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• Target thickness not constrained by energy resolution 
• Gains by up to 2 orders of magnitude in thickness 
• Pure gas targets H2, D2 and 3,4He 
• Vertex and energy of each reaction measured 

• Solid angle coverage not limited by angular resolution 
and/or cost 
• Detecting recoils inside target maximizes angular coverage 
• Geometrical efficiency close to 80% 
• Multiple reaction channels can be measured 

• Inverse kinematics requirements 
• Need angular resolution < 1° 
• Need energy resolution < 200 keV

The promise of active targets
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Target = Detector

Beam Recoils
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AT-TPC @ SOLARIS
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Figure 8: A schematic of SOLARIS configured in the AT-TPC mode. In this image the beam
enters from the right. The beam line will have to be modified to connect to the AT-TPC.
Signals are read from the back end of the AT-TPC.
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Active Target Time Projection Chamber Solenoidal Spectrometer Apparatus for Reaction Studies 
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• Complementarity of 
detector setups 
• Si-array for > 104 pps 
• AT-TPC for < 104 pps 

• Complementarity of 
facilities 
• FRIB + ReA6 for 

isotopes far from 
stability 

• ATLAS + RAISOR for 
isotopes ±1n ±2n

Two dual-mode solenoidal spectrometers
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SOLARIS @ FRIB HELIOS @ ATLAS
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• From 3D images of 
tracks to kinematical 
parameters 

• Spyral is a python-
based data analysis 
framework available 
on GiHub 

• Complex analysis in 
particular for multi-
track events

Spyral: data analysis of AT-TPC
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• Acceptance effects of AT-TPC 
• Low energy cutoff at ~ 500 keV 
• Dependent on polar angle 

• Polar angle acceptance effects start at  < 20° 
and  > 160° 

• Gap centered at  = 90° due to difficulty to 
analyze tracks perpendicular to beam axis 

• Resolution effects of AT-TPC 
• Resolution degrading at higher energies 

• Due to limited track length at higher rigidities when 
target residues do not wrap around

θlab
θlab

θlab

Kinematics plot of 10Be(d,p)11Be
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Analysis by Z. Serikow



D. Bazin, INPC 2025, May 25-30, 2025, Daejeon, South Korea

-0.07 MeV 1/2+ 

0.27 MeV 1/2-

1.78 MeV 5/2+

2.71 MeV 3/2-
3.36 MeV 3/2(+/-)

Excitation energy spectrum and angular distributions
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1/2+

1/2-
5/2+

3/2?

Analysis by Z. Serikow

10Be beam @ 10 MeV/u - 1000 pps / 5 days
K. T. SCHMITT et al. PHYSICAL REVIEW C 88, 064612 (2013)
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FIG. 5. (Color online) Proton energy in keV in the laboratory
frame as a function of strip number for SIDAR at backward angles at
an equivalent deuteron energy, Ed = 21.4 MeV.

The calculations using the original P-P global optical potential
are shown for comparison. The agreement with the elastic data
is of similar quality for the new fitted potential compared to
P-P; however, the fit provides much better agreement with the
data in the case of the inelastic scattering, except at the highest
energy, as described above.

IV. THE NEUTRON TRANSFER REACTION 10Be(d, p)

Angular distributions of protons emerging from (d,p)
reactions with low orbital angular momentum transfer are
typically peaked at small center-of-mass angles. For this reason
most of the data for the neutron-transfer channel comes from
the SIDAR array, which was placed at backward angles in
the laboratory frame. Figure 5 shows the energies of protons
measured in SIDAR at Ed = 21.4 MeV as a function of angle,
represented by the strip number, where strip 1 covers the largest
laboratory angles. Contours of constant Q value, indicating the
population of a discrete state, have been labeled.

The reaction Q value was calculated on an event-by-event
basis. Figure 6 shows the Q-value spectrum at 140◦ in the
laboratory frame. The energy resolution in Q value for the
(d,p) reaction was more than sufficient to resolve peaks
from the population of the ground state and the first excited
state at 0.320 MeV. The background was identified as fusion
evaporation on 12C by measuring reactions on a carbon
target. It was then possible to account for this background
by fitting an exponential curve for the data at Ed = 12.0,
15.0, and 18.0 MeV, and subtracting measured background
at Ed = 21.4 MeV. The background was significantly less
obtrusive for curve fitting at the higher energies as the energies
of protons from the (d,p) reaction increase more with beam
energy than do the energies of fusion-evaporation ejectiles.

The two bound states in 11Be were populated at each beam
energy. Data were extracted for the 1.78-MeV resonance from
the three higher beam energy measurements. The peaks for the
bound states were fitted with Gaussian curves. A Voigt profile
was used to fit the peak at 1.78 MeV, using the Gaussian
widths (associated with detector resolution) found for the
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FIG. 6. (Color online) Q-value spectrum for 10Be(d,p)11Be in
inverse kinematics at 140◦ in the laboratory reference frame for
an equivalent beam energy of Ed = 21.4 MeV. Background from
fusion evaporation on 12C was accounted for by subtracting data
from reactions on a carbon target.

bound states in each spectrum and treating the natural width of
the state as a free variable. For the data taken with ORRUBA,
Gaussian curves were fitted to each peak, resulting in a Q-value
resolution of approximately 200 keV.

Angular distributions of protons emitted from the
2H(10Be,p)11Be reaction to the ground and first excited state
are presented in Fig. 7. The curves show the results of
FR-ADWA calculations using the global optical potentials
CH89 and K-D as used for the elastic scattering channel above.
The spectroscopic factors, S, were extracted for each state at
each energy by scaling the calculation to the data. The shape of
the experimental angular distributions are well reproduced by
calculations using either CH89 or K-D; however, there is some
variance in the intensity of up to 13% between the calculations.

Cross-section data for population of the resonance at
1.78 MeV could be extracted at the higher three energies
and are presented in Fig. 8. The protons emitted following
transfer to the 1.78-MeV resonance at Ed = 12 MeV were too
low in energy to extract a reasonable angular distribution. The
transfer to the resonance data is discussed more fully in the
next section.

V. TRANSFER ANALYSIS AND DISCUSSION

The conventional method of analyzing data from transfer
reactions using the DWBA has been shown to be particularly
sensitive to the optical potentials used [34]. In the 1970s,
Johnson and Soper [50] showed the importance of including
the breakup channel for the deuteron in the theoretical
treatment of (d,p) reactions, and by using a zero range
formulated a method called the ADWA. The finite-range
version by Johnson and Tandy [51] (FR-ADWA) was recently
applied to a wide range of reactions by Nguyen, Nunes, and
Johnson [41].

The transfer data presented are analyzed using FR-ADWA.
In FR-ADWA, the reaction is treated as a three-body n + p +
10Be problem, and thus neutron and proton optical potentials
are needed, along with the binding potentials for the deuteron
and the final state in 11Be. For the nucleon global potentials we
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K. T. Schmitt et al., 
PRC 88, 064612 (2013)

ℓ=2

ℓ=1

• Angular distribution for 3.4 
MeV resonance 

• Tentative l=2 assignment 
• Also consistent with SF when 

compared with several SM 
calculations 

• Better measurement could 
be done with higher beam 
energy

l=0

l=1

l=2

l=1
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Near-Threshold Dipole Strength in 10Be with Isoscalar Character
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state observed before. Particle energy below 15 MeV was
calibrated by the known excitation energies and also
verified by the data of the 10Beðd; pÞ reaction channel.
Identification of the dipole resonance—The absolute

differential cross sections were extracted from the present
data, as shown in Fig. 2. Owing to the nearly 4π solid angle
of the AT-TPC, we obtained the angular distributions for
elastic scattering and inelastic scattering to the 3.37-MeV
state over an angular range of 20° < θc:m: < 120°. For the
7.27-MeV state, the data above θc:m: ¼ 50° are not pre-
sented because of the prominent background. Each 1° was
divided into one angular bin, owing to the outstanding
angular resolution of the detector. The cross sections below
θc:m: < 20° are not shown in Fig. 2 because of the
decreasing acceptance of the low-energy deuterons. The
uncertainties of the absolute cross sections are dominated
by the systematic uncertainties resulting from the beam
intensity and the acceptance of the detector. The former
should be within 10% owing to the good efficiency of the

ionization chamber. The latter was determined to be less
than 5% by a simulation.
The measured angular distributions were analyzed

within the coupled channel (CC) formalism using the code
FRESCO [37]. Initial calculations included coupling only to
the 3.37-MeV 2þ level of 10Be. The strength of Coulomb
coupling was fixed using the adopted BðE2Þ value of
Ref. [38]. The nuclear deformation length (δ2) and the
diagonal optical model potential (OMP) were adjusted to
obtain the best overall fit to both the elastic and inelastic
scattering angular distributions using the SFRESCO package.
Coupling to the 7.27-MeV level of 10Be was then added,

and initial attempts to fit the angular distribution for
inelastic scattering to this state considered the spin-parity
assignments of either Jπ ¼ 2þ or 3−. However, neither of
these resulted in a satisfactory description. Therefore, a fit
assuming a 1− assignment (dipole excitation) was per-
formed [see Fig. 2(c)]. The form factor was obtained by
deforming the diagonal OMPs using the method described
in Ref. [39]. An initial estimate of the dipole deformation
was calculated using Eq. (5) in Ref. [39]. Together with the
best-fit diagonal potential obtained above, this was used to
calculate the dipole coupling potential according to Eq. (6)
in Ref. [39]. The dipole deformation length was adjusted to
provide the best description of the inelastic scattering data
for excitation at the 7.27-MeV level, and the parameters of
the diagonal potential were searched to optimize the fit to
the entire dataset. An acceptable description of the whole
dataset was obtained with a set of consistent parameters.
The final results of this procedure are compared with the

elastic and inelastic scattering data in Fig. 2. The corre-
sponding nuclear deformation lengths are δ2 ¼ 1.89 fm for
coupling to the 3.37-MeV 2þ level in agreement with the
value in the literature δp ∼ 1.89ð18Þ fm [40], obtained from
proton inelastic scattering. δ1 ¼ 0.76 fm was deduced for
coupling to the 7.27(10)-MeV level. The uncertainties in
both values are about 25%, dominated by the variation of
the OMPs and the uncertainties of the absolute cross
sections. The value of δ1 exhausts approximately 5%–
15% of the IS-EWSR [39]. Based on these results, an
unambiguous assignment of 1− spin parity to the observed
7.27(10)-MeV level in 10Be was made.
It worth noting that the assignment of the dipole

resonance was driven by the slope of the downward trend
of the first maximum (20° < θc:m: < 50°). At these angles,
the shape of the angular distributions is not very sensitive to
the OMPs, while the impact is significant at larger c.m.
angles. Attempts have been made with different OMPs, but
the same conclusion was drawn [41,42].
There are four states at about 6.0 MeV, including the 2þ2

(5.958 MeV), 1−1 (5.960 MeV), 0þ2 (6.179 MeV), and 2−1
(6.263 MeV) states, which could not be resolved with the
present resolution. However, according to Ref. [43], the 1−1
state should have much smaller cross sections than the 2þ2
state, and the centroid of the peak located at 6.0 MeV also
rules out the strong population of the 0þ2 and 2−2 states.

(a)

(b)

(c)

FIG. 2. Coupled channel calculations compared to the data for
(a) 9.06 MeV=u 10Beþ d elastic scattering, (b) 10Beþ d inelastic
scattering to the 3.37-MeV 2þ level of 10Be, and (c) 10Beþ d
inelastic scattering to the 7.27-MeV level of 10Be, considered as a
dipole. Quadrupole (2þ, blue dashed line) and octupole (3−, red
dot-dashed line) angular distributions for the 7.27-MeV state are
also compared.
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As expected, its angular distribution agrees reasonably well
with the calculation assuming a quadrupole transition.
Theoretical calculations and discussions—The 7.27-

MeV state has been observed as the second 1− state of
10Be, and its width was determined to be less than hundreds
of keV. One 3− state was previously observed at 7.37 MeV,
which likely corresponds to the presently observed state at
7.27(10) MeV. It was noted that the 1− spin parity of the
7.37-MeV state is inline with all existing measurement,
except that the spin is in conflict with the neutron resonance
scattering reaction in Ref. [44]. The present result casts
doubt on the previous spin assignment. Even if we consider
the observed resonance as a new one, the population upper
limits of the 7.37-MeV 3− and 7.54-MeV 2þ states were
determined to be about 3% and 5%, respectively, from the
angular distribution and by fitting the peak. It is worth
mentioning that this new assignment does not reconcile
with the spin parity of the correspondent isobaric analog
states 3− (2þ) of the 8.887 (8.895) MeV states in 10B.
However, both states have a pronounced α width, a strong
evidence of clustering [45].
The effective interaction shell model calculation using

the Yuan-Suzuki-Otsuka-Xu interaction [46] has been
performed to study the low-lying 1− states of 10Be. The
calculated excitation energies are plotted in Fig. 3. The
second 1− state obtained in the shell model calculation is a
little higher than the newly reported experimental result.
The BðE1Þ value of the first 1− state was predicted to be
0.013 e2 fm2 and is much higher than the experimental
value BðE1Þ ¼ 1.6 × 10−6–3 × 10−4 e2 fm2 obtained in
Ref. [30]. No information on the ISD strength can be
obtained. This discrepancy is possible because the α cluster
structure was not incorporated in these calculations.
The observed 7.27(10)-MeV resonance is located close

to the Sn, Sα, and S2n of 10Be at 6.812, 7.409, and
8.476 MeV, respectively. Therefore, mixing of different
cluster configurations may occur because of the threshold

effect, including the two-body αþ 6He, three-body
8Beþ nþ n, or even four-body αþ αþ nþ n cluster
structures. To simultaneously incorporate the continuum
coupling effect and the 2α cluster structure, we have
performed calculations within the GCC approach assuming
a system of a deformed 8Be (2α) core plus two neutrons. It
is constructed in Jacobi coordinates with a Berggren basis,
incorporating the three-body feature and continuum effect
[47–49]. The ground and 2þ states of 8Be are coupled to the
valence neutrons through a nonadiabatic rotational cou-
pling [47,50]. The excitation energies of the first and
second 1− states (Fig. 3) agree with the experiment,
supporting that the continuum affects the excitation energy
substantially and is essential here. The general feature of
10Be is described reasonably well by assuming a 2α cluster
plus two valence neutrons. However, since the motion of
the 2α against each other is fixed in this calculation, the
GCC approach cannot give a reliable dipole strength.
Figure 4 shows the Jacobi-coordinate density distribu-

tion of the GS (0þ1 ) and the two 1− states in 10Be. It can be
seen that the first and the second 1− are showing very
different features. The two neutrons of the first 1− state are
less correlated due to the more uniform distribution. Still,
the second 1− state shows features similar to the 0þ states
demonstrating a strong dineutron correlation. This also
indicates rapid structure changes when crossing the differ-
ent thresholds.
Recently, the low-lying 1− states were investigated

utilizing the microscopic cluster model, which incorporates
the (αþ 6He and αþ αþ dineutron) configurations.
Specifically, the focus was on studying the dipole

FIG. 3. The predicted excitation energies of the 10Be dipole
states and corresponding ISD strength (red arrow) by different
theories compared to the experimental values. See the text for
more details.

(b)(a)

(c) (d)

FIG. 4. Two-nucleon density distributions (in fm−2) in Jacobi
coordinates predicted by GCC for the GS (a) and low-lying 1−1 (c)
and 1−2 (d) states in 10Be. (b) 10Be nucleus was assumed as a system
of a deformed 8Be (2α) core plus twoneutrons in theGCCapproach.

PHYSICAL REVIEW LETTERS 134, 012502 (2025)
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GCC calculations 
assuming deformed 8Be 
core + 2 neutrons
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• 12Be at ~12 MeV/u provided by the RAISOR 
separator from ATLAS 14C primary beam 

• Beam intensity 100 pps 
• Pure 1H2 target at 600 Torr 
• Equivalent CH2 target thickness (number of 

protons): 110 mg/cm2 
• 3 days of beam exposure 
• Pre-kinematics plot from estimation phase 

showing B  versus energy loss 
• Kinematics lines from elastic, inelastic, (p,d) 

and a hint of (p,t) reactions

ρ

12Be reactions on proton target
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12Be elastic and inelastic on proton
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Preliminary

• Higher energy resonances in 12Be 
• Reactions on isomeric 0+ (0.23µs)?
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12Be(p,d)11Be
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Preliminary

• Large cross sections to 1/2+ and 1/2- bound states 
• Similar reaction to 12Be-1n knockout 

• Breakdown of N=8, A. Navin et al., PRL 85, 266 (2000) 
• d-wave component, S. D. Pain et al., PRL 96, 032502 (2006) 
• Neutron-unbound resonances, W. A. Peters et al., PRC 83, 057304 (2011) 

• More details on 12Be wave function from population to other 
unbound resonances

5/2+

1/2+ 1/2-
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12Be(p,t)10Be
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Preliminary
0+

2+

0+
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• Active targets such as the AT-TPC offer a breakthrough in 
measurements of Direct Reactions with Exotic Beams 
• Luminosity gain of two to three orders of magnitude compared to 

passive targets, while retaining comparable resolutions 
• Transfer reaction cross sections (~ 10 mb/sr) now accessible at 100 pps 
• Solid angle coverage allows measurements of full kinematics of 

reactions (target-like and beam-like residues) 
• New avenues of exploration 

• Missing mass spectroscopy of exotic nuclei further from stability 
• Exploration of unbound resonances and deformation via rotational bands 
• Effects of continuum via study of unbound resonances near particle 

decay thresholds

Outlook
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(d,p) on 7Be followed by breakup…
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• S800 campaign (2024) 
• GT strength in 32Na via 32Mg(d,2He) 
• PGR and GR in 11Li via 11Li(p,p’) 

• SOLARIS experiment (Fall 2024) 
• NP pairing in 56Ni via 56Ni(3He,p) 

• RCNP campaign (Jun-Nov 2025) 
• 6 proposals approved 

• Argonne campaign (early 2026) 
• 3 proposals approved 

• FRIB campaign (2026…) 
• 4 proposals approved

Upcoming experiments
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AT-TPC collaboration


