Pairing correlations and odd-even staggering
In reaction cross sections of weakly-bound nuclel
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1. Introduction: odd-even staggerings in atomic nuclei
2. Odd-even staggering of reaction cross sections (o)
3. Pairing correlation in weakly-bound nuclei and oy,
4. Staggering parameter

5. Summary



Introduction: odd-even staggering in atomic nuclel
»Isotope shifts: smaller charge radius for odd-A nuclei
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»binding energy
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Odd-even staggering of interaction cross sections

o, of unstable nuclei: often show a large odd-even staggering
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Introduction: interaction cross section

1] | something else | interaction cross section o
= cross section for the change
of Z a/o N in the incident nucleus

target nuclei

Projectile
‘ \:.1.:>
vo'e"
Target Slide: A. Ozawa

or ~ w[Rr(P) + Ri(T)]? | — R,(P)




Discovery of halo nuclel
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Odd-even staggering of interaction cross sections

o, of unstable nuclei: often show a large odd-even staggering
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Other systems
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Our motivation:

Relation between the odd-mass staggering (OES) of o,
and pairing (anti-halo) effect?

»pairing anti-halo effect »o0dd-even staggering of oy
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First experimental evidence for the anti-halo effect?



Effect of pairing on radius of a weakly-bound orbit

asymptotic behavior of a s.p. wave function for s-wave:
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For even-mass system:

Hartree-Fock-Bogoliubov (HFB) equations:
(B—A A(r) )(Uk(r)>:E (Uk(?‘)>
A(r) —h+X )\ V() "\ Va(r)

_ A(r): pair potential
Cooper palr A: chemical potential

density:  p(r) =Y [Vi(r)|?
k

Asymptotic form of V,(r) :
Vi(r) ~ exp(—pBgr) Br, = \/

2m(E, — \) 2mA
h2 ] K2

Ep~(e— N2+ A2~ A
(e, A — 0)

TL2
2mA “pairing anti-halo effect”
K. Bennaceur, J. Dobaczewski, and M. Ploszajczak, PLB496(‘00)154
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Pairing correlation in weakly-bound nuclel
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For heavier nuclei: controvertial arguments based on HFB
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\Y/[ols[s1R HFB with a Woods-Saxon mean-field potential

(ﬁ—/\ A(r) )(Um)):E <Uk<r>>
A(r) —h+X )\ V() B\ Vi(r)

~ - -0.05 MeV 2d
h=——V W ' 5/2
om” T Vf(r) 026 MeV —f— 35,
76,,Crs,
Vpair P(”“) ~ —
A(r) = 5 (1 — ) pn(T) Voair + A = 1.0 MeV
PO

pn(r) = — 3 Up(r)Vi(n)
k=n

v'\: self-consistently determined so that N=52
v'E., =50 MeV above A
vV'R,=60 fm
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Reaction cross sections

Glauber theory (optical limit approximation:OLA)
o = /d2b (1 - |eX®)2)

eX() = exp [— / drprrpp(rp)pr(rr)l(b+ sp — s7)
_ l-ia tor b
I_(b) — 47-(-6 ONN exp ( 25)

»straight-line trajectory
»adiabatic approximation

>simplified treatment for multiple scattering: (1 — z)”Y — N2



Reaction cross sections

Glauber theory (optical limit approximation:OLA)
o = /d% (1 - |eX®)2)
eX(®) = exp [—/d"“P"“TPP("“P)PT("“T)r(b + sp — sT)

e Correction to the OLA
B. Abu-Ibrahim and Y. Suzuki, PRC61(‘00)051601(R)

ix(b) = — /d’f‘p pP(TP) 1 — e_fTTPT(rTN_(b-FSp—ST)
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Systematic study: OES parameter

13 =~ [oR(A+2) ~ 20R(A+1) + or(A)]

100

22-24

30-32

74-76

30-32

_ | | !
\ °C target, 240 MeV/A
\

O (Zs,),)

Cr (3s,,,)

Ne 2p,,)

—- T Ne (1f,)

S, (MeV)

K. H. and H. Sagawa, PRC85(12)014303



1500 | | |
L ANG % 4
1400 - } .
L § § ]
= 1300 — —
= ®
vm . ¢ | -
S 1200 - " systematics
i § I | l | l I I I I
100 —_ —
1100 — ® § —1 _
® °° R0 Y LI EC R, _
- I | L g |
00022 24 26 28 30 & 60 \ o230 .
A = - 3129 |
R A
Lo40=t N 242526 .
> B N __{ 02122
20 — "N 20T ;‘S 22324 ~ T Ne|
L DL en) 12" J;_
0 1 Tt~ .+T 32
1 e ‘:|i J_
220 L | | | .
0 1 2 3 4 5 6 7
Sn (MeV)

K. H. and H. Sagawa, PRC85(12)014303



(mb)

g

ot ettt
1300 f  ()O ’)@

1200

1100

1000

900 |

) S ——
4 6 8 10 12 14 16 18

2223240 + 12C @ 950 MeV/A

-2.62 MeV 251/
-3.57 MeV 1d.,
240
| | 1 | I [ |
2MH e --- E =240 MeV/nucleon
O+C _
150 - — E=1000 MeV/nucleon

A (Ozawaetal.

S (F0) (MeV)



0y (mb)

1400

1300

1200

1100

1000

900 L
15 16 17 18 19 20 21 22 23

New data

Mass Number (A)

R. Kanungo et al.,
PRC84(“11)061304(R)

24 25

150 -

Mo+ --- E =240 MeV/nucleon
— E=1000 MeV/nucleon

Ozawa et al.
e Kanungo et al.

S (P0) (MeV)

K.H. and H. Sagawa,
arXiv:1202.2725 [nucl-th]




1.5

Summary
» Analyses of o, with HFB + Glauber

1.4

weakly-bound even-even nuclei:

v'the pairing correlation persists
even at the drip

v'suppression of the radius due to

G, (b)

Ne + °C (240 MeV/A)

e Expt.
—a €. (2p,,) =-0.32 MeV

—— 8“,8(2])3;.2) =-1.49 MeV |

the pairing correlation (I =0,1) 12

mm=) reduction of oy

!

Odd-even staggering of oy
»Odd-even staggering parameter

30 31 32

a good tool to investigate the pairing correlation

In weakly bound nuclei

»Work in progress: deformation effects




Deformation of 31Ne
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