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Overview

• Structure of 12Be  

• Why revisit with the (t,p) reaction?  

• Challenges of inverse kinematics 

• Solution? SOLARIS 

• Preliminary results 

• Future work

Fortune  et al., Phys. Rev. C 50 (1994) 1355-1359
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12Be so far

• Several low-lying bound states 

known from a variety of studies 

• Recent measurements of (d,p), but 

still some ambiguity as to 

assigment/structure of some states 

• Past (t,p)-reaction studies done at 

lower energies + background from 

target

(Top) States below threshold 
(below) States above threshold

R. Kanungo et al., Phys. Lett. B 682 (2010) 
391-395

J. Chen et al., Phys. Rev. C 103, L031302 (2021)

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

•pair	correla5ons	with	two-
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Well	understood	mechanisms	
Direct	connec1on	between	the	ini1al	and	final	states,	highly	selec1ve

Direct Reactions

~10 MeV/u (3-20 MeV/u) 

Reactions used as a tool for 
nuclear structure and  
astrophysics: 

• Selectively populate states, 
determine E, jπ 

• Inelastic, single-nucleon, 
two-nucleon
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Famous result of Fortune et al., done at lower energies around 5-5.7 MeV/u, angular 
distributions are broad with less features ... some advantages to higher energy ... plus, in theory 
a background-free measurement (removing target complications [though others remain])

Why repeat the (t,p)?
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Challenge of inverse kinematics

• Much lower energy outgoing ions, 
challenges for E-ΔE techniques 

• Much stronger energy dependence 
with respect to laboratory angle 

• A factors of 2-3 kinematic 
compression at forward c.m. angles 

• … and beams many orders of 
magnitude weaker

When compared to normal/forward 
kinematics, inverse kinematics suffers from:
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The result is typically very poor Q-value 
resolution of 100s of keV FWHM
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The challenge with inverse kinematics
For examples (very few of which exist)

Pioneering measurement of Wimmer et al. 
using TREX and Miniball to study the 
30Mg(t,p)32Mg reaction

(Top) Example of the 11B(t,p) reaction in 
HELIOS (below) and the 26Mg(t,p) reaction

Wimmer et al., Phys. Rev. Lett. 105, 252501 (2010)

Kuvin et al., unpublished

McNeel et al., Phys. Rev. C 103, 064320 (2021)
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Solution? SOLARIS

A dual-mode solenoidal spectrometer to exploit the full dynamic range of the ReA facility at FRIB
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Figure 1: The scope of ReA in terms of probes of nuclear structure as a function of beam
energy are shown at the top left. The diagonal color-coded plot shows the estimated ReA
beam intensities (particles/second) with FRIB at full power [15] on the chart of nuclides. The
blue squares show the added reach gained by the AT-TPC mode of operation of SOLARIS.
The floor plan of the ReA experimental halls is shown at the bottom right. SOLARIS will
be located in the ReA6 hall.
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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.

66
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Golden opportunity in 2021: 
• Before FRIB started, NSCL 

stopped 
• ReA in “standalone” mode 
• 10Be isotope by PSI 



10

Physics
10Be(t,p) @ 9.6 MeV/u



11

• 10Be beam at 9.6 MeV/u on 
titanium tritide target (2-5 !!) 

• Helios Si-array for protons 
• Recoil detection: annular Si 

detectors 
• B field of 3T 
• Q-value resolution ~150 keV FWHM 

μg/cm2

Using SOLARIS
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Preliminary results
• Limited statistics (very [effectively] thin 

target), but also very low background 

• Confirm previous results from (t,p), 
below Sn/S2n (2nd 0+ challenging to fit) 

• Possibly confirm the long 
speculated 3– at 4.6 MeV is 
consistent with a 3– (but could be 
doublet) 

• Clear strength at 5.0 MeV, with 
shape compatible with 0+ (3rd 0+ 
predicted to be weak and at around ~5 MeV) 

• The 5.724 MeV state must be 4+, 
some strength at 6.0 MeV and at 
6.275 MeV
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Conclusions
1. Powerful demonstration of ReA and SOLARIS 
2. Agreement with previous results from (t,p) below Sn 
3. Possibly confirmation of 3- at 4.6 MeV 
4. Clear strength at 5.0 MeV with compatible shape with 

0+ 
5. Some strength at 3.2 MeV and significant strength at 

6.0 MeV and 6.275 MeV
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Future work

• Full DWBA (Fresco) analysis with 

shell-model two-nucleon 

amplitudes 

• Future 14C in ATLAS 

• 9Li(t,p) run at CERN by Y. Ayyad 

et al. 

• The study of 11Be(d,p) at CERN 

complements this work
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