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Luminosity with slow radioactive beams
‣ Solid targets provide poor luminosity 

‣ Inverse kinematics reactions in solid targets (probe) 

‣ Target-like particle has little energy to leave target material 

‣ Compromise between resolution and number of nuclei in target 
(resolution goes against luminosity)
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Luminosity with slow radioactive beams
‣ Solid targets provide poor luminosity 

‣ Inverse kinematics reactions in solid targets (probe) 

‣ Target-like particle has little energy to leave target material 

‣ Compromise between resolution and number of nuclei in target 
(resolution goes against luminosity)

‣ New approach: active target + time projection chamber 

‣ Target no longer inert material, but used also to detect particles 

‣ Gas target ideal for low energies 

‣ Time Projection Chamber tracks particles from the vertex of the 
reaction (no lost energy in inert target)
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Active Target Time Projection Chamber
‣ A detector tailored to low energy reactions 

‣ Active gas target and full 4π angular coverage 

‣ High luminosity without loss of resolution 

‣ Beam slowing in gas gives excitation function
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Active Target Time Projection Chamber
‣ A detector tailored to low energy reactions 

‣ Active gas target and full 4π angular coverage 

‣ High luminosity without loss of resolution 

‣ Beam slowing in gas gives excitation function

‣ Requirements and restrictions 

‣ Target gas has to provide good electron amplification (mixtures) 

‣ Trigger generation: slowing down beam particle ionize the gas 

‣ Time projection chamber is slow (rate limitation)
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Active Target Time Projection Chamber
‣ A detector tailored to low energy reactions 

‣ Active gas target and full 4π angular coverage 

‣ High luminosity without loss of resolution 

‣ Beam slowing in gas gives excitation function

‣ Requirements and restrictions 

‣ Target gas has to provide good electron amplification (mixtures) 

‣ Trigger generation: slowing down beam particle ionize the gas 

‣ Time projection chamber is slow (rate limitation)

‣ Very well adapted to rare isotope beams!
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Principle of operation
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AT-TPC concept
‣ Straight and tilted (7°) 

configurations 

‣ Tilt relative to beam 
axis to increase 
accuracy for small 
angles 

‣ Placed inside 2 Tesla 
solenoid (increase 
range and measure 
Brho) 

‣ 250 liters (1 m by 55 
cm) active volume

Solen
oid

Beam
TPC

Yoke
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Detector details
‣ Based on prototype design with few improvements
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Detector installation & servicing
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Electron amplifier: Micromegas
Ionizing charged particle

Amplification gap (100 µm)

Pad plane (V=0)

micromegas mesh

E = 100 kV/cm

E = 1 kV/cm

Readout electronics

e-

e-

e-

e-

e-

e-

e-

‣ Negligible charge spread, sharp images 

‣ Very robust against sparking 

‣ Can operate in different conditions (gases, pressures)
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Close-up on Micromegas



D. Bazin, ARIS 2014, June 2, 2014

10,240 pad plane geometry
‣ Optimized for 

detector 
inclinations from 0° 
to 7° relative to 
beam axis 

‣ 4 small triangles in a 
large one 

‣ Small triangle side 
= 4.67 mm 

‣ 55 cm diameter disk
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Digital Readout Electronics
‣ Accommodate 

electronics for the 
10,240 pads without 
cable connections 

‣ 40 front-end cards fit in 
pentagonal pattern 

‣ Shielding covers 
electronics cards by 
pairs 

‣ Only 7,000 channels 
instrumented (3 receiver 
cards on loan in France)
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GET (General Electronics for TPCs)
‣ Trigger needs to filter out unreacted beam events 

‣ GET electronics provides 
discriminators on each pad 

‣ Running multiplicities of each 
AsAd routed to MuTanT 
through CoBos 

‣ Trigger configuration can be 
programmed 

‣ AGET front-end chips provide 
various gains and shaping times 

‣ GET: CEA-Saclay, CENBG- 
Bordeaux, GANIL-Caen, NSCL
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Example of reconstructed event
‣ Track from alpha 

source placed inside 
the active volume
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Example of reconstructed event
‣ Track from alpha 

source placed inside 
the active volume

‣ 3D plot clearly show 
time correlation
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Example of reconstructed event
‣ Track from alpha 

source placed inside 
the active volume

‣ 3D plot clearly show 
time correlation

‣ Individual traces 
show difference in 
amplitude between 
small and large pads
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Trigger generation
‣ Define pad regions 

with different trigger 
attributes 

‣ Example shows 
configuration for 
elastic scattering 

‣ More complex pattern 
triggering 
configuration can be 
programmed 

-200

-100

0

100

200

-200 -100 0 100 200

• Trigger disabled 

• Reading always• Trigger enabled 

• Reading if hit

• Trigger disabled 

• Reading if hit

• Pad not connected
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Commissioning on ReA3 linac
‣ Beam provided: 4He 

@ 6 MeV 

‣ Gas target: He (90%) 
CO2 (10%) 100 Torr 

‣ No magnetic field 

‣ Measure excitation 
function of (4He,4He) 
elastic scattering

AT-TPC

ReA3
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Online event display
‣ Atypical event 

shows two 
scattering events 
in one shot 

‣ Maximum drift 
time of 40 µs 

‣ instantaneous 
beam rate of ~ 
3kHz (600 Hz @ 
20% duty cycle)
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Experimental program with PAT-TPC
‣ Alpha cluster structure of neutron-rich nuclei 

‣ Resonant scattering: 6He+4He, 10Be+4He, 8He+4He (not yet): TWINSOL @ 
U. of Notre-Dame, ISAC @ TRIUMF (not yet) 

‣ Fusion cross section studies 

‣ 6He+40Ar sub-barrier fusion cross sections: TWINSOL @ U. of Notre-Dame 

‣ Isobaric analog proton scattering 

‣ Test on 124Sn+p, experiment on 132Sn+p (not yet): ATLAS @ Argonne 
National Laboratory 

‣ 3α decay mode of Hoyle state in 12C 

‣ β-decay of 12B implanted in PAT-TPC: TWINSOL @ U. of Notre-Dame

D. Suzuki et al., Nuclear Instruments and Methods in Physics Research A 691 (2012) 39–54
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6He+4He scattering
‣ Missing mass 

reconstruction 

‣ Ex from TKE, scattering 
angle of 4He and energy 
of 6He 

‣ Energy of 6He before 
reaction known from 
vertex determination 

‣ Ex
θ from angles only 

‣ 2+ scatter in Ex
θ from 

6He(4He,2n)8Be channel
D. Suzuki et al., Phys. Rev. C 87, 054301 (2013)

D. SUZUKI et al. PHYSICAL REVIEW C 87, 054301 (2013)
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FIG. 5. (Color online) (a) Excitation-energy spectrum of 6He
(unshaded histogram). The best-fit result (thin red line) is shown
together with the contribution of the background from the 6He
breakup reaction (thick green line). The spectrum in the shaded
histogram was made by selecting backward scattering (θc.m. > 90◦)
with particle escape from the TPC. (b) Scatter plot of Ex and Eθ

x . Eθ
x

is the excitation energy of 6He obtained from the angles of the two
reaction products.

the analysis to ensure a sufficient difference in energy for
properly selecting α particles.

The resulting excitation-energy spectrum of 6He is shown in
Fig. 5(a). Two peaks visible near 0 and 2 MeV correspond to the
0+ ground state and the first 2+ state at 1.797(25) MeV [49].
A fit to the spectrum gives excitation energies of −0.01(1)
and 1.90(1) MeV, respectively, where the quoted errors are
statistical. The FWHM resolution is about 0.85 MeV. The
fitting function consisted of a Gaussian function for the ground
state, a Voigt function [50] for the unbound 2+ state, and
background from the breakup reaction of 6He involving the
final state of an α particle and two neutrons. The Voigt function
is a convolution of a Breit-Wigner function and a Gaussian,
which allows the natural width of an unbound state and the
resolution of the detection system to be taken into account.
The width of the 2+ state was set to the adopted value,
0.113(20) MeV [49]. The background shape was simulated
by the Monte Carlo method, where the α particle and neutrons
in the final state were generated in a uniform phase space. The
procedure of identification based on the comparison between
a pair of E(i)

x was taken into account. The best-fit curve
shown in the figure well reproduces the experimental data.

The background of the breakup reaction denoted by the thick
line accounts for the tail towards higher energies.

In the present analysis, TKE for an input to the missing-
mass method was deduced from the slope of the Bragg
curve when recoiling α particles escape from the active
region and hence the Bragg peak is unavailable. Without the
precise position information of the Bragg peak, the analysis
might result in inaccurate excitation energies. The gated
spectrum for one-particle escape events is shown in the shaded
histogram of Fig. 5(a). The spectrum clearly shows a two peak
structure, confirming good reconstruction of the reaction kine-
matics. To further confirm the results, the adopted excitation
energies are compared to excitation energies (Eθ

x ) that were
obtained from the correlation of laboratory angles, θ (1)

lab and θ
(2)
lab ,

between the two reaction products. This method does not re-
quire the knowledge of the TKE of reaction products. Thus we
can correctly extract excitation energies from the escape events
as long as the scattered 6He particle is stable against particle
emission and keeps its initial angle unchanged after scattering.
The scatter plot of Eθ

x against Ex is shown in Fig. 5(b). A
gate was set to select backward scattering angles of θc.m. >
90 degrees, where most of the escaping particles are recoiling
α nuclei. The presence of a cluster centered at Eθ

x = Ex =
0 MeV indicates that most of the events involving the ground
state have Ex well correlated with Eθ

x . The ratio of the number
of events in the cluster is nearly 90% with respect to that
of the peak in the shaded spectrum in Fig. 5(a), limiting the
systematic uncertainty in yields to 10%. The locus for the 2+

state widely spreads along the vertical axis of Eθ
x because the

angles of scattered particles shift after the 2n emission.

B. Two-neutron emission channel

To investigate branching to the two-neutron emission
6He(α, 2n)8Be channel, the trigger was set for reactions
having a peak in the energy loss profile which was taller
than the Bragg peak of the 6He beam particles (Trigger
2). In the data analysis a peak was observed for Bragg
amplitudes that corresponded closely to 4.5 MeV mg−1 cm2,
the value expected for two highly correlated α particles, such
as originating from the decay of 8Be. Since this amplitude is
lower than 5.9 MeV mg−1 cm2 for 9Be ions with a higher Z
recoiling from the 6He(α, n)9Be reaction, we concluded the
main decay channel that contributed was 10Be → 2n + 8Be,
with 8Be unbound to α decay by 92 keV. Beam contaminants
were eliminated offline by comparing the particle’s energy loss
profile near the beginning of its track to the experimentally-
measured energy-loss profile for 6He. The location of the
reaction vertex zreac was determined from the time where
the enhancement of the energy deposits starts due to the
creation of reaction products. Since the beam particles and
the charged reaction products were stopped in the detector, we
could use the total charge collected in the detector (Qtotal) as
the energy sum signal, which was obtained by summing all
anode signals. Qtotal is plotted as a function of the location
of the reaction vertex zreac in Fig. 6(a). The total charge is
converted to energy by normalizing the experimental data to
the allowed energies from a kinematical simulation of the
sequential decay of 10Be → 2n+ 8Be → 2n+ 2α described

054301-6

θcm>90°
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Excitation functions & Angular distributions
‣ Elastic and inelastic scattering 

measured between 2 and 6 
MeV 

‣ Angular distributions measured 
between 40° and 130° 

‣ Peak at 2.56 MeV corresponds 
to 9.98(15) MeV resonance in 
10Be, identified as 4+ 

‣ Deduced partial width Γα/Γ of 
0.49(5) indicate highly 
developed α structure

D. SUZUKI et al. PHYSICAL REVIEW C 87, 054301 (2013)
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FIG. 7. (Color online) Excitation func-
tions of 6He + α scattering: (a) angle-
integrated spectrum over θc.m. = 65◦–135◦,
and (b)–(h) spectra for 10◦ angular bins.
The data for elastic scattering are shown by
the filled circles, while those for inelastic
scattering to the 2+ state are shown by the
open circles. The inelastic scattering data are
scaled by a factor of 1.5. The dashed and
dotted lines denote Ec.m. = 2.7 and 4.4 MeV,
respectively.

be measured in the present study due to the lack of acceptance
at this energy. While there are no resonances as strong as the
one observed in the elastic channel, a small peak is visible at
4.4 MeV in the inelastic channel consistently over the angular
region of θc.m. = 65◦–105◦, which might be due to a resonance.

The differential cross sections were deduced for eight
different incident energies to study angular distributions. The
resulting data for elastic scattering are displayed in Fig. 8. The
vertical error bars are only statistical, and the horizontal bars
denote the size of the angular bins. The leading contributions
of the systematic error are the uncertainty of yields for the
escape events (10%) and the detection efficiency. The latter
mostly comes from the uncertainties of the beam angle, which
could be inclined by about 1 degree with respect to the central
axis. The blue shaded areas in Fig. 8 denote the variation
of cross sections when the incident beam angle varies by 1
degree. As seen in the figures, a series of differential cross
sections for elastic scattering show a gradual and continuous
change in their angular distributions as a function of Ec.m.

until the cross sections are enhanced at Ec.m. = 2.7 MeV.
In the inset of Fig. 8(h), the on-resonance data at Ec.m. =
2.7 MeV (filled circles) are compared to the off-resonance
data at Ec.m. = 3.3 MeV (open circles) shown on a linear
scale. At Ec.m. = 2.7 MeV, the cross section clearly peaks at
90◦ and dips at 70◦ and 110◦. In contrast, the data at Ec.m. =
3.3 MeV lack such a steep rise and drop, indicating that the
peak and dip structures seen in the 2.7-MeV data are due to
the resonance. Angular distributions of resonance scattering
primarily follow the square of the Legendre polynomial
[PL(cos θc.m.)2] corresponding to the angular momentum (L)
involved. The diffractive pattern observed is therefore a useful
measure to identify L. The presence of a peak at 90◦ rules
out the odd angular momenta, of which the corresponding
Legendre polynomials always become zero at this angle. The
dips at 70◦ and 110◦ more agree with the polynomial of L = 4
than that of L = 2 having zeros at 55◦ and 125◦, or L = 6 at 76◦

and 104◦. The dip angles of L = 4, 6 are shown for reference by
the solid and dashed lines, respectively, in the inset of Fig. 8(h).

054301-8

D. Suzuki et al., Phys. Rev. C 87, 054301 (2013)
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Excitation functions & Angular distributions
‣ Elastic and inelastic scattering 

measured between 2 and 6 
MeV 

‣ Angular distributions measured 
between 40° and 130° 

‣ Peak at 2.56 MeV corresponds 
to 9.98(15) MeV resonance in 
10Be, identified as 4+ 

‣ Deduced partial width Γα/Γ of 
0.49(5) indicate highly 
developed α structure

RESONANT α SCATTERING OF 6He: LIMITS . . . PHYSICAL REVIEW C 87, 054301 (2013)
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FIG. 8. (Color online) Angular distributions of elastic 6He + α

scattering. The results of CRC calculations (solid lines) are compared
to the data. The CRC results at the higher energy bins are also shown
for reference with the dashed lines. The blue shaded areas denote the
systematic errors from the ambiguities in the beam angle. The inset
of (h) shows the data at Ec.m. = 2.7 (full circles) and 3.3 MeV (open
circles) on a linear scale. The angles where the Legendre polynomials
PL(cos θc.m.) for L = 4 and 6 become zero are denoted by the solid
and dashed lines, respectively.

The diffractive pattern of the experimental data is seen
closer to that of L = 4 and clearly deviated from that of
L = 6 despite the larger angular bins and the lower statistics
compared to a previous measurement [32]. We therefore assign
L = 4 for the resonance observed. Since the initial and final
states involve spinless particles only, the spin-parity of the
corresponding resonant state in 10Be is assigned as 4+. The
present results thus confirm the resonance of the 4+ state at
Ex = 10.15 MeV in 10Be observed in a previous measurement
of elastic 6He + α scattering [32], and rule out the spin-parity
of 3− claimed in an angular correlation study using the
7Li + 6,7Li reactions [30]. The angle-integrated cross section
(σ4π ) can be translated into the partial α decay width (%α) via
the relation [52]

σ4π = (2L + 1)
π

k2

%2
α(

E0
c.m. − Ec.m.

)2 + (%/2)2
, (3)

with k being the wave number, E0
c.m. the resonance energy,

and % the total decay width. The total width of 296(15) keV

measured in a previous study [30] was adopted for %. σ4π was
estimated from the cross section of the resonance in the angular
range θc.m. = 65◦–135◦ in Fig. 7(a) given the P4(cos θc.m.)2

dependence of the angular distribution. The resulting ratio of
%α/% is 0.49(5), which corresponds to %α = 145(15) keV. This
%α/% ratio agrees with 0.45(3) from the previous study [32].

To assess the contribution of direct reactions, coupled
reaction channels (CRC) calculations were performed using
the code FRESCO [53]. These calculations are similar to those
of Khoa and von Oertzen [40], although some simplifications
were made in light of their results. We adopted the same
basic model as Ref. [40] for the optical potentials, i.e., a
double-folded real potential and a Woods-Saxon imaginary
potential, giving a potential of the form

U (r) = NRVDF(r) + iW (r) + VC(r), (4)

where VC(r) is the usual Coulomb potential with radius
RC = 1.25(A1/3

1 + A
1/3
2 ) in fm, VDF(r) is the double-folded

real potential with normalization parameter NR and W (r)
is the imaginary potential of depth W in MeV, radius
RW = rW (A1/3

1 + A
1/3
2 ) in fm and diffuseness aW in fm.

The parameters NR , W (r), rW , and aW were adjusted to
obtain the best agreement with the data at each energy.
The double-folding potentials were calculated with the code
DFPOT [54] using the M3Y effective interaction [55]. The 4He
nuclear-matter density was derived from the three-parameter
Fermi distribution charge density of Ref. [56] by unfolding the
proton charge distribution as described in Ref. [57], assuming
that ρn = (N/Z)ρp, and the 6He nuclear-matter density was
the FC6 model density of Ref. [58]. Inelastic excitation of the
1.8-MeV 2+ state of 6He was included in a similar way as
detailed in Ref. [40]. The real part of the inelastic scattering
form factor was calculated using the double-folding model,
the proton and neutron parts of the transition density being
calculated using the Tassie model [59], and the proton and
neutron deformation lengths taken from Ref. [40]. The
imaginary part of the inelastic form factor was obtained by
deforming the Woods-Saxon imaginary potential using the
isoscalar deformation length of Ref. [40]. Following the con-
clusions of Ref. [40], we adopted the simplifying assumption
of a pure (1p3/2)2, S-wave (J = L = 0) configuration for the
two neutrons in the 6He ground state, where J is the internal
angular momentum of the 2n cluster and L its orbital angular
momentum with respect to the 4He core. The ⟨6He|4He + 2n⟩
overlaps were calculated using the Bayman-Kallio method
[60] and the spectroscopic amplitude was adjusted to give the
best description of the data. Also following the conclusions
of Ref. [40], the two-step sequential (6He, 5He; 5He, 4He)
and indirect (6He, 6He∗

2+ ; 6He∗
2+ , 4He) transfer paths were

omitted as having negligible influence at the incident energies
concerned. Test calculations for the Ec.m. = 5.82 MeV data
supported this conclusion. Values of NR , W (r), rW , aW , and
the spectroscopic amplitude for the ⟨6He|4He + 2n⟩ overlap
SAg.s. are given in Table I. The best-fit value of SAg.s. is
somewhat smaller than the expected value of about 1.25 quoted
in Khoa and von Oertzen [40], but is close to 0.85, the smallest
empirical value they obtained.

054301-9

D. Suzuki et al., Phys. Rev. C 87, 054301 (2013)
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Original AT-TPC scientific program
‣ National Science Foundation funding of $688k 

‣ Exciting physics program planned and to develop!



D. Bazin, ARIS 2014, June 2, 2014

AT-TPC team and collaboration
‣ NSCL team of 10 people 

‣ Faculty: D. Bazin, W. Mittig, B. Lynch 

‣ Engineers: N. Usher, F. Abu-Nimeh 

‣ Post-docs: D. Suzuki (until 2012), T. Ahn, S. Beceiro-Novo 

‣ Ph.D. students: A. Fritsch, J. Bradt 

‣ Outside collaborators 

‣ J. Kolata, U. Garg (U. of Notre-Dame) 

‣ F. Bechetti (U. of Michigan) 

‣ R. Kanungo (Saint Mary’s U.) 

‣ M. Heffner (LLNL) 

‣ I-Yang Lee, L. Phair (LBL)


