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Abstract

Some nuclei which locate at neutron drip line have exotic structure such a neutron halo or
skin. which have never been observed at the 3-stable region. "B is a candidate for the neutron
halo. On the other hand, it was predicted that B isotopes have Li-He cluster structure with
an increase of the neutron number. However, there are few experimental data for '°B and !"B.
I studied bound excited states of '°B and '"B using the method of in-beam + spectroscopy.
The experiment was performed using the in-flight radioactive-isotope beam separator, RIPS at
RARF in RIKEN. B and "B delivered from the RIPS were bombarded on a carbon or/and
lead targets. These targets were employed populating the bound excited states of 1°B and "B
through an inelastic scattering. The « rays emitted from excited °B and "B were detected by
thirty-six Nal(T1) scintillators, and the excitation energy of B and "B were determined to be
1.35 MeV and 1.07 MeV, respectively, at the first time. The v rays from other B isotopes were
observed through breakup reactions. The observed excitation energy of 1B (0.65 MeV) was
different from the previous experimental result (0.740 MeV).

I deduced the multiporality of the transitions to be E2 (L = 2) from the ratio of the cross
section in the case of the lead target to of the carbon target, and from the comparing between
the experimental angular distribution and calculated one using couple channel calculation code
ECIS97. In assuming the E2 (L = 2) transition, quadrupole deformation length of *B and "B
were obtained. The obtained deformation length suggest that ®B is more deformed than '7B.
And in this thesis, I compared between the observed excitation energies of 1°B and "B and the

theoretical ones.



g10

020
2.1
2.2

30
3.1
3.2
3.3

3.4
3.5

3.6

3.7

040
4.1

4.2

4.3

O

0000000 +00
0000000 .+ 0ot e
00000000000 .. . ot
221 By OO0 ..o
222 00000000 ..o

ud

OOOOOO . e e e e e e s e e s e
UO0O00O0000 ... e e e
OO0O00O0000 ... e e e
331 DO0O0OO0OO0DOO0DOOO0OO (SF2) ..o oot i e
332 0D000O0DO0OOUDOOOOOOME) ..o v it
3.3.3 PPAC(parallel plate avalanche counter) . . . ... .. ... ... .....
NOOOOO oo e e e e
OOOOOO0 .. e e e e s e e e e
351 000000000 (FDCLEFDC3) .. ..o oo
352 0000000000000 (Hodoscope) . v v v v v v oo v i o v
OOOOOO . e e e e e e s e e e e e
36.1 DO0O0O0OO0DOOUDDOOOOO (Neutron counter) . . . . oo vv v v v ..
362 0D0000DODDOOOO (Vetocounter) . ... ..o oo v v oo ..
0000000 ... e e e

oo

00000000 . ottt
411 0000000000 . .0t
412 PPACOODO . oot oo
0000000 .+ 0ot e
421 0000000000000 HodoscopeOOD ... oo oot ..
422 000000000 FDC3OO00 .. o oo
FOOOODO © oo
431 0000000 ... e
432 0000000 . .o 000 e
433 Nal(T)OOOOOOOOOOOO ... ..ot
434 00000000000 . .0t et

11
11
11
12
13

16
16
17
18
18
18
18
19
20
20
20
20
20
20
21



4.4

gs50
5.1

5.2

ged
6.1
6.2
6.3
6.4

g7od

g 8d
8.1
8.2
8.3
8.4
8.5
8.6

435 00000000 ... e
gOO00O000 ... e
441 00000000 ... s e

good

5.1.1 OO0OO0O0O000O ... e e
0.1.2 OO0 . ..o
5.1.3 0D0OO0OOD0OD0O0OOD0ODOO0OOD00O ... oo
OO0 e
021 O0OO0OO0OO0O0O ... e

oo

0000000000 ooooooogn ... oo e e e
0000000000000 .. . .0 e e e e e e e e e e
OO000O0000 . .. e e e e e e e e s s e
shell model OO0 . . . . . . . . . e e

gooooo

oo

OO0O00O00O0 ... e e e e e e e e e e e
bethe-broch OO . . . . . . . . e e
AOOOO0O0 ..o e e e e e s
OO0OO00 . .. e e e e e e s e e
OXBASHODODOODO . . . . o e e e e e e e e e e e e e e
BOOOOOOOOODOO . ...t e e e e e e e e e e e e e e e

43
43
45
45
47
48
48

49
49
50
52
53

56



1.1
1.2
1.3
14
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12

2.1
2.2
2.3
2.4
2.5

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

OO0 o 1
00000000000 000 ... e e e 2
000000000 2r00000000 .. ... e 2
N=2000000 BE2) OO ...ttt 3
BeO COOOOOOODODO ... o e e e e e e 4
O00000 .« . e e s e s 5
0000000000000 ... 0o 5
"BOOOOOOOOO ®BOOOOODO ...t 6
O000000 .. e s e e 7
BBOOOOOOOO . .. ot e 8
BOOODOOOOOOODOOOOOOOODO .. ... e e et e 9
PSDWBTO OO0 Vimormt OO« oo oo e 9
RIPS(RIKEN Projectile fragment Separator) . . . . . . ... ... ... ..... 11
HLig g00000000 . . . .. 0o e 12
00000000000 00000 .0t e e 13
ooooboiooDO~y000000 « .o ot e e e e 14
ECISOD0O000O00D00000000 . ... e e e e e 15
00000000 .. .00 e e e 17
PPAC . . . e 18
Nal(TH OO OOOOOOOO .. .o oo e e e 19
O00000 .« .0 e e e 21
O000000O0 . ..o e s e e s s 23
0000000000000 BBO0000O0 .. ... 24
PPAC-al xO0OO0O0OD0OODO0O ... .. e e 24
Hodoscope OO TOFO OO . . . . . .00 i e 26
ZOOO .o e 26
O00000 .« . e s e 27
STCO000D0OODOODOO0DOOooDooooooDgn ... ... 28
00000000000 00000 ... .00 000 oo 28
(T3 — @, 03) « o 29
0490000000 . .0 e e e e e e e e 30
BpOOODOOO Hodoscope DO TOF . . . . ... o oo oo . 30
04110000000 . . 0000 e e e s 31



4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22

5.1
5.2
5.3
5.4
9.5

6.1
6.2
6.3
6.4
6.5

8.1
8.2
8.3
8.4

0412000000 . . ..ot o e e 31
0412(00)00 413(00)00000000 . .. .o vi oo 31
OO0000 oo e e 32
0000000 . o0t 33
0000000 © . o0t e e e e 34
Nal(TH)OOOOOO00 ..ot et e 35
400000000000000000000 .« o0 oo 37
BRBOO0O00000D0D000000D00N000000000 ... ....... 39
000000000000000 . .« 0ot 41
00000004000000000000 . . .. o0t 42
12-1517"30 000000000 4000000000000 .. ... ....... 44
Nal(TH)OOOOOOO0O0000 « . oo oot 45
Nal(T)0O0OD0D0000000000000 .« .. oo v oo 46
000000000000000000 .« .« oot e e 47

Bl'BO0000000000000000000000000000000 .. 48

70 MeV/nucleon 0 "BOOOO0O0OO0O0OO0O0OO0OO0OO0OOOOOOOO0O ...... 49
ECISO7TO000000000000 . .. oottt 50
BIBOO00OO0O000 . .. .o 52
TNOSCOOODOOO0O ... .o e e 53
BUBOOOOOOO000 .. . oo e e e e 54
YOOOOODO .. e e e e e e s 59
RBOOOOO0OOOO0 . ...t 62
BBOOOOOOODOO . ..ot s 63
MBOOOOOOOODO .. . e e 64



1.1

3.1

4.1
4.2
4.3
4.4
4.5
4.6
4.7

5.1

6.1
6.2
6.3
6.4

BeOOOO EQN)DODODOD0 ...t 4
ODOO0O00D0 .. e e 16
ZOOODO . 26
OO0000D0 .. e 32
yOOOOODO0D0B00000 ...ttt e 33
00000000 GEANT3DOO0OD0OO000000000000 .« ......... 38
FDC30OO0DOO00000 « . .ottt e e e 38
ODO000000 ..o e e 40
00000000000000000000 + ...t 41
0000000000000~ 0000000 .. ... 43
DO00000000 .. e e 49
OO0 « o oo 51
BBOOOOO (J™=3/27)000 . .. .o 55
PBOOOOOOO (J™=5/27)000 ...t 55



U1 O

00o0o00o0oo0o0o0oU0o0o0oooo0DO000D (CooDo0oooUoOo)Ooooo
gooooooooooobOoOOOOO0oO0ooooDOOOO000ooOOoOooooooboDbOoOooDOoOO
goo0oOoOooooOoOoOoO pOO0000C0OO0O0OO0OOODOOOODOOOOCOOODOOOn
gooooooooooooboboooooooboooooboobbo0o0o zooooOoOo NDODO
0 (2080200---)000000D00C0OODOOODODOOOOOUODOOOOOOUOODOUOO
0000000000000 0000000O00000 (0D 1.2)000000000000000
0000000 (0 1.3) 0000000000000 00O0000C00O000UOOOO0OOn
gooobooooooooooooooooooboboooooOb0 booooboboooooOoooooo

Proton number
wQzZzOo™z Zz
o0

. stable
Be
Li . neutron rich
Hel|2
H . proton rich

Y

Neutron number

O11:000



Sp MeV

0 1.3:

ooo

n!
N odd

Z even

’\/_r/“ . iy l?ﬂ 3

Sn(N,Z) =B(NZ)-B(N-1,2Z)

N
1 L 1 1 1 1 L L 1 1 1
0 40 60 70 80 90 100 1o 120 130 140 150 160

| 33 !

2! 20 28

126

1.2:. 0000000000000 ()o0D0O0)W0DoOO0o00o000oooO0ooooUo

z

1 L L
Sn 50 . [126130/127)122] 118104 113
cd 08306 los7081
Pd 43037, |
Ru 3047036/ i
Mo 1540671077 0.78[053

|
Zr 404 | [218jos3jog2)17s ‘

Sr . Inaafios|1es
Kr 0450062/078/054] [
Se . beanseos2nsspes| }

a

Ge ltosjos3asofoss!
Zn 304 100/104108/089
Ni 285145133117 134
Fe D8s{1.44ja84050 |
cr lo7gra3joss)
Ti i 55
Ca 204 | _uﬂil.'.u 116 [135/390|
A 196216(146 114
5 ink2aka
Si 176178 2.230194]
Mg 99/137/183[147!
N. 10 4 hasli6s |?°|2m

C ii;Lnl =7 .76
Be 150[2903 37
He 24 |in|

000000000 200000000 (0D00D0) 000000000000 D0OO0



00000000000000000000000000000000000000000000
2\Mg00000000000000000000 B(E2)000000000000000000
00000000000N=200000000000000000000000 [2)(0 1.4)0
0000000000003MgOO000000000 N=2000000000000000
000000000 [3,4)0

800 -

400 L

200

(b)

B(E2:0%-2%) (e*m*)

400 -

200

0 1 | | | |
Bar Bs HMgp Byg Ne

014: N=2000000 B(E2)0D (2]0000)0#¥Mg0000000000000000
0000000000000000



00000000000 N=8000000000000000 BeOOOOODO 2t0000
000000000 0o0o000o00o0oOoOOéd0Do o0 N=8000O000OUOoOoOo
00o0000ooo00o (0 1.1) 000 N=8U0U000000UO0OO0O0ODUOOOOOOO

8Be 19Be !2Be
0000 N 4 6 8
E2]) MeV] | 3.04 337 2.10
000 6§ [fm] | - 1.80  2.00

0 1.1: BeDOOO E(2f)000D0000

2s00000000000001p000 2000000000000000000000000
0000000YBeODOOOO0DOO0O0OO0OODOO01/2H6)002Be0 10000000000
(E(17) =268 MeV) [7](0 1.5)000000000 25, 00000000000000000

N =7 N =28

3.091/2* 8.09 1°

| 0321/27; 0o 1/2” R
0 0 1i/2%: - 268 17

llBe 13C

0o o o ot
-3
12, 144

—4—

0 1.5:Be0 COODOOOOODOO ([rbOo0O0)000 1~ 000000000 ODOOOOOO
251000 1Ipyp000Doooooooooooboooooboobooboboooooon
00000000 0000D00000CO000000Be00OOOOO 25,000 1pyo00
gbooooooooooooogoon



0000000000000 00000000~000000000000000000000
OO0 %BO00000000000O0O00O0000O00000O00BOOOO  N=8-14000
000000 %8s 00000000000N0n0ooNooNo0o0oonoooo "BOo000O0
0000000000000 0000000000000000000000000000000
00000000000000000000000000000000000000000000
00000YBOOOOOOOOOOOOOOOOOOO0OOOO0O0O0O0OO000O0O0000 ®BOO
000200000000000000000000000000 (0 1.6)0YBO0ODO0OO0OO
0000000000000 000000000000000 (reduced strong absorption radius)
000 8000000000000 (9000000000000 00000000000000

016000000

e 000000000000 DOsOpO00 (1=0,1)000000000000000s000
000000000000000 I(I+1)R%/2u? (n0D0000)00000000000
000000000000000000000000

e J000D0D0UDOUOUDUDUUDOLUODDODOUODOUOD exp(—kr)/r00
000000000 k=+/2uS,/A0000000000000000O0O0OOOO0O S,
gboooobooooboboooobooon

goooooobD vyoboobooboooooooooooobobobo 200000000
gboooooboboooooboboboobobobooooboboboboboboog
gboooobooboooooog

T T T T TTTT T T T TTTT

1 4

(fm)

E

~

; @$®

ZL ]
A e v L | ]
0.1

1 N
So, (MeV) ¢

01.7: 0000000000000 (1000000)



00 YBOODODODODDODOOOD %BOOOOODODO0O0O 11)0000000000O00O0O00O0O0
0oooYBOOODOOOOYBOOOOOOOOOO p, 0p, 000 (*B)0000O pisgD
oooo

Pn, +Pp, +P1sg =0 (1.1)

0000000000000000000000000000000 ¥BOoOoOOoO "BOOOO
000000000000000000000000000 ApAz~AOO0O00O0O0O0O0O0OO
0000000000000000000000000000000000000000000
00000000000000000000 s0000000000000000000s000
00000 Sfactor '0 06940200 0000000000 s0000000000000O000OO
000000000000000 Y"BOOOOOOOO0O0OO0O0O000000000

3

S
>
5]
=
Q
E
S
=
o
i b b b s
-100 0 100
B (MeV/q

018 YBOOODOODOO ¥BOOOOOD (1J0D000)000000 2s1/501ds/, 00
0000000000000000000s000 Sfactord 0.690000000000000
000000000000000000000000

looooosOD0O00000



00 AMD (antisymmetrized molecular dynamics) 0000000000000 O0000O0OO
00BOOOOOOOODDOOOOOOOO0ODODOOOO HeO LiODOOOOODOOODODOO
00000000000 (0 1.900000000000 (120

p Pp Pn
5 IIB

-5

5|

0 . . ..

-4

-5

5 I5SB
E o] § :
= R

-5

5 "B

-5

5 1B

: ow | A
0 . ?#H -If-: n
5 0 5 -5 0 5-5 [1]

J

x(fm)
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5B+temp Piota1=5717 MeV/c
00 Pout — P [MeV/c] 000 AP (o) [MeV/c] AP/Piota [%)

Px —3.985 20.61 0.3605
Py 0.1129 14.64 0.2560
Pz 6.115 39.91 0.6982

15B+C Ptotal:5614 NIQV/C
OO0 Pout — P [MeV/c] 000 AP (o) [MeV/c] AP/Piota [%)

Px =3.770 27.09 0.4826
Py —0.07395 23.71 0.4224
Pz 3.682 39.06 0.6957

154 Pb Pyoga1=5653 MeV /c
00 Pouw — Pn [MeV/c] 000 AP (o) [MeV/c] AP/Piotar [%)

Px —7.185 45.82 0.8104
Py 0.4450 46.26 0.8182
Pz 1.106 44.87 0.7937

1"Bemp Piota1=6493 MeV /c
OO0 Pout — P [MeV/c] 000 AP (o) [MeV/c] AP/Piota [%)

Px —1.855 22.08 0.3401
Py 0.1955 15.90 0.2449
Pz 8.768 44.43 0.6842

1TB4+C Piota=6397 MeV/c
00 Pout — P [MeV/c] 000 AP (o) [MeV/c] AP/Piota [%)

Py —2.968 29.63 0.4632
P, —0.6786 23.87 0.3732
P, 26.48 45.09 0.7049

"B4Pb Pyora1=6421 MeV /c
00 Pouw —Pn [MeV/c] 000 AP (o) [MeV/c] AP/Piota [%)

Px 1.995 46.81 0.7290
Py 0.8922 45.26 0.7048
Pz 32.05 45.10 0.7024
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gboboooboooboooboobboobooboobooooooobooooOooboooDn
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O = o — oo
1 out 1 in
= tan pout — tan pin
Pout _ Pin Px X
~ ﬁ (F < 1,P™~ POt ~ Pmm) (4.9)
APy
— A, ~ —= (4.10)
Ptotal

gobooboboobooboobooboobobooboobon

C(15B,15B) C(”B,”B)
Af, (FWHM) [deg] 0.650 0.624
Ay (FWHM) [deg] 0.569 0.502
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5.1 0O0OO0OO
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0ooooR-%l"BO000000000000000000D00000D000O0000000aO
000000000000 00000000000000D00000003600 Nal(THODODO
0000000 10000000000000000000000 51000000000000
BBO00000000000D00000O0DNONDND0NDNO00y000000000000000
0000000000000 0000Y“BOOOODOO0OOO0O0OO000O000O000OO000ODOO
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nuclide  reaction  this works [MeV] previous works [MeV]
7B C(1"B,!"B) 1.07(1)
5B C(I"B,B) 1.34(1)
C(**B,B) 1.35(1)

4B C(1"B,“B) 0.652(2) 0.740(40) [37]
C(1°B,“B) 0.655(3)

12 C(1"B,2B) 0.953(4) 0.95310(60) [38]

1.66(1) 1.67352(60) [38]

C(1°B,12B) 0.957(4) 0.95310(60) [38]

1.68(2) 1.67352(60) [38]

gsl:000000b000bobby00000OOn
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