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Overview

• Direct reactions, ReA 

• What is the SOLARIS spectrometer? 

• The AT-TPC (and PAT-TPC, AT3PC, etc) 

• SOLARIS at ReA ... 

• ... status, timelines



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 (3-20 MeV/u), >104 pps (stable and radioactive)

Direct reactions

Reactions used as a tool for 
nuclear structure and  
astrophysics: 

• Selectively populate states, 
determine E, jπ 

• Inelastic, single-nucleon, 
two-nucleon 

• Cross sections ➞ rates 

• Cross section ➞ overlaps
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ab-ini5o	methods	...	etc.

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

~few-15 MeV/u
Nuclear physics with light-ion reactions

Nuclear Structure Nuclear Astrophysics Tests of Fundamental 
Symmetries Applications of Isotopes

Science drivers from NRC RISAC

17 benchmarks programs to answer overarching questions
1. Shell structure 
2. Super heavy elements

3. Skins

4. Pairing 
5. Symmetries 
13. Limits of stability 
14. Weakly bound nuclei 
15. Mass surface

6. Equation of state 
7. r-Process 
8. 15O(α,γ)

9. 59Fe s-process

15. Mass surface

16. rp-Process 
17. Weak interactions

12. Atomic electric dipole 
moment 
15. Mass surface

17. Weak interactions

10. Medical

11. Stewardship

- What is the nature of the 
nuclear force that binds 
protons and neutrons into 
stable nuclei and rare 
isotopes?

- What is the origin of simple 
patterns in complex nuclei?

- What is the nature of 
neutron star and dense 
nuclear matter?

- What is the origin of the 
elements in the cosmos?

- What are the nuclear 
reactions that drive stars and 
stellar explosions?

- Why is there now more 
matter than antimatter in the 
universe?

- What are new applications 
of isotopes to meet the 
needs of society?

Overarching questions to be answered by rare-isotope research

 The Science of FRIB, https://www.frib.msu.edu/_files/pdfs/frib_scientific_and_technical_merit_lite_0.pdf



… RI beams
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ATLAS & HELIOS
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An excellent combination for direct-reaction studies for nuclear structure and astrophysics

• Stable beams at high intensity and energies up to 15 MeV/u 
• In-flight beams approx. 10 < A < 50 at energies up to 15 MeV/u 
• Reaccelerated CARIBU beams at energies up to ~15 MeV/u
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A highly versatile instrument 
Apollo, gas target, ion chamber, 
backwards, forwards, tritium target, ... all 
routine 
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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

044323-5
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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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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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calculations, normalized to the data, based on the assigned ℓ values
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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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Buoyed by the success of ATLAS

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.

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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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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A dual-mode solenoidal spectrometer to exploit the full dynamic range of the ReA facility at FRIB
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Fig. 1. A schematic view of the AT-TPC. The outer shielding volume was made transparent
in this image tomake the details of the inner volumemore visible. Beam enters the detector
through the beam duct at the right-hand side of the image and moves toward the sensor
plane on the left. Some components of the digital electronics are shown mounted on the
downstream end of the detector (see Section 2.4).

2. Detector design

As stated above, the design of the AT-TPC is similar to that of
the half-scale Prototype AT-TPC [3]. The most important differences
between the two detectors are the larger size of the full-scale AT-
TPC, the improved sensor plane design, and the addition of a magnetic
field. These improvements are discussed below along with a general
description of the AT-TPC.

2.1. Overview

The AT-TPC consists of a cylindrical active volume of length 1m
and radius 29.2 cm surrounded by a larger concentric shielding volume
(Fig. 1). The active inner volume is filled with a gas that provides
scattering targets for the reaction and a tracking medium for the charged
particles. The choice of fill gas depends on the experiment since it
must contain the target nucleus of interest, but the detector has been
successfully tested both with pure gases (including hydrogen, helium,
isobutane, and carbon dioxide [7]) and with gas mixtures (including
He + CO2). The gas pressure is adjusted based on the incoming beam
energy and the gas properties to give the desired particle range in
the detector; it may be set to any value up to atmospheric pressure.
The outer shielding volume is filled with an insulating gas such as
nitrogen.

The dimensions of the detector were determined by the available
space inside the large-bore solenoidal magnet in which it is installed.
This magnet, which is capable of producing a field of up to 2T at
the center of its bore, was designed for a medical magnetic resonance
imaging (MRI) machine and was moved to the NSCL from TRIUMF
after being used for the TWIST experiment [8]. The AT-TPC is mounted
coaxially on rails in the center of the magnet. The longitudinal magnetic
field bends the trajectories of the emitted charged particles in order
to determine their energies and aid in particle identification. Another
direct benefit is the ability to track particles over longer paths, and
for those that stop in the gas volume, to measure their total range.
This ability is enhanced by the larger size of the full-scale AT-TPC as
compared to the half-scale prototype.

The uniformity of the magnetic field is assured by the AT-TPC’s
central location in the solenoid, far from the fringe field regions. A
calculated map of the axial component of the magnetic field inside the
magnet is shown in Fig. 2. The total variation of the field inside the
active volume of the AT-TPC, as indicated by the white rectangle, is
only 20.42mT, a fluctuation of 1.1% compared to the value of 1.908T
at the center.

Fig. 2. Calculated map of the axial (z) component of the magnetic field within the bore
of the solenoid. The center of the sensor plane is located at the origin. The boundary of
the active volume is indicated with a white rectangle.

A uniform electric field is produced inside the active volume by
applying a potential difference on the order of 104 V between the
cathode located at the upstream end of the cylindrical volume and
the anode at its downstream end. To ensure that the electric field is
uniform, the wall of the active volume is surrounded inside and out by
a field cage consisting of 50 concentric ring-shaped electrodes spaced
19.05mm apart. The inner rings have a radius of 28.1 cm, while the
outer rings have a radius of 31.1 cm. The rings are connected to each
other and to the anode and cathode by a chain of 20M⌦ resistors that
gradually steps down the voltage between each ring, establishing evenly
spaced equipotentials for the electric field. An additional voltage on the
order of 500V is applied to the ring closest to the sensor plane to account
for the distance that the sensor plane projects out from the downstream
end plate.

To check the uniformity of the electric field, an electric field cal-
culation was performed4 using Garfield [9]. As discussed by Suzuki
et al. [3], Garfield is limited to two-dimensional geometries, so the elec-
tric field cage was approximated in two dimensions using a collection of
infinite wires. The result of the calculation is shown in Fig. 3, where the
uniformity of the field in the drift region is apparent. This conclusion
is supported by the lack of visible distortions in recorded tracks, even
when particles travel near the edges of the active volume. Finally, the
region closest to the rings, which will have the least-uniform electric
field, is not seen by the sensor plane since the sensor plane’s diameter
is 1.2 cm smaller than the diameter of the inner field cage rings.

The beam enters the active volume through a 3.6 �m thick, 25.4 mm
diameter aluminized para-aramid window at the cathode end of the
detector and travels through the gas, ionizing it. The ionization electrons
are transported by the electric field from where they are produced to the
anode end of the detector, which is composed of a sensor plane equipped
with a bulk-fabricated [10] Micromegas device [11]. The signals from
the sensor plane are then read out by digital electronics mounted on
the outside of the flange enclosing the active volume. These front-end
electronics boards are connected to the sensor plane via feedthrough
boards that isolate them from the gas volume. The absence of cables
between the sensor plane and the front-end preamplifiers simplifies
the assembly of the electronics and greatly reduces the noise. This is
discussed further in Section 2.4.

2.2. Sensor plane

The sensor plane consists of a circular printed circuit board of radius
27.5 cm covered with 10 240 gold-plated triangular electrodes, or pads.
The pads are arranged in a hexagonal inner region of 6144 small pads
with height 0.5 cm surrounded by an outer region of 4096 large pads
with height 1.0 cm (Fig. 4). The inner region of half-scale pads provides
a finer resolution near the reaction vertex, which will generally occur
near the central axis of the detector. Larger pads are used instead in the
outer region to help keep the total number of channels reasonable.

4 F. Montes, private communication.
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Fig. 21. A sample event from the commissioning run with 46Ar. This event was found to
have a proton energy of 2.081MeV and a scattering angle of 63.5˝, both in the laboratory
frame. The energy of the 46Ar nucleus at the vertex was reconstructed as 2.73MeV/u.
The kinematic and positional reconstructions agreed to within 9 keV/u for this particular
event.

The AT-TPC is instrumented with the GET electronics, a flexible,
distributed, digital data acquisition system designed to address the needs
of TPCs. This system can accept the high data flow from the detector
while providing the flexibility to use different configurations and trigger
setups in different experiments. In particular, the ability to self-trigger
the detector based on hit multiplicity combined with exclusion regions
is essential to avoid recording unnecessary events and to lower the dead
time of the acquisition system.

Although the tracks recorded in the AT-TPC cannot be described by
an analytic function, they are easily fit using a simulation-based Monte
Carlo optimization algorithm. While somewhat costly in computational
resources, this method is able to reconstruct simulated proton tracks
to resolutions of 36.0 keV FWHM for the energy and 0.32˝ FWHM for
the scattering angle. The simulations also demonstrate the capability to
determine the reaction energy from both the vertex location and the
kinematics of the scattered particle consistently to within 100 keV/u.
This ability is essential to separate elastic and inelastic components of
the reactions studied in this device.

The AT-TPC was commissioned using a beam of radioactive 46Ar
at 4.6MeV/u to perform resonant proton scattering. Several issues
hindered the quality of the data, which resulted in poorer resolution
than expected for the reaction energy determined from the kinematic
properties of the scattered protons. However, the resolution obtained

(a) Experiment.

(b) Simulation.

Fig. 22. Difference between the 46Ar vertex energy as reconstructed from kinematics and
vertex position in (a) the experiment and (b) a simulation including the emittance of the
beam. The uncertainty introduced by the varying orientation of the beam track decreases
the accuracy of the energy reconstruction from kinematics, increasing the difference
between the two reconstructions as compared to the result from Fig. 18, where this effect
was not included.

Fig. 23. Vertex position distribution from the commissioning data. Each vertex location
is deduced from an extrapolation of the proton track to the beam axis after fitting by the
Monte Carlo algorithm. The sharp edge close to z = 1000mm corresponds to the location
of the entrance window. The z position resolution calculated from fitting this edge is
14.1mm FWHM, which corresponds to the energy resolution of 46.4 keV/u quoted in the
text.

from the determination of the vertex position remains acceptable for
the experimental goals at 46.4 keV/u.

The electronics saturation issues encountered during the commis-
sioning run are being addressed by individually polarizing the pads. This
method was previously applied to the Prototype AT-TPC in an experi-
ment using reactions between a 10Be beam and 4He target [5]. Using
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Fig. 1. A schematic view of the AT-TPC. The outer shielding volume was made transparent
in this image tomake the details of the inner volumemore visible. Beam enters the detector
through the beam duct at the right-hand side of the image and moves toward the sensor
plane on the left. Some components of the digital electronics are shown mounted on the
downstream end of the detector (see Section 2.4).

2. Detector design

As stated above, the design of the AT-TPC is similar to that of
the half-scale Prototype AT-TPC [3]. The most important differences
between the two detectors are the larger size of the full-scale AT-
TPC, the improved sensor plane design, and the addition of a magnetic
field. These improvements are discussed below along with a general
description of the AT-TPC.

2.1. Overview

The AT-TPC consists of a cylindrical active volume of length 1m
and radius 29.2 cm surrounded by a larger concentric shielding volume
(Fig. 1). The active inner volume is filled with a gas that provides
scattering targets for the reaction and a tracking medium for the charged
particles. The choice of fill gas depends on the experiment since it
must contain the target nucleus of interest, but the detector has been
successfully tested both with pure gases (including hydrogen, helium,
isobutane, and carbon dioxide [7]) and with gas mixtures (including
He + CO2). The gas pressure is adjusted based on the incoming beam
energy and the gas properties to give the desired particle range in
the detector; it may be set to any value up to atmospheric pressure.
The outer shielding volume is filled with an insulating gas such as
nitrogen.

The dimensions of the detector were determined by the available
space inside the large-bore solenoidal magnet in which it is installed.
This magnet, which is capable of producing a field of up to 2T at
the center of its bore, was designed for a medical magnetic resonance
imaging (MRI) machine and was moved to the NSCL from TRIUMF
after being used for the TWIST experiment [8]. The AT-TPC is mounted
coaxially on rails in the center of the magnet. The longitudinal magnetic
field bends the trajectories of the emitted charged particles in order
to determine their energies and aid in particle identification. Another
direct benefit is the ability to track particles over longer paths, and
for those that stop in the gas volume, to measure their total range.
This ability is enhanced by the larger size of the full-scale AT-TPC as
compared to the half-scale prototype.

The uniformity of the magnetic field is assured by the AT-TPC’s
central location in the solenoid, far from the fringe field regions. A
calculated map of the axial component of the magnetic field inside the
magnet is shown in Fig. 2. The total variation of the field inside the
active volume of the AT-TPC, as indicated by the white rectangle, is
only 20.42mT, a fluctuation of 1.1% compared to the value of 1.908T
at the center.

Fig. 2. Calculated map of the axial (z) component of the magnetic field within the bore
of the solenoid. The center of the sensor plane is located at the origin. The boundary of
the active volume is indicated with a white rectangle.

A uniform electric field is produced inside the active volume by
applying a potential difference on the order of 104 V between the
cathode located at the upstream end of the cylindrical volume and
the anode at its downstream end. To ensure that the electric field is
uniform, the wall of the active volume is surrounded inside and out by
a field cage consisting of 50 concentric ring-shaped electrodes spaced
19.05mm apart. The inner rings have a radius of 28.1 cm, while the
outer rings have a radius of 31.1 cm. The rings are connected to each
other and to the anode and cathode by a chain of 20M⌦ resistors that
gradually steps down the voltage between each ring, establishing evenly
spaced equipotentials for the electric field. An additional voltage on the
order of 500V is applied to the ring closest to the sensor plane to account
for the distance that the sensor plane projects out from the downstream
end plate.

To check the uniformity of the electric field, an electric field cal-
culation was performed4 using Garfield [9]. As discussed by Suzuki
et al. [3], Garfield is limited to two-dimensional geometries, so the elec-
tric field cage was approximated in two dimensions using a collection of
infinite wires. The result of the calculation is shown in Fig. 3, where the
uniformity of the field in the drift region is apparent. This conclusion
is supported by the lack of visible distortions in recorded tracks, even
when particles travel near the edges of the active volume. Finally, the
region closest to the rings, which will have the least-uniform electric
field, is not seen by the sensor plane since the sensor plane’s diameter
is 1.2 cm smaller than the diameter of the inner field cage rings.

The beam enters the active volume through a 3.6 �m thick, 25.4 mm
diameter aluminized para-aramid window at the cathode end of the
detector and travels through the gas, ionizing it. The ionization electrons
are transported by the electric field from where they are produced to the
anode end of the detector, which is composed of a sensor plane equipped
with a bulk-fabricated [10] Micromegas device [11]. The signals from
the sensor plane are then read out by digital electronics mounted on
the outside of the flange enclosing the active volume. These front-end
electronics boards are connected to the sensor plane via feedthrough
boards that isolate them from the gas volume. The absence of cables
between the sensor plane and the front-end preamplifiers simplifies
the assembly of the electronics and greatly reduces the noise. This is
discussed further in Section 2.4.

2.2. Sensor plane

The sensor plane consists of a circular printed circuit board of radius
27.5 cm covered with 10 240 gold-plated triangular electrodes, or pads.
The pads are arranged in a hexagonal inner region of 6144 small pads
with height 0.5 cm surrounded by an outer region of 4096 large pads
with height 1.0 cm (Fig. 4). The inner region of half-scale pads provides
a finer resolution near the reaction vertex, which will generally occur
near the central axis of the detector. Larger pads are used instead in the
outer region to help keep the total number of channels reasonable.

4 F. Montes, private communication.
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Fig. 8. Schematic view of the GET electronics system. For clarity, only one AsAd is shown, but in reality, 40 AsAds are used to instrument the AT-TPC.

signals and compares the signals to a threshold to generate a channel-
level trigger. The AGET amplifies the incoming signal with a variable-
gain charge-sensitive preamplifier and performs pole-zero correction. It
then stores samples of the analog signal in a switched capacitor array
(SCA) which acts as a circular buffer [13,14]. Each AGET can read out
64 channels from the detector in addition to four fixed-pattern noise
channels. The fixed-pattern noise channels are structurally identical to
the physics channels, but without inputs [13,14]. This allows the data
to be corrected for low-frequency electronic noise.

The AGETs are mounted in groups of four on AsAd (ASIC Support
and Analog to Digital conversion) boards. In addition to the four AGETs,
each AsAd board houses a four-channel, 12-bit ADC. When a trigger is
issued, the ADC digitizes the sample outputs from each AGET chip and
transmits them via a serial link [14]. Between triggers, the ADC digitizes
and transmits the multiplicity signal from each AGET integrated over an
adjustable-width sliding time window.

The input end of each AsAd board is attached to an isolation circuit
that prevents sparks in the detector from damaging the electronics, and
this assembly is then mounted on the downstream end of the AT-TPC as
shown in Fig. 9 and connected directly to the sensor plane. This design
was chosen to minimize the distance that analog signals must travel
before being digitized, reducing the capacitance and potential noise in
the data. The mean noise level across the system was quantified at 972
electrons by taking the standard deviation of the baseline signal from
each channel using a gain of 120 fC. The noise level in each channel
is plotted as a function of printed circuit board (PCB) trace length in
Fig. 10. These traces link the pads to connectors on the back of the sensor
plane that couple to the AsAd assemblies, and the traces vary in length
due to the complex routing pattern required to connect 10 240 pads
to 40 connectors. Fig. 10 shows that longer trace lengths are generally
correlated with higher noise levels, but this dependence is not especially
strong.

While it provides a low baseline noise level, the direct connection
between the front-end electronics and the sensor plane also means
that the AsAd assemblies operate inside the high magnetic field of the
solenoid during experiments. However, this application was accounted
for in the design of the GET electronics system, and tests have shown
that the performance of the system is the same with and without the
magnetic field.

The top level of the GET electronics hierarchy is the CoBo
(Concentration Board). Each of the AT-TPC’s 10 CoBos is connected
to four AsAd boards. When a trigger is issued, the CoBo collects the
data from these boards, applies an event time stamp, and builds the
event [14]. It then sends the event over a 10Gb/s fiber-optic link to a
network switch to be distributed to a cluster of computers for storage.

Fig. 9. A photograph of the fully instrumented AT-TPC mounted inside its solenoid
magnet. The 40 AsAds are mounted directly on the downstream end flange in groups
of two, surrounded by copper shielding.

Fig. 10. Noise level in each channel as a function of the length of the PCB trace linking
each pad to the front-end electronics. Longer traces and larger pads tend to be associated
with more noise.
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Table 1
Properties of the resonances shown in Fig. 4. Energies and widths are given in keV/u. ECM

res is the resonance energy in the center 
of mass frame; Ex is the excitation energy calculated from the resonance assuming !EC − Sn = 2680(20) keV, the energy of the 
ground state resonance; Jπ gives the spin and parity assigned to the resonance; T z indicates the isospin projection; S refers to the 
spectroscopic factor; # is the total resonance width; and #p is the proton width. For quantities with two uncertainties, the first 
value is the systematic uncertainty and the second is statistical.

ECM
res Ex Jπ T z S # #p F p

(keV) (keV) (keV) (keV)

2680 ± 108 ± 20 0 ± 91 ± 28 3/2− 11/2 (47Ar) 0.27 ± 0.03 +0.21
−0.13 15(10) 4.3(4) 2.14 0.15

2990 +117
−124 ± 20 310 +91

−92 ± 28 1/2+ 9/2 (47K) 0.027 ± 0.006 +0.013
−0.007 30(10) 20(2) 3.59 0.04

3280 +125
−127 ± 20 600 +92

−93 ± 28 1/2+ 9/2 (47K) 0.008 ± 0.002 +0.005
−0.006 18(10) 8.0(8) 0.68 0.58

3650 +137
−147 ± 20 970 +95

−99 ± 28 1/2− 11/2 (47Ar) 0.42 ± 0.05 ± 0.09 34(10) 24(2) 5.50 0.01

Fig. 4. Comparison between data and R matrix calculation.

The experimental data is compared to the R matrix calculation 
in Fig. 4, where four candidate resonances are seen. The resonance 
parameters were optimized by manually adjusting the resonance 
energies and spectroscopic factors used as input to DSigmaIV. The 
resonance widths were calculated by this code as a function of 
those parameters. A resonance mixing phase of 20◦ was included 
to account for averaging over the fine structure components of the 
resonances [32,18], and a resonance spreading width of 10 keV 
was included to account for splitting over these states [33,32]. The 
resulting resonance properties are shown in Table 1.

The systematic uncertainty of the resonance energy ECM
res in-

cludes a component from the calibration process, a component 
that accounts for an estimated 5% uncertainty in the drift veloc-
ity, and a component from the uncertainty in the relative Coulomb 
shifts between levels. This last uncertainty was taken to be 64 keV 
from the systematic comparison review on light nuclei done in 
[34]. The systematic uncertainty of the excitation energy Ex is 
smaller because the calibration and drift velocity uncertainties are 
highly correlated between states, leading to a large covariance. The 
systematic uncertainty of the spectroscopic factors was estimated 
from the uncertainty in the height of the resonance peaks.

An F test was performed around each resonance to establish 
the level of statistical significance of the experimental results. This 
test compared the R matrix model shown in Fig. 4 to a null model 
that consists of a horizontal line passing through the origin. The 
comparison was made using the F statistic

F = (RSS0 − RSSR)/(ν0 − νR)

RSSR/νR
, (4)

where RSS is the residual sum of squares, ν is the number of de-
grees of freedom, and subscripts R and 0 refer to the R matrix 
model and the null model, respectively. The value of this statistic 
was calculated for each peak and compared to an F distribution to 
find a p-value for each peak that corresponds to the probability of 
observing a more-extreme deviation from the baseline assuming 
the null model is true. If this p-value was less than a predeter-
mined threshold of 0.10, then the null model was rejected in favor 
of the R matrix model, and the resonance was deemed statisti-
cally significant. The calculated p-values and the values of the F
statistic are shown in Table 1. At the 10% level, the lower-energy 
1/2+ resonance and the 1/2− resonance were statistically signifi-
cant. The p-value calculated for the entire energy range (including 
all four resonances) was < 0.01 (F = 2.81).

Two of the four resonances listed in Table 1 correspond to iso-
baric analogues of states in 47Ar. The 2680 keV resonance was 
identified as the analogue of the ground state of 47Ar, and the 
3650 keV resonance corresponds to its 1/2− first excited state. 
The remaining two 1/2+ resonances do not correspond to known 
states in 47Ar, so they were identified as resonances with a lower 
isospin projection which arise from unbound states in the 47K 
compound nucleus. The spectroscopic factors of these resonances 
were therefore calculated without the factor of 2T0 + 1 = 11 from 
Eq. (1).

The values deduced in the present experiment are compared 
to several previous determinations and shell model calculations in 
Fig. 5. Our determination of the properties of the ground state are 
compatible with the previous experiment within 2σ , but the ob-
served parameters of the first excited 1/2− state do not agree with 
the literature values. The observed excitation energy of this state 
is somewhat lower than the previously reported value of 1130 keV 
[4]. This is compatible with the previously mentioned fluctuations 
in the Coulomb shift and the experimental error.

Several factors may influence the absolute spectroscopic factor 
as deduced from the R matrix analysis of the present work.

• Optical model parameters used: in the angular and energy do-
main of the present work the potential scattering amplitude 
is dominated by Rutherford so the main influence will come 
from the phases in the resonant term that interferes with the 
potential scattering.

• Spreading width: a resonance integral, defined as the integral 
of the deviation from unity in Fig. 4, was used to quantify the 
resonance effect. It was checked that this quantity was not 
very sensitive to variations of the spreading width, less than 
10%.

• Resonance mixing phase: the resonance mixing phase changes 
the interference pattern between the potential and resonant 
amplitudes. Introducing the value of 20◦ from [32,18] im-
proved the fit for the 1/2− resonance for example. From 
our rough estimation, a reasonable variation of the resonance 
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Table 1
Properties of the resonances shown in Fig. 4. Energies and widths are given in keV/u. ECM

res is the resonance energy in the center 
of mass frame; Ex is the excitation energy calculated from the resonance assuming !EC − Sn = 2680(20) keV, the energy of the 
ground state resonance; Jπ gives the spin and parity assigned to the resonance; T z indicates the isospin projection; S refers to the 
spectroscopic factor; # is the total resonance width; and #p is the proton width. For quantities with two uncertainties, the first 
value is the systematic uncertainty and the second is statistical.

ECM
res Ex Jπ T z S # #p F p

(keV) (keV) (keV) (keV)

2680 ± 108 ± 20 0 ± 91 ± 28 3/2− 11/2 (47Ar) 0.27 ± 0.03 +0.21
−0.13 15(10) 4.3(4) 2.14 0.15

2990 +117
−124 ± 20 310 +91

−92 ± 28 1/2+ 9/2 (47K) 0.027 ± 0.006 +0.013
−0.007 30(10) 20(2) 3.59 0.04

3280 +125
−127 ± 20 600 +92

−93 ± 28 1/2+ 9/2 (47K) 0.008 ± 0.002 +0.005
−0.006 18(10) 8.0(8) 0.68 0.58

3650 +137
−147 ± 20 970 +95

−99 ± 28 1/2− 11/2 (47Ar) 0.42 ± 0.05 ± 0.09 34(10) 24(2) 5.50 0.01

Fig. 4. Comparison between data and R matrix calculation.

The experimental data is compared to the R matrix calculation 
in Fig. 4, where four candidate resonances are seen. The resonance 
parameters were optimized by manually adjusting the resonance 
energies and spectroscopic factors used as input to DSigmaIV. The 
resonance widths were calculated by this code as a function of 
those parameters. A resonance mixing phase of 20◦ was included 
to account for averaging over the fine structure components of the 
resonances [32,18], and a resonance spreading width of 10 keV 
was included to account for splitting over these states [33,32]. The 
resulting resonance properties are shown in Table 1.

The systematic uncertainty of the resonance energy ECM
res in-

cludes a component from the calibration process, a component 
that accounts for an estimated 5% uncertainty in the drift veloc-
ity, and a component from the uncertainty in the relative Coulomb 
shifts between levels. This last uncertainty was taken to be 64 keV 
from the systematic comparison review on light nuclei done in 
[34]. The systematic uncertainty of the excitation energy Ex is 
smaller because the calibration and drift velocity uncertainties are 
highly correlated between states, leading to a large covariance. The 
systematic uncertainty of the spectroscopic factors was estimated 
from the uncertainty in the height of the resonance peaks.

An F test was performed around each resonance to establish 
the level of statistical significance of the experimental results. This 
test compared the R matrix model shown in Fig. 4 to a null model 
that consists of a horizontal line passing through the origin. The 
comparison was made using the F statistic

F = (RSS0 − RSSR)/(ν0 − νR)

RSSR/νR
, (4)

where RSS is the residual sum of squares, ν is the number of de-
grees of freedom, and subscripts R and 0 refer to the R matrix 
model and the null model, respectively. The value of this statistic 
was calculated for each peak and compared to an F distribution to 
find a p-value for each peak that corresponds to the probability of 
observing a more-extreme deviation from the baseline assuming 
the null model is true. If this p-value was less than a predeter-
mined threshold of 0.10, then the null model was rejected in favor 
of the R matrix model, and the resonance was deemed statisti-
cally significant. The calculated p-values and the values of the F
statistic are shown in Table 1. At the 10% level, the lower-energy 
1/2+ resonance and the 1/2− resonance were statistically signifi-
cant. The p-value calculated for the entire energy range (including 
all four resonances) was < 0.01 (F = 2.81).

Two of the four resonances listed in Table 1 correspond to iso-
baric analogues of states in 47Ar. The 2680 keV resonance was 
identified as the analogue of the ground state of 47Ar, and the 
3650 keV resonance corresponds to its 1/2− first excited state. 
The remaining two 1/2+ resonances do not correspond to known 
states in 47Ar, so they were identified as resonances with a lower 
isospin projection which arise from unbound states in the 47K 
compound nucleus. The spectroscopic factors of these resonances 
were therefore calculated without the factor of 2T0 + 1 = 11 from 
Eq. (1).

The values deduced in the present experiment are compared 
to several previous determinations and shell model calculations in 
Fig. 5. Our determination of the properties of the ground state are 
compatible with the previous experiment within 2σ , but the ob-
served parameters of the first excited 1/2− state do not agree with 
the literature values. The observed excitation energy of this state 
is somewhat lower than the previously reported value of 1130 keV 
[4]. This is compatible with the previously mentioned fluctuations 
in the Coulomb shift and the experimental error.

Several factors may influence the absolute spectroscopic factor 
as deduced from the R matrix analysis of the present work.

• Optical model parameters used: in the angular and energy do-
main of the present work the potential scattering amplitude 
is dominated by Rutherford so the main influence will come 
from the phases in the resonant term that interferes with the 
potential scattering.

• Spreading width: a resonance integral, defined as the integral 
of the deviation from unity in Fig. 4, was used to quantify the 
resonance effect. It was checked that this quantity was not 
very sensitive to variations of the spreading width, less than 
10%.

• Resonance mixing phase: the resonance mixing phase changes 
the interference pattern between the potential and resonant 
amplitudes. Introducing the value of 20◦ from [32,18] im-
proved the fit for the 1/2− resonance for example. From 
our rough estimation, a reasonable variation of the resonance 
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Fig. 1. A typical proton recoil spiral as observed in the AT-TPC in the reaction 46Ar(p, p). The points labeled “data” were identified as part of the track, while the points 
labeled “noise” were rejected as noise. The Monte Carlo fit is also shown, including an extrapolation from the first data point back to the beam axis to find the vertex 
position. This proton had an energy of 1.57 MeV/u and a scattering angle of 62.3◦ in the laboratory frame.

Fig. 2. The number of events as a function of the 46Ar nucleus energy at the reaction 
vertex. The sharp cutoff at 4.11 MeV/u corresponds to the entrance window of the 
AT-TPC.

shown in Fig. 2, yielding a FWHM resolution of 46 keV/u. This re-
sult is within the resolution needed for the present experiment. 
The energy straggling of the beam in the entrance window, the 
ion chamber, and the gas was calculated with SRIM [27] down to 
an energy of approximately 2 MeV/u and was found to be less 
than 10 keV/u. The scattering angle and energy acceptances of the 
AT-TPC in the present experiment were limited by the trigger gen-
eration, especially at forward scattering angles in the laboratory 
frame, where the track multiplicity is low due to the small pro-
jection of each track onto the sensor plane. Due to these trigger 
limitations, the angular domain of the data was restricted to the 
region between roughly 30◦ and 65◦ in the center-of-mass frame. 
Resonance effects are smaller in this angular domain than at very 
backwards angles in the center-of-mass frame; however, this is 
compensated for by much higher cross sections. The non-resonant 
scattering is predominantly Rutherford scattering, limiting the in-
fluence of optical model parameter uncertainties.

The counts were summed over all scattering angles to produce 
the data shown in Fig. 3. Theoretically, this data consists of reso-
nances superimposed on a slowly varying baseline. This baseline 
was modeled using a quadratic function and then removed using 
the formula

Fig. 3. Experimental counts, summed over all scattering angles. A quadratic fit is 
shown with a 1σ error band.

S(E) = N(E) − B(E)

B(E)
(3)

where N(E) represents the data, B(E) is the baseline, and S(E)
is the resulting baseline-subtracted normalized data. This baseline-
subtracted normalized data was then fit using an R matrix model 
to estimate the properties of the observed resonances. The R ma-
trix calculation was performed using the DSigmaIV program [28,
29], which is based on the Lane and Thomas [30] description of 
the theory. The Koning and Delaroche [31] global optical poten-
tial was used for the elastic scattering component of the reaction. 
After performing the calculation, the results were summed over 
all scattering angles with weights that were proportional to the 
number of experimental counts observed in each angular bin. The 
non-resonant elastic scattering component was then removed from 
this weighted sum by comparing the results to an R matrix calcu-
lation without resonances and finding the normalized difference in 
the same way as was done for the data. Finally, this renormalized, 
summed R matrix curve was convoluted with a Gaussian with full 
width at half maximum of 46 keV/u to model the energy resolu-
tion of the detector.

46Ar(p,p), 4.6 MeV/u
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The elusive β−pþ decay was observed in 11Be by directly measuring the emitted protons and their energy
distribution for the first time with the prototype Active Target Time Projection Chamber in an experiment
performed at ISAC-TRIUMF. The measured β−pþ branching ratio is orders of magnitude larger than any
previous theoretical model predicted. This can be explained by the presence of a narrow resonance in 11B
above the proton separation energy.

DOI: 10.1103/PhysRevLett.123.082501

It would seem, a priori, that β− decay and proton emission
are incompatible processes in a neutron-rich nucleus. The β−
decaymoves isotopes northwest in the nuclear chart, towards
the valley of stability and more bound systems, while the
proton emission takes it south, becoming a less stable system.
This process, called β−-delayed proton emission (β−pþ), is
energetically forbidden in all but some nuclei for which their
neutron separation energy is Sn < 782 keV [1]. Only a
handful of A ≤ 31 nuclei that fulfill this condition have
been observed, of which the most promising candidate
is 11Be → 10Beþ pþ þ β−.
Nuclei approaching the nuclear drip lines have large Qβ

values available and decay into nuclei with low particle
binding energy. This opens an energy window where
different β-delayed particle emission channels are allowed
[2]. 11Be, which is the last bound odd beryllium iso-
tope, has several of them energetically available: βα
[Qβα ¼ 2845.2ð2ÞkeV, bα ¼ 3.30ð10Þ% [3] ], βt [Qβt¼
285.7ð2ÞkeV, not observed], β−pþ [Qβp ¼ 280.7ð3ÞkeV,
bp ¼ 8.3ð9Þ× 10−6, indirectly observed [4] ], and βn
[Qβn ¼ 55.1ð5ÞkeV, not observed].

This low neutron binding energy allows for the counter-
intuitive β−pþ decay to happen. In nuclei like 11Be, called
halo nuclei, the last neutron is so weakly bound that it orbits
far from an inert core [5–7]. The β−pþ decay mechanism
has been modeled as a decay of the halo neutron into a
proton that is either in a high-energy resonant state above
its separation energy or directly in the continuum, free to be
emitted [8]. This is similar to the β-delayed deuterium
emission in the two-neutron halo nucleus 11Li. When one of
the neutrons decays into a proton, it binds to the other
forming a deuteron coupled to the continuum [9].
Riisager and co-workers performed experiments at

ISOLDE to indirectly observe the 11Be → 10Be decay
[4,10,11]. They implanted 11Be (T1=2 ¼ 13.8 s) in a
catcher. Using accelerated mass spectroscopy, they mea-
sured the amount of 10Be (T1=2 ¼ 1.5 × 106 yr) in the
samples, obtaining bp ¼ 8.3ð9Þ× 10−6. Theoretical pre-
dictions using the 11B nuclear structure suggest that the
β−pþ branch should have been orders of magnitude lower
than observed [1,8,10].
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curves was used to perform a χ2 test for every particle track.
These reference curves determined experimentally are
shown in Fig. 2 for a β−pþ decay (upper panel) and a
7Li" þ 4He decay (lower panel) event. In these events, both
the proton and 7Li" are emitted from the cathode of the
detector. The experimental energy loss curves of each event
(square for protons and dots for 7Li") were compared to
both reference curves using an objective function contain-
ing the amplitude (energy loss) per unit time (time bucket).
Since the reference curves were determined at a fixed angle
and energy, they were shaped and renormalized to take into
account the energy and the range of the particle, its angle of
emission, and the starting time bucket of the event. In each
step of the algorithm, the objective function is evaluated,
selecting the curve that minimizes the χ2.
The results of the minimization process, in terms of χ2,

have also been validated by scrutiny. The β−pþ decay
candidates, 391 in total, were inspected and found to be
similar to the one shown in the upper panel of Fig. 2.
Background and misidentification of events in the energy

spectrum were evaluated by analyzing the distribution as a

function of χ2 value (not normalized), as shown in Fig. 3.
Below a χ2 value of 200, the energy spectrum (solid dots in
the lower panel) exhibits a clear peak that is in excellent
agreement with a Breit-Wigner distribution with two
contributions: protons emitted from the cathode with
178(20) keV and 10% of decays in gas with 196 keV
(178 keV, plus 18 keV from the 10Be recoil), respectively,
both with a width of 12(5) keV. (The χ2 value was chosen
based on a correlation matrix showing the χ2 obtained
comparing both reference curves.) The proton penetrability
as a function of the energy was also taken into account. The
sharp energy distribution clearly indicates that the β−pþ

decay from 11Be proceeds through an unobserved reso-
nance in 11B. Based on the Qβ and the proton plus recoil
energies (the electron screening term is negligible for Be),
the resonance is predicted at an energy of 11 425(20) keV.
From the proton energy distribution, and taking into
account the detector energy resolution, the width of the
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FIG. 2. (Upper) Experimental energy loss for protons
(squares) compared to the reference curves (solid and dotted lines
for protons and 7Li, respectively). The calculated χ2 are 111
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respectively). In this case, the calculated χ2 is 1890 (proton) and
190 (7Li).
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limits. (Lower) Energy distribution of β-delayed protons
(χ2 < 200) emitted from 11Be (solid dots) compared to a
Breit-Wigner distribution.
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There are two possible explanations for this discrepancy.
The β−pþ decay could populate some unobserved reso-
nance in 11B, changing the available phase space and
enhancing the decay, or there could be additional, unac-
counted for decay channels contributing to the total 11Be →
10Be decay. Recently, it was suggested in Refs. [12,13] that
the halo neutron in 11Be is so weakly bound that it could
decay into a particle of the dark sector, thus creating a 10Be
nucleus and an undetectable dark particle. The experiment
in Ref. [4] measured the total branching ratio of the 11Be →
10Be decay, not the individual branching of the β−pþ and
other hypothetical dark decay channels. The implications
of this alternative dark decay in 11Be will be discussed at
length in the other publication reporting results of this
experiment [14].
The aim of our experiment was to directly measure the

β−pþ decay in 11Be and unambiguously assign a branching
ratio to that specific decay channel. By directly observing
the emitted protons and measuring their energy distribu-
tion, important information can be extracted about 11B
nuclear structure and the β−pþ decay mechanism.
In order to efficiently detect and identify every particle

emitted in the β decay of 11Be, specially protons of
∼200 keV of energy [4,8], the experiment was performed
with the prototype active target time projection chamber
(PAT-TPC) [15]. This device allows for efficient and high-
resolution measurement of very low-energy particles. The
PAT-TPC consists of a cylindrical gaseous volume of 50 cm
length with 12 cm radius with a detection plane composed
of a dual micropattern gas detector (Micromegas [16]
coupled to a multilayer thick gas electron multiplier
[17]). An electric field is applied along the beam axis
between the cathode end and the detection plane. Ionization
electrons released when a charged particle is crossing the
gaseous volume are drifted to the segmented pad plane.
There they are multiplied and collected in the Micromegas
readout pads. The drift time and the energy loss rate are
recorded by each pad individually. With this information
and the centroids of the pads, the characteristic energy loss
curve of each particle and their tracks can be reconstructed.
Each particle track was analyzed independently using a
sophisticated clustering algorithm [18]. Further information
about the PAT-TPC can be found in Refs. [15,19,20].
The 11Be isotopes were produced by a 480-MeV proton

beam (9.8μA of intensity) delivered by the TRIUMF main
cyclotron [21] impinging on a uranium carbide (UCx)
target. The TRIUMF resonant ionization laser ion source
[22] selectively ionized Be isotopes to a 1þ state. After
separation of A=q¼ 11, particles were further stripped to a
q¼ 2þ state and reaccelerated to ∼390 A keV. The beam
intensity was attenuated to ∼105 particles=s to reduce dead
time. The experiment was run in a cycled mode: ions were
implanted for 1 s, the charge carriers produced during the
implantation were evacuated for 0.5 s, and finally, 7 s were
used to observe 11Be decay. The beam energy was selected

to stop the 11Be at the center of the PAT-TPC. The ions were
expected to neutralize and undergo minimal Brownian
motion. However, most of the 11Be drifted to the cathode,
where they decayed. The response of the PAT-TPC to low-
energy protons was determined by injecting protons in the
detector. A molecular OHþ beam was extracted from the
off-line ion source and accelerated before impacting a thin
foil to break up the molecule. The pþ was then further
accelerated to 220 keV/A. Protons entered the TPC gas
volume with E ¼ 198keV, as inferred from energy loss
parametrizations. The energy resolution of the detector,
which amounts to about 15 keV (FWHM) was obtained by
integrating the energy loss curve for each proton event to
determine the total deposited charge.
The detector was filled with 60 torr of 4Heþ CO2

(90%-10%) gas mixture to stop 200 keV protons within
∼10 cm. Because of the extremely low branching ratio
expected for the β−pþ channel, two different triggers, low
and high level, were used to separate regions of interest in
the energy spectrum: 20–300 and 300–1500 keV, respec-
tively. The latter was downscaled by a factor of 64 to reduce
the triggers of the βα decay.
Figure 1 shows the total energy spectrum of charged

particles emitted following the 11Be β decay. The vertical
dashed line indicates the separation between trigger win-
dows. One of the products of the decay into 7Liþ 4He
and 7Li# þ 4He, coming from the cathode of the detector,
was identified on an event-by-event basis. In addition,
decays in the gas, in which both products were detected
simultaneously (∼10% of the total), were also measured
(1200 keV).
The identification of protons in the region of interest,

which is dominated by 7Li#, was performed using the
characteristic energy loss distribution. An analytical energy
loss curve fit to experimental proton and 7Li energy loss
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curves was used to perform a χ2 test for every particle track.
These reference curves determined experimentally are
shown in Fig. 2 for a β−pþ decay (upper panel) and a
7Li" þ 4He decay (lower panel) event. In these events, both
the proton and 7Li" are emitted from the cathode of the
detector. The experimental energy loss curves of each event
(square for protons and dots for 7Li") were compared to
both reference curves using an objective function contain-
ing the amplitude (energy loss) per unit time (time bucket).
Since the reference curves were determined at a fixed angle
and energy, they were shaped and renormalized to take into
account the energy and the range of the particle, its angle of
emission, and the starting time bucket of the event. In each
step of the algorithm, the objective function is evaluated,
selecting the curve that minimizes the χ2.
The results of the minimization process, in terms of χ2,

have also been validated by scrutiny. The β−pþ decay
candidates, 391 in total, were inspected and found to be
similar to the one shown in the upper panel of Fig. 2.
Background and misidentification of events in the energy

spectrum were evaluated by analyzing the distribution as a

function of χ2 value (not normalized), as shown in Fig. 3.
Below a χ2 value of 200, the energy spectrum (solid dots in
the lower panel) exhibits a clear peak that is in excellent
agreement with a Breit-Wigner distribution with two
contributions: protons emitted from the cathode with
178(20) keV and 10% of decays in gas with 196 keV
(178 keV, plus 18 keV from the 10Be recoil), respectively,
both with a width of 12(5) keV. (The χ2 value was chosen
based on a correlation matrix showing the χ2 obtained
comparing both reference curves.) The proton penetrability
as a function of the energy was also taken into account. The
sharp energy distribution clearly indicates that the β−pþ

decay from 11Be proceeds through an unobserved reso-
nance in 11B. Based on the Qβ and the proton plus recoil
energies (the electron screening term is negligible for Be),
the resonance is predicted at an energy of 11 425(20) keV.
From the proton energy distribution, and taking into
account the detector energy resolution, the width of the
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FIG. 3. (Upper) Number of identified protons as a function of
the χ2 range (solid line). The dashed line refers to the uncertainty
limits. (Lower) Energy distribution of β-delayed protons
(χ2 < 200) emitted from 11Be (solid dots) compared to a
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Pre-SOLARIS activities

AT-TPC support, Al Barcikowski (ANL) and SOLARIS team



Pre-SOLARIS activities

Gas-jet target:  DOE early-
career award. Test with 
HELIOS, possible use with 
SOLARIS

AT3PC: e.g. for the study 
of (t,p) reactions in 
SOLARIS

• Consideration being given 
to using a JENSA-like gas-
jet target system inside a 
solenoid 

• Different TPCs can be used, 
such as the existing AT-TPC, 
the PAT-TPC, and the newly 
designed AT3PC (active 
tritium target time project 
chamber)





of HELIOS.
The neutron-rich Ca isotopes are mentioned in Section 3.1 of this document, and also

discussed in the ReA Energy Upgrade white paper [13], the SOLARIS white paper [7], and
many other research papers. They are presently among the most actively researched chain of
isotopes in the field, and are among the most eagerly anticipated beams at ReA and FRIB.
While there is now some limited knowledge on collective excitations out to the neutron-
rich 54Ca nucleus, essentially nothing beyond 48Ca + n is known in terms of single-particle
properties. From the predicted ReA rates [22], SOLARIS will prove essential is probing
single-neutron and single-proton excitations from 48Ca to 54Ca.
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Figure 9: Simulated kinematic lines for the (d,p) [black], (d,d) and (d,d0) [red], and (d,t)
[green] reactions with an incident beam of 52Ca at 8 MeV/u and a 3-T field. The outgoing
energy of the ions as a function of position are shown. The target is at 0 cm in this plot. Si
arrays both upstream and downstream of the target would enable these three measurements
to be carried out simultaneously. With the proposed 60-cm long Si arrays, the downstream
one would sit nominally between 20-80 cm for this measurement.

By way of demonstration, we discuss two examples that are expected to be unique for
SOLARIS, combining the power of both modes of operation and the beams of ReA.

Focusing on the Si-array mode, beams of 50Ca and 52Ca are both estimated to have
intensities above approximately 104 particles per second [22]. With SOLARIS, both the
neutron-adding (d,p) and neutron-removing (d,t) reactions can be measured simultaneously
with the dual Si-array system. Figure 9 shows a simulation of the characteristic energy versus
position of the outgoing ions, in this case protons from the (d,p) reactions, which over the
forward center-of-mass angles of interest travel upstream in the solenoid, and tritons from
the (d,t) reaction, which travel downstream. In these plots, level energies in the respective
Ca isotopes were taken from the experimental unevaluated nuclear data list [42].
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January 2019



February 2019

... paperwork/emails ...



March 2019

(9,000 liters of LN2, 7,000 liters of LHe ...)



May 2019



for DOE project planning and for each component in the project in detail. For the purposes
of this presentation, the project is assumed to start in FY20 (October 1, 2019) and run
for 30-36 months. The following discussion does not include funds already made available
in FY18 to demonstrate the viability of the Argonne 4-T solenoid, the support stand, and
transport costs. All of these activities have been completed with the funds provided. Table 3
shows all costs in detail, with the contingency explicitly quoted. The total cost of the project
is estimated to be $3,616,826.

Table 1: Breakdown of costs, in k$, between major components of the SOLARIS project.
Laboratory overhead and contingencies are included in these figures.

Task Total
Mechanical infrastructure 1183
Detector arrays and data acquisition 1624
E↵ort 810
Total 3617

As mentioned in the earlier sections of this document, in anticipation of the SOLARIS
project a 4-T superconducting solenoid was acquired by ANL at a nominal cost relative to
the approximately $1M price tag for a new, comparable solenoid. This solenoid has been
made available for SOLARIS at no cost to the project.

The superconducting solenoid was moved from ANL to the NSCL in May of 2019 following
a demonstration that it operates as a solenoid and when space in the ReA6 hall became
available following the move of the cyclotron stopper. As noted in Section 1.1.1 work has
already started on several fronts, both onsite at NSCL and o↵site at ANL. At NSCL, the
solenoid has been mounted on its support stand. The solenoid will be energized and the
magnetic field mapped later in the fall of 2019. At Argonne, the mechanical infrastructure
to support the AT-TPC inside the solenoid is being designed, with installation planned for
early 2020. These are considered pre-SOLARIS activities, carried out with funds already
provided by the DOE and small amounts of support from Argonne and NSCL prior to this
request.

The request for funds in FY20 are to carry out several longer lead-time R&D-related

Table 2: Project cost profile in k$.

FY20 FY21 FY22 Total
Pre-R&D – – – –
R&D 237 – 68 305
CDR 146 – – 146
PED 194 405 105 705
Construction – 1180 1176 2356
Pre-Ops – – 105 105
TEC 194 1585 1281 3061
OPC 383 – 174 556
TPC 577 1585 1455 3617
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ID Task name
Duration

(months)

2019 2020 2021 2022

Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

1 SOLARIS 30
2 Riggers (ANL) 1
3 Trucking 1
4 Riggers (NSCL) 1
5 Cooling solenoid 1
6 Ramping field tests 1
7 Field mapping 1
8 Solenoid stand, deck, alignment 4
9 Spool ends, flanges 1-6
10 AT-TPC cradle, transport, install 3
11 AT-TPC support and alignment 3
12 AT-TPC experiments 9+
13 ReA beam line dev./coupling pt1 3
14 Silicon detector procurement 18
15 Electronics system 18
16 Si array assembly 6
17 DAQ development 6
18 Install DAQ and array 6
19 Alpha source tests 3
20 ReA beam line coupling pt2 3
21 Si-array mode commissioning 3
22 Kinematic table 4
23 Si-array table 6
24 Target table 6
25 Vacuum mechanical support 3
26 Turbo system, fore pump, valves 4
27 Vacuum instrumentation 4
28 Control system 4

*

Figure 12: A possible timeline for the SOLARIS project. As discussed the text, the project is
assumed to start on October 1, 2019 (FY20) and run for 30 months (assuming approximately
22 days of e↵ort per month) with about 6 months of contingency. The tasks listed here
approximate both carrying out the task and associated e↵ort. Some are representative of
windows of time when installation could occur. The tasks blocked out in gray are those
already completed with the funds received from the DOE in FY18. The SOLARIS project
could be started immediately. *No funds are requested for this item, it is including to show
a possible timeframe for early experiments.
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Status, timelines, budget
• 2009-2017: Planning “HELIOS for FRIB” 

• March 2017: SOLARIS workshop @ ANL 

• March 2018: White Paper 

• May 2018: Proposal #1 to DOE 

• September 2018: Prep. funds 

• March 2019: Prep. done 

• May 2019: Solenoid to NSCL 

• June 2019–October 2020: AT-TPC install, 
commissioning  

• August 2019: Proposal #2 to DOE
Above: timeline and budget (as proposed)

Funded✔



In the context of three solenoid set ups
Various stages of HELIOS program and links to other facilities

"The (d,p) 
machine" ... 
exploiting the 
simple in-flight 
beams 
Dominantly sd-shell nuclei, over 5 
years led to physics program on 
weak-binding, bubble-nucleus 
arguments, etc.

Develop new 
techniques/
capabilities in 
prep. for RAISOR 
beams, next 
generation devices 
New complex reactions, gas 
targets, photon detection, recoil 
detection, new DAQ, new array

08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

The ISOLDE Solenoidal Spectrometer, access to ISOL beams, limited 
operations hours, chemistry dependency, access through collaboration

SOLARIS at ReA, estimated beam intensities, energy limited for foreseeable 
future to 8 MeV/u for Pb, competition with the fast beam program

LS2

RAISOR 
exploitation ...but this 
time with all the tools, 
development of more ambitious 
probes, such a (d,d') on heavy 
systems, consider AT-TPC 
sharing ... the "astrophysics 
machine" ..., use dual arrays, re-
vamp controls systems, add beam 
tracking, gas-jet target with 
SOLSTISE

nuCARIBU 
exploitation, the 
definitive studies of nuclei around 
132Sn in terms of effective 
interactions, essential for 
informing calculations in the 
region, access to some 
astrophysically relevant cross 
sections
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Summary

Solenoidal spectrometers, a technology pioneered at ANL in 
anticipation of new RI beam facilities, and active-target 
TPCs, are now established as key instruments for direct-
reaction studies with RI beams as demonstrated by 
HELIOS@ANL, ISS@ISOLDE, and the AT-TPC@NSCL 

Capitalizing on these two technologies, the AT-TPC and HELIOS, 
SOLARIS will be the ideal tool to exploit the capabilities of ReA
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