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Tetra-Neutron System
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Historical Review

~ search for a bound state of 4n~
19603 2000s]

—= fission of Uranium -+ Theoretical work
- No evidence for particle stable state of + ab-initio calculation
tetra-neutron NN, NNN interaction
| J. P. Shiffer Phys. Lett. 5, 4, 292 (1963) y Py
198()5 S A\ :
| Op—tt— = o o=
—=He(r, 1t +) reaction o\ I o
-10}- & -
- Only upper limit of cross section was decided. E {F i :
J. E. Unger, et al., Phys. Lett. B 144, 333 (1984)) . H :
. T T ‘%w_ Argonne v ¢ o - . _
No clear evidence of bound state & | With Illinois-2 [ / &
wl + modified 'S, .
20005 sem—— i " e e /ﬁ |
-+ Breakup of “Be r “F He Ui

i [ |18, 2nS-AVICAVIS Exp
& 10
- Candidates of bound I ' e I S. C. Piper, Phys. Rev. Lett. 90, 252501 (2003)
tetra-neutron were

observed.

- Bound 4n cannot exist
- Possible resonance stete ~2 MeV y

PID [arb. units]

F. M. Marques, et al,
Phys. Rev. C 65,
044006 (2002)

Possibility of the resonance state is
still an open and fascinating question.
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Theoretical Works for Resonance

-+ Solving Faddeev-Yakubovsky eq.

* resonance pole trajectory on complex energy plane .y

w/ realistic NN interaction - @e
— physically unobservable 3y +
K, o i

‘\ R. Lazauskas, et al., Phys. Rev. C 72, 034003 (2005)

-+ C(Cluster configuration coexist

- compound system, where 3n+n and 2n-+2n coupled cluster configurations

—  “The strength of attraction is high enough to ensure the existence of

resonance, provided that the oscillator length is large enough.”
\ Y. A. Lashko, et al., Phys. of Atomic Nucl., 71, 2 (2008)

The observation of the resonant state can provide a significant impact of
our understanding of the nuclear few-body systems and NN interaction.
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Purpose of this Work

pure neutron matter
7 neutron star

\ universality of few Fermion

Clarify whether the four-neutron (tetra-neutron)
system can exist as a resonance state
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Reaction Kinematics

-+ Double-charge exchange (DCX) reaction “He(®He,®Be)4n

- Exothermic reaction
— 4n system with small momentum transfer.
(almost recoil less condition)

Excitation Energy : w

’

Unstable
Nucleus

Exothermic

Endothermic

Reaction Reaction
/\
-
4n - TR = mmw o - .- === \/0
threshpld e
ucleus -
q t
>

Momentum Transfer: q

/ 4n 8He

Q=-30.9 MeV == Q=+27.7 MeV

{ Compensate \

8Be

target system projectile system

This reaction has an sensitivity
at low excitation energy region
of 4n system.



Measurement of 4n Energy

~+ Missing-mass spectroscopy
+ Energy resolution: -~ 1 MeV

unstable nuclei 8Be 4He

——
g >0 4He
e Y P
— BigRIPS | 4 : Ap~0 SHARAQ
Beamline Heg \g Spectrometer
lig. He | “@%.74n
target

- 8Be(—2 a) : High-resolution magnetic spectrometer SHARAQ
o p/p = 1/10000 (Lage-Momentum-Acceptance mode)

- 8He : BigRIPS-HBL beam line
0 p/p - 1/7000 (design value) cf. Rl beam : dp/p -~ 1/50 (AE ~ 30 MeV)

+ 8Be—2 a¢ detection at 200 MuV/u
- Good signal-to-noise ratio : 2 ¢ coincidence
- Large acceptance for 2 a from 8Be(g.s.) at 200 MeV/u

a
(acceptance of 8Be* is negligible small) Kf
8Be

1N
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RIBF Facility

2Z8GHzECRIS

RILACII : .l

Materials
Biology

Space

Multi-RI Production Return B1 ’ ‘
(design) v

+ Primary beam : 180
- 230 MeV/u, 400 pnA
+ Secondary beam : 8He

- 186 MeV/u
- 99 % purity
- 2 MHz @secondary target

e-Rl scattering with SCRIT

SAMURAI

.".::ngh Resolutlon

_Beamline

§HARAQ¢
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Primary Beam
from Cyclotron
(13.7 MHz)

FOy

production
target

Collimator

F2

Momentum
slit
Degrader

BigRIPS

« plastic scintillator

* micro hodoscope
start point of ion optics

« Measurement

Run Magnet setting Beam
intensity
Beam Line SHARAQ
‘He ‘He
Optics 85 R 1
FE = Li Li ~ 10* cps
He =
Physi *He 8Li :
1ysics e e
measurement ' “He Be ,

Experimental Setup

Dispersive Focal Plane

« MWDC (Multi-Wire Drift Chamber)
momentum tagging for 8He beam

High Resolutio
Beam Line

* plastics scintillator

- MWDCs
target position

liq. He target
120 mg/cm?2
¢=30 mm

SHARAQ
spectrometer

Beam
inal Focal Plane

« plastic scintillator

+ CRDCs
(Cathode Readout Drift Chamber
twn v trackinn




SHARARQ spectrometer

+ Ion optical transport: Large Momentum Acceptance mode
LMA mode  standard

Momentum resolution 1/10000 1/14700
Angular acceptance

- vertical = Eb-deg—= £ Fdeg

- horizontal 2. 9-deg=—F 30 -dep
Solid angle 4.3 msr 4.8 msr @ ag*
Momentum acceptance *+1.8 % +1 %

Center for Nuctear Stioy - JCHOR,
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+ Extracting 2 @ in coincidence
@final focal plane of SHARAQ

Analysis

-+ Selection of 4n Events

CRDC2-1
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+ Multi-particle in high-intensity beam @Beamline

2 MHz beam
from 13.7 MHz cyclotron

(1)

(2)

o © L
U _ .
triggered bunch —> time

rq‘vv i‘lv’]"v[‘l

|1 [pulse shape]
_f RDC2-2 1t
Xx y (mm) |

150

Drift Time(ns)
-1000

R ———

100

These events are possible source of background

»

(1) identify correct trajectory
(2) exclude



Analysis (Cont’d)

-+ (Candidate events

from
__@/MWDC :
BigRIPS " osWill Be Published Soon
. 1:\;
o
High-Resolution E %
-Beamline <9
-0.5

liquid He

EE
=

target
=i
SHARAQ
spectrometer o -2 -1 0 1 2
o P3Be (%)

-+ (Calibration
- TH(8He, 8Li(1+*))n reaction
- Bp scaling: 8Li — 8Be

-+ Background estimation
(2)
- possibility of misidentification of multi-particle |_| U |
- multi-particle in one cell at MWDC trigeredbunch > M€

177
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Result

-+ Missing-mass Spectrum of 4n

+ 27 events in the spectrum

+ energy resolution: 1.2 MeV (0)

+ uncertainty of calibration: = 1.3 MeV
+ background: 2.3+1.0 events

— almost background free

Will Be Published Soon
O
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Result (Cont’d)

-+ Continuum spectrum w/o resonance

+ c.f. ) Grigorenko’s paper
- Continuum from initial Gaussian source
with n-n FSI
- reaction: a knockout reaction of 8He
~ +
(H4 - ET) o) = p’

source term

- — Fourier transform of the overlap #He and «

5 B0 / dr €97 (i, |V,
small

source size =89 7.3 5.6 M sl

1o} () 1He
S :.
3(}-40 MeV (
0.5
0.0 — —
0 5 10 15 20
E; (MeV)

L. Grigorenko, Eur. Phys. J. A 19, 187-201 (2004)
e =

- . ’ 2N

+ decay to two di-neutron pair after DCX

*He(§9) o1(0s)"]

JL DCX reaction (double dipole)

(89)2((05)*(0p)?] (=0)
<% decay

FSI : di-neutron('So)
two di-neutron paris

Will Be Published Soon



Result (Cont’d)

-+ Bin-by-Bin Goodness-of-Fit
+ trial function

a’fcont(Eﬁln) 5 fBG(E4n)
Will Be Published Soon

+ likelihood ratio test
Xa = —2In[L(y; n)/L(n; n)]
- Significance:
§i = \/2[%- —n; + n; In (n; /y;)]

n; : num. of events in the j-th bin
Y; : trial function in the i-th bin

-+ Look elsewhere effect
E. Gross, Eur. Phys. J. C70, 525-530 (2010)

Considering the probability that strength
originated from the fluctuation of continuum

- region of interest [-2, 10] MeV

4.9 o significance (Ean~2 MeV)
mp possible resonance state



Conclusion

-+ (Candidate of the resonant state near the threshold

Will Be Published Soon



Discussion

-+ Possible reason of forming the resonant state
+ Strong many-body force : isospin T=3/2 3N, 4N force

- Solving Faddeev-Yakubovsky eq. 1 E.. (MeV)
-1 1 2 ™3
i) artificially attractive 4N i — ' .......... )
force to bing tetra-neutron ‘ ‘-«..}r .
— -2
V4n - _Wpe L0 # ]
ii) resonance pole trajectory % -4
4 X a E o 00
Eres(W — O) > =
"‘_ % m_6 | +. A 1
i o % . 2
R. Lazauskas, et al., Phys. Rev. C 72, 034003 (2005)

4

+ Compound system, where 3n+n and ?n+2n coupled cluster
configurations coexist
— The attractive interaction was obtained to ensure the existence of
the resonance state.
Y. A. Lashko, et al., Phys. of Atomic Nucl.,, 71, 2 (2008)
— The result leaves room for further investigation.
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Perspective

-+~ More statistics and resolution
+ double-charge exchange reaction
—» E4n, ['an

- statistics > 5 times
- resolution ~ 1/3

-+  Another method

+ knockout reaction
- 8SHe(p,2p)’H— t + 4n (will be proposed)
- SHe(p,pa)4n (8. Paschalis)
- 28F(p,2p)280* —240+4n (Y. Konodo)
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summary

-+ We performed missing-mass spectroscopy of the tetra-neutron system via the

double-charge exchange reaction *He(®He,®Be)4n with the SHARAQ spectrometer
at RIBF. The secondary beam 8He had a large mass excess, which enabled us to
produce the tetra-neutron system with small momentum transfer.

-+ In the careful analysis to identify multi-particle, the missing-mass spectrum of

tetra-neutron system containing 27 events was obtained with almost background
Fes

-« The spectrum had a clear strength with 4.9 ¢ significance level near the four-

neutron threshold by a comparison with the theoretical curve assuming the direct
decay to the two correlated di-neutron pairs.

-+ The mean of strength was 0.83+0.65(stat.)=1.25(sys.) MeV and upper limit of

width was 2.6 MeV (FWHM). The result suggests a possible resonant state of the
tetra-neutron system.

LD 7 A



SHARAQO6 Collaboration

1CNS, The University of Tokyo

K. Kisamori2, S. Shimoura, H. MiyaZ,

S. Michimasa, S. Ota, T. Fujii, S. Go,

S. Kawase, M. Kobayashi, Y. KubotaZ?,

C. S. Lee?, Y. Sasamoto, M. Takaki,
L. Tang, H. Tokieda, K. Yako,
R. Yokoyama

2RIKEN Nishina Center
H. Baba, M. Dozono, N. Fukuda,
N. Inabe, D. Kameda, T. Kubo,
M. Kurata-Nishimura, H. Sakai,
M. Sasano, H. Sato, Y. Shimizu,
H. Suzuki, H. Takeda, S. Takeuchi,
T. Uesaka, Y. Yanagisawa

LB

f

\

ol

)

4«k:h b
;l I\, \\

S. Shimoura, K. Kisamori

9NSCL, Michigan State University
S. Noji, A. Stolz,

10Kyushu University
S. Sakaguchi?

L1TPN Orsay

3Kyoto University
T. Kawabata, T. Baba, M. Tsumura

4RCNP Osaka University
E. Ideguchi, K. Miki, A. Tamii

SCYRIC, Tohoku University

M. Itho D. Beaumel, M. Assie, F. Hammache
6Tokvo Institute of Technolo lﬁﬂanmmmmmmmmmmm
Y. Kondo?2 Sciences

- - - - H. Matsubara
7University of Miyazaki i

Y. Maeda

8the University of Tokyo
T. Nishi

part of c()llal_)()l'alt"(n's

~ 7 4

e
=

- ‘e ¢
\‘x 4 N7
\ t 5'{./‘.
e, O] G
\ i, u



