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• Status of plastic scintillator
• Trigger system for cosmic muons 

• Readiness of prototype ATTPC

• Design for the mains experiment, low-E LAMPS



Plastic	Scintillator	making	decent	signals	

Chunk of plastic scintillator

chopped and polished

MPPC attached and tape wrapped setup with power suppliers 5

New
New

19 year-old oscilloscope works great :-)
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Fig. 5. Top view of the sTPC pad plane. The red box indicates the fiducial area which
is enclosed within the field cage. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Schematic diagram of the sTPC data acquisition with the reduced concentration
board (r-CoBo) system.

The design of the readout plane was optimized for testing spatial
resolutions with the drift volume of the sTPC and the maximum number
of readout channels. The readout plane is composed of 256 rectangular
pads that are arranged into 8 pad layers on a printed circuit board. In
each layer, 32 2.7 ù 12.5 mm2 pads are aligned parallel to one another
with a gap of 0.5 mm between the pads as shown in Fig. 5. The front-
end electronics based on General Electronics for TPCs (GET) [5] was
adopted. The signals from these pads are transmitted to the inputs of
the ASIC and ADC (AsAd) board through discharge protection boards
(shortly called ZAP referring to siZed connections And Protection). The
256 readout channels correspond to the maximum number of channels
that a single AsAd board can read when using a system with a reduced
concentration board (r-CoBo). The r-CoBo system consists of one AsAd
board, a Very-High-Density Cable Interconnect (VHDCI) signal cable, a
r-CoBo to AsAd adaptor card, and a Xilinx ML-507 board with PowerPC
functionality.

An AsAd board houses four ASIC for GET (AGET) chips, each with
64 channels for signal amplification, shaping, and sampling and four
fixed pattern noise (FPN) channels. The preamplifier of the AGET chip
was set to have the dynamic range of 120 fC for minimum-ionizing
particles and 10 pC for heavily ionizing particles. The analog memory,
which is based on a switched capacitor array (SCA) structure, contin-
uously samples and stores the pad signal at 50 MHz with 512 time
buckets. The sampling is stopped by the trigger, and the multiplexed
analog data are sent to the 12-bit ADC at a readout frequency of 25
MHz. The digitized data are then sent to a PC at 1Gbps through TCP/IP
as illustrated in Fig. 6.

3. Performance test using cosmic-ray muons

The basic performance of the sTPC was tested using cosmic-ray
muons. The sTPC was placed along the horizontal line parallel to the

Fig. 7. Photo of the sTPC sandwiched by two fast scintillators.

Fig. 8. Typical pulse of a cosmic ray muon with a shaping time of 232 ns and a
dynamic range of 120 fC.

direction of the drift, as shown in Fig. 7. The z axis is in the direction of
the pad layers, whereas the x axis is along the pad layer. Therefore, the
xz plane refers to the pad plane. The y axis is defined as the direction
of electric field. The cosmic-ray trigger comprised two fast scintillators
(EJ-230) placed on the top and bottom window frames of the sTPC.
Trigger scintillators with dimensions 5 ù 14 cm2 and thickness 0.5 cm
are separated by 22 cm. The coincidence signal initiates an external
trigger signal that is fed to the r-CoBo system. A typical trigger rate of
approximately 10 per minute was achieved.

A typical pad signal from a cosmic-ray track is illustrated in Fig. 8.
The signal peak time is taken as the drift time for electrons produced
from the track segment above the respective pad. Cosmic-ray muons
deposit an average of �E = 3.04 keV in kinetic energy in a single pad
layer with �z = 1.25 cm when passing through the sTPC drift volume.
Then, the number of generated electron–ion pairs is N

pair
= 1.16 ù 10

2

per pad length for an average ionization potential (I = 26.2 eV) of
P10 gas, which corresponds to Q

in
= 0.0186 fC. The drifting electrons

are amplified in the triple GEM layer to generate the pad signal. For
the cosmic-ray measurement, the dynamic range of the preamplifier
was set to Q

max
= 120 fC with a GEM voltage of 330 V. The cluster

charge Q
cluster

can be obtained via Q
cluster

= V
cluster

� Q
max

_V
max
, where

V
cluster

denotes the measured ADC value for a hit cluster and V
max

is
the maximum ADC channel (4096). The hit cluster is defined as a
group of active neighboring pads in the same pad layer. The track-
associated clusters are selected based on the requirement that only a
single cluster be present in each layer. The cluster charge distribution
for cosmic-ray muon tracks passing through the given layer is shown in
Fig. 9(a), which fits with a Gaussian-folded Landau distribution with a
most probable value of 55.9 fC.

To estimate the mean energy loss for each track, the highest cluster
charge in the tail of Landau distribution was truncated among the six
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analog data are sent to the 12-bit ADC at a readout frequency of 25
MHz. The digitized data are then sent to a PC at 1Gbps through TCP/IP
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of electric field. The cosmic-ray trigger comprised two fast scintillators
(EJ-230) placed on the top and bottom window frames of the sTPC.
Trigger scintillators with dimensions 5 ù 14 cm2 and thickness 0.5 cm
are separated by 22 cm. The coincidence signal initiates an external
trigger signal that is fed to the r-CoBo system. A typical trigger rate of
approximately 10 per minute was achieved.

A typical pad signal from a cosmic-ray track is illustrated in Fig. 8.
The signal peak time is taken as the drift time for electrons produced
from the track segment above the respective pad. Cosmic-ray muons
deposit an average of �E = 3.04 keV in kinetic energy in a single pad
layer with �z = 1.25 cm when passing through the sTPC drift volume.
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Task	flow
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• gas system is ready for 
the cosmic ray experiment 

• Need MFC and Helium for 
the low-pressure test later

• Voltage divider to be 
assembled 



Task	flow
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• Gas system is ready for the 
cosmic ray studies

• MFC and Helium gas for 
later low-pressure test

• Voltage divider to be 
assembled 

• Two undergraduate 
students joined the group

• GARFIELD simulation for the 
main experiment

• Measurement of cosmic ray
• Development of tracking using 

ML
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Fig. 1. (a) Expected particle trajectories in the (
12
Be, 6He6He) reaction. (b) Schematic view of the proposed active target TPC installed inside a 1-T superconducting solenoid

magnet.

Fig. 2. Schematic view of the sTPC structure.

at the four corners, and the sheet covers all four sides of the field cage.
The neighboring strips are connected via 1M⌦ 1005 SMD type resistors
placed at the corner where the two ends of the strip sheet meet.

The sTPC has an overall drift length of 15 cm in the vertical
direction from the cathode plane at the top to the GEM plane at the
bottom, as illustrated in Fig. 2. The cathode plane is supported by the
four G10 pillars. The gas vessel is constructed using G10 plates; the top
plate has a high-voltage feed-through for the cathode, which can resist
up to 20 kV/30 A. The four side plates include 100-�m-thick aluminum
Mylar windows of 10 ù 14.4 cm2 and 10 ù 10.2 cm2. The top and side
plates are permanently glued with an epoxy adhesive and sealed to
the bottom plate using an O-ring (Viton, G-215) that has been placed
into a rectangular seal gland and fixed with Teflon screws. The field
cage was operated at a drift field of 150 V_cm and a high voltage of
approximately *4.25 kV at the cathode plane as shown in Fig. 3(b). The
sTPC is filled with an Ar-CH

4
(P10) gas mixture (90/10). The gas flow

rate was 50 mL_min, and the atmospheric gas pressure was maintained
within a differential pressure of 50 Pa.

The readout chamber consists of a GEM plane, a pad plane, and a
conversion board for the signal readout. The GEM plane provides signal
amplification via three 50-�m-thick 10 ù 10 cm2 GEM layers as shown

Fig. 3. (a) Schematic view of the field strip structure with resistor chains. (b) Schematic
view of the sTPC field cage with a triple GEM structure.

Fig. 4. Photo of a 50-�m-thick GEM surface at a microscopic scale.

in Fig. 3(b). The GEM layers are separated by 2-mm-thick G10 spacers.
The GEM voltage across the top and bottom surfaces of each GEM sheet
was set to V

GEM
= 330 V for the minimum-ionizing particles and 300 V

for the heavily-ionizing particles. The GEM layer consists of a thin, two-
side copper-clad polyimide foil perforated with a high density of holes
equally separated by a distance of 140 �m. The holes on the 5-�m-thick
copper-clad layer are approximately 70 �m in diameter and are tapered
into the middle of the polyimide substrate, where the inner part of the
holes are 35–40 �m in diameter as shown in Fig. 4.

2

• Prototype chamber

• Original plan

Diameter = 66cm
Length = 120cm TWIST solenoid
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in Fig. 3(b). The GEM layers are separated by 2-mm-thick G10 spacers.
The GEM voltage across the top and bottom surfaces of each GEM sheet
was set to V

GEM
= 330 V for the minimum-ionizing particles and 300 V

for the heavily-ionizing particles. The GEM layer consists of a thin, two-
side copper-clad polyimide foil perforated with a high density of holes
equally separated by a distance of 140 �m. The holes on the 5-�m-thick
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• Prototype chamber
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Length = 120cm
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• Prototype chamber

• New plan
• Focus on 10-20 MeV reactions 
• Square chamber as alternative 

options an option
• Best geometry for flat E field 

350 mm

200 mm
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PCB	design	
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• LAMPS 
• We have magnet, thus don’t need track 

to stop in the active area
• R for pT of 10 MeV =  10 MeV / (2C*1T) = 1.6 cm 

• Better to have small active area and dense 
readout pads 

• 150x150mm2 /4000 = 2.4x2.4 mm2per channel
• Resume the pad design study 

• Soyoon Choi

124mm

101mm

면적 : 18((*

갯수 : 50개
면적 : 18((*
갯수 : 45개

면적 : 18.354((*

갯수 : 70개

• 총 165개의 channels

• ‘이룸테크’에 견적 문의 진행 중

• Test를 통해 3개 중에 response와 position 

resolution이 가장 좋은 모양을 선택할 예정

AT-TPC 설계/제작 - PCB

• MAIKO (Kyoto & RCNP)

• FRIB prototype 



GARFIELD++	simulation	with	new	setup
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Field simulation

+Boundary Conditions

-182V

-91V

⋮

-909V

Electric Field inside Field Cage

Voltage divider
(10 Copper wires)

with Voltage divider

Field simulation with Voltage divider

71 V/cm

64 V/cm63 V/cm

75 V/cm

• Rooms for improvement of the 
voltage divider 

• Project for 학부생1

• To be deployed for prototype



BACKUP

14



References
• 1203.3336

• First excited Hoyle state of 12C)

• 1805.06074 
• Intruder configuration in 12Be)
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1.	MAIKo	AT-TPC
• Good reference for LAMPS AT-TPC 
• Study quadruple transition matrix 

component btw the ground state and 21+ 

states to investigate rearrangement of 
particle-hole configuration in the nuclear 
shell model 

• Measured Mn/Mp for proton-rich C   
• GEM-muPIC in slightly larger dimension 

than our prototype 
• Calibrated by 241Am -> α + X
• Beam intensity = 70k cps
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FIG. 2. Schematic view of the MAIKo active target.

the cathode strips are parallel to the beam axis.
The trigger signal for the data acquisition was gen-

erated from the silicon detectors or cathode strips. To
suppress the triggers due to the beam particles, the 65th–
160th cathode strips were excluded from the trigger. This
trick inhibits the shaded area in Figs. 3(b) and 4(b) from
triggering data acquisition. When the beam intensity was
77 kHz and the gas pressure was at 500 hPa, the trigger
rate was 270 Hz, and the live time ratio of the data ac-
quisition was 88%.
In addition to the measurement using the 10C beam,

we also performed a similar measurement using the 12C
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FIG. 3. Example of (a) anode and (b) cathode images ac-
quired in an α+10C event. The reconstructed trajectories of
the recoil particle are drawn with the solid red lines. The
vertex and the track endpoints are shown by the cyan circles.
The shaded area in the cathode image was excluded from the
trigger condition.

primary beam to compare the cross section measured by
MAIKo with the previous result measured under the nor-
mal kinematic condition [34].

III. DATA REDUCTION

MAIKo acquired not only the α+10C scattering events
but also background events. The background events
were mainly caused by 10C beam particles which invade
the cathode trigger region (beam events). Scattering
from the quenching CO2 gas also caused the background
events. The fraction of the α+10C events in the acquired
events was only of the order of 1%. Therefore, the α+10C
events must be correctly distinguished from the back-
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FIG. 5. PID of recoil particles in the measurement at 500
hPa. (a) Correlation between the total charge collected by
the µ-PIC and the range of the recoil particle. (b) Correlation
between the energy measured with a silicon detector and the
charge collected with the 32 cathode strips near the silicon
detector.

Excited states in 10C below the proton emission thresh-
old at Ex = 3.82 MeV always decay to the ground state
by emitting a γ-ray. Because both the incident and scat-
tered particles are 10C, the energy loss of 10C per unit
length in the TPC gas after the scattering point is almost
the same as that before the scattering point. Therefore,
thicknesses of the observed horizontal trajectories in the
anode image look similar before and after the scattering
point, as seen in Fig. 3(a). On the other hand, when the
excitation energy is above the proton emission threshold,
the excited states immediately decay into 2p+ 2α parti-
cles. Since energy loss of the 2p + 2α particles is about
1/3 of the incident 10C, the observed horizontal trajec-
tories after the scattering point look thinner than before
the scattering point as seen in Fig. 4(a). Therefore, in-
elastic scattering to highly excited states at Ex > 3.82
MeV is easily discriminated from the elastic scattering
and inelastic scattering to low excited states at Ex < 3.82
MeV by using the energy-loss information obtained from
the most downstream channel of the FADC for the 1st–

FIG. 6. Scatter plots of kinematic energies versus angles of
recoil alpha particles. (a): All of the α+10C events. (b): The
elastic and inelastic scattering events to low excited states se-
lected by the FADC data. The red, blue, and green dots show
the “500 hPa”, “1000 hPa”, and “Si” events, respectively.
Kinematically calculated energies and angles of recoil alpha
particles at different excitation energies in 10C are shown by
the solid lines.

32nd anode strips. Figure 6(a) includes all of the α+10C
events, while Fig. 6(b) includes the elastic and inelas-
tic scattering events to low excited states selected by the
FADC data. Using energy loss information, only low-
lying states below the particle decay threshold were suc-
cessfully selected. In the present work, we focus on the
low-excitation energy events.

Figure 7 shows the excitation-energy spectrum in the
α+10C scattering at E = 68 MeV/u and 6.9◦ < θc.m. <
7.2◦. A prominent peak due to the ground state is ob-
served with a small contribution from the 2+1 state at
Ex = 3.35 MeV. The resolutions of the excitation energy
for the ground state and the c.m. angle are ∆Ex = 1
MeV and ∆θc.m. = 0.07◦ in sigma, respectively. The
excitation-energy resolution is limited mainly due to the
angular straggling of recoil alpha particles in the TPC
gas. As an example, angles of alpha particles at 2 MeV
are straggled about 30 mrad due to collisions with the

z
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FIG. 7. Excitation energy spectrum in the α+10C scattering
at E = 68 MeV/u and 6.9◦ < θc.m. < 7.2◦. The solid lines
represent the fit result of 0+1 (blue), 2+1 (green), and sum of
the two states (red), respectively.

gas particles at 1000 hPa. By fitting the spectrum with
two Gaussians, the yields of the ground and 2+1 states
were obtained. At θc.m. < 5◦, the yield of the 2+1 state
could not be determined because the contribution of the
2+1 state was much smaller than that of the ground state.

The detection efficiency for the present measurement
was estimated by a Monte Carlo simulation. It was as-
sumed that the α+10C scattering occurs inside the sen-
sitive volume of the TPC over the entire solid angle.
Primary electrons were generated along the 10C and re-
coil alpha trajectories according to the SRIM calcula-
tion, considering the angular straggling of the recoil al-
pha particles. These electrons drifted towards the µ-PIC.
The transverse and longitudinal diffusions of the elec-
trons were taken into account. The charge collection
rate by the µ-PIC as a function of time was folded by
the response function of the readout circuit to simulate
the analog signal from each strip. The simulated signals
were virtually processed and the track images were gen-
erated. These images were analyzed in the same manner
as the real data. The number of reconstructed events
at each θc.m. and Ex was divided by the number of gen-
erated events to estimate the detection efficiency. The
efficiency depends on the recoil angle and energy in the
laboratory frame. For example, when the recoil alpha
particles are emitted to θlab. = 88◦ with an energy of
0.8 MeV, which corresponds to θc.m. = 4.5◦ and Ex = 0
MeV, the efficiency for the alpha particles to reach the
trigger region, and to start the data acquisition is about
36%. The track reconstruction efficiency for the recorded
events is about 82%. Consequently, the total efficiency is
about 30%.

Finally, the differential cross sections of the α+10C
elastic scattering and the inelastic scattering exciting the
2+1 state at Ex = 3.35 MeV were obtained, as plotted in
Fig. 8. The cross section of the α+12C elastic scatter-
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FIG. 8. Differential cross sections for the α+10C elastic (solid
circles) and inelastic scatterings to the 2+1 state at Ex = 3.35
MeV (open squares). The cross section of the elastic scatter-
ing calculated with the optical-model potential is shown by
the solid line, while the cross section of the inelastic scattering
obtained by the DWBA calculation is shown by the dashed
line.

ing is also obtained to check the present analysis. In
Fig. 9 the measured cross section is compared with the
previous result obtained using a 4He beam at 96 MeV/u
under the normal kinematic condition [34]. The present
result agrees with the previous result qualitatively, how-
ever, it is systematically smaller than the previous re-
sult by 10% on average. The normalization factors of
the present result to the previous result at different an-
gles fluctuate ±16% around the averaged value. This is
mainly due to the uncertainty of the detection efficiency
of MAIKo. Therefore, we added 16% fractional uncer-
tainty to the statistical uncertainty in quadrature in the
following analysis.

IV. ANALYSIS

We performed the DWBA calculation with single-
folding potentials to extract the neutron transition ma-
trix elementMn in 10C from the cross section of the alpha
inelastic scattering to the 2+1 state. The phenomenolog-
ical α-N effective interaction and the ground-state den-
sity distribution were determined to reproduce the cross
section of the alpha elastic scattering. The DWBA calcu-
lations were performed using the computer code ECIS-95
[44].

10

transition matrix elements taken from B(E2; 0+1 → 2+1 )
with a standard deviation of ±17%. Thus, we adopt 17%
(±1.2 fm2) as a systematic uncertainty due to the error
in the DWBA analysis with single-folding potentials.
Finally, we obtained the Mn value in 10C and its un-

certainties as

Mn = 6.9 ± 0.7 (fit) ± 1.2 (sys) fm2. (13)

V. DISCUSSION

The present result of Mn is larger than the previous
result of Mn = 5.51 ± 1.09 fm2 determined by the pro-
ton inelastic scattering [13]. This discrepancy between
the present and previous results is possibly because the
authors in Ref. [13] used the old B(E2; 0+1 → 2+1 ) value
from Ref. [32]. This old value of 61.5 ± 10 e2fm4 is
larger than the new value of 44.0± 1.5 e2fm4 reported in
Ref. [33]. We took the B(E2; 0+1 → 2+1 ) value from the
recent measurement because of the smaller uncertainty.
The larger B(E2; 0+1 → 2+1 ) value might lead to a smaller
value of Mn. If we take the old B(E2; 0+1 → 2+1 ) value,
the Mn value becomes Mn = 5.7 ± 0.6 (fit) ± 1.0 (sys)
fm2. This value is consistent with the previous result.
Assuming charge symmetry in the A = 10 system, Mn

in 10C should be equal to Mp in 10Be. Mp in 10Be is
reported as 6.78 ± 0.11 fm2 [50]. This value is actually
close to the present Mn value in 10C, and thus, charge
symmetry in the A = 10 system is almost conserved.
The Mn/Mp ratio in 10C deduced from the present

measurement is

Mn/Mp = 1.05 ± 0.11 (fit) ± 0.17 (sys). (14)

The transition from the ground state to the 2+1 state in
10C is almost isoscalar, whereas a large Mn/Mp ratio of
3.2 ± 0.7 was reported in 16C [20]. This indicates that
the quadrupole transition in 10C is less neutron dominant
compared to that in 16C. TheMn/Mp value close to unity
in 10C shows that the effect of the Z = 6 subshell closure
is less evident compared to the neutron-rich side.
The present results are compared with the theoretical

predictions by the 2p+ 2α four-body cluster model [51],
no-core shell model [52], shell model [53], Monte Carlo
shell model [54], and AMD model [55] in Table II. In
the cluster-model calculation, fully antisymmetrized ten-
nucleon wave functions were built in a microscopic 2p+2α
configuration space using the Minnesota interaction [56].
The no-core shell model calculation was performed us-
ing the CD-Bonn NN potential in the basis space up to
8!Ω with the harmonic oscillator frequency of !Ω = 14
MeV. The shell-model calculation was conducted within
the p shell using the Cohen and Kurath (8–16)2BME
interaction [57]. The shell-model transition matrix el-
ements were calculated using single-particle wave func-
tions in the harmonic oscillator potential with b = 1.64
fm and effective charges of ep = 1.3e and en = 0.5e.
In the Monte Carlo shell-model calculation, the unitary

correlation operator method potential based on the chiral
next-to-next-to-next-to-leading-order two nucleon inter-
action [58] with the bare charges (ep = e and en = 0) was
used to calculate the transition matrix elements. TheMn

value in 10C from the Monte Carlo shell-model calcula-
tion was taken from the Mp value in the mirror nucleus
10Be assuming charge symmetry.
Theoretical calculations systematically underestimate

Mp andMn except for the Monte Carlo shell-model calcu-
lation and Mn calculated by the AMD model. Especially,
Mp and Mn predicted by the shell-model calculation are
considerably smaller than the experiment. However, the
Mn/Mp ratios from the theoretical calculations are close
to unity, supporting the present result that enhancement
of the Mn/Mp, which was observed in neutron-rich 16C,
was not observed in proton-rich 10C.

VI. SUMMARY

Alpha elastic and inelastic scatterings from 10C at 68
MeV/u were measured under the inverse kinematic con-
dition at RCNP, Osaka University. The purity and inten-
sity of the 10C secondary beam were 96% and 70 kcps, re-
spectively. The recoil alpha particles were detected using
the newly developed MAIKo active target system [35].
This system enabled the detection of low-energy recoil al-
pha particles down to Eα = 0.5 MeV, which corresponds
to momentum transfer down to q = 0.4 fm−1. The
excitation-energy resolution was approximately 1 MeV in
sigma, sufficient to distinguish the first excited 2+1 state
at Ex = 3.35 MeV from the ground state in 10C.
The cross section for the α+12C elastic scattering was

also measured using a primary 12C beam at 94 MeV/u.
The measured cross section was compared with the previ-
ous result obtained under the normal kinematic condition
using a 4He beam at 96 MeV/u [34], and we confirmed
that both results are qualitatively consistent.
The cross section of the α+10C elastic scattering en-

abled the determination of the phenomenological α-N ef-
fective interaction and the point-nucleon distribution of
the ground state in 10C. The rms radius of 2.6 ± 0.3 fm
in 10C is consistent with the theoretical prediction by the
AMD calculation [47] and the experimental result of the
previous proton elastic scattering [13], but slightly larger
than that deduced from the interaction cross section [48].
From the cross section of the α+10C inelastic scat-

tering to the 2+1 state, the neutron transition matrix
element of Mn = 6.9 ± 0.7 (fit) ± 1.2 (sys) was ob-
tained. The Mn/Mp ratio in 10C was determined as
Mn/Mp = 1.05 ± 0.11 (fit) ± 0.17 (sys), and thus, the
effect of the Z = 6 subshell closure reported in neutron-
rich carbon isotopes [31] is not evident in the proton-rich
side. This result is supported from the theoretical calcu-
lations.
The first physics experiment using the MAIKo active

target was successfully completed. MAIKo will be em-
ployed in various RI beam experiments in the near future.

-=

Conclusion of the paper 
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2.	TTIK	(Thick	Target	Inverse	Kinematics)	method	

• TTIK in DC-60 cyclotron (Astana)
• 99.99% of He gas 
• Beam stops in the gas chamber

• Study of 20Ne resonances via alpha + 
16O elastic scattering
• E up to 1.9 MeV/A

• Scattered α is detected by Si-array 
• Calibrated with α from 226Ra and 218Po
• Energy resolution ~ 30 keV
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FIG. 1. E-T spectrum for the zero degrees detector. Alpha
particles dominate; one can see also a weaker proton locus
below the alpha particles.

way to obtain data on the natural parity levels in 20Ne
up to 13 MeV excitation energy. Indeed the majority of
adopted data [6] on level properties in the region in ques-
tion based on a resonance work and an analysis made in
1960 year. More recently the α+16O resonance scatter-
ing experiment were developed further to backward an-
gles and the data were reanalyzed using R matrix code
Multi 6 [9]. The authors [9] obtained quite different re-
sults from those used in for many levels (see Table 1);
in particular the broad 0+4 and 2+4 levels appeared even
much more broader. The authors [9] noted difficulties of
the fit in the region of 6-8 MeV excitation energies, in
a region mainly free from narrow resonances. Evidently
strong states of over 1 MeV width should influence a very
broad excitation region (see for instance [10]).
T. Fortune et al. [11, 12] were the first who recognized

the importance of the fact that single particle structure of
the broad states is in drastic contradiction with the shell
model predictions. They [11, 12] also proposed the idea of
mixing different configurations to explain the effect. The
same idea was used in [13]. However, the authors of Refs.
[11, 12] used old data for the 0+2 state and used some
estimates for the properties of the broad states proposed
in Ref. [14] to support the idea. Later measurements [6]
gave the width of 19 keV for the 6.72 MeV state (which
is about 25% larger than that used in work [11]).
The experimental aim of this work is to obtain new

information on the structure of 20Ne states, especially
the broad 0+, 2+ states. Unlike other experimentalists,
we used the Thick Target Inverse Kinematics method
(TTIK) (see [15–19] and references therein) to study the
excitation functions for the 16O(α, α)16O elastic scatter-
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FIG. 2. The 16O(α, α)16O elastic scattering excitation func-
tion at 180◦ cm. The excitation energies in 20Ne, Ex in
Table 1, are related with cm energy, Ecm, by expression,
Ex=Ecm+4.73 MeV. The bold (red) line is the R matrix fit
with the parameters of the present work. The dot (cyan) line
is a fit with the 0+4 excitation energy of 8.3 MeV [11], and dot
(black) line is a fit with the 0+4 energy excitation energy of
8.62 MeV and the width of 1.472MeV [9].

ing in the 20Ne excitation region of 5.5-9.6 MeV and in a
broad angular interval. On the theoretical side, we also
used multi configuration shell model calculation to un-
derstand the limits of this approach in a description of
the cluster states.

II. EXPERIMENT

The experiment was performed at the DC-60 cyclotron
(Astana) [17] which can accelerate heavy ions up to the
1.9 MeV/A energy. While the TTIK method can’t com-
pete with a classical approach in terms of energy resolu-
tion, the possibility of observing excitation functions at
and close to 180 degrees, where the resonance scattering
dominates over the potential scattering, enables one to
obtain more reliable information on the broad states. In
the TTIK technique the inverse kinematics is used; and
the incoming ions are slowed in a helium target gas. The
light recoils, α particles, are detected from a scattering
event. These recoils emerge from the interaction with
the beam ions and hit a Si detector array located at for-
ward angles while the beam ions are stopped in the gas,
as α particles have smaller energy losses than the scat-
tered ions. The TTIK approach provides a continuous
excitation function as a result of the slowing down of the
beam.
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For the present experiment, the scattering chamber
was filled with helium of 99.99% purity. The 30 MeV
16O beam entered the scattering chamber through a thin
entrance window made of 2.0 µm Ti foil. Eight mon-
itor Si detectors were placed in the chamber to detect
16O ions elastically scattered from the Ti foil at 21◦ an-
gle. This array monitors the intensity of the beam with
precision better than 4%. Fifteen 10x10 mm2 Si detec-
tors were placed at a distance of ∼ 500 mm from the
entrance window in the forward hemisphere at different
laboratory angles starting from zero degrees. The gas
pressure was chosen to stop the beam at distance of 40
mm from the zero degrees detector. The detector energy
calibration and resolution (∼ 30 keV) were tested with
a 226Ra, 222Rn, 218Po and 214Po α-source. The experi-
mental set up was similar to that used before [19], and
more details can be found in Ref. [17, 19]. The main
errors in the present experimental approach are related
to the uncertainties of the beam energy loss in the gas.
To test the energy loss, we placed a thin Ti foil (2.0 µm)
at different distances from the entrance window. This
can be used during the experiment without cycling vac-
uum. We found that the data [20] for energy loss of 16O
in helium are correct. The details of these tests will be
published elsewhere. As a result, we estimated that the
uncertainties in the absolute cross section are less than
6%. This conclusion was tested by comparison with the
Rutherford cross sections at low energies. The agreement
with the Rutherford scattering is within 5% error bars at
all angles (see Fig.3).
Together with the amplitude signal, the Si detectors

provided for a fast signal. This signal together with a
“start” signal from RF of the cyclotron was used for the
Time-of-Flight measurements. This E-T combination is
used for particle identification in the TTIK approach [16–
18]. Of course, only α particles should be detected as a
result of the interaction of 16O with helium at the cho-
sen conditions. However, protons can be created in the
Ti window, and protons can appear due to hydrogen ad-
mixtures in the gas. Indeed, we have observed a weak
proton banana, likely as a result of reactions in the win-
dow. These protons were easily identified by TF and
separated from the α particles, as seen in Fig.1.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

The experimental excitation functions were analyzed
using multilevel multichannel R matrix code [21]. The
calculated curves were convoluted with the experimental
energy resolution. The experimental energy resolution
was ∼ 30 keV at zero degrees and deteriorated up to
∼100 keV with angles estranging from zero degrees. We
did not notice a deterioration of the energy resolution
with the energy loss of the beam in the chamber. As it
seen in Table 1 the excitation energies of the resonances
of the present work agree with the adopted ones [6] within
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FIG. 3. R matrix fit (bold red curve) of the excitation func-
tions for the α+16O elastic scattering. (a) The dashed (cyan)
curve presents the data of the 0+ level at the 8.3 MeV excita-
tion energy [11] and (e) dot (black) line is a fit with 2+ level
at the excitation energy of 9.0 MeV [6].

10-15 keV. This agreement is an evidence of our overall
good energy calibrations and the correct account of the
ion energy loss in helium in the present work. Fig.2 and
Fig.3 give the experimental excitation functions together
with the present R matrix fit. Fig.2 demonstrates the

4

TABLE I. 20Ne levels

N TUNL data [6] H. Shen et al. [9] This work CNCIM
Ex Jπ Γα Ex Γα Ex Γα γα Ex Jπ SFp SFα

(MeV) (keV) (MeV) (keV) (MeV) (keV) (MeV)
1 0 0+1 - - 0 Large 0 0+ 0.36 0.73
2 1.63 2+1 - - 1.63 Large 2.242 2+ 0.41 0.67
3 4.25 4+1 - - 4.25 Large 4.58 4+ 0.62
4 5.78 1− (28±3)x10−3 - - 4.45 0.03 1.4
5 6.73 0+2 19±0.9 6.72 11 6.78 20.6 0.47 6.94 0+3 0.55 0.46
6 7.16 3− 8.2±0.3 7.16 10 7.18 8.3 1.37
7 7.19 0+3 3.4±0.2 7.19 5 7.20 3 0.019 6.27** 0+2 0.055 0.44**
8 7.42 2+2 15.1±0.7 7.43 7 7.44 14.3 0.19 7.39 2+3 0.01 0.12
9 7.83 2+3 2 7.83 1 7.85 3.68 0.01 7.15** 2+2 0.12 0.18**
10 8.45 5− 0.013±0.004 8.45 0.02 8.45 0.013
11 8.71 1− 2.1±0.8 8.71 3.5
12 ≈8.7 0+4 >800 8.62 1470 8.77±0.15 750±220 ∼0.25 9.66** 0+4 0.002 0.18**
13 8.78 6+1 0.11±0.02 - - 8.78 0.14 0.5 9.49 6+ 0.51
14 8.85 1− 19 8.84 27 8.85 18.0
15 9.00 2+4 ≈800 8.87 1250 8.79±0.10 695±120 0.86 8.36** 2+4 0.02 0.02**
16 9.03 4+3 3 9.02 9.03 1.9 0.03 9.0 4+ 0.09
17 9.12 3− 3.2 9.09 4 9.13 4.1
18 9.19 2+ - - (9.29) ≤10
19 9.48 2+ 29±15 9.48 46 9.48 65±20 0.02?
20 9.99 4+4 155±30 10.02 150 9.97 157 0.38 9.5 4+ 0.009
21* 10.26 5− 145±40 10.26 190 10.26 1.9
22 10.41 3− 80 10.40 101 10.41
23 10.58 2+ 24 10.56 15 10.58 10.2 2+ 0.005 0.04
24 10.80 4+4 350 10.75 400 10.80 10.7 4+ 0.04
25 10.97 0+5 580 10.99 700 10.97 11.9 0+

26 11.24 1− 175 11.19 85 11.24
27 11.95 8+ (3.5±1.0)x10−2 11.95 0.35 11.50 8+ 0.40

* For the levels with numbers 21-27 the parameters of the present fit were fixed as in [6]
** Calculated in psd space. SF is to the first excited state in 16O; SFs for the ground state in 16O are ≤ 0.1

data at 180◦ and illustrates the differences in the fits due
to different parameters of the broad 0+4 resonance. The
data on the resonances used in the present R-matrix fit
are summarized in the Table 1 together with the adopted
data [6]. Data of the last R matrix analysis [9] are also
given in Table 1. The analysis [9] resulted in level pa-
rameters which are often different from the adopted.

Our analysis (Table 1) resulted in small discrepancies
with the data [6] in the detail description of the narrow
states (widths less than 10 keV). The R-matrix code [21]
is tuned for the TTIK measurements and for the analyses
of states with a width of over 10 keV to accelerate auto-
matic fit calculations. Therefore the small disagreements
for the narrow states are not significant. We focused on
the broader states and on the part of the excitation func-
tion changing slowly with energy and angle.

Our analysis indicates that all strong alpha cluster
states at 5∼6 MeV below or up the investigated excita-
tion energy region can influence the R-matrix fit. There-
fore we included in the fit the 20Ne ground state, the
first 2+ and 4+ states and 1− (5.67 MeV) state in the
fit, even though below the investigated region (see Table

1). Among these states, only the 1− state is above the
α particle decay threshold in 20Ne; the reduced width
of this state is known, and it is large. Shell model cal-
culations also give very large spectroscopic factors for all
members of the ground state band. Indeed, a good agree-
ment needs large values of the corresponding amplitudes
(over 0.7). Above the investigated excitation energy re-
gion, high spin α-cluster resonances are mainly known.
Each of these resonances (see Table 1) considered sep-
arately influences the fit, especially at 180◦. However,
their joint influence is much weaker. This cancellation
is due to different parities of the spins. Only the in-
fluence of the closest to the investigated region, the 4+

(9.99 MeV) resonance, can be noticed. A somewhat bet-
ter fit needs the width of this resonance to be slightly
larger ∼160 keV (well within the quoted uncertainties,
see Table 1). Parameters of all other resonances above
the investigated region were fixed according to the data
of Ref. [6]. A good general fit (χ2=1.1) was reached in
this way without any backward resonance inclusion.

All resonances are at the maximum at 180◦. The broad
hump at this angle at cm energy of 4 MeV (Fig. 2) is

• Results in the range of E = 5 - 6 MeV suggested to modify the R-matrix fit 
• Argues that fp shell and higher oscillation must be included in the model to 

describe the strong clustering features, the 
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Figure 1: Experimental setup and scheme of the electronics. Laboratory tests performed using a 228Th  
alpha source show that the signal processing with the STRUCK digitizers SIS3316 provides good energy 
and time resolution.   

Alpha multiplicity one events: 
Events with alpha multiplicity one were selected to look for alpha resonant states in 24Mg. Due to 
the relatively high energy of the beam the density of states in the compound nucleus is quite 
high. Therefore, to be detectable, resonances must emerge from a continuum spectrum resulting 
from the statistical alpha evaporation from the excited 24Mg. In order to estimate the contribution 
of this continuum spectrum we have used PACE4 [20] and HIPSE [21] simulations. The 
calculations were performed varying the energy of the beam in steps of 0.5 MeV/nucleon, 
starting from 12 down to 4 MeV/nucleon. Our previous data [22] showed that at the energy of 3 
MeV/nucleon the spectra are dominated by the resonant elastic scattering. In order to compare 
the simulated data with the experiment, we corrected the calculated alpha particle energy for the 
energy loss in the residual thickness of 4He gas depending on the estimated interaction point and 
we filtered the result with the detector geometry. Figure 2 shows the experimental alpha particle 
spectra per telescope compared with the calculated results. The simulated spectra are normalized 
in order to match the high energy tail of the experimental distributions. The experimental energy 
threshold of about 8 MeV is not applied to the simulation. Alpha particles with energy larger 
than 50 MeV punch through the entire telescope thickness and their total energies were 
reconstructedusing the SRIM code [23]. It is clear from Figure 2 that the experimental spectra 
show clear structures only at very small angles (Telescope 3) and these structures fade away as 
the detector angle increases. The alpha energy spectra measured in Telescopes 1 and 4 are 
completely determined by statistical evaporation. The PACE4 fusion-evaporation model is not 
able to reproduce the low energy part of the spectra recorded in Telescopes 2 and 3, suggesting 
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Figure 1: Experimental setup and scheme of the electronics. Laboratory tests performed using a 228Th  
alpha source show that the signal processing with the STRUCK digitizers SIS3316 provides good energy 
and time resolution.   

Alpha multiplicity one events: 
Events with alpha multiplicity one were selected to look for alpha resonant states in 24Mg. Due to 
the relatively high energy of the beam the density of states in the compound nucleus is quite 
high. Therefore, to be detectable, resonances must emerge from a continuum spectrum resulting 
from the statistical alpha evaporation from the excited 24Mg. In order to estimate the contribution 
of this continuum spectrum we have used PACE4 [20] and HIPSE [21] simulations. The 
calculations were performed varying the energy of the beam in steps of 0.5 MeV/nucleon, 
starting from 12 down to 4 MeV/nucleon. Our previous data [22] showed that at the energy of 3 
MeV/nucleon the spectra are dominated by the resonant elastic scattering. In order to compare 
the simulated data with the experiment, we corrected the calculated alpha particle energy for the 
energy loss in the residual thickness of 4He gas depending on the estimated interaction point and 
we filtered the result with the detector geometry. Figure 2 shows the experimental alpha particle 
spectra per telescope compared with the calculated results. The simulated spectra are normalized 
in order to match the high energy tail of the experimental distributions. The experimental energy 
threshold of about 8 MeV is not applied to the simulation. Alpha particles with energy larger 
than 50 MeV punch through the entire telescope thickness and their total energies were 
reconstructedusing the SRIM code [23]. It is clear from Figure 2 that the experimental spectra 
show clear structures only at very small angles (Telescope 3) and these structures fade away as 
the detector angle increases. The alpha energy spectra measured in Telescopes 1 and 4 are 
completely determined by statistical evaporation. The PACE4 fusion-evaporation model is not 
able to reproduce the low energy part of the spectra recorded in Telescopes 2 and 3, suggesting 
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• TTIK experiment using K150 cyclotron beam 
in Texas A&M
• 20Ne + α at Emax = 13 MeV/u
• 4x1010 particles used for analysis

• Check hypothesis of BEC states of 12C 
• 3α would decay symmetrically 
• Not found.  Γ(3α) / Γ(α + 8Be -> 3α) ~ 

10-4

• Search for Hoyle-like states in 16O and  20Ne
• Similar momentum resolution with DC-60

 
Figure 11: Experimental data. Left panels, Dalitz plots for the Hoyle state (top) and the (3-) state 
(bottom)  after background subtraction. Right panels, relative energies of the three possible 
couples of alpha particles (Blue solid line, smallest value; green dotted line, biggest value; red 
dash-dotted line, middle value).  
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alpha particles coming from the 8Be with those from the 16O, a Monte-Carlo simulation was 
performed to determine the energy threshold required to remove the alpha particles from the 8Be. 
Only events with four alpha particles with energy larger than 13 MeV were considered for 
further analysis. Neither HIPSE nor PACE4 produced alpha multiplicity four events. The 
background estimated by mixing alpha particles from different events with multiplicity 4 was 
subtracted from the experimental distribution. 
 

 
Figure 13: Reconstructed excitation energy of 16O obtained from the events with alpha 
multiplicity 4 after subtracting the background estimated by mixing alpha particles from 
different events with multiplicity 4. States measured by Freer et al. refs. [13, 30] are also 
reported.  
 
 
The excitation function of 16O is shown in Figure 13. Neither HIPSE nor PACE4 produced alpha 
multiplicity four events. The background estimated by mixing alpha particles from different 
events with multiplicity 4 was subtracted from the experimental data. Funaki et al. [12, 31] 
predicted a state in 16O at 15.1 MeV with the structure of the “Hoyle” state in 12C coupled to an 
alpha particle. Our excitation function shows 8 events at 15.2+ 0.2 MeV that could correspond to 
the 06

+ state in 16O analogous to the 12C Hoyle state. This state has been observed in the past by 
several authors [32-35] and recently by K.C.W Li et al. [36]. The other structures in the 
excitation function correspond to 16O states already observed by other authors. Even though the 
statistics are low, further analysis was performed for the 15.2 MeV group as well as for other 
peaks. For each peak we determined the amount of events decaying into one alpha particle and 
one 12C in the Hoyle state or two 8Be in the ground state. To do this we considered the six 

 
Figure 16: Reconstructed excitation energy of 24Mg for the events in the 15.2 MeV peak with 
total kinetic energy less than 120 MeV.   
 
 
 
Conclusions: 
 
In this paper we showed that it is possible to use thick target inverse kinematics to study excited 
states of light nuclei disintegrating into multiple alpha particles. Excited states of 8Be and 12C 
were observed, in agreement with previous experimental data. The excitation function of 16O was 
also investigated. An interesting structure appears at excitation energy of 15.2 MeV. Although 
the statistical uncertainty is large, the partial decay width analysis indicates that the events in this 
state decay with the same probability into two 8Be ground states or to an alpha and a 12C in the 
Hoyle state. This suggests that this 16O state can be identified as analogous to the 12C Hoyle 
state. Moreover, for those events, the reconstructed excitation energy of 24Mg peaks at around 34 
MeV. Yamada et al. predicted an excited state in 24Mg analogous to the Hoyle state at about 4.94 
MeV above the 6 alpha particles threshold or 33.42 MeV. 
In the future we plan to use this same experimental method to collect larger statistics data on16O 
and later to explore heavier systems. We are also considering the possibility to insert an active 
TPC volume at the end of the chamber in the region after the point where the beam is stopped 
and before the silicon detector array. This will help to reduce the energy threshold and to trace 
the trajectories back to the interaction point.  
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Quadruple α events
• α + 20Ne -> 16O + 8Be -> 6α
• 659 events found 
• Candidate for Hoyle-like 

state of 16O (Funaki)
E = 15.1MeV

In the summary section 

 LAMPS can be the great chance for this study! 
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