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What does nuclear physics do?

First principal
Theory
(QCD
Ab initio)

Phenomenological
Theory

Nuclear

: Force
[ ScEaiil::liil basic properties
: (mass, radii,spin...... )

Knockout
reaction

[ Coulomb

Direct

breakup (yaﬂaaanap' . )

Decay
excitation

The precise and accurate experimental data is the benchmark
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New Phenomena

free protons
rg
g

She" EVOIUtion correlated protons

energy

Exotic Structure

Exotic Decay Mode distance to centre of nucleus “‘8, 0
New Collective Motion .
""5‘0 0“’
28’ “fm 1?1-& ““
HIRFL-RIBLL1 S g Y 7 CSR-RIBLL2
R i e

114

stable

long life time >ky
proton-rich
neutron-rich
unkown
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TABLE 1. Interaction cross sections (¢;) in millibarns.

[
35 : N
Target
Beam Be C Al ;
/
SLi 6516 688 + 10 1010 £ 11 30k / |
Li 686 + 4 736 +6 1071 +7 ’é ' /
SLi 727 +6 768 +9 1147 £ 14 = )
Li 7395 796 £ 6 1135 +7 — $-_ /
UL 1040 + 60 ; L
"Be 682 % 6 738 £ 9 1050 + 17 cE 2O ,’O\C*-‘Q\a\ A
‘Be 755+6 806 +9 1174 £ 11 m:h /
10Be 755 +7 813 + 10 1153 £ 16 s
7
20+ / 4
/
!
oo ) 48(3;1 +
. | slamEEe . l I
5 10
5 5 A

Phys.Rep.389,1-59

|. Tanihata et al., PRL55(1985)2676
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O %Ak T sEpHliE
O Mz T2 B8R /2N

AZ

B <270keV — for s-states, (9)
Z

7 < 0.44 4% for p-states, (10)

B <2MeV A */? forboth s- and p-states, (11)

A.S. Jensen, K. Riisager, Physics Letters B 480 (2000) 39-44
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PHYSICAL REVIEW LETTERS 126, 082501 (2021)

Quasifree Neutron Knockout Reaction Reveals a Small s-Orbital Component in the
Borromean Nucleus "B

Z.H. Yang®,"*" Y. Kubota,>>" A. Corsi," K. Yoshida,” X.-X. Sun,*’ J. G. Li,® M. Kimura,”'®" N. Michel,' "> K. Ogata,"""?
C. X. Yuan,14 Q. Yuan,8 G. Authelet,4 H. Baba,2 C. Caesar,15 D. Calvet,4 A. Delbart,4 M. Dozono,3 8 Feng,8 F. Flavigny,lf”i
J.-M. Gheller,4 J. Gibelin,17 A. Giganon,4 A. Gillibert,4 K. Hasegawa,18 T. Isobe,2 Y. Kanaya,19 S. Kawakami,19 D. Kim,20
Y. Kiyokawa,3 M. Kobayashi,3 N. Kobayashi,21 T. Kobayashi,18 Y Kondo,22 Z. Korkulu,zo’23 S. Koyama,21 V. Lapoux,4
Y- Maeda,19 F. M. Marqués,17 i [} Motobayashi,2 T Miyazaki,21 T. Nakamura,22 N. Nakatsuka,24 h' Nishio,25 A. Obertelli,‘t’T
A. Ohkura,” N. A. Orr,'” S. Ota,” H. Otsu,” T. Ozaki,” V. Panin,” S. Paschalis,”* E.C. Pollacco,* S. Reichert,”®
Y=Y, Roussé,4 AT Saito,22 S. Sakaguchi,25 M. Sako,2 C. Santamaria,4 M. Sasano,2 H. Sato,2 M. Shikata,22 Yo Shimizu,2
X, Shindo,25 L. Stuhl,zo’2 T. Sumikama,18 Y. L. Sur1,4’T M. Tabata,25 pd Togano,22’27 J. Tsubota,22 F. R. Xu,8 J. Yasuda,25

BHETHERY: s mH G 9%, HRADEK

explained by the deformed relativistic Hartree-Bogoliubov theory in continuum, revealing a definite but not
dominant neutron halo in '’B. The present work gives the smallest s- or p-orbital component among known
nuclei exhibiting halo features and implies that the dominant occupation of s or p orbitals is not a
prerequisite for the occurrence of a neutron halo.
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Borromean Nucle1 ¢He

; N,
point-proton radius of \,\
‘He: 1.9121+0.018 fm //0/;:’ *\ N,
S Prag, _‘;:--__

L. —B. Wang et al., PhysRevLett.93.142501(2004)

o PRL 117,222501 (2016) “How Many-Body
Correlations and a Clustering Shape He”

o The simultaneous reproduction of its small binding
energy and extended matter and point-proton radii has
been a challenge for ab initio theoretical calculations
based on traditional bound-state methods
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‘One-neutron halo

&

Deformed core

Schematicillustration ofa deformed core of protons and neutrons
surrounded by the spherical distribution of a loosely bound
neutron.

-1
o
10°
10" |
10°
o
44Mmg
-10 o) 10 @
10 5 0 5 10 -0 5 0 5 10
x (fm) x (fm)

FIG. 1. (Color online) Density distributions of **Mg with the
z axis as the symmetry axis. (a) The proton density (for x < 0) and
‘he neutron density (for x > 0), (b) the density of the neutron core,
and (c) the density of the neutron halo. In each plot, a dotted circle is
drawn to guide the eye.
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D™
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o v Ca|
r = Ni | o
L —e Zr .
C N — 8n| ]
- (r=1.139fm) "= Pb| 3 0.0 UERERES
-_| ||||||||||||||||||||||||||||||||||||||||_|- O 5 10 15 20 25 30 35 40
0 20 40 60 30 100 120 140 160 r[fm]

J. Meng and P. Ring, Phys. Rev. Lett. 80, 460 (1998) cited
238 times/J. Meng et al.,Phys.Rev.C65(2002) 041302(R)
/Phys.Rev. 74, 054318 (2006)

S. G. Zhou, J. Meng, Phys. Rev. C 82, 011301(R) (2010) cited 139 times
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Light Halo Nuclei 39Ng

T o8

L L
24 25 26 27 28 29 30 31 32 34
12 Ne “Ne“"Ne“'Ne[""Ne"Ne""'Ne~ Ne|“Ne Ne
Be 23F 24F 25F 26F 27F 29F 31F
220 230 240
o e PRL123 (2019) 212501
PRL123 (2022) 212502
ZOC 220
1QB
Sp /S2p(MeV) Sn (MeV)
B 0.136 ‘He 0.976(2n)
°C 1.300 SHe 3.1 (4n)
12N 0.600 2 0.369(2n)
H 130 1.512 Be 0.502
9 11y
lige 17K 0.600 14Be 1.266 (2n)
17 17
3B: S,= 136.4 keV 10, T1»=770 ms 3 Ne — 0933G@p "B e
found in 1950 at Berkley linear acceleratc 19C 0.577
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FIG. 4. Measured and calculated angular distribution of the 5.
inelastic differential cross section of ''Be + 7 Au, populatingitory frame at (a) Ejp = 39.6 MeV and (b) 31.9 MeV,

1000

500

800

T

Elab =39.6 MeV

o

Exp.
EPM

== EDCE
— XCDCC| A

-.
—

E,, =319 MeV

150

Experimental differential breakup cross section in the

(@) E.p, = 37.1 MeV and (b) 29.6 MeV, compared with and (b) 29.6 MeV. The curves are the EPM, CDCC, and XCDCC: text.

CDCC and XCDCC calculations described in the text.

calculations described in the text.

Measured differential elastic scattering cross secti'the 1 /2~ bound excited state in ''Be for (a) E,,, = 37.1 MeV ared with EPM, CDCC, and XCDCC calculations described

V. Pesudo, M. J. G. Borge, A. M. Moro et al., PRL 118, 152502 (2017) (@ TRIUMF
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Fig. 2 | Angular distributions of elastic scattering and breakup reactions.

Squares, diamonds and stars denote the experimental data of elastic scattering, Fig. 3 | Measured E,, distributions for breakup fragments "Be and proton. The
inclusive and exclusive breakup at a 38.7 and b 46.1 MeV, respectively. The elast experimental data (circles) at a 38.7 and b 46.1 MeV are compared with the simu-
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How to Obtain the Correct ES Angular Distribution

e - L L A
: e 2 8 15 ‘Be+Pb@122MeV
5000%— Y(B)EXP '8 :
" 40002— —— Simulated Y(G)Ruth 1‘ o
éaouoz— 0.5__ " exp
2000;— E - FreSCO fit
j 0 10 20

(=]

20 25 30

(4]
[y
[=]
[y
[4)]

ec.m.

Because the secondary beams are dispersed widely, we have to simulate the Rutherford
scattering events and compare with the experimental data to obtain the normalized
differential cross section as the following:

6/Oruth (0) = Y(O)exy/ Y(O)sim
Y(0)gxps Y(B)sim are the counts at a given angle 0 from the experiment and the
simulation, respectively.

Y.Y.Yang, J.S.Wang et al. NIMA701(2013)1
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[ Phys.Rev.C86 (2012)057602

Phys.Rev.C86 (2012)057603
Phys.Rev.C87 (2013)044613
Phys.Rev.C90 (2014)014606

Nucl.Inst.Meth.Phys.Res.A701(2

013)1-6
Phys.Rev.C94 (2016)034614
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.5. Experimental 'Be angular distributions from the 2
5B +2°°Pb reaction at E,, = 238 MeV (yellow circle) and 320;_
comparisons with calculations. Error bars are statistical only. 3 i R . e
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15~ " Breakup events i
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K. Wang, Y.Y.Yang,...JW,... PRC 103, 024606 (2021)
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The problem is that the experiment has been done at energies where one should not expect

asuppression of the Fresnel peak. I do not think one can extract conclusions about possible

halo effects of 9C by measuring its elastic scattering on lead at these relatively high

energies. The authors made a few statements in the abstract that | do not think are correct.

..... the promising halo candidate 9C shows a negligible suppression of the Coulomb rainbow

at these energies, similar to that of 8B.

Y.Y.Yang, ...JW,...,.PRC 98, 044608 (2018)
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Fig. 2. The two-dimensional AE — E particle identification spectra for the (a) °Be, (b)
10Be and (c) ''Be beams within all the angles covered by the current measurement.

In (), the expected loci of °Be beam contamination are indicated and it is well
separated from the group of '°Be breakup fragment particles.

G/GR

6, (deg)

Fig. 3. Quasielastic scattering angular distributions for 2-1%-11Be 4+ 208pp, The dash-
dotted, dashed and solid curves are results of optical model calculations for 9Be,
10Be, and '"Be, respectively. See the text for details.

al., PhysLettB.811.135942

Fig.4. Comparisons between results of CDCC (upper panel) and XCDCC (lower panel)
calculations and the experimental data of the quasielastic scattering of '1Be 4 205Ph
at Ejp = 140 MeV. The dashed and dotted curves are for elastic scattering with
and without including the continuum-continuum couplings, respectively. The solid
curves are for quasielastic scattering, which are sums of elastic and inelastic scat-

30 T T T T T T T r
[ e Exp. 1
[ -—-- EBU (CDCC) Il
r i —— EBU (XCDCC) il
- / G EBU (XCDCC): only nuclear ||
.20 L E NEB (IAV) H
E s NEB+EBU(XCDCC) i
= 5 i
o ]
=
E 4
10 =

0 5 10 15 20 25 30

Fig. 5. Experimental differential breakup cross section for ''Be + 298pPb system at
Ejap = 140 MeV compared with the CDCC and XCDCC calculations, for the elastic
breakup part, and IAV calculations, for the NEB part. See text for the details.
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FIG. 3. The results of CDCC calculations and the experimental
data of the quasielastic scattering of UBe 4+ 2%Pp at E,, = 210 MeV.
The blue dashed, red solid, and black dotted curves are results of
CDCC calculations of elastic and quasielastic scatterings and of no-
continuum states, respectively.

F. F. Duan, Y.Y.Yang,...JW et al., Phys. Rev. C
105, 034602 (2022)

—
o Exp.
--- EBU(CDCC lmax=6)

40

NEB
— EBU+NEB

do/dQ (b/sr)
W
S

[y
o

—
o

i 1 i i ‘ i i § L - 5
5 10 15
6, (deg)

FIG. 6. Experimental breakup differential cross section, as a
function of the '°Be laboratory scattering angle, for the '' Be + ***Pb
system at Ep,, = 210 MeV compared with the calculations. See text
for the details.

1 2 3
E,, (MeV)
FIG. 7. Reduced reaction cross sections for several projectiles on
several medium- to heavy-mass targets. The curves are to guide the
eye.
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The experimental data can be reproduced by the optical model
calculations with the systematic nucleus-nucleus potential of Xu and
Pang.

Yanyun Yang, ..., JWetal. PRC98 (2018) 044608
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Why the Coulumb rainbow peak not suppressed for proton-
rich nuclei ?

N 9 _ [ 1 12F ‘ Ml P0BSE e e ]
12 Cc 192 88 7] [ Be+"’Pb @ E, =140 MeV |
- - a 1 : blrea[kup
09 L N g = 3l T oo o e
£ : | ok 1. I
L 06| 1€ 06 [ 12 ]
© - 16t .
L g i 1 o4F -
B3 = " e 7 08 - -
[ Vv=0BU --- \ ] B i = ]
L = [ NN OHY wesees | | _ o‘f‘“ , ) Bl
0.0 NESE SN NN N R 0.0 Db b b baaaa Lo g é 1‘0 15 20 25 30
0 5 10 15 20 25 0 5 10 15 20 25 o 551

Ocm. (deg) 0. (deg)

NO proton halo?

The different structure
between proton and neutron halo
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Experimental Setup

150
- "Be+p coincidences from °B
>'100F y
o - Be
=
I:H 5']__ '-”""4"'.-?-,%“ -
- proton
u:."‘."—.'"r-w- peeie

FCN (NS SN T SN TN NN TN S TS TN NN S TR SN N |
50 100 150 200 250
E(MeV)

2C(®B,’Be)p @36.7MeV/u
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Identifying the reaction mechanism

da/dE (mh/MeV)

100

do/dE (counts)
[4)]
T

'?C(°B,'Be)p

Energy Sum i

MSU 8B@86.7MeV D.Bazin et al., PRL 102,232501

|
150

L L L L | L L '
200 250
Energy Sum (MeV)

Present work

T T —
"Be from °B in stripping mechanism "Be from °B in diffraction mechanism Width by fitti ng .
7% + 7% 1 Diffractive:
= [ s
Sa0- S 20 ) 927:7.MeV/c
g | g | Stripping:
© r B L
T 20 S 10f 1 124+17MeV/c
0_ 1 r- 1 L | 1 i 5 | L 07 L [ = L | 1 L |
1400 1600 1800 1600 1800 2000
a.’Be pararell momentum (MeV/C) b.”Be pararell momentum (MeV/C)
31 A5 R i
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Theoretical Calculations-Stripping

The stripping momentum distributions
were calculated using the eikonal
approximation formalism (PRC70,
034609) and the eikonal phase shifts and S-
matrices of the following potentials (denoted
KDe)

The complex 7"Be-target optical
potential was calculated using the double-
folding method of PRC74,064604, assuming
Gaussian "Be and '2C densities of rms radii
2.31and 2.32 fm. The proton-target potential
was calculated from the Koning and
Delaroche global parameterization (NPA713,
231)

In addition, due to the relatively low
beam energy, calculations were repeated
using the improved description of the
proton-target S-matrix (denoted KDp).

8‘0 I I I I 1 1 I I I I I 1 1 I I I
| a I I I |

stripping mechanism

o))
=]
T T T T

do/dp (Counts)
I
2

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1§ 1
{hOO 1500 1600 1700

’Be longitudinal momentum (MeV/c)

The 8B(g.s.) to "Be final state radial overlaps
and spectroscopic factors were taken from

PRL102,232501

Calculation done by Prof. J. A. Tostevin
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[ b diffraction mechanism

= exp

W
=]
LI

I — CDCC-KD

do/dp (Counts)
N
o

—h
o
LI N B S B B B B |

1 1 *I 1 I 1 1 1 1 I 1 1 1 I 1 I-
1600 1700 1800 1900

“Be longitudinal momentum (MeV/c)

The diffraction mechanism differential cross sections were calculated using a
CDCC (Coupled Discretized Continuum Channels) breakup model space as
PRL102,232501, and the resulting momentum distributions constructed by
integration over the solid angles covered by the current detection system, as is
discussed in Phys. Rev. C 66, 024607.

Calculation done by Prof. J. A. Tostevin
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A summary of width calculated in different model

Sumiary of the distributions measured 1n this work and calculated in different model

present work CDCC KDe KDp Hencken Hensen Esbensen
(MeV/c) (MeV/c) (MeV/e) (MeV/c) (MeV/c) (MeV/c) (MeV/c)

Stripping 124(17) 103 107 151 153/75  166/82
Diffraction 92(7) 101 93
85+4 sBw41AMeV PRL77(1996)5020

The experimental data show the width of longitudinal
momentum distribution for stripping breakup 1s obviously
wider than diffraction breakup.

S.L.Jin, J.S.Wang et al., Phys. Rev. C91,054617(2015)
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PHYSICAL REVIEW C 91, 054617 (2015)

Reaction mechanism of 3B breakup at the Fermi energy

S. L. Jin (&:4),2 1. S. Wang (EZM)," Y. Y. Yang (17 Z =),! P. Ma (5Ji),! M. R. Huang (353 %5),!
J.B. Ma (5 %1%),' F. Fu (1:17%),! Q. Wang (£3%),! M. Wang (£4#),' Z. Y. Sun (FhiiF),! Z. G. Hu (BHIE[E),!
R. E. Chen (4#5%),! X. Y. Zhang (3K35%¢),! X. H. Yuan (7/ME),! X. L. Tu (%/MK),! Z. G. Xu (#xER),! K. Yue (FEH]),!
J. D. Chen (F54:15)," B. Tang (FE#),! Y. D. Zang (7K 45),' D. P. Wu (&% K%)," Q. Hu (#15#),! Z. Bai (FHE),'
Y. J. Zhou (JAEZR), -2 W. H. Ma (L5 4E58),"2 J. Chen (M4785),1-2 C. J. Lin (& 5),? X. X. Xu (5 E).2 Z. Z. Ren (fEH )4
C. Xu (i 8),* D. D. Ni (fi#4¢4),* Y. H. Zhang (3K E f£),! H. S. Xu (#313)," and G. Q. Xiao (14 [ &)!

6/8/2023 35 G A



Q) #rniie AR R TR AR E BRI, Tk

R FZEI3%ZF (t. 3He) M
g -F4 3

6/8/2023 36 G A



@ Hragts TRE B TR OSSR B BRSSP, T
s4 L4- o
12Be HYF| &SI HR

& e () - L=0
===+ Event-mixing
Sum

Pproton  Pneutron

‘TAR

B =0.64 B =0.60

5
dovde2 [mb/sr]
Counts

'\‘ﬁf

0.0 02 l(:;gs(;:ﬁ 08 100 HL;[;S;:;ree] = 10 H;{Mz;nw 2% 30 0
Phys. Rev. Lett. 112(2014) 162501 Kanada en'yo et al., AMD
Phys. Rev. C 91 (2015) 024304 calculations

» First observation of enhanced monopole transition in
12Be at excitation energy of 10.3 MeV, evidence for
the existence of 4He+3He molecular rotation, an
intensely investigated topic in the past decade

» A new technique of measurement at zero degree is
developed to study the molecular states in exotic
nuclei
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OCHIBEIR 77145 1)

PHYSICAL REVIEW LETTERS 124, 192501 (2020)

Positive-Parity Linear-C .} 35% .,: : 1  i(a)to'?Begs} (0) ‘He+"*Be+™H
. 1 i i ’ i 10 AT - 999
Y. Liu,” Y.L. Ye®,” J.L. Lou, X.F. Yang®, T. Baba, IE 5 a5
H. Hua,' J.S. Wang,*” Y. Y. Yang,’ P. Ma,” Z. Bai,” Q. Hu § ¢ o
J. Feng,' H. Y. Wu,' J. X. Han,' S. W. Bai,' G.Li,) H.Z.Y § 15 ol
T« JH 10 20 -15 -10
ar Pl 5 Q (MeV)
Fechn 0 A
ckaid (d)to *Begs. 10
thou : 1=
rese ¢
nulati 1 1 . i E |I_I~-§ ---- =i 1 0
rbin . (g) ®°He+'°Be+°H ,—-5355,‘ ' (e) to "°Be 27 ®
ggap 01 TE 1* §
1 < @]
10' 1 ' ) N 2 O
AN, T
5; 30% : (f) to "°Be ~6 MeV] 4
25 20 15 T
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Experimental Setup

L
-20 0 20
X{mm)

Primary: 12C@ 53.7 MeV/u
Target: °Be (3038 pm)
RIB: °Li@295 MeV
Intensity: 1.1x103 particles/s
Purity: 99%
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w
S
=]
=]
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A
=
8
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2000 §
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Event Selection and Reconstruction

n »n w w
o (<) (=] L3,

=) Illl[llll][llIIIWI]]l\IIlII]IlITIIlI
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o

w

“dE-E

151
- \ 1st peak 3R
gaus fit
u 10
C -
= i
o
O -
i 2nd peak
51 p
O_ll‘ \\||w|‘||‘4\|_ -n‘m I\Il\‘nwllrlw-luwwl
6 10 12 14 16 18 20 22 24 26

o

Target

m,

DSSD1

612

DSSD2

@)

Csl

E, (MeV)

ﬁnvarant mass: \

M=\/(E1 +E,)° ~[|P, P +| P, 25| Py |*| Py | *cos@,)] ;

E, =T, +m; ; |Pi|2:];*];+2*];’*mi ; O =<P,P> ;

Excitation energy: Ey =M—m,
Relative energy: E =E -E,

Qhreshold energy of ‘He+t : E,,,=7.588 MeV /
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Simulation of Detector efficiency

A Monte Carlo simulation is performed to
determine the detection efficiency according to the
geometry, assuming isotropic emission of the
fragments in the center of mass frame.

Efficiency

Efficiency

Resolution (MeV)
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Angular Correlation Analysis

G Flnkel ¢t al Phys Rev. C19 (1979) 1782 - x=sin(y)
: | BB

N(Q* Q )oc Z Z ZT’”L (Lm Sm |J *mm )Y’”L y/ Z)|

: . My

M é w(x)
The relatlve momentums of the two clusters are %heamaxis
determined to be 1 for the 1st peak and 2 for the “.\.h 5
2nd peak respectively.

5 s — amsa- ]St peak 4 — gg:i e 2nd peak
s /2 el
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CDCC Analysis

°L1 modeled as 2-body projectile

S
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¢ o
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Comparison with GCM predictions
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Y. Kanada-En’yo and T. Suhara, PRC 85, 024303(2012).

Yoshiko Kanada-En’yo, PRC 94, 024326 (2016).
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Multipole-Decomposition Analysis

d_Q EWSR for the transferred angular momentum 1|

do do the DWBA cross sections exhausting the full
991 =4,
exp [ |,DWBA

Monopole transition potential:
dU(r)

dr

Gy(r) = al[3U(r)-r =]

Quadrupole transition potential :

G, (r) =6 L2

r

do/dQ (mb/sr)

10~

0 5 70 D.J. Horenet al.Phys Rev C 52(1995) 1554
0., (deg.) B. Bonin et al., Nucl. Phys. A 430 (1984) 349-396

a,=0.023(4); M(IS0)=5.0x0.5(stat.) fm2; GCM:~6 fm2?; Systematic error:14%
Kanada-En ‘Yo Y. Phys.Rev.C 94 (2016) 024316.
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Conclusions for t+°He cluster of °L1*

O Two resonant states are clearly observed with the excitation
energies at 9.8 MeV and 12.6 MeV and spin-parity of 3/2- and
7/2- respectively by the method of angular correlation

analysis and verified by the continuum discretized coupled
channels (CDCC) calculation

O A monopole matrix element about 4 fm? for the 3/2- state is
extracted from the DWBA calculations

O These experimental results consist with the prediction of
generator coordinate method (GCM), supporting the feature of
clustering structure of two neutron-rich clusters in the L1*

W. H. Ma et al., PhysRevC.103(2021)L061302
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PHYSICAL REVIEW C 103, L061302 (2021)

Observation of *He +¢ cluster states in °Li

W. H. Ma (5h2E[%),12 D. Patel,* Y. Y. Yang (3% 25),! J. S. Wang (F##)©.,“" Y. Kanada-En’yo,® R. F. Chen (B 50),!
J. Lubian®,% Y. L. Ye (" #K),” Z. H. Yang (#15%5),” Z. Z. Ren ({EH#M),® S. Mukherjee,” J. B. Ma (B % 1%),!
S.L.Jin (&f14),' P. Ma (5),' J. X. Li EEM»%),'° Y. S. Song CREH),! Q. Hu (#5#),! Z. Bai (1K),

M. R. Huang (5 35%5),"2 X. Q. Liu (X 2 32),! Y. J. Zhou (JE L), 1% J. Chen (B57%),11° Z. H. Gao (B ii),!

F. F. Duan (B¢557%),""* S. Y. Jin (& WF),' S. W. Xu (iFtH4H),! G. M. Yu (RZ0H),! G. Z. Shi (f1 ), Q. Wang (EFy),!
T. F. Wang (T%1%),15 X. Y. Ju (EFRER),'6 Z. G. Hu (§]TEED),! Y. H. Zhang (3K E f2),! X. H. Zhou (J&/)N4D),!

H. S. Xu (#:#13h,' G. Q. Xiao (M E#),! and W. L. Zhan (& 3 1p)!
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PRL116 052501, 2016 Nature532.448(2016)
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Neutron D
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Angular Distribution Between US and DS
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