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Introduction and Outline

This talk will be devoted to two particle transfer reactions as the specific
probe to study pairing correlations. Emphasis will be made in the
connection between structure aspects and the resulting two particle
transfer cross sections.

Outline:

@ Reaction mechanism : two particle transfer in second order DWBA

@ ASn(p, t)A~2Sn reactions: transition between pairing vibrational
(closed shell) to pairing rotational (superfluid) regimes in the tin
isotopic chain.
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Two nucleon transfer reactions

@ Two valence nucleons go from core b of nucleus a to core A of
nucleus B

@ Probing two particle correlations.

@ Investigating structure properties such as pairing and superfluidity in
a finite fermion system (the atomic nucleus).

@ Get absolute values as well as the angular distribution for the cross
sections in second order DWBA.

A(a, b)B
Examples:

112G (p,t)110Sn
TH(MLOLI)®H
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First Part

Reaction mechanism:

second order DWBA




Elements of the calculation

V,(A, ), Vg(A, ) internal wave functions of the transferred nucleons
in each nucleus

X(R): distorted wave describing the relative motion in the optical
2
potential U(R) = V(R) + iW(R) (2”—5 + U(R)) X(R) = Ecux(R)

. _I_Lp”[ﬂ z) Wp(F, )

- -O IO Va,V,: mean field
\ i Wi
, //////% ] Eﬁzleenit als of the two

| IV
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Simultaneous and Successive contributions
00~ O d
o O O = O A+a —» f+F —m» b+B

|ev) successive

) = ¢a(Ep, 11, 12) X

Pa(§a)xan(ran)
18) = ¢6(Ep)PB(EA, 11, 12) ¥
Correlation lenght of Cooper pair = 30fm
xbB(rs8)
Ha¢a = a¢a
Hada = Eada
(TaA + UaA)XaA = EiaXaa
Hppb = Epop
Heos = Egos

(Toe + Ubs)XxbB = EbBXbB-
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Non-zero overlap
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Simultaneous and Successive contributions

O o]
o = O O A+a —» f+F —m» b+B

|ev) successive

) = ¢a(Ep, 11, 12) X

¢A(§A)XaA(raA)
183) = ¢6(Ep)PB(EAs T1,12) X
Corfelation lenght of Cooper pair = 30fm
x68(rb)
Ha¢a = a¢a
Haga = Eada
(TaA + UaA)XaA = EsaXan
— Because of the large correlation lengt|
Hbgbb Eb¢b of the Cowper pair, pairing correlations are mfaintained
HB¢B = EB¢B during the whole process

(Toe + Ubs)XxbB = EbBXbB-
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Two particle transfer in second order DWBA

Some details of the calculation of the differential cross section for
two—nucleon transfer reactions

3 A f Fo b B
Q,
VO-00-00r
: ) 3 A+a —»f+F —m b+B
& 17 %)

| > Y / successive
2 ..
TonT = Z ( j, jf) + Tsucc(,/n./f) TI(\IO)(./H-/f)>
./f./l

E_ ,u‘llu‘f ’ |2
dQ — (4rh2)2 k' 2NT

Simultaneous transfer

TS (i jr) —QZ/drderbldrAz[W”(rAl o1)W (1, 02)]5* XbB “(rpB)

0102

X (P )W (o1, 01)W (£, 02) IS (o)
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Two particle transfer in second order DWBA

Some details of the calculation of the differential cross section for
two—nucleon transfer reactions

3 A f Fo b B
Q,
VO-00-00r
: ) 3 A+a —»f+F —m b+B
& 17 %)

| > Y / successive
Tont = Z ( Uir JF) + TS(UC)'C(JHJf) T/(\I2O)(J”Jf)>
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Non-orthogonality term

Thg Ui de) = 2 S / drgedrpy drao [V (rar, o1) W (raz, 02)18"

K,M o102
0103
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X (W (¥, o)W (K, o) IR ()
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Cancellation of simultaneous and non-orthogona

contributions
very schematically, the first order (simultaneous) contribution is
T = (B|V]a),

while the second order contribution can be separated in a successive and a
non-orthogonality term

7O = TE + T3
-E:xﬂVh VIa) =D (B IV]a).
Y

If we sum over a complete basis of intermediate states =y, we can apply the

(2)

closure condition and T, exactly cancels T

the transition potential being single particle, two-nucleon transfer is a
second order process.
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Ingredients of the calculation

Structure input for, e.g., the 1¥2Sn(p,t)!1%Sn reaction:

—real part
—imaginary part

single particle wave functions

04 ~_ .
optical potential o/~ \X\/—
25
o

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 hd 05
r

(fm)

E (MeV)

proton—neutron potential

0 1 2 3 45 6 7 8 9 1011 12 13 14 15
r

(fm)

plus the B; spectroscopic amplitudes needed to define the two—neutron

wavefunction:

¢(r17017r2a02) = Z Bj [W(rlaal)ﬂ)j('?aaa)]g
J
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“Standard procedure”: first order DWBA

10

3
10° -
2
10°F

10t

128n(p,t)110Sn reaction, Ep, = 26 MeV
(Guazzoni et al. PRC 74 054605 (2006))
with first order DWBA one obtains the
angular distribution of the angular
differential cross section

doldQ (ubir)

L L L L L
0 20 40 60
Bc.m. (deg)
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with first order DWBA one obtains the
angular distribution of the angular

) differential cross section

absolute normalization = relative cross
sections

10t

doldQ (ubir)

Give up absolute cross sections!! J

L L L L L
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Early results with second order DWBA

prior -post - representation

E gy~ 70MeV

0 60 90

SECTION mb/sr

CROSS

3

3

\/ \
WHS0 [
7N V
/AN

i \ =

| \ \
famen e
[ W

P R Fe—— )

0

1000

do/dQ (pb/sr)

T T T T
E (180 qp )= 86 MeV

32
3278
3

(c)

10 20 30 40 5 60 70 80

60

100

Gotz, Ichimura, Broglia and Winther, Phys. Rep. 16 (1975)

Igarashi, Kubo and Yagi, Phys. Rep. 199(1991)1

Bayman and Chen, PRC 26 (1982)1509, respectively
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Examples of calculations

10 10f

L 5
HOL L2 gs) TH("ILiLi(1/272.69 MeV))°H
£ =33MeV

o T! ‘ﬁa E,,,=33MeV
I o
i-_* l’ K
% 0 & aa‘)c'.:m 20 10 160 1 ‘ 50 UCA;nu 150

do/de (mbisr)
do/de2 (mbisr)

good results obtained for halo nuclei,
population of excited states,

228n(p,t)'2%Sn, E,=26MeV

"128n(p,Y)"'°8n, E,,,=26 MeV

: superfluid nuclei,
normal nuclei (pairing vibrations),
heavy ion reactions...

oo w w @ % @ » Potel et al., arXiv:0906.4298.

2081160, 180)208p,

2% (t,p)2%Pb, E =12 MeV

6o/ (mbisr)
00/dQ (1 bisr)

20 40 60 80 100 120 140 160
Ocu
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From pairing vibrations

to pairing rotations:

Tin isotopic chain




11251 (p,t)!1%Sn, reaction mechanism

LT SO A I e /
2ds,
3541,
2ds), |- @ { o
197 .\
112G Vnp 118n Vnp 110G
______ ‘G
°p d
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11251 (p,t)10Sn, results

10* ® experiment
)2 configuration

—pure (d5/2
——Shell Model
—BCS

enhancement factor with
respect to the transfer of
uncorrelated neutrons:

e =20.6

do/dQ (u bisr)
=
o

sn(p,n*t'%n, E, =26 MeV

10 20 30 40 50 60 70
eCM
Experimental data and shell model wavefunction from Guazzoni et al.

PRC 74 054605 (2006)
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Pairing correlations and two—particle transfer cross sections

two—particle transfer transition strength: [(W4_o|P|W4)|?
In superfluid nuclei (open shell):

(Wa_o|P|Wa) ~ (BCS|P|BCS) = ag = Y U, Vi, = A/G
v>0

do/dQ(A,g.s — A+2,g.5.) ~ a}

In normal nuclei (closed shell), A = ag = 0:

do/dQ ~ (o — ag)?) = [(Wa|PTPIWA) — (Wa|PPT|W,) | /2
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n(p,t)"~2Sn, results

"28n(p,)"18n, E,,=26MeV

"8sn(p.y''sn, E,,=26MeV

10
10 20 30_40 50 60 70 70 20 30 _40 50 60 7
oM om
118, 116, 10
Sn(p.y)''%n, E,,=24.6MeV 2%8n(p.y)'*®sn, E, =21MeV
10*
5 %
2 3
= 210
2 .
10 ]
g kS
B °
S ©
10° 10 .

.
10 20 30 _40 50 60 7
M

20 30 40 50 60 7

10

‘oM

1228n(p)'2°8n, E,,,=26MeV

do/dQ (u b/sr),

0

"24n(p.)'*sn, E,_ =25 MeV

20 40 60 8
Ocu
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Comparison with the experimental
data available so far for superfluid tin
isotopes

Potel et al., PRL 107, 092501 (2011)
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B(Pad/rm0) (fm°)

oto, October 24th, 2011
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luid isotopic chain

3500
Integrated cross section for tin isotopes
3000 1
25001 4
=
3 20000 1
5]
1500+ o —> experimental result q
@ —> theoretical prediction
10001 1
50004 108 112 116 120 124 128
A 6
DDDl-bare’ o DDDl-bare’ ¢
(a) mx © 51 () mix  ©
volume volume ~ x
~ 4
ground state B
Q
s 3
o |
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oRRR5ER N v\&& .
D&x;{\x % \{Q'?NX
120 130 140 150 120 130 1/40 150

Shimoyama and Matsuo, nucl-th/1106.1715




13,1325 (p,t)132:139Sn pairing vibrations

g.s.(130)®g.s.(134)

6.6 Mev — _Ear20MeV
6 1 [ \ Q ‘
* \'\/\
! =iz
4 ", r‘f;; 3 1325n(p,t)1305n and 134Sn(p,t)1325n
40 8 . .
3 FECEUR (I) \ Ocm reactions can probe the predicted
) e (134) - . . . .
2 | Eac26MeVt 19-54134) pairing vibrations of the exotic
| v double magic nucleus 1325
el \ ! gic nucleus n
1g1 ‘ ;182
£ \gs.(132). Sn Potel et al., PRL 107, 092501 (2011)
0 1 0 40 B0 \e—
o(g.5.(134) Tpr-(liﬂ)) . ,B(132) - B(130) = 12.6 MeV
o(g.5.(134) — gs(132))  B(134) - B(132) = 5.9 MeV
80 82 84
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0SS sections

do/dQ (p b/sr)
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Conclusions

@ Second order DWBA has proven to be a valuable reaction formalism
to obtain reliable absolute values,along with angular distributions, for
the two particle transfer nuclear reactions angular differential cross
sections.

@ Two nucleon transfer reactions are an ideal tool to probe two
neutrons correlations in nuclei.

@ We have studied the transition between pairing vibrational (closed
shell) to pairing rotational (superfluid) regimes in the tin isotopic
chain.

@ We hope that the predictions made for reactions with exotic beams
such as 132Sn(p,t)130Sn will stimulate future experiments!.
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Thank You!
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