plan to discriminate recoils / suppress background via an ionization chamber at zero degrees after 
the downstream array 
▪146Nd(d,d’) test happening in September 2019 [Kay]
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Probing the structure of the atomic nucleus

OPTIMIZED / MULTIPURPOSE RECOIL DETECTORS
▪“restricted” geometry for some forward reactions & (d,p) on heavier systems 
▪Recording radial positions allows for extraction of spectra at small lab angles 
▪~$35k / 5-6 months for custom design & two detectors [micron semiconductor ltd]

!21



Probing the structure of the atomic nucleus

OPTIMIZED / MULTIPURPOSE RECOIL DETECTORS
▪“restricted” geometry for some forward reactions & (d,p) on heavier systems 
▪Recording radial positions allows for extraction of spectra at small lab angles 
▪~$35k / 5-6 months for custom design & two detectors [micron semiconductor ltd]
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Array

CM angle down to 2 deg 

Radial Si detector



Probing the structure of the atomic nucleus

EVENT-BY-EVENT BEAM TRACKING
▪Leading contribution to the Q-value resolution for in-flight beams 
▪Utilize secondary electron emission & Micro Channel Plate to extract time & positions 
▪Multiple stations for track reconstruction & time-of-flight on target 
▪Demonstrator unit under construction for Fall 2019 / Early 2020 deployment [tolstukhin]
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HELIOS SCIENCE PROGRAM: 2008 - PRESENT
12 papers, 3 letters, 3 rapid communications, 2 editors suggestions, ~120 citations
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