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Abstract

The magic number N=20 is known to disapper in the area around neutron number N~20 and proton
number Z = 100 12, called island of inversion. Since the very neutron rich unbound nucleus 2*F is
located near the island of inversion, so it is important to study this nucleus for understanding how the
shell structure evolves in the neutron-rich fluorine isotopes. 2°F is considered to be a key nucleus to
provide a deep understanding of the nucleon-nucleon force close to the neutron-drip line, because of
its one-proton and one-neutron-hole configuration outside since it may have a structure made by one
proton-one neutron hole upon the possible doubly-magic nucleus **0. The neutron-rich nucleus 2°F
was produced by (n,p)-type charge exchange reaction insted of the major reaction channels such as one
proton and one neutron removal reactions. In this study, the invariant mass method was applied to
the study of the unbound nucleus 2*F produced by the charge exchange reaction of **Ne with a carbon
target at 240 MeV /nucleon at Radioactive Isotope Beam Factory, RIKEN Nishina Center. Coincidence
measurement was made for the outgoing particles, namely 2’F and neutron by using the SSAMURAI
spectrometer. In addtion, deeexcitaton v ray from 2TF as detected in coincidence by the ~ ray detector
array DALI2.

Four resonances have been observed in the relative energy spectrum of 2’F+n. The decay energies
are 0.199(5), 0.301(30), 1.750(31) MeV, 1.993(31) MeV and their cross sections are 0.038(2), 0.0068(12),
0.0067(13), 0.10(1) mb, respectively. It is found that the resonances at 0.199(5) and 1.993(31) MeV
decay to the ground state of ’F, while those at 0.301(29) and 1.750(30) MeV decay to the excited
state of 2F at 935(8) keV. Based on the comparison with previous study and theoretical calculations,
the spin and parity of the ground state are assigned to be J™ = 4. The yield of the charge exchange
reaction is compared with the other major reactions, one-proton and one-neutron removal reactions. The
results shows that the (n,p)-type charge exchange reaction is useful for the spectroscopy of extremely

neutron-rich nuclei.
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Mx = \/(E27F + En)2 + (ﬁ”p +ﬁn)2 (231)

Ere(MeV) = M(*F*)- M(*F) - M(n) (2.3.2)

0240 ®*FO0000O0O0 (E.) 00000000000 (S,)00000000 (E,)000000
0000000000000000000000000000000000000D0O0O0000000000
0000000000000000000000000000000000000000000000000
00000000000000000000000000000000000

M(ZSF*)

ex
rel

M(?3F)

SnI M(27F) + M(n)

024 0D0O0O0O0OO0000DDOOOOOO000DODOOOOOO00OODOODOOOOOODOODOOD EqOOODOD
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0000000000000 00000O0y,0000 244,0 245000000
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= ie

v

8= (2.4.5)
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D0000000000000000000000O BigRIBF(RI Beam Factory)[18] 000000000
0O0000 345 MeVOODOODO ®Ca0000 BeOOOODOODOODOOOOOOOOODO ®NeDODODO
O000O00D0O0F3F700000000000000000O0F;00000000000000000
(MWPC)ODOOOOO

0 10 20m
L

TSRAFYILFL—4
(F3,F7,5BT1,5BT2)

AAFzoN—

BPC(MWPC) &Il SAMURAI

rI‘ »

0 3.1 BigRIPSOOOOOOOOOOO

BigRIPSOOOOOO 20000 BNeO F130000000000000000000000O00O0
0 ®FO00D000000000D0000000000000000000O0ON0N0ON0D00N0N0NOnoao
0 OSAMURAI(erconducting Analyzer for MUltiparticles from RAdiolsotope beams)[20) 0000000
0000000000000 00000DO0O000 (SBT1OSBT2) 00D O000DOO (ICB)DOOODOOO
000 (BDCIOBDC2)DOOODODOODOOUOODOODyOOOO (DALI2)D0D0O0OO0O0OOOOOODOOD
goooobobobobboboooooooooooobobobbbooooooooooobobobbbbobooooo
0000000000000000000 BigRIPSO F7O0000 (TGT)000O00ODOODOO 3.100
goooboobooobooboobboooboobooboboobooboobobobobooboooo
ooObo0ob0o0obO0o 30oobbo0oobooboo0bOoo0bO0oobo0oboobooboobooooOooo
330000000000000000000DO0O0D0OLO0DODO0UDODOOD (SAMURAIDD)OO
000000D00oOooD (FDC1OFDC2)0 Hodoscope (HOD) D0 OO0DOODOO0DOODOODOOOODOOO
NEBULAOOOOOOOOOO BigRIPSOOOOOOOOOOOOOOOOOOO
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031 000 FrO00oO0OO00000n

ogoood oad goad od

SF7 oooooo plastic 3 mm 309.6 mg/cm?
oooo kapton 125 pum 17.8 mg/cm?
o0 air 120 mm 14.28 mg/cm?

SBT1 oooooo plastic 0.5 mm 51.6 mg/cm?

0ooao mylar 12 pmx4 6.7 mg/cm?

ooooo mylar 100 pmx2 26 mg/cm?

o0 air 60 mm 7.14 mg/cm?

SBT2 oooooo plastic 0.5 mm 51.6 mg/cm?

0ooao mylar 12 pmx4 6.7 mg/cm?

ooooo mylar 100 pmx2 26 mg/cm?

oo air 60 mm 7.14 mg/cm?

ICB oooo 1 kapton 30pm 4.3 mg/cm?
oo P10(100) 511 mm 81.8 mg/cm?

anode mylar 12 pmx10 16.8 mg/cm?

cathode mylar 12 pmx11 18.5 mg/cm?

oooo 2 kapton 30pum 4.3 mg/cm?

oo air 50 mm 5.95 mg/cm?

oooo kapton 80pum 11.36 mg/cm?

BDC1 oooo 1 kapton 80um 11.4 mg/cm?

oo isobutane(100 torr) 90mm 2.9 mg/cm?

cathode kapton 4 pymx2+8 pmx9  11.4 mg/cm?

oooo 2 kapton 80um 11.4 mg/cm?

BDC2 oooo 1l kapton 80um 11.4 mg/cm?

00 isobutane(100 torr) 90mm 2.9 mg/cm?

cathode kapton 4 pmx2+8 pmx9  11.4 mg/cm?

oooo 2 kapton 80um 11.4 mg/cm?
o0 777.34 mg/cm?
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3.0.1 BigRIPSOOO

0000000000000 345 MeV/ul ¥Ca0000 BeOOOOOOOODOOOO®NeOO0ODO
D00D000000000D000000000000000 3200BigRIPSO0000O0 3.3000000
0000000000000 340000

032 0000000000

ggn googd RN gono
®Ca 345 MeV/u Be 20 mm

0 3.3 BigRIPSO F1-F7O000000000O000000O00OBpO

00 00000 [mm] DOO0OD0O0OO0O0O0O0OO0 BpTOm]

F0-F1 7.53
F1 +64 Al:15 mm

F1-F2 6.92
F2 +5

F3-F4 6.86

F4-F5 6.87
F5 +120

F5-F6 6.86

F6-F7 6.86
F7 +5

034 0000000000

000000 0000000000 00000 ooo oooooo
ZNe 240 MeV /u C 1.789 g/em?  225-252,259-273
*%Ne 240 MeV /u Emp 0.0 cm? 253-258

31 DO00OOO0Ooon

ooooooooO0oooooO0o0ooooOoocoO0oooOo K3 FrO00O00O0OOO0O0O0O0ODOOOO00O0
000000000 TOFOODOODOODODOOOD Fs00000 MWPC(BPC)ODOODOODODOOOOOO
ooooooooooooob200000000000000O0O0O0O0O0O0000
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3.1.1 BPC

BPCOODOOODOO0OO0O0OO0O0D0000O0000OBGRIPSOO0O0 F50000000000000
00000 (MWPC)OOODOODOODDO0 B(T)00D000 p(m)00000Bp0000000000
00000000000000000BPCOODOO0OOF50000 X(mm)O BpODO 31200000
0000000000000000 BpOOOODOO0O00O000Bp, 00000 (X=0)00000000
O0O0BigRIPSOOO00D000D00D000000 D=3300 mm 0000

_ P(MeV/je) 1 P

Bp(Tm) = 7o =307 (3.1.1)

X
Bp = (1 + 5) Bpg (3.1.2)

03500 BPCOOODOOOOOOOOOUDDOOOOD 2mmO000020000000 OROOO
0100 TDCO chODODOOOOODOOOODODOD0D0D4mMm 0000000000000 000000O0O
50 Torr 0O OO0 340 BPCOODOOODDOOODO

035 BpPCOOOOOODO

oooa 240 mm x 150 mm

000 20
000000 1280 (640 x20)
0ooooo 2 mm

oo i-CyHo

BPC box

BPC

Vacuum
“‘window

034 BPCOOOODOODO [22)
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312 DOO0OO0ODOODOOOO

BigRIPSO F3,F7000000000O0OOO (SF3,SF7) DOSAMURAIOOOO F130O00OOODO
0000000000 (SBT1,SBT2) 0000000000000 DO 200000000000000O0
TOFOOODOOOOOOOOOOOOO0O0O0O Fr-F13000000000000000000000ODOO
gooooooo pMTOOOOOOOODODODODODOOOODOOOOOOOOD 360000000000
ooobooooooocoooo

036 O000O0OO0OO0OO0OO0OOOOOCOOO

od gd ad gooooooogo
SF3  F3 100100 mm? 3 mm 86054 mm
SE7 F7 200x100 mm? 3 mm 39484 mm
SBT1 F13 120x120 mm? 0.5 mm 2904 mm
SBT2 F13 120x120 mm? 0.5 mm 2824 mm

313 000000000 (BDC1,BDCR)

0000000000000 00O0O0O000O0O0O00OD BbCOooooooBDC1IOBDC200O0000
000 37000000000000000X0X 00YODY 0DO0O0O0O0OO00OO0OOO00OO0OO0O00OX(Y)
00X (Y )OUOODOOODOOOO 25mmO0000000X0O0000 XZOOOOOOOooooo
YOOOOO YZO0OOOOOOOOOoOooooooooooooBDC1OBDC2O000 100 Torr 0O OO
03500 BpPCOOUODOOO 3400 BPCOOOOOOOOUDOOO

0 3.7 BDCOOO

gooo 80 mm x80 mm
ooo 80 (XX'YY'XX'YY’)
oooood 1280 (80 x160)
Ooooooooooo 5 mm
oo -CyHip

00000-000000000  (BDC1)2032.1 mm (BDC2)1032.8 mm
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BDC box

BDC

it |1 Vacuum
7 window

035 BDCOOOOODOOO [22]

314 DOOOOOOO (ICB)

O00o0ooo0o0o0oooOO0O0o0ooOoOO00DoOOO00O0OOOO0OOoO0OODOOOICBO 10000
00000 1100000000000 0000000000O00000O0O0O0 3800 ICBOOOOOO
360 ICBOOOOOODOOOODOO

038 ICBOOO

o0 140 mmx 140 mmx420 mm
oo (anode)10 O (cathode)1l O
oooo 21 mm
oo P10
ooo 100
goobo-obobobooo 476.7 mm
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window anode x10  cathode x11 R.O. connector window
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H
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036 ICBOOOODOOOO [22)

32 0O0O0O0OOoooooon
321 00000000 (SAMURAIOO)

SAMURAIOOOOOOOOOOOOOUOOOOOOOO0OOOOOOOOO0OOOOODOOOOoOOO
0o0oooooooooo0oooooooooooooooo 3.8 TOO0OOOO 88OmmIOOO0O0O0O
oo v TmOOOODODOOO0OOO0O0ODOOOOOOOOOODOOOOOOOOO30TOOOOOOO
0000000000 2430 x 800 mm? 00000000000 2800 x 800 mm? 000 [24]00 3.900
SAMURAIOOOOOOOO 3.700 SAMURAIOOOOOOOOOOOOOOOOO

0 3.9 SAMURAIOO

oooo 560 A
oooo 31A
gopooooo 7.0 Tm
ooooo 880 mm
gogo 2000 mm
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0 3.7 SAMURAIOOOOOOO [22]

322 DO00O0O0O0O0OO (FDC1FDC2)

FDC1 (Forward Drift Chamber 1) 000000 SAMURAIOODOOOOODODOODOOOODODOOOO
O FrFDC200000000000000O00DOO0OO00OOODOOOOOOOOODOOODOO 38,03900
FDCl2000000000000000001I0mmOI0000O0O0DOODOOOOO 6000000000
0 +30° 000000000000 UNVOOOO0OO04000 40000000000 XX(U,U7)(V,V)
02000005mm000000000000O0O0DOO0O0O0 XXUUVVXXUUVVXX)oooo
o0ooo0oO0o0o0o0o0o0oooooooO0OO0 -CyH1o 000 B0 Torr O0OOO0OO0DOOODOOOOOOFDC20O
00000000 20mmOI00 112000000000000000000He+600 C4H1oOOO 1 atm
00oooooooo 3.10,0 3.1100 FDC1l20000000

0 3.10 FDC1OODO

0oo 140 (XX'UUVVXXUUVVXX')
0oooon 44810 (140 x320)
00000000000 10 mm
ufl i-CyHyo
0000D0-000000000 1151.38 mm
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S| HiE AsD  Foc

.~ box

_FDCH1
1l Vacuum
is - window

@ 8 8.0 8 & 6 0 0 8.0 8 0,

038 FDC1OOOOOOOO [22]

0 3.11 FDC2000O

noo 140 (XX'UUVVXXUUVVXX)
Oo0O00o0boOooooo 20 mm
oo He+CyHip
] |

LS | i N
S| e =
| R '

039 FDC200000000 [22]
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3.2.3 HOD

rDC20000000000000O000O00DOO0O0O0OO0O0O0ODOO0O0ODOOO0O0ODOODOOOO0OO
00000 3120 HODOOOOO 3.10000000000HODDO 160000 10 mm 00000000
ooooooooooooooooo0o PMTOOOOOOOOOOOOOOOOOODODOOOODOO
oooooTorFOOOOOOODO

0 312 HODOOO

gooo 1600 mmx 1200 mm
ddddooooooooooo BC-408
000000000 DOO00O0O00O0 100 mmx1200 mmx10 mm
ddddooooooooooo 16 0

||E.l:||j

L | 3
Sl almlalalalalalalalalalalals n
—JII-I——JI—I———IJ——I—I—IJ—-I—I-IJ—I E-

1] ) { |
- 100
5
ARRRRARARARRAARR i
=
L_
Y —&r

0310 HODOOOOOODO [22]

3.2.4 DALI2

0000000000000 DALI2 (Detector Array for Low Intensity radiation 2)[23] 000000
oooooooo0 0000000 RIODODOOOODODOOOOOAyOOOOODODOOOODODOOOOOOO
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000000000~ 0D00000O0O00ONaI (THOOOODOODOOOODOODDOODODODOOOODOODOOD
oo pPMTOOODOODODOODODOOOOOOOOODOOOOODOODOODOOOOOODOODOOODOO
goboooooooooobooo~yO0oOoOOOOO0OOCOCOOOOODOOOOOOOOOOOOODOCOOOOn
oooooooo 3.130000000000000000000000DO0O00O 4000000000000
0000 31300 DALIOOOOOOO

0 3.13 DALI200OO

d NalOOOOOODOOO oo
1-70 40 x 80 x 160 mm 66 O
8110 45 x 80 x 160 mm 66 O

12,13 0 66 x 66 x 138 mm 180

0311 DALI20000 [23]

33 000000
3.3.1 NEBULA

0000000000000 000000000000 NEBULA (NEutron detection system for O
Breakup of Unstable Nuclei with Large Acceptance)[25] 0O OUOOONEBULADOOOOODODODOOOO
NEUTOOODOOOUOOOOOOODOO0O00O0 VETOOOODOOODODOONEUTOOOO 12ecmO0000
12emO0000000O0O0O0OO0OO0ODOOOOOOOODOOOOOODDOOODOOODODOOOODOOOO
00000000000 000000o000oo0oO0O0oOVETOOOOO 32emd000 1lemOO0O00O0O00OO
000ooooooovVETOOODOODOODODODODOOO00DO0ooooooooooooooooooooooon
OO0O0VETOOOOOOOODOODODODUOOODODO0DO0D0D0O00O00O0O0000000O0ONEBULAOODOOO
0000000 3.140000NEBULATODDOOO 3.120000NEBULAO 10000 1200 VETOO
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300 x200 NEUTOOOOODO200000000000000000000036mx1.8mO0000O
0000 LK880000000000DODOODOODOO

0 3.14 NEBULAOOO

NEUT
doboobooooboonooa BC-408
J00D0O0DbOobO0oO0ooooooOg 120 mmx1800 mmx120 mm
dobooboooboboobooo 1200 (40 x300)
oooo 3600 mm x 1800 mm
VETO
dobooboobobooboo BC-408
goooooooooooooono 320 mmx 1900 mmx 10 mm
gobooboobobooboo 240 (20 x120)
oooo 3800 mmx1900 mm
neutron EEEEEEEE 009;0‘0‘0‘0000000000 GlE
U I T
neutron [SeISITSIololo 83833333333333;33?3_ : I:[
T

0 3.12 NEBULAOOOOOOOOOOOO

34 ODO00ODO0OO0OO0OOOOO

coobooooboocoobooooOooOoOoOoOoOboOoOobOOoOoOoOoOOoOoOOCO00ObOOoOOobOOOOoOoDnn
0000000000000 000O000OO0O00DOO0000DO00DODO00D0OO00OD DSBOBXxNO
BxDOOOOOODODOOOOODOOOOOOD SBTL,SBT200000000000000000O000000O
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00000000000B(Beam) O 000 ,N(Neutron) 0 000,D(DALI2) D000, HHOD)DOOOD
0000000000000

1.

2.

3.

B: SBT1,SBT20 0000000000 PMTOOO 400000000000000000000

gooo
N: 000000 NEBULAODOOOOOOOOOOOOODODOOOO PMTOOODODOODOOOOOO

gboooooooobgo
D: DALI20000000O0OOOOODOOODOOOOOOOOOOOOOOOOOO
H:HODOOOODOOODODOODODODODODODODODOO PMTOOOOOOOOOOOOOOOOOOOO

oooo

DSB:BOOODOOOOO 1/1000000000000000000O0DOOOOOODOODOOOOOO
ogooooOooooooboooooooooooioonooo

BxN: BOOUOOONEBULAOUOOOOHODOOOODOOOOODOOOOODOOOOODOOOOO
coooboooooooooobooooo

BxD:BOOUOOODALIOODOO (1/40)0HODOOOO0OOOODODOODOOOODOODOODOODO
00 0000000000000 O0CODALIDOOODODOOOOOOODDOODOOODO 40000000
ooooooo

00000 DSBO BxNO BxDO ORODOODOOOOOOOOODOOOOOOOOOOOOOOOOOO
00000 315000000000 DSBOOOOO BxNOOOOOOOOOOOOOODOOOOOOO
000000 DAYONEDD [19)0000000000000000000 20120 50 14000 50 15
000000000000

00000000000 ®Ne000000000D0O0D00O 4.47x107,3.18x10°0 *®*NeDODOODOODO
00000000000000000 800 Hz270 HzOO OO

0 3.15 DSB,BxN,BxDOO0O0O0O0O00O0000O

DSB BxN  BxD
oooo 634% 621% 76.4%
ooo 88.8% 86.8% 86.3%
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410

1 [

00000000000000000000000 BigRIPSOOOOOO0O00O0O0O000000000
0D0000000000®Ne0O0O0O0DOO0DOOODOO ®Ne000DO00O0OO0O0DOOOOOOOOOOOOOO
0000000000 HODOO FDC1200000000000000000000000%F00000
O00O000OO00OOO0ONEBULAOODOODOOOOOOOOODOOOOOOOOODOODOOOOOOOO
000000000000000000000000

41 0O0O0ODODOOOOOO
411 DOD0OO0O ZOOO

O0000000000000000 AEQO Bethe-BlochOO 4.1.1000000

dE z' 2mey2v?
T = QWNQTECQ[)EZZ,BQ {ln (32 —2p3? (4.1.1)
r00000000 =2817x 107 3em
me: 0000
N, O0OOOood
[0oooooooooood
Z',’A.00000000000
p:00000
Z:00000ooooo
v: 0000000
g=1
V= e
041100
VOE
Z x T x VAHITOF (4.1.2)

0000000000 0O00O0O0DAFED B(TOF) 00000 DODOO0OODDOOOODOOODOODODOOO
0000000 ZOo Fr7-F1300 TOFO F130O0OUOO0OOOO0OO0OO0OOOOODOOO0O AFPO0OOUOOO0OOO
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412 A/Z2000
00 A/Z00000000000A/Z000000OO0OOOOOOOOOO

A B
Z 2P « BpOTOF (4.1.3)

Z  ppy
0000000000 ¢x000000000000 BpO BPCOODODODOO X(mm)DOO 3.1.200
000000000000000TOFO000D00000N0N0N000N000N F7-F13000000

ooooon

413 00000 ®BNeO OO

000000 ZA/Z0000000000000000 42004100905<Z72<1050000X
00000000000 430041027 < A/Z<280000Y000000D00DDO0O0DA/Z
0000000000000 000000000=0.00340Z00000 ¢=015000000%Ne0dD
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(**Ne,*F) g.s 240 MeV/u 0.04 mb
(*®*Ne,®F) 1.74 MeV 240 MeV /u 0.08 mb
(*F,%°0) g.s. 240 MeV/u 0.06 mb
(*°F,*0) 3 MeV 240 MeV /u 0.1 mb
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K (p,2p)*?Ar[33)] g.s. 210 MeV /u 0.7(3) mb
3K (p,2p)"2Ar([33] 1658 keV 210 MeV /u 0.9(2) mb
K (p,2p)°?Ar([33)] 2295 keV 210 MeV /u 0.4(1) mb
('Na,*Na)[34] 252 keV 240 MeV /u 0.13(3) mb
(*Na,?Na)[34] 363+X keV 240 MeV /u 0.8(1) mb
(**Na,**Ne)[35] 0.0 MeV 221 MeV /u 1.4(7) mb
(**Na,**Ne)[35]  0.709(12) MeV 221 MeV/u 2.2(6) mb
(**Na,**Ne)[35]  2.119(19) MeV 221 MeV /u 0.72(3) mb
0A3 DO0OO0OO0DOoOoooooo
oo goooood ogooooooo oo
(*Ne(Z 7),%*Ne(0))[36] g.s. 240 MeV /u 36(7) mb
(*Ne(3 T),*®Ne*)[36] g.s. 240 MeV /u 38(7) mb
(*°C,C)[37] 0.62(9) MeV 280 MeV/u 61(5) mb
(2°C, 0 [37] 3.310 5.5 MeV 280 MeV/u 4(1) mb
(2°C,*C)[37] 2.89(10) MeV 280 MeV/u 15(3) mb
(5*Ca,”®Ca)|[38] g.s. 200 MeV/u 15.9(17) mb
(54Ca,”¥Ca)[38] 2.220(13) MeV 200 MeV/u 19.1(12) mb
(°*Ca,”®Ca)|[38] 1.738(17) MeV 200 MeV/u 1.0(3) mb
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