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Gas-filled recoil separators in IMP

Synthesis of heavy and superheavy nuclei | production: Fusion evaporation reaction
Decay spectroscopy and nuclear structure | separation: Gas-filled recoil separators (DGFRS1&2, GRAND, TASCA, GARIST&2&3, RITU,

Mass measurement
Chemistry on SHEs

AGFA, BGS, ..)
Identification: Correlation measurement based on, e.g., a-decay chains, RDT, exc. func,, ...
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SHANS at HIRFL

Heavy lon Research Facility in Lanzhou (HIRFL), China

1975, 7th FYP
SSC(K=450) 1962, 1t FYP

100AMeV (H. 1.),110MeV(p) SFC (K P 9) 200(7j ghlilP

10AMeV (H. .),17-35MeV(p)1
5 - » C=128.8m,B p =9.4Tm

Spectrometer for Heavy Atoms and
Nuclear Structure (SHANS)
(2006- )

Mode: ECR/SECR + SFC —
lons: Ar, Ca, Ne, Mg, Ni, Kr, ...
Energy: ~ 5 MeV/u
Typical Intensity: ~0.5 ppA (3640Ar)
0.2~0.5 ppA (4°Ca)

207 9mFYP
CSRm
1000AMev(H.l.),<2.8Gev(p)

ZY.Zhang, L. Ma, Z.G. Gan, et al, NIM B, 317 (2013) 315-318.
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New Isotopes discovered at SHANS

. z New isotopes produced at SHANS and SHANS2 157Re(4°Ar, 4n)***Np (PLB 771, 303 (2017
New Isotopes Synthesized at SHANS and SHANS2 (2014-2025) ® pesp : —He (2017
------- Proton drip line (FRDM2012) 187Re(*°Ar, 3n)***Np (PRC 98, 044302 (2018))
FI(114) 187Re(“°Ar, 5n)??’Np (PRL 125, 032502 (2020)) 192140 997 X
. . : o 185Re(0AT, 5n)*Np (PRL 122, 192503 (2019)) bl AL BRI PUIPRE L Ladadg (2024
Neutron-deficient Actinide Region (2014-2025) =
2037, 04A¢, 205Ac , 207Th, 210pa, 214, 215, 216y, - 184 '87Re(*°Ar, 4n)*'*Np (PLB 777, 212 (2018)) Bk =™ @

219Np' ZZDNP, ZZZNP, ZZBNp' 224Np' 227py

Neutron-deficient N=82 Region (2024) Pb(B‘L:).

156\, 160Qg
PRL 132, 072502 (2024)

169Tm(4°Ca. 4n)2%5Ac
(PRC 89. 014308 (2014))

Nat. Commun.,
16 (2025) 5003
;ang(“Dca‘ 5n‘204Ac :. ............... 220U 221U 227" 22T 22417 22811 22610 ﬂ

(PLB 834, 137484 (2022)) 97Au(4%Ar, 2n)2%Bk PLB 875, 140365 (2026

:
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21iP 212R 2131’- 214Fa 215Fa 216Ful) 217Fa J216F0 219Fn 220Fu 221F 222F 223F 2F 226
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(PLQE 850, 138503 (2024))
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l stable
— Ac Seconds
Brdecay L s l> 10+15 [110-01
- 214R &
- B-I- or EC decay 88 . a 215Re 216Ra 217Ra 216Ra 219Ra '220h . 222Rs .10*10 10-02
........... W10+07 10-03
o decay 197Fc lSBl'r 199Fr ?00?: 20IFr 202Fr 203Fr .. 209Fr 210Fr 211Fr 214Fr 215Fr 216Fc 217Fr 216Fr 219Fc 22UFr =10+05 10-04
................ 10+04 10-05
‘ Spontaneous fission 86 196Ra 197Rn 196Ra l”h-..ﬁ 205Ra 206Ra mm... 213Ra 214Ra 215Ra 216Ra 217Ra ‘U.Bh- .10+03 10-06
0 10+02 10-07
B Neutron decay o s [ i s o s s o [ R TR i R0 B 2 [ c1snc esoe TR . Bioos Hlods
l1o+oo <10-15
. Proton decay g4 194F0 .. 197Po 198Fo 199Po 200Fs 201Po ....... 2LIFo 212Fo 213Po 214Fo 2I5Po 216Fo unknown
2 8 Decay mode: ? 112 116 118 122 e Nl gz 120 132 134 1% N
| | | |
° . 1 1
More than ten new isotopes near the heaviest proton o

drip line and N=126 were synthesized at SHANS. N=126
» a-decay systematics

» Limits on proton drip line

» Shell evolution at N=126

» EC-delayed fission and fission barriers

Challenges:

» Low cross section (pb ~ nb)

» Short half-lives (~us or lower)

» Multi decay modes, e.g. a, EC, ECDF,
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Progress of SHANS: MRTOF technique

a spectrum after MRTOF

Dh
206F

Vathilih Target Qu » MRTOF-MS S . )
differential Chamber > Nuclear mass Spectrometry JU:— NO Se|ECt|0n

» Laser spec., Penning Trap, .... gf_ _f

© :

= L =
2 LE \ Selected

S 3

» Channel detector with temperature E 3

I —

> Sibox + HPGe detectors gradient E 3

0.5 —

» Decay spectroscopy » Nuclear chemistry study E , L] ) E

Energy (keV)

» Si-box + HpGe -> a-y spectroscopy (J. G. Wang, ...)
» Multi-Reflection TOF(MRTOF) -> Mass measurement (W. X. Huang, Y. L. Tian, Y. S. Wang, J. Y. Wang, ...)
» Gas chromatography channel detector -> SHE Chemistry (Z. Qin, Y. Wang, M. H. Huang, ...)

X. Kong, Y. S. Wang, Y. L. Tian, et al.,, NIMA, 1093 (2027) 172038
Courtesy to Y. L. Tian, W. X. Huang, Y. S. Wang, J. Y. Wang...
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CAFe and CAFEZ2 at HIRFL

LW 510 mA, 100.200 kw, cw China Accelerator Facility for Superheavy Elements
2015 . - . (CAFE2)
RS R \ Upgraded in 2019-2022
&ﬁﬁgﬁ% e 10e 16.4 MeV@Z?g..I% mA cw ¥ -° N

10 MeV@1.13 mA CW

2015
5 MeV@3 mA CW

Z.Wang, Y. He, H. Jia, et al., Phys. Rev. Acc. Beams, 19 (2016) 120101.
S.H. Liu, Z.J. Wang, H. Jia, Y. He, et al., NIM A, 843 (2017) 11-17.
L. Gong, Z. Wang, W. Dou, W. Chen, et al., NIM A, 1058 (2024) 168819.
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Electron cyclotron resonance ion source Radio frequency quadrupole accelerator Super-conducting linear accelerator
(ECRIS) (14+18 GHz) (RFQ) (CW - Linac)

Institute of Modern Physics, Chinese Academy of Sciences



Progress of CAFE2: New superconducting ion source

China Accelerator Facility for Superheavy Elements (CAFE2)

CAFE2 running time (2022 ~ 2025)

Highest | Beam Highest Beam
lons Intensity | time lons Intensity time
(PHA) (h) (PHA) (h)
40Ar12,13+ 14.8 3083 48Ca14+ 1.5 2352
40Ca13+ 5 717 52Cr17+ 1.5 1371
55Mn17+ 2 134 54Cr17,18+ 2 5143

Total beam time at SHANS2 >12000 h

LECR5 (room temp.)
14+18 GHz
(2021-)

W. Lu, et al., NIM A, 1062 (2024) 169207

Institute of Modern Physics, Chinese Academy of Sciences

LECR5 (room temp.)
(2021-)

Courtesy to Wang Lu, Chen Qian, Hongyi Ma, ...

SECRAL-III (supef?coriduct.)

(2025-)




SHANS2 at CAFE2

D Rotating target

Detection

Target system

chamber

Rotating

28Am target

10/26 W, 05

S.Y. Xu, Z.Y. Zhang, Z.G. Gan, et al., NIMA, 1050 (2023) 168113
|- L.N. Sheng, Q. Hu, H. Jia, et al., NIMA, 1004 (2021) 165348
Institute of Modern Physics, Chinese Academy of Sciences



Radioactive target — 43Am

Beam 40Ar, 34Cr
243Am 2
Thickness 513 £ 7 pg/cm
Intensity ~ 1 ppA
Beam time 83 days
Beam dose 2.6 x 1019

Courtesy to Xiaojie Yin, Yang Wang, Qin Zhi, Minghui Huang, Chunli Yang, Zaiguo Gan, Long Ma, ...

Institute of Modern Physics, Chinese Academy of Sciences



X (mm)

Y (mm)

Transmission of SHANS?2

67(11)% (48Ca+2%8Ph)
58(32)% (40Ar+169Tm)

IMP-CAS SHANS2

He
(100 Pa)

WOAr+169Tm @ 178.5 MeV

Counts/strip

Strip # (Y)

Cab 3 rad 3 Al 5
10 20 30 40 50 60 70 80 90 100 110120 O
Strip # (X)

5000 10000
Counts/strip

Transmission efficiency

1000 2000 3000
Z (mm)

4000 5000

Institute of Modern Physics, Chinese Academy of Sciences

Monte Carlo simulation

51% (*8Ca+208Ph)
50% (*OAr+169Tm)

0.9 -+

o
(o0
]

o
~J
1

o
(8}
I

O
n
1

o
F N
1

Térge't

Q1in

D1in

Q2in Q3 in

—m— "%9Tm(*°Ar, 4n)?%°Fr
—e— 298pp(*8Ca, 2n)?**No
—a— 2B Am(%Cr, 3n)***119

.
W

Distance (m)

Table 1

Detailed specifications of the magnets in SHANSZ2,
Parameters Values
Configuration Q.,0Q,Q.D
Total length 597 m

Horizontal/vertical acceptance

Q, magnet

Distance from the target point to Q,
Effective length

Aperture radius

Maximum field gradient

D, magnet

Distance from Q, to D,
Effective length
Deflection angle
Entrance angle

Exit angle

Deflection radius
Maximum magnetic field
Vertical gap

Q, magnet

Distance from D; to Q,
Effective length
Aperture radius
Maximum field gradient

Q, magnet

Distance from Q, to Q,
Effective length
Aperture radius
Maximum field gradient
D, magnet

Distance from Q, to D,
Effective length
Deflection angle
Entrance angle

Exit angle

Deflection radius
Maximum magnetic field
Vertical gap

Distance from D, to the focal plane

+70/+113 mrad

0.35 m
0.46 m
81 mm
11.85 T/m

0.39 m
0.838 m
30°

GC

—34°
1.6 m
1563 T
+79 mm

0.77 m
0.45 m
162 mm
4.2 T/m

0.35 m
0.63 m
157 mm
5.03 T/m

0.48 m
0.436 m
10°
—10°
10°

25 m
11T
+93 mm
0.81 m

S.Y. Xu, ZY. Zhang, Z.G. Gan, et al., NIMA, 1050 (2023) 168113
M. M. Zhang, et al., Nucl. Instrum. Meth. A 1086, 171376 (2026)




Detection System: MWPC and Si-Box

DSSD +SSD detectors

77

Veto detectors
DSSD

SSDs

MWPCs

Preamplifier
Detection chamber
Standard a source

MWPC 1S g ‘
> Active area: 128 x 48 mm2(DSSD), 120 x 63 mm2 x 6 (SSD), 50 x 50 mm? x 3 (Veto)

8000

> Thickness: 300 um (DSSD, Veto), 500 pm (SSD) '376000 -
> Total detection efficiency for a’s: 86(8)% g

» Energy resolution: 30 keV (DSSD), 80 keV (DSSD+SSD) %4000 -
» Cooling down to -20 °C with alcohol < . un 1

» MWPC: 300 Pa isobutane; 0.9 um-thick Mylar window 2000 Time(*10ms) .

> Digital electronics: 100 MHz, 14 bit, trace + PHA (FPGA) 0 000 o neP % 3000

Institute of Modern Physics, Chinese Academy of Sciences



Detection System: Clover and HPGe array

A\

Shielding: 1.5 mm Aluminium

Clover: 4 crystals with 60-mm diameter and 90-
mm length, 40% relative efficiency for each

» HpGe: 71-mm diameter and 72 mm length, 70%
relative efficiency

A\

> Absolute eff. : ~11% (63 keV)
> Energy resolution: ~3 keV@122 keV
> Electrical cooling and liquid nitrogen cooling
30‘ (ee] 2479Md
- o) 9 .
- = 3 712-[514]
25 ‘o 8416
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S onb ° 7/2{514]
e ZOEN 3 157 209 (E1)
l_w-‘ 15__‘: ’u? A 4 9[21- -
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5 [fuw S 3/21{521]
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v-particle energy (keV)
S.Y. Xu, ZYZ, et al, PRC, 112 (2025) 034315

Institute of Modern Physics, Chinese Academy of Sciences
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New isotopes %3°Bk and 231Am
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New isotopes %3°Bk and 231Am

reference dec

ay chain

E&
a

chain 1

Pos: (63,41)

Eqt = 7596 (35) keV o3

chain 2

Epam = 1624 MeV Epoam = 187.5 MeV

Pos: (124,20)

(496 + 7106)

Eq1 = 7641 (13) keV

chain 3

Ebeam = 182,4 MeV
Pos: (36,21)

Eq1 = 7658 (35) keV
(546 + 7112)

Phys. Lett. B 875 (2026) 140365
Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Eq, = 6690/7010 keV - o Letter
Ty2=300s Eqa = 7105 (35) keV . . 115 5
e e Eq2 =7113 (13)keV |53 o2 Decay properties of new isotopes **Bk and **' Am
EC o, ba=1% At:146.1 s (550 + 6555)
‘ — o o ALT20s J1.G. Wang©+, 7.C. Li®2b, Z.Y, Zhang @b, Z.G. Gan© 2=, AN, Andreyev (& b,
Eq = 6720 keV = M.H. Huang @ #P< L. Ma @ #P¢, M.M. Zhang © ", H.B. Yang @ *", C.L. Yang @ >
_ - Eq3 = 7658 (35) keV Eq2 = 6794 (35) keV 8 b » g s g » g b
bo7 Eq = 7677/7650 keV T,,=516s 227Np E(f3 ;702 (13) keV 227Np (1227 + 6431) (881 + 5013) Y.H. Qiang ©*", ZH. Li® ">, X.Y. Huang©® ", G. Xie®*", L. Zhu A,Il,.H. Zhou 2",
Np T,p=510ms @,ba = 10% - At: 63.2 ms . At: 292.9 ms At: 409 s X. Zhang 0+ J.H. Zheng &0, S.Y. Xu™W*" Z. Zhao ™ *"| L.C. Sun »1) F. Guan 1 &,
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Tip=4.9 ms o At: 3.1Tms © At: 2.95ms N
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219A¢| o= 8664 keV T1n =066 At:3.16 ps At:7.23ps At 0.231s B ' 3
/o Te= T8 0e > o /o o 35 10" ] .
o Eq, = 7678/7988 keV Eqs=7 keV 3 N E
219Ral 7> L qome 215y |Ea6 = 9384 (60) keV  |215F, | Eqg = 9311 (50) keV 219Ral (5‘;‘: . 76031,3;)(36) ° 3 9 - C h ain 1
215Fy| Eq = 9368 keV 112 (625 + 8759) . B B
Fr| =a At: 70 ns At: 9.03 ms - 38 -
T,2=86ns /o 'a At: ~40 ns b a 25 E
o 015Rp|Ec = 8674 keV D15R|Eas = 8674 (15) keV oF g
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o o —_ = (b) 10° 215, -
3 45 ' ' —
211p | Ea = 7450 keV 211p o| Ea7 = 7276 (35) keV S - 4F ] E
T,p=0516s (1552 + 5724) s ‘F sob ] =
/o Jo At:0.819 s S as5f- o E = .
Eovpb Em'pb e 3 sio 88 2950 HC h ain 2
E == Pa 3
( 2.5 - . ]
S— E
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Table 1 = ‘ - ‘ =
. - (c) 215 ]
Decay properties of »°Bk and »*! Am. The Q. was de- ssf- "— E
duced with use of the mass table [3] and Q, in this work. = =
- {Chain 3
Nuclide E, (keV) T, ﬂ(s) 0, (keV) O (keV) , B ;
23 0 200 400 600 800 1000
BBk 7632(17) - 7764(17) 4417(128) _
21 4137 b (231Am) — 17+65% Time (10 ns)
Am 7109(18) 757 7234(18)  3929(82) a —-15 J.G. Wang, Z.C. Li, Z.Y. Zhang, et al, Physics Letters B, 875 (2026) 140365.

J. Khuyagbaatar, et al, New isotope 231Am, Phys. Rev. C, 114 (2026) L0O11302.
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Synthesis of superheavy nuclei %87.283Mc (Z=115)

o 2
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Mother a-particle energy (keV)

48Ca+243Am->287.288Mc+3,4n @ 235~248 MeV

Counts / 20 keV

ahhwks a Wk
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o hhws

SN WkO

a Wk

i‘ 288MC

(@)

10.24 - 10.60 MeV | |

9.74 - 10.02 MeV

284Nh

AN B
EBORg 9 25 9. 86 MeV
|\|||||I|| |I|‘|\|\||\
Mt 9.48-9.78 MeV

ZTZBh

898 912 |V|eV

9

10
Energy (MeV)

Counts

PO Lo I % B

124752 ms

a e s~
T

o W e
ARARRR R L

= N W

S O MW

T2 3 4
63,,(a (ms)

20 events assigned to 288Mc

a5
26;
ab

264 | E,: 7.6

tr |7, 16h
B, :55%

Tyz: 4.9h

D. Rudolph,

J. M. Gates, et al.,

X.Y. Huang, ZYZ, et al, Chinese Physics Letters, 43, 010101 (2026)

a2

288
Mc

L 10.21- 10.67 Mev

284 TI/Z: 193 ms

Nh

280
Rg

a3

E,:9.10-10.16 MeV
Ty 0.90s

ad

E,: 9.09-10.07 MeV

276 | Tip: 3.9s

Mt

272

E,: 8.52—-10.01 MeV
T2 0.625

Bh

E,: 8.29—-9.21 MeV
Ty 8.8s

8.0 MeV

Known data

Y.T. Oganessian, etal., PRC, 106 (2022) 064306
Y.T. Oganessian, et al., PRC, 106 (2022) L031301

et al., Phys. Rev. Lett., 111, 112502 (2013)

Phys. Rev. C 92, 021301 (2015)
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Synthesis of superheavy nuclei %87:288Mc (Z=115)

Chain #1 (Run 242.7 MeV) Known data
Eimp: 9.83 MeV Reported by
StripX: 62, StripY: 13 FLNR
2024-10-15
287 287
Mc Mc
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591 E,: 10.33(2) MeV P E,: 10.33-10.36 MeV
Bh | At: 47ms Bh | Ti:2070° ms
abS ab5
E,: 9.21(5) MeV : 9.22-9.35 MeV
(=0.36+8.85) Typ: 2. 9t22
At: 7.9s
SF
Eg: 203 MeV Ty,: 14759 h
At 3.0h Y.T. Oganessian, V.K. Utyonkov, et al., PRC, 106 (2022) 064306.
:3.7 X103

ran

X.Y. Huang, ZYZ, et al, Chinese Physics Letters, 43, 010101 (2026)
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New gas-filled separator at HIAF

High Intensity Heavy-ion Accelerator Facility (HIAF)
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New gas-filled separator at HIAF

“Three steps for construction”

0.94 4

GRASS SHANS?2 ] o
0.8 U(*"Ar, 5n)<"°Ds -
| _ D Configuration SDS QDbQQD 3074 |
SC-So en A e A Total length 8.2m 6.0m %o.e— PUCTSi, 5ny**°sg i
, o t4° (Hori') % 8 248 26, 270 |
Acceptance +7.5 £6.5° (Vert.) % . Cm(*Mg, 4n)*"*Hs
BPmax 2.8 Tm 2.5 Tm <05 | ]

| —m— CAFE2-SHANS2|

Deflection angle 50° 30°+10° 021 :HIQE:EB@Q 288160, 5n)*%Fm ]
A TR TR T S T

Courtesy to H. B. Yang, Y. S. Qin, B. Zhao, Z. Chai, Y. Q Chen, L. Zhu, J. G. Wang, M. H. Huang, M. M. Zhang, ... AilPe
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Construction for HIAF-GRASS

> A '

July 27, 2025 Nov. 20, 2025 Slide from Huabin Yang
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