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• Why Active Targets? 

• Preliminary results from recent AT-TPC experiments 

• 0d3/2 single-particle energy in 11Be via the 10Be(d,p)11Be transfer reaction 

• Search for alpha cluster “Hoyle” state in 16O via inelastic scattering on 4He 

• Transmission mode at high energy: charge exchange (d,2He) on 14O 

• Outlook and gallery

Outline
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• Key experimental factors 
• Any reaction with low energy recoils 
• High luminosity (3 orders of magnitude gain) 

• target thickness (2 orders of magnitude gain) 
• solid angle (1 order of magnitude gain) 

• No luminosity/resolution compromise 
• No “dead” layer of material for low energy recoils to 

emerge from reaction site 
• Vertex of reaction measured for each event, no 

kinematics broadening from large thickness 
• Resolution limited by straggling effects and track 

localization

Why and when use an Active Target?
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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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AT-TPC in SOLARIS
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• Trigger on events of interest 
• Most “events” are beam slowing down in gas 

• Noise and electric field deformation 
• Beam region highly ionized 
• Charge feedback on sensor plane 
• Positive ions drift very slowly (~ ms) 

• Data analysis (in magnetic field) 
• Recoil trajectories are 3D spirals 
• Event classification to select reaction channel 
• Clustering algorithms necessary 
• Fitting without analytical model

Three main challenges
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• Several challenges 
• Large volume (traces are recorded for each pad hit) 
• Data reduction and clustering in tracks 
• Fitting of tracks and extraction of physical quantities 
• Event recognition and classification 

• Common effort by AT-TPC collaboration 
• Several papers published on new methods 
• Tools from particle physics community not readily 

applicable, have to be adapted 
• Image processing and machine learning algorithms 

can help reduce the data processing time 

Analysis of AT-TPC data
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• Commissioning of the Active-Target Time Projection Chamber, J. Bradt et al., NIMA 875, 65 
(2017)

• Novel particle tracking algorithm based on the Random Sample Consensus Model for the Active 
Target Time Projection Chamber (AT-TPC), Y. Ayyad et al., NIMA 880, 166 (2018)

• Automatic trajectory recognition in Active Target Time Projection Chambers data by means of 
hierarchical clustering, C. Dalitz et al., Comp. Phys. Comm. 235, 159 (2019)

• Machine learning methods for track classification in the AT-TPC, M. P. Kuchera et al., NIMA 940, 
156 (2019)

• Unsupervised learning for identifying events in active target experiments, R. Solli et al., NIMA 
1010, 165461 (2021)

• Tracking algorithms for TPCs using consensus-based robust estimators, J. C. Zamora et al., 
NIMA 988, 164899 (2021)

Analysis from ATTPCRoot (Y. Ayyad)
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Synopsis of analysis process
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• Parity of 3/2 state at 3.41 MeV remains uncertain 
• 9Be(t,p) and ß-decay support negative parity 

• Inelastic scattering support positive parity 

• Positive parity favored by ab-initio and Shell Model 
calculations using YSOX interaction 

• If confirmed positive, 3.41 MeV state would 
determine 0d3/2 single-particle energy in 11Be 

• 10Be beam from ReA6 stand alone operation

Transfer reaction commissioning of AT-TPC @ SOLARIS
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Commission of the ATTPC using 10Be(d, p)11Be reaction

[Dated: Monday 16th December, 2019]

Abstract

We propose a measurement of the 10Be(d, p)11Be reaction using the ATTPC coupling
with SOLARIS to explore the low-lying states of 11Be. The goal is to commission the
measurement of transfer reactions using the ATTPC and to resolve the low-lying 3/2+

state which carries the 0d3/2 single-particle strength. We request 6 days of 10 MeV/u
10Be at an intensity of 103 Hz.

Motivation

Figure 1: 11Be level scheme measured experimentally and calculated from shell model
using YSOX interaction [].

the exotic rearrangement of the single-particle configuration often appears and may
result in vanishing or changing of the magic numbers. One widely-noted example is the
ground state (g.s.) of the one-neutron-halo nucleus 11Be, which possesses an unusual
spin-parity of 1/2+, being dominated (71%) by an intruding 1s1/2 neutron coupled to a
10Be(0+) [1, 2]. Its inversion with respect to the 1/2� first excited state (Ex = 320 keV)
in 11Be evidenced the breakdown of N = 8 magic number. The single-particle nature of
these two states have been systematically studied by the 10Be(d, p) one-neutron transfer
reaction, yielding spectroscopic factors of around 0.71(5) and 0.62(4) [1].

Seven of the first eight known states of 11Be now have unique J⇡ assignments (see Fig. 1
and Ref. [3], and references therein) — the exception is the J = 3/2 state at 3.41 MeV,
whose parity is uncertain. 9Be(t, p) reaction [4] and �-decay [5] measurement support spin
parity of 3/2� for the 3.41-MeV state, but the inelastic scattering reaction [6] assigned
3/2+ to the same state, interpreting it as E2 excitation followed by neutron decay. With
the know first three low-lying states, the single-particle energy of the 1s1/2, 0p1/2, 0d5/2

1

G.-B. Liu, H.T. Fortune, Phys. Rev. C 42, 167 (1990).

Y. Hirayama, T. Shimoda, H. Izumi, et al.,Physics Letters B 611, 239 (2005).

N. Fukuda et al., Phys. Rev. C 70, 054606 (2004).

Angelo Calci, Petr Navrátil, Robert Roth, et al.,Phys. Rev. lett. 117, 242501 (2016)

C. Yuan, T. Suzuki, T. Otsuka,et al., Phys. Rev. C 85 (2012) 064324.
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description o f  the method of  preparation o f  the radioactive ]°BeO target is con- 
tained in ref. ~t). However  the thickness and uniformity of  the [°BeO layer could 
not  be measured with the desired degree o f  accuracy. Therefore the measurements 
with the ~°BeO target were performed relative to measurements with a W 2 0  5 
target. This ,,~ 400 #g/cm 2 self-supporting W205 target had excellent uniformity 
and stability against longterm bombardment.  The proton groups from the transitions 
to the 4.553, 5.086 and 5.696 MeV states in 1 TOwer e used to establish the ~°BeO/W205 
intensity ratios. This target yielded also the 160(d, p) 17 0 intensities at the kinematical 
crossover points with the ~°Be(d, p)] tBe lines o f  interest. The absolute cross section 
values were established in a short run with a 0.82 mg/cm z Mylar (C~0H804) foil. 
The statistical errors o f  the cross section measurements do not exceed + 3 %. The 
error of  the absolute cross section values is estimated to be 12 %. 
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Fig. 1. Spectrum of protons from the ~°Be(d, p)~ Be reaction at the deuteron energy E a = 25 MeV and 
the laboratory angle 0~ b = 10 °. The arrow marks the expected position of the proton group to the 

2.69 MeV state in ~ ~ Be. 

A portion o f  the spectrum which was taken with the ~°BeO target at the laboratory 
angle o f  0~a b --- 10 ° is presented in fig. 1. The energy calibration was performed with 
the known 160(d, p)lTO and 12C(d, p)13C lines which were identified in a measure- 
ment with the W205 target. Only the three lowest states o f  ~ ~Be (½+, g.s., ½-,  0.320 
MeV and 1.785 MeV) are excited with measurable cross sections at E d = 25 MeV. 
The excitation o f  the 3.41 MeV state, which was communicated in a preliminary 
report ~2), was not  confirmed by subsequent measurements.  

B. Zwieglinski, W. Benenson et al., Nucl. Phys. A315, 124 (1979)
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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

064612-6

K. T. Schmitt et al., Phys. Rev. C 88 (2013) 064612.
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• 10Be beam from ReA6 linac 
• 10B and 15N contaminants 
• 9.6 MeV/u and 1,000 pps 

• AT-TPC @ SOLARIS 
• 600 Torr of D2 gas (13 mg/cm2) 
• Magnetic field 3 Tesla 
• Trigger on mesh signal with beam region 

gain suppression

Experimental conditions
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Online identification of (d,d’) events
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Online identification of (d,p) events
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D. Bazin, FRIB Seminar, December 1, 2021

Other types of events (more central collisions)
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D. Bazin, DREB 2022, June 26 - July 1 2022, Santiago de Compostela, Spain

Particle identification
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10Be(d,d) elastic and inelastic scattering
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10Be(d,p)11Be transfer
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(Very preliminary) Angular distributions
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• ReA6 beam of 16O at 10 MeV/u ~ 5k pps 
• AT-TPC filled with 600 Torr of pure He gas 
• SOLARIS solenoid set to 3 Tesla 
• Trigger set on mesh signal with signal 

suppression in beam region (smartZAP) 

• Several 5-  tracks event candidates seen 
online  

• Ongoing analysis shows elastic and 
inelastic scattering 

• Exploring ML techniques to filter events 
from track multiplicity

α

Study of  cluster states in 16Oα

18
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ATTPCRoot



D. Bazin, LECM 2021, August 10

• Use redesigned pad plane with 3cm hole in 
the middle to let radioactive beam in active 
volume 

• AT-TPC turned around with 4cm window on 
cathode end to let unreacted beam and 
beam residues in the S800 

• Rates up to 700,000 pps inside the blind 
beam region were achieved during 
experiment e18008

AT-TPC coupled to the S800

19

Beam
Residue
Recoil



D. Bazin, LECM 2021, August 10

• Beam of 14O at ~ 100 MeV/u 
• AT-TPC filled with pure D2 gas at 530 Torr 
• Use of MTHGEM “electron preamplifier” 

installed on top of the Micromegas to raise gain 
to see proton signals 

• Trigger provided by the S800 
• Two-protons from 2He decay clearly visible 
• “Noise” tracks are actually delta electrons 
• Online spectrum gated on 14N residue clearly 

shows strong GT 1+ state populated 
• Analysis in progress (R. Zegers group)

E18008: 14O(d,2He) charge exchange

20

Gated on 14N
Gated on 12C
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• The AT-TPC is a versatile and powerful tool to measure direct reactions with weak intensity 
radioactive beams 

• High luminosity and good resolution can be achieved when combined with a solenoidal 
spectrometer such as SOLARIS 

• First transfer reaction commissioning experiment on 10Be(d,p)11Be 
• Preliminary resolution on Q-value: 350 keV 
• Transfer reactions can be performed with intensities as low as ~ 100 pps

• Operation of AT-TPC in transmission mode 
• Can be coupled to spectrometer or Si-based recoil detector to measure heavy residues 
• Higher intensities allow to reach smaller cross sections (tested up to 700,000 pps)

Outlook

21
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AT-TPC collaboration

22

(The 10Be sample was provided by the Paul Scherrer Institute)
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AT-TPC: an (art?) gallery
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Alphas pas de deux

Cinnamon roll

Shimmering electrons

14O(d,2He) @ 100 MeV/u

The squid

16O+4He @ 10 MeV/u 10Be(d,p) @ 10 MeV/u
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