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Figure 1 (Color online) Currently experimentally confirmed neutron-rich halo nuclei. 3'F, ¥Na, “'Mg, 4° Al and #'Si in red color are the predicted new
candidates around the medium-mass region, located around the N = 20 and N = 28 islands of inversion or the merging region between these two islands
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Table 1 The current experimental status for the three characteristics of neutron-rich halo nuclei

% Sy ELS 20 (MeV) AH AR F AT BRI VA R A A T / R A AR R
He 0.975 v v v
$He 2.125 v v v
L 0.369 v v v
1Be 0.502 v v v
14Be 1.266 v v v
4 1.384 v v x
198 0.089(563) v x v
15C 1218 v v v
1vC 0.577(103) v v v
2c 0.035(326) v v X
»E 1.126(539) v v X
31Ne 0.170(367) v v v
Mg 0.240(982) v v v
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Figure 2 (Color online) Root-mean-square radii of neutron-rich halo
nuclei extracted from the experimental interaction cross sections. Data
are taken from Refs. [15, 20, 21]. Matter radii of *Na and 4OMg are the
theoretical values from the latest three-body calculations in Ref. [22]
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Figure 3 (Color online) Comparision of electroic dipole response be-
tween ®He, ''Li and ?°F. Data are taken from Refs. [33,34,38]
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Figure 4 (Color online) Definition of the neutron-neutron correlation
angle of two-neutron halo nuclei

3303



M 3B B 205%E7H H70% 820 H

AINTF2. FERSR LA, 26 B gkamid bL B = AN &
FEH T B X GO I TR R A A A
HE 5.

H AT, B = s R 2 RS0 LA i AR
Nelt i 28 4% 70 5] &3 FAIP*Ne. MNajt & — B #Cast
LB RMMEENES T RHEAAE DN
Z¥Na, OMg., AL #Si. P, ¥S. 2CL *Ar.
SOKFIOCA3 44T FE H HI A I\ 135 278 ] P, Gamow 5%
B, B — P B AR R TS, TRV = 22),
INa(N = 28). ““Mg(N = 28). “AIN =27). *'Si(N =
27). *P(N = 3DAYS(N = 3D&n[ e & i X
)AL (52245400t g Bk, T R R — A
WS ELEAN A T 1P R B s U B pl R X
FCalFAIfi Z LN < 2801FE T f pre B A% AR &3 F.
¥Na., Mg, CAFHSIGE, 1 RN R R, &
WE EAIAL TN = 2080N = 28f0“ S i 5 47 Hidhr
AR KR (G H82ps0 808 2p) pPUE. XN T 2 g
ZIX ) FE A E AL AR L X TCabl PR FE T
IN > 28M1i% 2, TETK & 12 RS X R Z < 208
J28 < N < 34X H I TN = 32FIN = 348 ¥
2 R e R BE B AR K2ps B 2 B0
18, WA AR Blp B 2%, 11T — 38 80
FEN = TOPN T, X 2R3 S A% PR B H A A% R AL
BOE AR 450 7R R AR R [, 5258 FaT AR AR
MR IS E SR FER T 2% M RAAEERTE
N = SOR % B0, [l p A1 IE Fsdg iU iE K 4 IR B,
WA AT BETECalFlfr 2 LA E1120 < Z < 28LA N ~ 501X
BAEAER 351 20 7 FE SR

RPN

©® 9 U R W —

1985, 55: 2676-2679

Tt 78 Hh - H DX A% 1) TR A8 0 2 E i B8 R S 56
MIRTHEJ7 1A 2 —. 3 Nes& SEB EfE 38— MR 2
1%129:52.331 STV th i R LS — N E AR AR B0 g
TIE B (1T 19BISS SO pITIA S2 % A T AR, i
BT IR T A8 A1 X 1 Hartree-Fock-Bogoliubov s A 11 55 &
M2CEA RMETEAR IR O LI AT AR 1 p - 2258
M*Mg. “Mg B A FH & 1E BRI AR A% 0 BA K
Ji BT AR f o - 22156591 R X T AR S 800F W] R i i
B3 AT B T A B AR e S HR - TR A G AT SR B [0,
TR I TR IR AT LA A R 12 Bl B = s i — A
IRA = ) 3, 3R Re 0 7E N R 1 S2 56 BRI AR
IRABAH S E 4.

YT, R R ERX, AT ZER T rpR A ER
(F. Ne. Na, Mg. Al. Si%) (K4 B AE Bk i Al
.0, Nald] 47 2 1 1% 28 2 /0 #1021 Na, TMiNald]
MERMMEEERBEmLRNECEEE -+ 24
A A932NallS, 78 A )5 & X3 i AH LA A B
O B R AT S AR B A R EAE T, H AT SRS
Mk a2 Bae =AM R EX F P 7 2R
e B AT B AR K. H A ER A 2= 0 AR I RO
%R T.) RIBFZ H a5 & feam K rs — RO FR e
Ji A% A AR L B, TE H AR 22 5E BT R 1)
— L R A 2R S R S I b, A3 R R T 29500
pnA(~3x10'? pps)HJ*8CaZ 1720 mm/EHIBeflZ12K, H
LR T OBIPONa*. AR, it A T B ) S i 2 2
Ik 2% 2k B HIAFAN AL 57805 1 1% R 3 B BRIFSE (1)
A, BV S A B2 p HE R EX K E T2
A k.

Sorlin O, Porquet M G. Nuclear magic numbers: new features far from stability. Prog Part Nucl Phys, 2008, 61: 602-673

Otsuka T, Gade A, Sorlin O, et al. Evolution of shell structure in exotic nuclei. Rev Mod Phys, 2020, 92: 015002

Heyde K, Wood J L. Shape coexistence in atomic nuclei. Rev Mod Phys, 2011, 83: 1467-1521

Freer M, Horiuchi H, Kanada-En’yo Y, et al. Microscopic clustering in light nuclei. Rev Mod Phys, 2018, 90: 035004

Tanihata I, Savajols H, Kanungo R. Recent experimental progress in nuclear halo structure studies. Prog Part Nucl Phys, 2013, 68: 215-313
Tanihata I. Nuclear Physics with RIB’s: How it all started. Eur Phys J Plus, 2016, 131: 90

Tanihata I, Hamagaki H, Hashimoto O, et al. Measurements of interaction cross sections and radii of He isotopes. Phys Lett B, 1985, 160: 380-384
Tanihata I, Hamagaki H, Hashimoto O, et al. Measurements of interaction cross sections and nuclear radii in the light p-shell region. Phys Rev Lett,

9 Hansen P G, Jonson B. The neutron halo of extremely neutron-rich nuclei. Europhys Lett, 1987, 4: 409
10 Hansen P G, Jensen A S, Jonson B. Nuclear halos. Annu Rev Nucl Part Sci, 1995, 45: 591-634

3304



11
12
13

14
15
16

17

18

20

21
22
23
24

25

26
27
28

29
30
31
32
33

35
36
37

38
39
40
41
42

43
44
45
46
47
48
49
50

Riisager K. Nuclear halo states. Rev Mod Phys, 1994, 66: 1105-1116

Al-Khalili J. An Introduction to Halo Nuclei. Berlin, Heidelberg: Springer, 2004. 77-112

Huang W, Wang M, Kondev F, et al. The AME 2020 atomic mass evaluation (I). Evaluation of input data, and adjustment procedures. Chin Phys
C, 2021, 45: 030002

Wang M, Huang W, Kondev F, et al. The AME 2020 atomic mass evaluation (II). Tables, graphs and references. Chin Phys C, 2021, 45: 030003
Ozawa A, Suzuki T, Tanihata I. Nuclear size and related topics. Nucl Phys A, 2001, 693: 32-62

Kanungo R, Prochazka A, Uchida M, et al. Exploring the anomaly in the interaction cross section and matter radius of 230. Phys Rev C, 2011, 84:
061304

Bagchi S, Kanungo R, Horiuchi W, et al. Neutron skin and signature of the N = 14 shell gap found from measured proton radii of '"-22N. Phys Lett
B, 2019, 790: 251-256

Kaur S, Kanungo R, Horiuchi W, et al. Proton distribution radii of 16-24y. signatures of new shell closures and neutron skin. Phys Rev Lett, 2022,
129: 142502

Zhang J, Sun B, Tanihata I, et al. A new approach for deducing rms proton radii from charge-changing reactions of neutron-rich nuclei and the
reaction-target dependence. Science Bulletin, 2024, 69: 1647-1652

Gaudefroy L, Mittig W, Orr N A, et al. Direct mass measurements of 198, 22, 29F, 3INe, 3*Na and other light exotic nuclei. Phys Rev Lett, 2012,
109: 202503

Kanungo R, Horiuchi W, Hagen G, et al. Proton distribution radii of '>~1°C illuminate features of neutron halos. Phys Rev Lett, 2016, 117: 102501
Singh J, Casal J, Horiuchi W, et al. Prediction of two-neutron halos in the N = 28 isotones 4OMg and *Na. Phys Lett B, 2024, 853: 138694
Goldhaber A. Statistical models of fragmentation processes. Phys Lett B, 1974, 53: 306-308

Kobayashi T, Yamakawa O, Omata K, et al. Projectile fragmentation of the extremely neutron-rich nucleus ''Li at 0.79 GeV/nucleon. Phys Rev
Lett, 1988, 60: 2599-2602

Aumann T, Chulkov L, Pribora V, et al. Manifestation of the halo structure in momentum distributions from ®He fragmentation. Nucl Phys A, 1998,
640: 24-36

Aumann T, Navin A, Balamuth D. P, et al. One-neutron knockout from individual single-particle states of ''Be. Phys Rev Lett, 2000, 84: 35-38
Kanungo R, Sanetullaev A, Tanaka J, et al. Evidence of soft dipole resonance in ''Li with isoscalar character. Phys Rev Lett, 2015, 114: 192502
Tanaka J, Kanungo R, Alcorta M, et al. Halo-induced large enhancement of soft dipole excitation of !'Li observed via proton inelastic scattering.
Phys Lett B, 2017, 774: 268-272

Nakamura T, Kobayashi N, Kondo Y, et al. Halo structure of the island of inversion nucleus 3INe. Phys Rev Lett, 2009, 103: 262501

Kobayashi N, Nakamura T, Kondo Y, et al. Observation of a p-wave one-neutron halo configuration in 3’Mg. Phys Rev Lett, 2014, 112: 242501
Bertulani C A, Baur G. Electromagnetic processes in relativistic heavy ion collisions. Phys Rep, 1988, 163: 299-408

Aumann T, Nakamura T. The electric dipole response of exotic nuclei. Phys Scripta, 2013, T152: 014012

Sun Y L, Nakamura T, Kondo Y, et al. Three-body breakup of %He and its halo structure. Phys Lett B, 2021, 814: 136072

Nakamura T, Vinodkumar A. M, Sugimoto T, et al. Observation of strong low-lying E1 strength in the two-neutron halo nucleus ''Li. Phys Rev
Lett, 2006, 96: 252502

Cook K J, Nakamura T, Kondo Y, et al. Halo structure of the neutron-dripline nucleus 198, Phys Rev Lett, 2020, 124: 212503

Labiche M, Orr N A, Marqués F M, et al. Halo structure of “Be. Phys Rev Lett, 2001, 86: 600603

Meister M, Markenroth K, Aleksandrov D, et al. He - °He: a comparative study of electromagnetic fragmentation reactions. Nucl Phys A, 2002,
700: 3-16

Fortunato L, Casal J, Horiuchi W, et al. The 2F nucleus as a lighthouse on the coast of the island of inversion. Commun Phys, 2020, 3: 132
Bertsch G, Esbensen H. Pair correlations near the neutron drip line. Ann Phys, 1991, 209: 327-363

Esbensen H, Hagino K, Mueller P, et al. Charge radius and dipole response of ''Li. Phys Rev C, 2007, 76: 024302

Kubota Y, Corsi A, Authelet G, et al. Surface localization of the dineutron in "' Li. Phys Rev Lett, 2020, 125: 252501

Corsi A, Kubota Y, Casal J, et al. Searching for universality of dineutron correlation at the surface of borromean nuclei. Phys Lett B, 2023, 840:
137875

Tarasov O B, Ahn D S, Bazin D, et al. Discovery of ®*Ca and implications for the stability of 7°Ca. Phys Rev Lett, 2018, 121: 022501

Ahn D S, Amano J, Baba H, et al. Discovery of **Na. Phys Rev Lett, 2022, 129: 212502

Michel N, Li J G, Xu F R, et al. Two-neutron halo structure of 3'F. Phys Rev C, 2020, 101: 031301

LiHH, LiJ G, Xie MR, et al. Unveiling potential neutron halos in intermediate-mass nuclei: An ab initio study. Phys Rev C, 2024, 109: L061304
Caurier E, Nowacki F, Poves A. Merging of the islands of inversion at N = 20 and N = 28. Phys Rev C, 2014, 90: 014302

Otsuka T, Suzuki T, Fujimoto R, et al. Evolution of nuclear shells due to the tensor force. Phys Rev Lett, 2005, 95: 232502

Erler J, Birge N, Kortelainen M, et al. The limits of the nuclear landscape. Nature, 2012, 486: 509-512

Yang Y L, Wang Y K, Zhao P W, et al. Nuclear landscape in a mapped collective hamiltonian from covariant density functional theory. Phys Rev

3305



FE B 205578 BL70%E 820 H

51
52
53

54
55
56
57

58

59
60

3306

C, 2021, 104: 054312

Nowacki F, Poves A, Caurier E, et al. Shape coexistence in 7®Ni as the portal to the fifth island of inversion. Phys Rev Lett, 2016, 117: 272501
Nakamura T, Kobayashi N, Kondo Y, et al. Deformation-driven p-wave halos at the drip line: 31Ne. Phys Rev Lett, 2014, 112: 142501

Zhong S'Y, Zhang S S, Sun X X, et al. Study of the deformed halo nucleus ' Ne with Glauber model based on microscopic self-consistent structures.
Sci China Phys Mech Astron, 2022, 65: 262011

AnJ L, Zhang K'Y, Lu Q, et al. A unified description of the halo nucleus 3’Mg from microscopic structure to reaction observables. Phys Lett B,
2024, 849: 138422

Kanada-En’yo Y, Horiuchi H. Neutron-rich B isotopes studied with antisymmetrized molecular dynamics. Phys Rev C, 1995, 52: 647-662

Sun X X, Zhou S G. Rotating deformed halo nuclei and shape decoupling effects. Sci Bull, 2021, 66: 2072 - 2078

Hamamoto I. Deformed halo of 2F,. Phys Lett B, 2021, 814: 136116

Sun X X, Zhao J, Zhou S G. Shrunk halo and quenched shell gap at N = 16 in ?2C: Inversion of sd states and deformation effects. Phys Lett B,
2018, 785: 530-535

Zhou S G, Meng J, Ring P, et al. Neutron halo in deformed nuclei. Phys Rev C, 2010, 82: 011301

Shubhchintak, Chatterjee R. Deformation effects in the Coulomb breakup of 3'Ne. Nucl Phys A, 2014, 922: 99-111



Summary for “EHF 2 LGP LR AER S RE”

Progress and prospects of experimental studies on the structure

of neutron-rich halo nuclei
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E-mail: sunyelei@buaa.edu.cn

In recent years, with the development of radioactive nuclear beam physics, an increasing number of halo nuclei have been
discovered, making the study of halo nuclei structures one of the frontiers in the field of nuclear physics. Halo nuclei
exhibit exceptionally large spatial distributions, and their unique structural characteristics provide important information
for understanding the nuclear force and the equation of state of dilute nuclear matter. The necessary conditions for halo
formation are that (1) weakly binding of valence nucleons, typical separation energies less than 1 MeV and (2) low orbital
angular momenta, such as [ = 0 or 1. So far, 13 neutron-rich halo nuclei have been confirmed experimentally, from the
lightest °He to the heaviest ’Mg, including ®He, ®He, !'Li, ''Be,'*Be, "B, !B, 1°C, 1°C, 22C, ?°F, 3'Ne and *’Mg.

This paper reviews the experimental research progress on the structure of neutron-rich halo nuclei, focusing on the ex-
perimental characteristics of halo nuclei relative to conventional atomic nuclei that are extracted through the transmission
method, knockout reactions, and Coulomb dissociation reactions. The commonly accepted three experimental character-
istics of halo nuclei are: (1) Large interaction cross sections, (2) narrow core momentum distributions, and (3) enhanced
electric dipole strength. These three experimental characteristics are connected to the structural information of halo nuclei,
which are: (1) The root-mean-square matter radius, (2) the valence nucleon configurations, and (3) the root-mean-square
radius of valence neutrons.

Among the known neutron-rich halo nuclei, ''Li and ?>C are the most prominent halo nuclei discovered so far. The
root-mean-square matter radii of both are comparable to the matter radius of **Ca (~ 3.5 fm), while the root-mean-square
radii of the halo neutron are comparable to the matter radius of 208ph (~ 5.5 fm). With the increasing number of ex-
perimental measurements and analysis of core momentum distributions, we have found that the typical core momentum
distribution width (o) of a halo nucleus is about 20 MeV/c, which is about 1/5 of the momentum distribution width of a
stable conventional atomic nucleus. The narrow width of the core momentum distributions is also directly linked to the
wide spatial distribution of the halo. In addition, the shape of the momentum distributions can be used to extract the angular
momentum of the halo neutrons. The valence neutron state of neutron-rich halo nuclei are usually a coupling of multiple
single-particle states. Regarding the currently experimental confirmed neutron-rich halo nuclei, neutron halo of ''Be, °C,
19C is dominated by 1s configuration. Neutron halo of 3'Ne, *’Mg is dominated by 2p configuration. For the two-neutron
halo nuclei, the neutron halos of °He, 8He and !'Li, contain a mixture of 2 and 1 p waves, while the neutron halos of l4Be,
17B, 19B, and 22C contain a mixture of 2s and 1d waves.

The enhanced soft electric dipole response is the third significant feature of the halo nucleus, usually with a response
peak at around 1 MeV. Due to the wide spatial distribution of the halo, the weakly bound neutron-rich halo nuclei can be
relatively easily excited to continuous states consisting of core and neutron(s). So far, we have found that instead of the so
called soft dipole resonance, the soft electric dipole response of the halo nucleus exhibits non-resonant characteristics. The
electric dipole response of almost all the neutron-rich halo nuclei have been studied experimentally, except cases are !’B,
2F and 22C. With the advancement of accelerator technology and the improvement of neutron detection efficiency, their
electric dipole responses are also expected to be extracted in the coming years. With the help of non-energy-weighted sum
rule, the electric dipole responses can be used to further extract the distance between the valence neutron(s) and the core.
Such information is a key to understand the neutron-neutron correlations at low density.

Finally, this paper provides an outlook on the future research directions in the study of neutron-rich halo nuclei, including
new neutron-rich halo candidates at heavier regions as well as deformed halos.

halo nuclei, neutron-rich halo nuclei, direct nuclear reactions, structure of halo nuclei
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