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Fig. 3. The experimental results are plotted against the exci- 
tation of the final four-neutron state. The solid curve corre- 
sponds to the pure four-neutron phase space, while the dot-  
dashed and dashed curves are the four-neutron phase space 
curves with singlet state interactions in, respectively, one 
and both of the final state neutron pairs. 

ground subtraction, and where the non-zero cross 
section at rr + momenta above 230 MeV/c is due to 
imperfect rejection of  events in which the 7r + decayed 
inside the spectrometer. By contrast, fig. 2 shows the 
cross section for 12C(7r- ' rr+)l 2Be at 165 MeV and 
8 °, which we measured for the purpose of  energy cali- 
bration. The peak is due primarily to the transition 
to the 12Be ground state, with some contribution 
from the first two excited states as well. The size o f  
the cross section is typical o f  DCX transitions to 
bound states in light nuclei (the difference in ordinates 
of  figs. 1 and 2 should be noted). 

Turning our attention to the region of  the 7r + 
spectrum corresponding to unbound final states, fig. 
3 displays three curves corresponding to relativistic 
phase space distributions for four neutrons with no 
final state interaction, with an interaction in one of  
the neutron pairs, and with an interaction in both of  
the neutron pairs. A simple s-wave scattering length 
formula was used to represent the interaction. Al- 
though none of  these distributions is a very good fit, 
the shape of  the curve corresponding to two inter- 
acting neutron pairs is overwhelmingly favored over 
the other two. Kaufman et al. [ 11] and Statz et al. 
[12] conclude from spectrum shape fits at higher ex- 
citation energies that the best final state interaction 
treatment would involve only one interacting neutron 
pair rather than two (as preferred by our data). That 
conclusion is not inconsistent with our results 

because of  the relatively poor statistical precision of  
those data at the low excitation energies addressed 
in our work. At higher excitation energy one would 
expect (a) the final state interaction effects to be less 
important and (b) the momentum transfer dependence 
of  the DCX interaction itself to be more important. 
In any case, it seems clear that correct treatment o f  
the four-neutron final state is very important at low 
momentum transfer. 

The most thorough theoretical treatment of  
double-charge-exchange on 4He is that of  Gibbs et al. 
[17], in which the reaction is viewed as two successive 
p ion-nucleon single-charge-exchange scatterings. 
Using a separable form for the p ion-nucleon scat- 
tering amplitude, and taking full account of  Pauli 
principle effects, they have calculated spectra corre- 
sponding to the experimental conditions o f  Kaufman 
et al. and Gilly et al. 

Since the present data were obtained for T~r_ = 
165 MeV, a direct comparison with the Gibbs et al. 
calculations is not possible. It is worthwhile to note 
that their calculated cross section for T~- = 140 MeV 
and 0 = 20 ° is typically at least a factor o f  100 be- 
low our measured values. (They are in agreement with 
the Kaufman et al. data which are known to be in- 
correctly normalized by a large factor). 

A calculation by Germond and Wilkin [ 18] of  the 
total DCX cross section on 4He gives better agree- 
ment with total cross section data than the Gibbs 
et al. calculation. Germond and Wilkin assume that 
the pion scatters from a virtual pion in a single step 
with the amplitude deduced from soft pion theorems. 
This procedure seems to result in larger cross sec- 
tions, but  they did not include final state interaction 
or Pauli principle, effects which appear necessary at 
the low momentum transfers present in this experi- 
ment. Nevertheless, a calculation of our experimental 
results (and those o f  ref. [12]) using this "pion cloud" 
mechanism would appear warranted. In addition, a 
detailed reevaluation of  the two step 4He(rr-, rr+)4n 
calculations is indicated, and if these calculations 
prove to consistently underpredict the experimental 
cross sections, it will be strong evidence that either 
more exotic mechanisms are at work in DCX, or that 
the unbound four-neutron system is inadequately de- 
scribed in these treatments. 

This work was supported in part by the National 
Science Foundation and the Department of  Energy. 

335 

Volume 144B, number 5,6 PHYSICS LETTERS 6 September 1984 

similar experiment at 20 ° and T~r = 140 MeV, but 
their results have since been shown to be incorrect 
[12]. Gilly et al. [13] measured the production of  
176 MeV zr + from 4He(Tr-, 7r+)4n at 0 ° as a function 
of  bombarding energy, and found no structure in- 
dicative of  tetraneutron production at the 200 nb/sr 
level. Recent measurements [ 14] o f  the DCX transi- 
tions to bound states o f  other light nuclei have shown, 
however, that these cross sections are typically of  the 
order of  200 nb/sr or smaller. In addition, the angular 
distributions for ZXL = 0 transitions are rather sharply 
forward peaked [14],  and so the relevance o f  previ- 
ous data [ 11,12] on A = 4 at 20 ° - 3 0  ° to tetraneu- 
tron production is at best ambiguous. A measurement 
at the 20 nb/sr level and 0 ° would have been far more 
significant. 

We have measured the momentum spectrum of  7r + 
produced at 0 ° by  165 MeV n -  on 4He. A ,5,PIP = 
1% beam of  106 7r- per second was provided by the 
p3 line o f  the Los Alamos Meson Physics Facility, 
and a cell o f  910 mg/cm 2 liquid 4He with windows of  
18 mg/cm 2 Kapton served as the target [ 15]. An 
empty, but  otherwise identical cell was employed for 
background subtraction purposes. 

The momentum spectrum of  the zr + was measured 
with the Large Acceptance Spectrometer (LAS) 
[16], which has a momentum acceptance of  ,5,P/P = 
+25% and solid angle acceptance of  25 msr. A circular 
dipole magnet was mounted immediately downstream 
of the target to deflect the incident beam, while di- 
recting the 0 ° 7r + into LAS. Introduction of  the di- 
pole affected the spectrometer optics somewhat, and 
the ray tracing software was modified accordingly. 

A major background was due to positrons, largely 
generated in the bombardment o f  target nuclei by 
beam contaminant electrons, with resultant pair pro- 
duction. A Cerenkov counter mounted in the focal 
plane was used to reject positron events. The ~erenkov 
radiator was a 9 cm thick layer o f  Silica Aerogel (in- 
dex of  refraction = 1.05). The 99% efficiency of  the 
~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
trigger scintillators, reduced the positron count rate 
by a facto) of  104, at which level it no longer posed a 
significant problem. 

The beam current was monitored by a pair o f  
decay-muon scintillator telescopes mounted by symmet- 
rically to the right and left of  the beam line. The ab- 
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Fig. 1. The da/d~2dP (lab frame) data plotted versus n + mo- 
mentum, with arrows indicating the region in which counts 
corresponding to a bound tetraneutron would be expected. 

solute cross section was fixed by normalizing relative 
to 7r-p elastic scattering at 165 MeV. 

Fig. 1 shows the 4He(Tr-, 7r+)4n differential cross 
section, with the region corresponding to tetraneutron 
binding energies of  between 0 and 3.1 MeV delimited. 
Summing events in this region yields a cross section 
of  7 +- 15 nb/sr for tetraneutron production by 
4He(Tr-, zr+)4n at 165 MeV and 0 °, where the uncer- 
tainty in this figure comes primarily from the back- 
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Fig. 2. The dcr/dI2dP (lab frame) data for 12COt- ' ~r+)12Be 
at 8 ° and T~ = 165 MeV. The peak corresponding to the 
transition to the 12Be ground and first two excited states 
has been indicated. 
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similar experiment at 20 ° and T~r = 140 MeV, but 
their results have since been shown to be incorrect 
[12]. Gilly et al. [13] measured the production of  
176 MeV zr + from 4He(Tr-, 7r+)4n at 0 ° as a function 
of  bombarding energy, and found no structure in- 
dicative of  tetraneutron production at the 200 nb/sr 
level. Recent measurements [ 14] o f  the DCX transi- 
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order of  200 nb/sr or smaller. In addition, the angular 
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ous data [ 11,12] on A = 4 at 20 ° - 3 0  ° to tetraneu- 
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and a cell o f  910 mg/cm 2 liquid 4He with windows of  
18 mg/cm 2 Kapton served as the target [ 15]. An 
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with the Large Acceptance Spectrometer (LAS) 
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pole affected the spectrometer optics somewhat, and 
the ray tracing software was modified accordingly. 

A major background was due to positrons, largely 
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beam contaminant electrons, with resultant pair pro- 
duction. A Cerenkov counter mounted in the focal 
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~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
trigger scintillators, reduced the positron count rate 
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The beam current was monitored by a pair o f  
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rically to the right and left of  the beam line. The ab- 

I00 

8 
c) 

to 0~, o~  
CD i 50 

g ~  

c5 

0 I I 
210 7 '20 

Pion 

Bound State 
{ ' ~  ~ R e g i o n  

230 240 250 
Momentum (MeV/c )  

Fig. 1. The da/d~2dP (lab frame) data plotted versus n + mo- 
mentum, with arrows indicating the region in which counts 
corresponding to a bound tetraneutron would be expected. 
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section, with the region corresponding to tetraneutron 
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4He(Tr-, zr+)4n at 165 MeV and 0 °, where the uncer- 
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similar experiment at 20 ° and T~r = 140 MeV, but 
their results have since been shown to be incorrect 
[12]. Gilly et al. [13] measured the production of  
176 MeV zr + from 4He(Tr-, 7r+)4n at 0 ° as a function 
of  bombarding energy, and found no structure in- 
dicative of  tetraneutron production at the 200 nb/sr 
level. Recent measurements [ 14] o f  the DCX transi- 
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dipole magnet was mounted immediately downstream 
of the target to deflect the incident beam, while di- 
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beam contaminant electrons, with resultant pair pro- 
duction. A Cerenkov counter mounted in the focal 
plane was used to reject positron events. The ~erenkov 
radiator was a 9 cm thick layer o f  Silica Aerogel (in- 
dex of  refraction = 1.05). The 99% efficiency of  the 
~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
trigger scintillators, reduced the positron count rate 
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similar experiment at 20 ° and T~r = 140 MeV, but 
their results have since been shown to be incorrect 
[12]. Gilly et al. [13] measured the production of 
176 MeV zr + from 4He(Tr-, 7r+)4n at 0 ° as a function 
of bombarding energy, and found no structure in- 
dicative of tetraneutron production at the 200 nb/sr 
level. Recent measurements [ 14] of the DCX transi- 
tions to bound states of other light nuclei have shown, 
however, that these cross sections are typically of the 
order of 200 nb/sr or smaller. In addition, the angular 
distributions for ZXL = 0 transitions are rather sharply 
forward peaked [14], and so the relevance of previ- 
ous data [ 11,12] on A = 4 at 20 °-30 ° to tetraneu- 
tron production is at best ambiguous. A measurement 
at the 20 nb/sr level and 0 ° would have been far more 
significant. 

We have measured the momentum spectrum of 7r + 
produced at 0 ° by 165 MeV n- on 4He. A ,5,PIP = 
1% beam of 106 7r- per second was provided by the 
p3 line of the Los Alamos Meson Physics Facility, 
and a cell of 910 mg/cm 2 liquid 4He with windows of 
18 mg/cm 2 Kapton served as the target [ 15]. An 
empty, but otherwise identical cell was employed for 
background subtraction purposes. 

The momentum spectrum of the zr + was measured 
with the Large Acceptance Spectrometer (LAS) 
[16], which has a momentum acceptance of ,5,P/P = 
+25% and solid angle acceptance of 25 msr. A circular 
dipole magnet was mounted immediately downstream 
of the target to deflect the incident beam, while di- 
recting the 0 ° 7r + into LAS. Introduction of the di- 
pole affected the spectrometer optics somewhat, and 
the ray tracing software was modified accordingly. 

A major background was due to positrons, largely 
generated in the bombardment of target nuclei by 
beam contaminant electrons, with resultant pair pro- 
duction. A Cerenkov counter mounted in the focal 
plane was used to reject positron events. The ~erenkov 
radiator was a 9 cm thick layer of Silica Aerogel (in- 
dex of refraction = 1.05). The 99% efficiency of the 
~erenkov detector for positron detection, coupled 
with time-of-flight information from the spectrometer 
trigger scintillators, reduced the positron count rate 
by a facto) of 104, at which level it no longer posed a 
significant problem. 

The beam current was monitored by a pair of 
decay-muon scintillator telescopes mounted by symmet- 
rically to the right and left of the beam line. The ab- 
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mentum, with arrows indicating the region in which counts 
corresponding to a bound tetraneutron would be expected. 

solute cross section was fixed by normalizing relative 
to 7r-p elastic scattering at 165 MeV. 

Fig. 1 shows the 4He(Tr-, 7r+)4n differential cross 
section, with the region corresponding to tetraneutron 
binding energies of between 0 and 3.1 MeV delimited. 
Summing events in this region yields a cross section 
of 7 +- 15 nb/sr for tetraneutron production by 
4He(Tr-, zr+)4n at 165 MeV and 0 °, where the uncer- 
tainty in this figure comes primarily from the back- 
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Double charge exchange (DCX) reaction of HI 
3.9 微分断面積 33

図 3.12 12C(18O, 18Ne)12Be反応の微分断面積。2.2 MeVは複数の状態を含んでいる。

図 3.13 12C(18O, 18F)12B反応の微分断面積。

Stable18O beam (80A MeV) 
(Takaki et al.)	


HI DCX reaction can be used for 
spectroscopy for exotic nuclei 
(q is not so small >80 MeV/c)	


(π-,π+) 	


12C -> 12Be 

~70nb/sr (Gnd) 
~200nb/sr (~2MeV)	




12C(18O,18Ne)12Be @ 80A MeV [RCNP] 
!   Angular distribution is consistent with two-step 

GT transition for Gnd and 2-MeV peaks 

0+2 



Level diagrams  

? 

qmin ~ 10MeV/c	




2010.12.4 8th NP-PAC Meeting 

Reaction Mechanism 

p n 
α	



4n 

s 

p 
Double Spin Dipole 

4He → 4n  

p n 
s 

p 

8He → 8Be  
Double GT 

  

€ 

! 
τ p ⋅
! 
τ t( ) ! σ p ⋅

! 
σ t( ) rtY1 ˆ r t( )[ ]

2



2n 

2n 

2n 

Multi-neutron system 

p n 
α	



4n 

s 

p 
Double (Spin) Dipole 

4He(8He,8Be)4n  

•  Optical potential: Double Folding 
[PRC 82 (2010) 044612] 

•  Microscopic FF 

SHARAQ 

FSI 



9 

RI Beam Factory at RIKEN 

SRC�

IRC�

fRC�

RRC�

RILAC�
ECR�

CSM�
GARIS & 
GARIS2�

AVF�
RILAC2�

RIPS�

BigRIPS�

ZeroDegree�
SAMURAI�

SHARAQ�

SCRIT�

KISS�

SLOWRI�

Rare RI Ring�

3 injectors + cascade of 4 cyclotrons 
    � several to 345 MeV/nucleon 
A variety of primary beams ( d(pol) to U ) 
World highest-intensity RI beams �

CRIB	




SHARAQ spectrometer 

2ndary 
Target RIB 

D1 D2 Mom. Disp. FP 
S2 

RIBF E20 Room 

SDQ Q3 

Rail 

S1 

Maximum rigidity   6.8 Tm   
Momentum resolution   dp/p = 1/14700 
Angular resolution   ~ 1 mrad 
Momentum acceptance   ± 1% 
Angular acceptance   ~ 5 msr 

T. Uesaka et al.,  
NIMB B 266 (2008) 4218. 



Experimental setup 
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Fig. 11. Continuum response of the 4n system in the MWS
with a “Gaussian” source (13). Solid, dashed and dotted curves
correspond to rms hyperradius ⟨ρsour⟩ of the source equal to
8.9, 7.3, and 5.6 fm, respectively. Panels are calculated with
(a) no final-state interaction, (b) RT potential (the correct n-n
scattering length). All calculations are normalized to unity at
the peak.

In our calculations we used for the oscillator radius r0

the value of 2.2 fm because this value gives the correct ex-
perimental radius of 8He in the COSMA model. This value
or r0 corresponds to the rms hyperradius of the source

⟨ρsour⟩ =
√

n + 9/2 r0

equal to 5.6 fm. Larger values of ⟨ρsour⟩ were also used in
this work to get a feeling of sensitivity to this parameter
and to imitate a non-Gaussian tail of the source function.

Figure 11a shows the continuum responses which could
be expected for sources of different sizes if no FSI was
present in the 4n system. This is a benchmark case [40]
which is mainly determined by the internal structure of the
source. To take FSI into account, we used the Reichstein
and Tang potential (RT) [41] which provides the correct
low-energy behaviour in the n-n channel. The interaction
in odd partial waves was considered to be absent (the
u = 1 case). It was shown in [33] that the net effect of this
component of the n-n interaction is the weak repulsion
which has very small effect on 4n. The response functions
obtained with Kmax = 16 have practically converged (see
fig. 12). However, they strongly depend on the source size
⟨ρsour⟩ (see fig. 11b). Comparing figs. 11a and b we can see
that the four-neutron FSI has a pronounced effect on the
continuum response. The FSI can shift the peak position
to quite low energy. However, in order to shift it down to

Fig. 12. Peak positions of the 4n continuum response with
RT (solid curve, ⟨ρsour⟩ = 5.6 fm), and Volkov V1 potentials
(dashed curve ⟨ρsour⟩ = 5.6 fm, dotted curve ⟨ρsour⟩ = 8.9 fm,
short-dashed curve ⟨ρsour⟩ = 15 fm). The horizontal dotted
line is the convergence energy for the exponentially extrapo-
lated solid curve. The lower limit of the plot corresponds to the
threshold energy for 4n → 2n +2 n decay for Volkov potential.

4–5 MeV, a very large size of the source is required, which
means that either the initial nucleus should be large, or
the reaction mechanism should enhance the contribution
from large distances, or both.

So, we see that the 4n ground state cannot be inter-
preted as a real resonance, but still can be observed as
some kind of a few-body continuum response in a reac-
tion. This response should depend on the initial structure
of the nuclei and the reaction mechanism, as well as on
the 4n FSI. Our calculations also give a clue as to why no
signature of 4n has been found in the pionic double charge
exchange 4He(π−,π+). The source size in such a reaction
should be comparable to the size of the α-particle, which
would produce the 4n missing-mass spectrum with maxi-
mum at energy around 30–40 MeV.

It could be of some methodological interest to see the
results of calculations for 4n with the Volkov V1 potential.
This potential cannot be considered as realistic for calcu-
lations of the 4n system as it makes the dineutron bound
for about 0.55 MeV (which should lead to the overbinding
of the whole system). Still it is often used in calculations of
light nuclei and we can draw some qualitative conclusions
for this example. The convergences of the peak positions
of the energy distributions obtained in MWS with Volkov
potential as functions of Kmax included in the calculations,
are shown by the dashed, dotted and short-dashed lines in
fig. 12. Calculations were carried out with sources of dif-
ferent radii (even with unrealistic radius ⟨ρsour⟩ = 15 fm).
We also made calculations of the 4 → 4 scattering search-
ing for the energy behaviour of the eigenphases. The dot-
dashed curve in fig. 12 shows the convergence of the en-
ergy, as a function of Kmax, where the lowest eigenphase
is passing π/2.

As can be seen from fig. 12, for Kmax < 14 the
calculated energies of the resonance depend strongly on
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Investigation of the 4n system at SAMURAI by measuring 
(p,pα) quasi-free scattering at large momentum transfer in 
complete kinematics  S. Paschalis (TUD) for SAMURAI collab. 

4n as spectator (q~0) 8He 
p 

4He 
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plastic!scintillator.!Neutrons!are!detected!around!zero!degree!with!NEBULA.!The!inset!shows!an!
example! for! coincident! measurement! of! Be! ions! and! protons! with! the! SiJstrip! detectors! at!
around!400!MeV/nucleon.!The!energyJloss!difference!between!Be!ions!and!protons!corresponds!
to!about!the!expected!difference!in!dE!for!400!MeV!protons!and!55!MeV/nucleon!alpha!particles.!
(
(
3.(Experimental(Details(and(simulations(
(
Kinematics(and(acceptance(
We! select! events! with! large! momentum! transfer,! corresponding! to! proton! elastic!
scattering!on!4He!in!the!CM!angular!range!of!around!160!to!180!degree.!!The!momentum!
transfer!in!that!angular!range!amounts!to!around!900!MeV/c!for!a!proton!beam!energy!
of!156!MeV.!The!elastic!proton!scattering!cross!section!has!been!measured!at!this!energy!
[Comp75],! and! is! shown! in! Figure!2.!This! cross! section!has!been!used! as! input! to! the!
calculations!and!simulations!of!the!quasiJfree!scattering!process.!We!thus!assume!in!the!
following!a!beam!energy!of!156!MeV/nucleon!for!the!8He!beam.!

!
Figure! 2.! pJ4He! elastic! differential! cross! section! at! 156! MeV.! The! figure! is! taken! from! Ref.!
[Comp75].!

!
The! scattered! protons! and! alpha! particles!will! be!measured! at! forward! angles! in! the!
SAMURAI!spectrometer.!Figure!3!shows!the!results!from!a!calculation!of!the!kinematics!
of! the! quasiJfree! scattering! process! for! laboratory! angles! up! to! +/J7! degrees! in!
horizontal!and!+/J2.5!degrees! in!vertical!directions,!which!corresponds!roughly! to! the!
geometrical! acceptance.! ! In! addition! to! the! elastic! scattering! cross! section,! the!
separation! energy! of! the! alpha! particle! and! the! intrinsic!motion! of! the! alpha! particle!
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We! have! considered! two! options! for! the! alpha! knockout! reaction,! 8He(α,2α)4n! and!
8He(p,pα)4n.! In! the! first! case,! the! alpha! particles! should! be! detected! both! around! 45!
degree.!Although!this!reaction!provides!a!larger!momentum!transfer!and!a!larger!cross!

section,! we! have! concluded! that! the! p,pα! reaction! is! preferable! mainly! due! to! two!
reasons.!The!α,2α!detection!would!require!the!construction!of!a!new!target!cell!for!the!
liquid!Helium! target!with! thin! cell! container! and! thin! vacuum! exit!windows! from! the!

thermal! vacuum! shield.! Even! then,! the! obtainable! resolution! turns! out! to! be! worse!

compared!to!the!chosen!scenario.!!

!

A!similar!SAMURAI!configuration!with!NEBULA!and!the!focalJplane!detector!as!used!in!

the!dayJone!experiments!in!2012!will!be!used!(see!Figure!1).!For!the!tracking!before!the!

magnet,! FDC1!will! be! replaced! by! doubleJsided! Si!microJstrip! detectors!with! 0.1!mm!

pitch!(0.3!mm!thickness)!which!have!previously!been!used!at!the!LAND/GSI!setup.!The!

associated! electronics! provide! large! dynamic! range! allowing! for! position! and! charge!

identification! of! protons! and! heavier! charged! particles! in! coincidence.! The! inset! in!

Figure! 1! shows! an! example! for! coincident! measurement! of! Be! ions! and! protons! at!

around! 400! MeV/nucleon.! The! energyJloss! difference! between! Be! ions! and! protons!

corresponds! to! about! the! expected! difference! in! dE! for! 400! MeV! protons! and!

55!MeV/nucleon! alpha! particles.! Two! of! these! detectors! will! be! placed! before! the!

SAMURAI!magnet!with!a!distance!of!about!10!cm!(<<1!mrad!rms!resolution).!At!the!focal!

plane,! two! detection! systems! will! be! used,! FDC2! for! alpha! particles! and! two! drift!

chambers!for!proton!detection.!The!unreacted!8He!beam!will!be!detected!at!around!21!

degree!bending!angle!with!a!plastic!scintillator.!The!target!will!be!4!cm!(~280mg/cm2)!

liquid!hydrogen.!

!

!
Figure! 1.! Schematic! drawing! of! the! setup! for! the! proposed! experiment.! The! charged! particles!

will!be!detected!behind!the!target!with!SiJstrip!detectors.!The!focal!plane!will!be!equipped!with!

two!detection!systems,!FDC2!at!larger!angles!for!alpha!particles,!and!two!drift!chambers!plus!a!

plastic!wall! at! smaller! angles! for! protons.! The! 8He! beam! is! not! tracked! but!monitored!with! a!
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have!been!taken!into!account!with!a!width!of!fwhm=134!MeV/c!![Chul05].!We!adopted!
the! procedure! to! calculate! the! kinematics! for! the! quasiJfree! scattering! process! as!
described!by!Chulkov!et!al.![Chul05].!!
The!correlations!of!the!angles!of!the!two!charged!particles!are!shown!in!the! left! lower!
frame,!while!the!corresponding!accepted!CM!scattering!angles!(red!histogram)!and!the!
corresponding!4Jmomentum! transfer! t! is! shown! in! the! right! lower! and!upper! frames,!
respectively.! ! The!energies!of!protons!and!alpha!particles! are! rather!different,! around!
400!MeV!for!the!proton!and!around!220!MeV!(55!MeV/nucleon)!for!the!alpha!particles,!
as!can!be!seen!in!upper!left!frame!of!Figure!3.!This!corresponds!to!magnetic!rigidities!of!
3.2! Tm! and! 2.1! Tm! for! protons! and! alphas,! respectively.! This! variation! of! magnetic!
rigidity! can! be! accepted! by! the! SAMURAI! spectrometer,! which! provides! a! large!
acceptance!in!the!dispersive!plane.!The!magnet!will!be!set!to!magnetic!rigidity!of!around!
2.6! Tm! for! the! standard! bending! angle! of! 60! degree.! ! Figure! 4! shows! the! tracks!
calculated!in!a!GEANT!simulation!using!the!kinematics!simulation!as!above!as!an!input!
and! the! SAMURAI! field!map.! One! can! see! that! protons! and! alphas! can! be! detected! in!
coincidence.!The! 8He!beam!with!an! initial! energy!of!156!MeV/nucleon!has!a!magnetic!
rigidity! of! 7.5! Tm,! and!will! be!monitored! and! detected! at! around! 21! degree! bending!
angle!with!a!plasticJscintillator.!The!8He!beam!does!not!hit!the!focalJplane!detectors,!but!
will!leave!the!vacuum!chamber!through!the!neutron!vacuum!window.!!
! !

!! !!
Figure! 3.! Energy! (upper! left! frame)! and! angular! (lower! left! frame)! distributions! of! protons!
(labeled!as!1)!and!alpha!particles!(labeled!as!2).!Only!events!are!shown,!where!the!scatteringJ
angle! range! was! restricted! 7! degree! in! the! horizontal! plane,! and! 2.5! degree! in! the! vertical!
direction.!This!results!in!an!accepted!range!of!CM!angles!between!160!and!180!degree!(redJline!
histogram! in! the! lower! right! frame,! the! blackJline! histogram! shows! the! distribution! without!
angular! cuts! in! the! same! c.m.! angular! range).! The! corresponding! fourJmomentum! transfer! is!
shown!in!the!upper!right!panel.!
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!
Figure! 8.! Left:! Target! area! geometry! as! defined! in! the! GEANT4! simulation! that! is! used! to!
reconstruct! the! reaction! vertex.! Right:! The! reaction! vertex! is! precisely! reconstructed! in! the!
liquid!hydrogen!target!with!a!resolution!of!1!mm!(sigma).!This!allows!recovering!the!energy!loss!
in!the!target!.!

!

!
Figure!9.!Left:!Example!for!the!response!for!the!reconstruction!of!the!energy!!(delta!function!at!
0!MeV).! Right:! Reconstructed! energy! spectrum! for! an! assumed! resonance! at! 3.5! MeV! with! a!
width!of!3.5!MeV!plus!a!broad!contribution!of!70%!nonJresonant!background.!!

!
Neutron(measurement(
The! proposed! experiment! reconstructs! the! energy! of! the! resonance! purely! from! the!
charge! particle! detection.! However,! the! unprecedented! multiJneutron! detection!
efficiency!offered!from!the!combination!of!NEBULA!and!NeuLAND!enables!for!the!first!
time!investigations!regarding!the!decay!of!4n!systems.!Although!the!information!of!the!
kineticJenergy!distributions!of!one!neutron!is!rather!limited,!the!sum!of!kinetic!energies!
carried! by! two! neutrons! and! the! neutronJneutron! relativeJenergy! spectrum! carries!
important! information,! which! will! allow! studying! the! decay! properties.! Strong! nJn!
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resonance at 3.5 MeV with a width of 3.5 MeV 
plus a broad contribution of 70% non-resonant 
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(4n source size is much larger than that in DCX)	


Expected Mass spectrum	




Direct measurement of multi-neutrons 
Multi-neutron tracker	
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Present design	


1

n

n

p

6 mm

3 mm

中性子によって散乱された陽子を 3 × 6 mm2のセグメント化されたシンチレータで測定し、 
そのトラックから中性子の反応位置と時間を決定する。

x

y

z

X-Y-X’-Y’-X-Y-X’-Y’- … with gap or X-T-Y-T-X’-T-Y’-T- …	




Prototype module (micro-hodoscope)	

• 3t×6w×100l mm3 plastic scintillator (BC408) × 16 
• MPPC (S12572) for sensing scintillation 
• Supporting frame for Four micro-hodoscopes	


4

● プロトタイプの組立て 
X,Y,X’,Y’層それぞれ1層を重ねた計4層でプロトタイプの検出器を制作する。

● 各層の信号処理方法の確立 
16 ch/層 × 16 層 = 256 chの信号を処理する必要がある。 
!
○ ワイヤーチェンバー用のプリアンプ（RPA-220など）を用いればマルチヒットTDCのみで 
電荷情報と時間情報を得ることができる。 
!
○ 遅延線を用いて各層の両端から信号を読み出し、信号の時間差からヒットした位置を決める。

夏以降計画

2

検出の基本構造
1モジュール

● 3 mm × 6 mm × 100 mmのプラスチックシンチレータ（BC408）16本
● multi-pixel photon counter（浜松ホトニクス社製,S12572-025C）16個
● シンチレータとmulti-pixel photon counter（以下、MPPCとする）を固定するフレーム

短冊型のプラスチックシンチレータ 16本を横に並べたものを1層とする

図1. MPPC 図2. シンチレータ

(上図)シンチレーション光は各シンチレータの片側に付けたMPPCを用いて読み出される。 
(図3) 90Sr線源をシンチレータに当てた際のMPPC出力信号をオシロスコープでみたもの。

図3. MPPC出力信号



3

MPPC（Multi-Pixel Photon Counter）
シンチレーション光の読み出しに使用するMPPC（S12572-050C）について

構成
受光面サイズ  3 × 3 mm 
ピクセルピッチ  50 µm 
ピクセル数   3600 
窓材屈折率   1.59

電気的および光学的特性
感度波長範囲 320 ~ 900 nm 
最大感度波長 450 nm 
検出効率  35 % 
時間分解能  250 ps 
端子間容量  320 pF 
増幅率   1.25 × 106

特徴
● 高い増幅率 
● 優れた時間分解能 
● 小スペース 
● 磁場の影響を受けない 
● 低電圧で動作

MPPC, MPPCモジュール 16

外形寸法図 (単位: mm)

S12572-010C/-015C S12572-010P/-015P

　高速計測・広ダイナミックレンジタイプは、ピクセル容量が小さいため増倍率が一般計測用に比べて低くなります。動作電圧を
上げることにより、増倍率や検出効率を増加させることができますが、同時にクロストークも増加するため、用途に応じて適切な
動作電圧で使用する必要があります。
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Readout (under consideration)	

Hit / Charge / Timing 
•  TDC (V1290) from “pulse-width over threshold” or “QTC” signal 

•  Delay-line readout may be used (if “timing planes” are introduced) 
•  Timing plane without segmentation (100×100 mm2) for better timing resolution	



