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% Exotic nuclei: / Beyond the Mean Field
weakly-bound & having unusual structure (cluster, halo/skin ...)

we @F G &P

SLi (a+d) "Li (o+t) ‘Be (a+n+a)
S, = 1.47 MeV S, = 2.47 MeV S, = 1.66 MeV
™ s~ =
| [ :ﬁ:
| [
halo : |
| [
. AL
11Be (1'Be+n) %He (a+2n) : Borromean :4b-Brunnian
S, =0.50 MeV Sw=098MeV T T T T T T-------
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HI-13 S5 MEEE (87) SSCEIEMEZ (38)
(1+¢4)x13 MeV, H-U 100 MeV/u, C-U

A5 B FU iR =% ZINEE T MRRR L5 IE 53 B TS EAL
EIREWE(BTANL) B3R SLI8 = (HIRFL) I3RS = (BEPC)
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SR =%: PFE

SSC (K=450) 2007 = -
| 100 AMeV (ILL), 110 MeV (p) -
- SFC (K=69) i
A 10 AMeV (H.L), 17~35 Mevg & ~'_'
i L - §100- |
e L ~ U JES % 50:— - - e
! - - S —— N\ 00 20 20 260 80 300
7 | — ‘ . Ui~ Ak AT s of AVeves

Radioactive lon Beam Line in Lanzhou

—r Q) RIB produced by:
“ i A P.F. at high energy

2R04 Transfer at low energy

Heavy lon Research Facility in Lanzhou (HIRFL)
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ST EZ R %E : ISOLE

Beijing Radioactive lon-beam Facility (BRIF)

AM/M = 1/2000 _
Target Mass separator Experimental —HI-13 Tandem

-

il Loy

A lﬁ

20Na decay
100 MeV May, 2018
Cyclotron
Proton beam Oct. 2019

2022/9/19 [F] 55 U e 7



§3 1@a 54 EA%E

MMREE CHINA INSTITUTE OF ATOMIC ENERGY

2022/9/19

[ 55 1 e



BERTZHNTRRE

Beta-delayed particle emissions p o
Fermi transition / (J\LTD)
THE VALLEY OF STABILITY f""l precursor
IAS
| The neutron side of (fz > Ta TZ‘H) .-‘"III,-"I‘I
Muclei with excass -T,-,%:?,',L’gdis. E:,:E,' —= '
h down the vy ||l Far ! /]
W “"wum 44T g sequential 2p n / / e
- /
o _I_I__I_I_./-p/' b - | Gamow-Teller
daughter S #27.342p I } II,-'I transitions
2 S, 'H-|l-|-n 'j
daughter I ¥72p 8 y
, Ip__4 TTT 11 !
daughter
STABLE ELEMENTS gh A7
emitter

Bp> B2p, B3p, Ppy, Pyp, Po, p2a, Pop, Ppa, ppla, pn, [2n, B3n, pd, pt, PF...

Structures of p-rich nuclei close to/beyond the drip-line

Effective interaction — pairing, isospin non-conserving (INC), three-body force

Initial state interaction (ISl), final state interaction (FSI), quantum entanglement
Nuclear astrophysics — (p,7), (2p,7), (&, /) ... processes
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f-decay spectroscopy of nuclei close to the proton drip line

3637Ca: CPL 32, 012301 (2015);
28S: NPR 38, 117 (2021);

27S: PRC 99, 064312 (2019);
PLB 802, 135213 (2020);
PRC 103, L061301 (2021);

26p: PRC 101, 024305 (2020);
Sym. 13, 2278 (2021);

2 Al, 24Si: NIMA 804, 1 (2015);

22Si : PLB 766, 321 (2017);
PRL 125, 192503 (2020);

20Mg: PRC 95, 014314 (2017);
23Si: IIMPE 27, 1850014 (2018);

241 : NST 29, 98 (2018);
PLB 784, 12 (2018);
PRC 104, 044311 (2021);

2IMg: EPJA 54, 107 (2018);

Exotic decays: fp, £2p ...

2012
2013

2017

**Ca|*Ca|*Ca
37K 38K 39K
Ar | ¥Ar | °Ar
=Cl | %l [®Cl| *cl [¥TCl
328 338 34S 358 368
31P
2 3OSi
p3p
P2p
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Detection Method

Test of the continuous-beam mode

e Beam on/off: implant (0.1 ms) - decay measure (> 1000 ms)
low efficiency ®, low background ©;

e Continuous beam: implant & decay, time & position correlated measure
high efficiency ©, high background ® - coincident measurement ©

—— (a) Linear fit of *'Ca
—— (b) Linear fit of **Ca

-3
(=]
T T

60:
3 High intensity!

o0 \
e Beam 50
o0 ¢ 3

nn___._-—-—-—|

==
0 el ; /,...-4
Qb2 B pssp P

40f

30¢

Total branching ratio (%)

Layout of the detection setup

20'...|...|...|...
0 2000 4000 6000 8000

Injection rate (pps)
36.37Ca Bp decay energies, half-lives and branching-ratios have been confirmed.
Sun Li-Jie, LIN Cheng-Jian*, Xu Xin-Xing et al., Chin. Phys. Lett. 32, 012301 (2015).
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Detector Array — G1

Quad-SD x 6

DSSD x 4

60 um DSSD
dip angle of 45°

ing-DSSD x 2

A detector array for 2p-decay study
by implantation method

for lifetime > 10 us

1p efficiency: ~65%; 2p efficiency: ~20%
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Detector Array — G2

e 150 um + 60 um DSSDs
for ion implantations and
p/2p-decay measurements.

Clover
HPGe

e Others for f~decay measu.
and background rejection.

L.J. Sun et al., NIMA 804, 1 (2015).

« Implanted close to the back
edge of the 150 um DSSD.
& 1p efficiency: ~70%;
2p efficiency: ~20%
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Detector Array — G3

PH{E- == ERNEERES -

o EERFIN-TTRMG L, SEELILEIR
RF/RREFRTIEFZSRZTHHIMAR.

e ESEDSSDZR4E, FIMBEE 7 HFHFIRMBIER,

o SIFRMIZER: ~50% (1p); ~ 15% (2p)
RIRMEFE: ~200keV; ~ 100 keV (BF)
SREETHE: <35keV; ~20keV (HFEM)

DSSD1: 142 um
DSSD2: 40 um
DSSD3: 304 um

Al degrader

2.0

Efficiency (%)
& =

e
o

T, Scint. T, Scint.

- ZSSi ﬂy

A 26P ﬁy

° 22 Al ﬂV

Detection-efficiency curve for Sy,

¢
By IR
0 . 500 | 1000 | 1500 l 2000 . 2500
Energy (keV)

PCB-based low-noise detector array
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Results1: 22Si/?Mg Cases

Primary beam: 28Si, 75.3 MeV/u @ 40 enA.

DEA1

3000
“Ar
33C|
2500 _
N_8 305 318 323
2000: \l/ 20p | 30p | 31p
' T=-3 #gj | 7 | #gj | #8j | i
5005 o on
. R Tz= 2 ZZMQ zsmg 24Mg stg EEMQ
1000 TR, ma \Qla “Na|*Na
N
.“‘Ne 19Ne‘Q®2’Ne ZNe
500 \\I
B i e e X+p+p
T1-T2 o
PID of the secondary beam Borromean nuclei
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20Mg Decays

raw

pl

spec.

p4 . f-coincident spec. |

1000 E p-spectrum -

> E N\ P> ]

v [ PYAN & propll a ]
S

100 E P2 P r9 -

g : p3 px " ]

= [

3

_ new fp f

N R |1 1/

1000 2000 3000 4000 5000 6000
Energy (keV)
107 e T T T . 3
b y-spectrum @

1461

1634

1000 | proton conditioned spec.

)
100 ? 1231;1

Couns er4 keV

raw spec. ]

/

500 1000 1500 2000
Energy (keV)

614 ]

‘W‘-\J 084 S conditioned spec.
'}

>

2500 3000

3

-
E

10* g —
: decay curve
T,,=90.0+0.6 ms

z ndf=1.14
% 10° ¢ :
g8 The most precise!
§ 10' E
@]
aL b bl g,
oL i
0 . 560 . lOIOO . 1500 2000 2500
L. J. Sun et al., Decay time (ms)

0+

PRC 95, 014314 (2017).
decay scheme

Q.=10626.9(22) keV

E.(keV) br(%) logft

0" 6523(28) 3.6(6) 3.01(8)
3/274033 T 6318(17)  1.6(9)  3.48(25)

1/2- .
lm RS 559507 073)  4.24(19)
1 4801(32) 1.2(4) 4.36(11)
©4721(18)  1.0(7)  4.5(3)
4130(22)  2.3(5)  4.40(9)
3/21536 - 3863(14)  3.7(4)  4.23(5)
5/2-1508

1

7 v - 2998(13) Y 4.15(4)
12 275_ VW 4(3) =5.82(5)

— 26
52+ 233 =—WF 03D

e e e
19Ne+p S,=2190.1(11) keV

1+

jr 983.9(22) 66.9(46) 3.80(4)
2+

qua
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22Sj Decays
Spsm ol enery provens Energy  BR  Decay
Peak  kev) (%)  Mode
o] M e (psser 1 23050) 2.9(10) 2p 2
s e 2 680(50) 6.8(14) B
2 20 3 1710(50)  1.9(7) By
g (Byssie 4 1950(50) 52.0(74)  fp
. Jﬁn k 5 2110(50) 10.921)  fp
108—; . 1000 2000 3000 4000 5000 6 2 1 80(5 O) 65(1 5) ﬂp
7 2330(50) 5.1(13) S
40—; B (c)DSSD1+DSSD2 8 3550(50) 25(9) @7
N A | | 9 5600(70) 0.73) Rp
Energy(keV) . .
CIAE - Phys. Lett. B 766, 312 (2017). * 22Si is a precursor of f2p decay.
;%‘: % Mass of 22Sj

10

o

] o A(22Si) = A(22Al |AS)+AE-A,,,

R T > ] > S,, = -108 + 125 keV;
o LMWJW o A(22Si) = A(20)-2b(A,T)T,
GANIL - Phys. Rev. Lett. 59, 33 (1987). 2 S,,=-15 keV
Phys. Rev. C 54, 572 (1996).
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Exotic Decays of 22Si

60 ] T T T T T ] 14 —
1 (a) DSSDI1 Raw . Q= 13963(419) keV 22gi
40 —: 5 Lp — fFcoincident —: 13 = T.» = 28.6(14) ms B

= ] \
L 20 H L 2p ] — 10}
= ] \ ] > E.(keV)  br(%)
g o : i IEL\;I‘\IW —n : L llun!;o B anrgallfiol] fion - m: § °F 07 8829(406) >0.7(3)
= 1 ) DssD2 () HPGe | 511 ] =
é 15 202 E 5

10 ' 3 5 1+ 2145(403) 56.5(51)

E ﬂMWq Ui nn i Py e
\

200 400 600 - 8“00 —:
Encrgy (keV) E 1 ﬁ 171905(403)  5.3(10)
f 1 b anmaray LS T memmamm—-
IHLIl 1 |\‘ |H 1 1 A T 1 Iq :

11011 ML JOCI0n0 non_ang
o 1000 2000 3000 4000 5000 6000 0=
Energy (keV)

*x EREMESIEERPETIEN, AtAEHESERE, RAERE—1TIEED
Gk, —RTIETEEEM. X X. Xu et al., PLB 766, 312 (2017).

. 22Si/20T AL TS

228 — 22A1 Qg = 13963 keV 20 — 2F Q; = 6490 keV s= ft

ft=

Experiment Calculations Experiment Calculations & (%)
If E, MeV) bri% log(frt) E, MeV) log(frt) E, (MeV) br% log(fr ) E, MeV) log(fr ) Experiment Calculations

1/ 0905 53(10) 5.09 (9) 1.12 [1.69] 4.81 [4.52] 1.625 29 (4) 4.6 (1) 1.98 [1.56]4.32 [4.56] (209 (96) 212[-7]
17 2145 56.5 (51) 3.83 (5) 2.43 [2.55]13.71 [3.72] 2572 68 (6) 3.8 (1) 258 [2.51]3.72 [3.68] 7 (28) —3.4|10]

* FEFGHSIROFE B £ I — MIANFIHET AL ~200%), BER
MNEANTFENDHNFRETEEN TLEER, HFHIXPNREIAITIRERIET
22Al s 4BHIE LG J. Lee et al., PRL 125, 192503 (2020).
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Discussions on %2Si/?Mg

@ Mass = Three-Body Force pRL110,0225022013).

0

= f E
SP S?_p E —4:— _:
Nucleus  Expt. NN + 3N Expt. NN + 3N @t .
N=8 [IMME] sd sdf7,ps» [IMME]  sd a Sf ‘:
ISNe 392 405 3.76 4.52 4.67 4.17 2; ‘*— — NN PR x.—
YNa -032 -032  —0.26 3.60 3.73 3.50 2 0F Z NvaNodr py M ]
Mg 2.66 2.83 2.98 2.34 2.51 2.72 ZF e ameon Y i
AL [—1.34] —252 —1.83 [1.45]  0.30 1.15 REeemve ]
2Si [1.35] 090 1.71 [0.01] —1.63 16 17 18 19 20 21 22 23 24
Mass Number A

(Isospin Non-Conservation) it

@ Mirror asymmetry =2 INC interaction asymmetry parameter: § = T
20Mg—>2°Na 200—>20F
2Na E" (keV) br (%) log fi J YFE (keV) br (%) log ft o PRC 95,
983.9(22) 66.9(46)  3.80(4) 17 1056.848(4)  99.973(3) 3.740(6) 0.148(107) 014314
2998(13)  8.6(7)  4.15(4) 1" 3488.54(10)  0.027(3)  3.65(6)  2.16(53) (2017).
22Si—>22Al 220—)22F

2ALE (keV) br (%) log ft J ZFE (keV) br (%) log ft J PRL 125,
1170(50)  5.1(3)  5.10(5) 1 1625 29(4) 4.6(1) 2.16(82) 192503
2400(50)  60.6(65)  3.79(7) 1 2572 68(6) 3.8(1)  -0.02(28) (2020).

2022/9/19 [ 55 e 19



Results2: 27S/2P Cases

Primary beam: 32S, 80.6 MeV/u @ 90 enA.

300 §

250

150

AE(MeV)
[y
o
[
III||l|IIII\II]\II\[]IIF'[III|I|II|I|1I

100 RS NN R -

N
3

27s: 0. 14 pps @ 0. 025%
i 26P 0. 88 pps @ 0. 16%
v '-225S| 21 pps @ 3 7%

180 190 200 210
ToF (ns)

PID of the secondary beam

Ilo-‘

10

1

1 lIlIII|

107

10°

10

Counts

Counts

27.29p (2=15) 2828 (2=16)

“Alpp E<40MeV “Sipp E<200MeV

65 (deg)

¢ Exp.
—Sum
-~ --Diproton (20%)
- 3-body/Seq. (40%)
- 3-body (100%)

15 Dty ] 15
b 3-body/Seq. (46.5%)

-~ 3+body (100%)

10 10
5 5
0 2 40 60 80 100 0 20 40 60 80 100

Qo (MeVic) pp (MeVic)

* Diproton emissions from the excited

states of 28.29S, but none for 27.28p.

285 /27p. phys. Lett. B 727, 126 (2013).
295: Phys. Rev. C 80, 014310 (2009);
28p; PRC 81, 054317 (2010).
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2’S Decays

P j — - .
i Py p-dela itrum
tooo | fp spec. B2p spec. | 27 [p & 1 f2p decays
% o 6372(15)
o
= . (")
i pl“ PPpmp]x 2l170 Oldo pl’ pz, plo (BR>5-7A))
& 100} 15
) 1 0,
g . New: 24 fp (BR>0. 1.2
£ 2 lh | e p (BR>0.3%) & p
ol Mh‘“ﬂﬂ“"]lﬂ 0 T,, = 16.3(2) ms T=2 .
. . . L} [0 S
0 1000 2000 3000 4000 5000 6000 7000
Energy (keV) ergy (keV) ﬁ" A= 17678(77) keV
50 : . 15 . ;
1797 HPGe LaBr Q,=18337(78) keV
a0t PY SpeEcC. oso 1707 3
>
Z 5 12 E'keV) F  br(%)
<+ (=1
5 E T=2 12693(18)  5/2
o
g2or 989 18, L.J. Sunetal.,
3 3
<10 27864 © PRC 99, 064312 (2019).
o MMMM"‘L'"' 0 7068(15) (3/2'~7/21) 0.8(3
) , , X , , , , 6714%14; gslzmmi 1_1245
6546(15) (3/2~7/2) 1.1(3
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 6401(14) (3/2~7/27) 2.0(5
Energy (ceV) Encrey (ke et Wt 1,
1000 ¢ 11a) aany 1o @
| | Fxponential decay il 3t o
Constant background ] 7 o] 5269(13) (3/2'~7/2%) 0.6(2
Total : ‘ 4868(13) (3/2~7/27) 11(2)+1.2(3)
© i 4353049 G137 04
g 100¢ . E 2" 4139 i 1 4506(13) (3/2~7/2%) 1.5(3)
= E T1p=(16.3 +0.2) ms ] 3 3757 TREeEs E 4464(15) (3/2+,5/27) 03(2)
5] tapl b IR EINEREIY 3837(15) 372" 1.0(3
A The most precise! § et B R 8
% 10 | 2 1797 £l 1 l,.
S i i 1861(13) 527 18(3)
1569(12) 52+ 8.9(10)
" 1125(2)  3/2°  54.2(88)
. = Tx = 0,
1 3 : 26Q +p S,= 807(9) keV 1} [1=31.1(86)% .
0 100 20 300 A=-7141.0(1) keV 27p

Decay time (ms)

A =-659(9) keV
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Daughters: 27P/%6S;j

Counts per 10 keV

fp & Bywere measured simultaneously for the first time.

1000

' ' , 5/2+
P S-delayed proton spectrum % Branch ratios T,,=16.3(2) ms 7S
800 7 o
pinned down B | A=17638(96) keV
600 | * Precise energy 0..=18297(97) keV
o c
ol pf _ & mass data "
Pis
200 Lp5 Pglpl Pz H
z{p f‘ E, =318(8) keV
% 1000 ~2.Qoo: ~__ 3000 I,=23.1121)% E (keV)  br (%)
Energy (keV) RS ::: ~< Ep2 = 762(8) keV 5/2+ 1569(12) g 9( 1 0)
50 IR '
40 > 1125(2)  54.2(88)
>
§ 30t R D 0.5 SOV S S,=807(9) keV
£20}
§ | Li=31.1(86)%
10 |-
0 27p

500 1000 1500 2000

The most precise! A =-659(9) keV
Energy (keV)
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B2p Decay of ?’S

Dy — '
¢ P J 1
™ faspec, prp 27 [p & 1 [2p decays
§ 2py
5 100F P pa 3 1 | e E, =6.320 MeV
Ug | ‘DZPOF; lpﬁf’zspl%‘[iy | 6?\"‘:,‘_ v Other 2p events
b | ~ [
f s s . J‘”rl . DMP‘"MPH””I o] 2 al- "l" .
0 1000 2000 3000 4000 5000 6000 7000 % - LT P, 12 events
Energy (keV) Inergy (keV) =T . Tt \’-.V:
1B/ S Ve
2? v" 'V\“'.
3 T 6
Epz (MeV)
8- Data - Sequential (92%)
7 — Sum - Di-proton (8%)
o o
< s
%0 £ 4
El: 2pXEXEHRIFIIE S 3 .
21 N .
V3 AY \ N V) —t T [V \//-—-.___\
¢ 278 Bgﬁtiﬂﬁ¥§§¢£g%zﬁﬂxﬁgﬂ$ﬁéo l;'.'-"'\"l-.“hh L L |\‘-
" . . ” 0 20 40 60 80 100 120 140 160 180
e Referee: “such measurements are pironeering. Opp (deg)
. 27S B2pHIEE BAI M L
G.Z. Shi et al., Phys. Rev. C 103, L061301(2021). B2pAIREERIA XHK
2022/9/19 [F G o e 23



6P Decays

120

Counts / 20 keV

Counts/ 2 keV

* RN RMIEE &7

Ma) Charged particle spectrum in DSSD3 (304 pm)
Pp spec.
pi2
plf | ppaw
1
i
4000 6000 8000
Energy (keV)
L (d) Proton-gated j-ray spectrum
5 oo s :
g R, Py Spee
7T z 8
o z 2 s = S 2
= oo B ot
| 22 27 S8%
i 1 ] = "1 & :1
I B ", 1 -?
3 "

Energy (keV)

B/ EC

Qpe = 18285(61) ke

T, =43.6(3)ms BR (%) logfi

IZ3R00 13y 09821 3.6010)
AT =D 130s552)t 3.64)  3.28(6)
o .: i -"I_'I . 54 6} 4 T\.'__II -\.I
E (keV) Ia (%) log ft B(F) B(GT)
13350(13) 0.98(21) 3.69(10) 08(4) 0.29(13)
13055(2)"%  3.6(4) 3.28(6)  3.2(4)
11912(4) 0.54(16)  4.59(13) 0.099(30)

500 1000 1500 2000

mixing angle: 6= 27(6)°
mixing matrix element: v=130(21) keV

J.J. Liu et al., Submitted to Phys. Rev. Lett.
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The Galactic %Al Puzzle

N Pp decays
- : of 275 /26p
bt
!‘: : .I mEER l:

. %6p : 7p |= 28p 29p

Yy = ] .
§ y : ..’,‘ : ’ 268i(p, 7)27P
W m W 3 ! wooom B MW 2g; 2g; 2ug; g i’ %g; E’o 7g; 2g;
: i e T : T 26Si(p)0Al™
: K i . 25Al(p, }7)2681
v s ul 4 : Al ZAl 2AI[ T [BALZ Al % [FAl
" “ -m ” ” ” o “ ” = “ " A ‘} ¥ L N\ 0‘;.’ $ A
R. Diehl et al., Nature 439, 45 (2006).
ZOMg 21“ng 22Mg 23Mg 24Mg| 25Mg 26Mg|

A A A

The 26Si(p,y)*’P reaction competes
with the § decay of 26Si to 26Al", N [Na| ["Na| [*Ng [‘Na| ["Na
and the latter can produces 2°Alg ‘ 1
via thelimal excitations.. Thus, the. nel  [enel  ene 20Ne| 2ngd Pnel  [ne Bene
production and destruction of 26Si T T
by proton capture should be

influential in determining the 7 “F “F “F “'F “F “F
amount of the 20Al” and 2°Alg
produced by the equilibrium. Explosive hydrogen burning scenarios
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Thermonuclear Reaction Rates

25Si(p,

y)*’P

10°
T 107 F @

1013 F

=== 3/2" resonant capture
5/2" resonant capture
+——— Direct capture

10725 ' L
(b) Literature / Present Herndl
@ Caggiano
S 105} Guo ]
= Qi
=1
g Togano
o Marganiec
e . .
> 1 L Iliadis p
g 10
= ————————— |
= \
m I
1 Present

, .

1073
10°

Present / Iliadis

10! |

10°

Ratio of reaction rate

107 F l E
107 | .

103 | Iliadis
Present
1074 . A
0.1 1 2

Temperature (GK)

L.J. Sun etal.,

Phys. Lett. B 802,

135213 (2020).

»Al(p,y)*°si

10° f '
0 f -
g 10°f ]
"“g 107 E Total E
= - ——5929keV 3%
> 10-13 B -
b - 5946 keV (47) ]
Z 107E ——5890keV 0" 3
C ——5675keV 17 ]
102 F Direct capture -
10025 Ll ]

10? -
10% .
g 10! e —— o=
E 10° == — E
% 101 L Present |
=54 Present / Iliadis 3

w2 T Present / Matic

---------- Present / Parpottas }
o b o Present / Wrede 1

Phys

0.1 1

Temperature (GK)

P.F. Liang et al.,

.Rev. C 101, 024305 (2020).
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Reactions with light exotic nuclei (A<20) e

Nel Ne
,/, e f8e 20p
// /
. . /113114~ 115 A A .l 19
& Elastic, fusion, breakup ... P B B °
/,' 2 e v
“ Proton-rich nuclei ﬁ.'gc D K I EPNE
4
&= 7Be, SB’ 17 (Key R&D Program) ’ll o s 11: B ENENER
I
12N, 17'18Ne ces :\4 "Be g E °8e|""Be| ’Be “Be
Sl _-17
) ) ; ®Li | Li "L 10
“ Complete-kinematics
2 *He ®He YHe
measurement L]
4 6 8
(particle identification &
1
large solid-angle covered) n| 2
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Experiments

% Complete-kinematics measurement; * Reactions induced by 7Be, 2B, 17F ...

Dipole

RIBLL: 17F+89Y,208ph 7Be+209Bj,120Sn CRIB separator at CNS

CRIB: Y7F+12C,38Nj, 8B+120Sn

Momentum-
dispersive focal plane

i
— J f O]
Wien filter section )
velocity selection
Achromatic focal plane Final fecal plane
small beam spot ($1cm) slit

P/q selection

slit & degrader Exp. setup

Piq =const. & v = const. & m/q selection (Z can be separated by using degrader)

7Be+2%°Bi, 2018 @RIBLL1
L7F412C 17F 489y 17F+208ph, 2015@RIBLL1 8B+1205n, 2019@CRIB
2007@CRIB 2015@RIBLL1 17F+58Pb, 2015@CRIB 7Be+1205n 2021@RIBLL1

EPJA 48, 65 (2012); PRC 97, 044618 (2018); EPJA 57, 143 (2021); PLB 813, 136045 (2021) ...
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HEEZEERREY

IC
20 pm SSSD / 40 um DSSD

300 um SSSD / QSD
** Cooling Ring 1000-1500 pim QSD

CIAE-MITAFE%, 102H4E, 8% 4n
N.R. Ma et al., EPJA 55, 87 (2019). [ @ECE]

e BENFTEMEFE, TRBEFTI
% (VF) BRI BALGIE.

o« ZEIRMEIZTHE, RMBEEBRTEH.

o PCBH My, REHET, HEEE.

40 pm DSSD
300 pm DSSD

NIMA 834,
46 (2016).

B AFIEXPADESBES, 84H3E, 5% 4n
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KA REFER TR

20 pm SSSD / 40 pm DSSD
300 pm SSSD / QSD
1000-1500 pm QSD

3DFTEN L FH 4R

30° Rotated

CIAERE?Y, 104H3E, 40% 4n target
C o

o BEFTEMES L, TRERTH
#% ("Be, *B) KIR RIALHIFRZ.

Vi == _ &5 40 pm DSSD

o KIIKRAEZE, 16x16 x10=25605F%, 1000 wm DSSD
e ZERMZHEE, BFERMREMTE. BEAM
KR M GLORIARESY, 64H2E, 30% 4n
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Results1: 67Li+20°Bj - 1

FIF BB XM 5T T67Li+299BifE30, 40, and 47 MeVEY R R4l .

10 15

PRI SR 45 71 B Fn B
Y.J. Yao et al., Nucl. Sci. Tech. 32, 14 (2021); Chin. Phys. C 45, 054104 (2021).

25
E, (MeV)

15

TRBRNEQER

9;. @ o E a+dj L 4 209R4 {(a) i - Li 4 Z¥Bi
- 7Li+20°Bj § 10° E,_ =30MeV . E__=30MeV
s .8 = o 3E (I‘f'd; | haamn
7:_ 40 MEV 7L1 @ 103:_ ] = i
: £ 100 ata =
= 6 =
5 © 102 EL
% 5; = o+t 48 3
< a4 10 =3
al L I T ey (-
o - SLi+2%Bj (b}3E Li +2Bi
& * == ! -
i 10°E a+t By =40 MV = 2 urg b Fen—40McV
L L u 3 o+ |
0 a0 £10% _ =5
B F Bl
C ) 102 =
40;(b) r gk
SEE 10g E
- oLi+ ™ Bj (Q
= a+d _
é -|03f E, . .= 47 MeV E f
wi w B JE
%102- dL
°r 2k
10 i
i e 1E

(e)

(d)

10°

107

10

10*
10°
10?

10

10°

107

10
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Results1: 87Li+20°Bj - 2

P (deg)

p (deg)

P (deg)

Li+2%°Bi @ 40 MeV 67Li+209Bi @ 30,40,47 MeV
E . = 3030 keV (a}0 att I o I o/ O o (a1)0 [ delayed breakup [ prompt breakup
10 Or
‘Be — a + s
I - o |
2038 7 08}
0] Q
5 2
I 06 S 06
2 g
2 8
o/ NE _=0keV 8 c 04r i B
1Jniliup‘uex]iw||7\7|1J7\7|||JJH77\J||J}HJJ1|7:77 % g
2 2
1600 E . =2186 keV (b) g 02 £ 02
r aQ
140t . L 0
120;’-' ‘Li—a+d 0.0 0.0
x E_.=30 40 47 30 40 47  (MeV) E_ =30 40 47 30 40 47 30 40 47 (MeV)
128 ; oLi+™gi TLi + g o+ o+d o+t
60 '_ TTRE h (b) ot o I o+ [ o (b) P delayed breakup [ prompt breakup
40-34/4 = L 1or
204 E, ., = 3562.88 keV : a
o 1 T T R T N e o = |-j
180 - 0.8 % 08f
160[- (<) 2 5
140~ _ e g 06 w 06
- . + &
120 e, L1 ot g 5
100} 81 SRt L 2 04} < o4l
80F ' o %
[ 3 =
6OFH T 202 £ 02}
40- ) . 5 5
20K E . =4630 keV o a0 © -
Lo oo b Lo b b b b b E =30 40 47 30 40 47 ME‘V i =
025" "26 " 80 B0 100 120 140 160 180 i B (MeV)  E_ =30 40 47 30 40 47 30 40 47 (MeV)
0,, (deg) Li+""Bi Ti+ B o+ o otd o+t

ELS RSP FREIZUE. TEIMARTRI I3
Y.J. Yao et al., Nucl. Sci. Tech. 32, 14 (2021); Chin. Phys. C 45, 054104 (2021).
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Results2: 1"F+358Nj

* I5 7]‘”“*%,)”']2, Em?" 22§ IZz‘?E'**@M?E’JéiiF“ EI’J%ZTE

6 10° T
i (a) E .
43.6 MeV TFNi 43.6 MeV : {d} o - = &
o e 4l — T
E» ' E @a@ 3
™ tap-
3! g i
' :T:: i % In’
_ o A fr VF+Ni (present work)
z _‘_E_;,”?" =0 & UF+Ni (Ref, [29]) E
Eol ¢ ! 0N (Ref. [53])
S o) ¢ Tne. %0 & 10N (Ref. [37)
3 81 475 Mev % * Exc.'0 | 40p 107! . ! . ! .
| 0.8 1.0 12 | .4
o E, o (Y AP (ZpZy) (MeV)
1 20t T T T T T T T 1 ]
L 1 ““ -
1l oL (b) pands- s gt 1
| | __:_- 0:- 1 1 1 - 1
0 60 120 180 0 20 40 60 80 100 _ 0l z ]
0,, (deg) By (deg) = : % ; #* UFNi (from p)
S O MBS By AN AN I # UF+ENi (from @)
/Eg$|$ EQQT%E ﬁ ﬁ& /55&77% ﬁ 10t b f A 'ﬁu--‘-“Ni;Rl;|‘. [riH]} .
‘ E & — UFF 3
SXFCC. CDCC. IAV, PLATYPUSFH&RAI 534 ; 4
b
L | | I | |

°5||5§$l$7ﬁ}§i’5”j7$; E£TRNEBENEEESEEILEE. S T S E—
L. Yang et al., Phys. Lett. B 813, 136045 (2021). KRRz (L) a’“\ﬂékﬁ (R) M AZ R
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Results3: 8B+120Sn

* BEIFFTEMNE, BRELLZEXRSBIKATIR('Be+p)d) XEA Bz

].2 T T T T T T T 12 T T T T T T 4U T T 400 T I' T I' 180
(a) (b) L0 el. scatt. (a) S |I ol | (a) exp. data
TR, E Eﬂ% CDCC L sIMevE | - 1,1 i
\ oy g2 M, I r
08 \' 1 08} f------ one channel o E AN | 120 b
b:: é m b 2 [y \n._
L b 204F T T ool e
© : [ ’ E, (Mev) ; K
- ] . [ 4 B 2m® 8
04 1 04r % 1> | S e ap 60 | XA 38.7 MeV
'-.;.\_ o i R simu. total
% \3@ g A 5‘:‘:-.2,_5_: ---- ~a1mu =1, 1 |
00} 1 00} e wm. a ! = 1 . |
250 : : : 400 — : ' ' 5 40 - : . I . I - &
© | @ R - YL R e = ' |
I ¢ incl. Be]l & o | total = (b)
20[} Il" = 100 L III . | = / "-..46'| NIL;‘V = [ f'—l 1
E |I i [ * excl Be 3 [\ r_1'5‘_3‘3“3 .\
CEN Y 2000 y 20 &% R T TR ——
3 | I | L 0 4 -
2100 - . \o¥ E,, (MeV) .
-+ | . r ; | o £ A
L NIl 38 MeV 100kl 46 MeV | \ T 60| ow B
J | H :-'I‘.:f__ | : :»\ .,‘- - PRy :-—
ol \W " oL T o | o R S - e o I 1+
L 1 ' L L 1 L 1 L 1 L L 1 L 1 L 1 L N 1 N 1 N
0 40 &0 120 600 40 80 120 160 0 2 4 6 8 00 60 120 180
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/ﬁﬁ\ IncFAEXCHE 3L %ﬁj\?‘ﬁ "Be- p*ﬁi‘f“ﬁ%ﬁj\?‘ﬁ "Be-pA xEX

o ExcRE B EJLFZETFInc « CDCCitHR, 1HIEE o BT IERRFRTAR
WS m, HEHmMERE; SN 54 % ; ZUMEBL R E,

L. Yang et al., submitted to Nature Communications.
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In Progress: 'Be+2%9Bi,1208n

Lo :

% L 300

£ 20 Be

%2000;* o> TV %
180 1.2x10° pps, 90%
10— “
1400 150
1200— s
1000 . "

- Beam —

800— PID 5
600; L1 ‘ L1 L1 ‘ Il Il \.:.\' ‘ .\ L1

11 ‘ 11 Il ‘ | |
-300 200 -100 0 100 200 300
TOF/channel

p(7|_i’ 7Be)n 20/40um SSD + 300Mm QSD +1.5mm QSD AE_AE spectrum

’Li: 8.8 MeV/u, 1.5 euA 10 group of AE-AE-E telescopes by 40pum DSSD & 300um QSD
H, gas: 1000 mbar, 8 cm, 90 K 40% of 4m (1 strip, 1 run, 2 hours)

1. Exclusive breakup: "Be — 3He+*He (coin. Eff. ~10% by MC simulations);

2. 4He stripping: "Be+2"Bi — 3He+?13At; —

3. 3He stripping: "Be+?"Bi — “He+212At;

4. 1n stripping: "Be+?Bi — °Be(—*He+p+p)+21'Bi;

. . TRe4209R; _, § A ot d 208Ri. — ICF (Ene-Ang corr.)

5. 1n pickup: 'Be+*"Bi — °Be(—*He+*He)+*%°Bi;

6. 1p striping: "'Be+2"Bi — SLi(—*He+d)+21'Po;

8. 1p pickup: "Be+?"Bi — 3B(—???)+2%8Pb; —

9. Fusion: 'Be+*"Bi — 21°Fr — ¢, p, n eva. & decay (energy & angular distri.)

4000-

dE/channel
[l
<o
[
T

ST
3000—

500
0

o
- “He

- e

-

- 1 1 1 ‘ Il Il Il
500 1000 1500 2000 2500 3000
E/channel
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IRNIERR T A G R H
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Decay mode
pa this work 4&
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B2p
-
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<1 MeV 4.

1-2 MeV
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Appendix:

Optical Potential of Exotic Nuclear System
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- |

FRFEHNTFRRT

HERT: MEMIERFZIFRRETEN, WUp, 2p, fp, R F-
FHRTHMRERIEZR— MR aHE, REVHEIFES
MERESHR N EE[D)R,

A RIBLL@HIRFL, from 2004

Stable Nuclide 20| ©a

A In-flight measurement

Implantation

In-flight

28’295/27’28P'
’

17'18Ne.

A Implantation method

36,37Ca'.
27S/Z6P/255i,'
ZZSi/ZOMg,‘
23Si/22AI/21I\/Ig;
24Si/23Al.

10
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Optical Model Potential

a Optical Model 1s a successful model to explain the nuclear
scattering and reaction, which resembles the case of light
scattered by an opaque glass sphere.

Optical Model Potential (OMP):

e
-

U= V() +iW)
7N\

attractive absorptive

* phenomenological potential, independent on energy.

A A basic task in nuclear reaction study 1s to understand the
nucleus-nucleus interaction.

Cf: 1) S. Fernbach, R. Serber, and T. B. Taylor, Phys. Rev. 73, 1352 (1949).
2) H. Feshbach, “The optical model and its justification”, Ann. Rev. Nucl. Sci. 8, 49 (1958).
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Tightly-bound-nuclei Systems

A universal phenomenon within
Threshold An@ P

the Coulomb barrier energy region

3.[5 ' I | | I ! | | 3.(]-_.....,.....,.....,...........,.....
"l‘\i r
i -
25 - [t~ Anomaly| «. 20 =S F
| 0+ Pb —
20 K : .' . . 4 % 2.0 |
: . RalJ . ,‘.?m 16 [
; 151 | 'K E
i : 1o}
- 10 — E X
& . . .. - ﬂD.EH;::',::HIH:;{::”I: =
+ 1 [Vs Dispersion relation W :
o 16 — I - x” L i
N . . T a2f
= ooogore v [
T i2E= 8 S % ’ : —o o S L S
B :Jt" ¢ Il = oal -
08 !- i ;m I
- 4 i I C.J.Linetal.,
~ 0.4
04 - /. Threshold (~0.9V;) | _ : PRC 63, 064606 (2001).
He 1 fnll B
a | | | | . | | o.0 L S R T e g
ELag (Mev) E., (MeV)

Cf: 1) M. A. Nagarajan, C. C. Mahaux, and G. R. Satchler, Phys. Rev. Lett. 54, 1136 (1985).
2) C. Mahaux, H. Ngo, and G. R. Satchler, Nucl. Phys. A449, 354 (1986).
3) G. R. Satchler, Phys. Rep. 199, 147 (1991).
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Weakly-bound-nuclei Systems

Abnormal
Threshold Anomaly

Threshold An@

o8 0.8

| SLi+208Pb

.61

z -

£ ol T 1
3 : }g

T L decrease

— = i *

5 > o2l ] / .

08+ 08¢ *
3 o0l 2,4 " <—increase
? 044 : 5—_: 04 * .
* 02} . | *wt Whereisthe threshold?
- Is the dispersion relation app

et} - e s bt}

00 0.0
20 30 40 50 60 70 80 90 100 1]0 120 [30 140 150 160 20 30 40 50 60 70 80 90 100 1]0 120 1‘40 140 150 160

E,,, MeV) E,,; (MeV)

N. Keeley et al., Nucl. Phys. A 571, 326 (1994).

icable?
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Halo-nuclei Systems

Abnormal Threshold An@

OMPs are usually extracted from elastic scattering.

: 1.0} .
10° 142 MeY e 4 = “He+20%Bj
: T @
100 [ 15.8 MeV 1 é
E - m ""'E-o
— : s o
= 10° [17:3 Mev i >
bé \Q\%\Q\
=, 40° [18:6 MgV ]
bm E21 4 MeV %
© 100 E : = 3 %
i o
L o n:
10 A6=6-11 =
F AE=1.2 -1.5 MeV '
10

0 30 60 90 120 150 180
0 (deg)
% Almost Impossible to extract effective OMPs at energy far below the barrier.

Cf: 1) E.F. Aguilera et al., PRL 84, 5058 (2000); PRC 63, 061603R (2001).
2) A. R. Garcia et al., Phys. Rev. C 76, 067603 (2007).
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Transfer Method

@ - @ 42«

B = A+x \‘ l/

Transfer reaction A(a,b)B elastic scatting cross sections

a = b+x

Transition amplitude: T = dearafdarnxf"(fn fp)* (bB[V]ad) x) (ki, Fa),
4 wave functions are needed,

&% two bound states: b+x & A+x (single-particle potential model)

&% two scattering states: incoming & outgoing (optical potentials)

Proposed: C.J. Lin et al., AIP Conf. Proc. 853, 81 (2006), presented at the FUSIONOG6.
16Q(14N,3C)17F: Chin. Phys. Lett. 25, 4237 (2008).

1B("Li, 6He)12C Chin. Phys. Lett. 26, 022503 (2009). Phys. Rev. C 87, 047601 (2013).

Phys. Rev. Lett. 119, 042503 (2017).
63Cu(’Li,’He)%Zn: Phys. Rev. C 95, 034616 (2017).

Chin, Phys. Lett 31, 092401 (2014), Phys. Rev. C 96, 044615 (2017),
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Data Analysis: 2°2Pb(’Li,°He)2%°Bi

Fit the elastic scattering to get the OP of “Li+%%8Pb

Fit the transfer reactions to extract the OP of °®He+20°Bj

By DWBA and CRC methods.

-2

I L I ’ 1 " I % I * I % I o 1
, o “"Pb('Li/Liy*"Pb E_, = 42.55MeV
T = **pp('Li,°"He)*Bi(G.S.,9/2-)
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Results: 28ph(7Li,6He)2%9Bi

13.5 fm)» -V(RS)

% OMPs of the °He+?%°Bi system
are determined precisely for
the first time;

% The decreasing trend in the
Imaginary part is observed,
and the threshold energy is

®
W

WR)

about 13.73 MeV (~0.7Vy);

d1spers1on relation % The behavior of real part looks
normal, i.e. like a bell shape

¢ ] around the barrier;

S Ssv = Y e 1 % The dispersion relation does
- : ' - NOT hold 1n this system.
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E__ (MeV)

L. Yang, C.J. Lin, H.M. Jia et al., Phys. Rev. Lett. 119, 042503 (2017);
Phys. Rev. C 96, 044615 (2017).
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Discussions g

% Dispersion relation results from causality, connecting real and imaginary part;
% Any wave/particle should follow this rule when it passes through a media;
% The classical dispersion relation is not applicable for exotic nuclear systems.

Possible reasons: A Imw

e Causality — dispersion relation
stable systems: causality <> analyticity Re W
[Phys. Rev. 104, 1760 (1956).] = =

e Cauchy integration Cauchy’s residue theorem

infinity poles (breakup) & off-axis (multi-process)
[Nucl. Phys. A 449, 354 (1986).]

-V, (MeV)

e Negative Index of Refraction

causality based criteria must be used with care
[Phys. Rev. Lett. 101, 167401 (2008).]

e Locality vs. non-locality “ + ‘
equivalent local potential in

four-body

13.5 fin)

W, (MeV) (R,

Schrodinger equation

2022/9/19 [F] 55 U




Negative Index Metamaterial
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R.A. Shelby, D.R. Smith, S. Schultz, “Experimental Verification
of a Negative Index of Refraction”, Science 292, 77 (2001).

Negative refractive index metamaterials offer the
possibility of revolutionary applications, such as
subwavelength focusing [1], invisibility cloaking [2],
and “trapped rainbow”’ stopping of light [3].

PRL 105, 127401 (2010).
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PRC 63, 064606 (2001).  JPG 371, 075108 (2010). PRL 119, 042503 (2017). PLB 119, 042503 (2020).

* ARERMER: HARE, XK € ARXFR;
* JHRERER: REERE, BEKRARIKIL
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