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Entering the world of exotic nuclei

http://www.eurisol.org/usergroup/
e Exotic nuclei can be found in
the crust of neutron’s stars.

7 - e |s there a life behind the
¢ EURISOL /ser Group Lo
dripline?

Going to the limits of mass, temperature,
spin and isospin with heavy Radioactive lon Beams

e Extend our understanding of the
nuclear force.

e Check the limits of validity of
structure models.

Physics of the proton rich side

‘of the nuclear chart

e In practice AFA my talk is
concerned: try do do
spectroscopy in extreme
conditions.

Reaction talks to follow in this session
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Ouverture

The role of Reaction Theory

We have at present very sophisticated structure models and extremely
complex experiments with relatively "simple” interpretations for the data.

"Ab initio” models have started to bridge the gap between structure and
reaction theory (see Eurisol Lisbon Meeting report on " Physics of Light Exotic Nuclei").

In this panorama, which is the rdle of Reaction Theory and how simple
and/or " complicated” does it need to be?

e Understanding the reaction mechanisms.

e Search for the best observable to be measured (in view of the reduced
intensity of RB).

e Accuracy of methods and numerical implementations.
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Plan of the Presentation

Ouverture
Early experiments

Direct reactions to study exotic nuclei
TC (inclusive breakup) vs. transfer to bound states

Connecting reaction with structure. Ex: reduction of spectr. fact.
AS =|S, — Sp| =~ 10 — 20MeV

® 6 06060

Formalism
TC
Kinematics
Eikonal

Another reason

Elastic scattering of a weakly bound nucleus
Elastic scattering: experiments

Recent results

©0 Q0

Conclusions
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Early experiments: halo nuclei

|. Tanihata et al., Phys. Lett. B 160, 380 (1985)
of = T[R((P) + R (D2

-+ H

S

Kox et al. (1987)

2 Il 1
15
5 1%

Fig. 2.1 Interaction cross sections of light nuclei
determined by 800A MeV reactions.
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Early eikonal model

M. S. Hussein & K.W. Mc Voy, NPA445 124(1985)

I. Tanihata, Prog. Part. Nucl. Phys. 35, 505 (1995)

oo
These equations provide a or = / db(1 — |S(b)?)
simple way to compare the 0
reaction cross sections at = O+ O0nt
different energies. However, decoupling of core and halo,
since they are purely empirical
formula, one should be careful Pp = PctPn
when applying them to an where
exotic nucleus because of a Ont = / = dblsct\szup
possible difference in the _ 7o
surface diffuseness as well as i
any proton-neutron density \S(b)|2 — e lonn [dspp([b=s])pt(s)]
difference. When one measures _ e—lomn Jdspcod y—lomn [ dspnpel
OR using a B-unstable nucleus,
only rg is expected to change. [Spel? m e=mn [ dsonpt g _ U”n/dspnpr ~1- Py,

1S()* = [Sct | [Snt|* = [Sct]* = ISct|* P,
®
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DI MY R LR AT RO ISl TC (inclusive breakup) vs. transfer to bound states

Transfer: to bound states vs to continuum states (inclusive

reaction)

Kinematics and phase space ++
Single particle state properties (shell model)

Transfer to the continuum

before collision after

T+1

k,-k=k,
€ -g=mv?/2
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DI MY R LR AT RO ISl TC (inclusive breakup) vs. transfer to bound states

Removal of a deeply bound n/p while the weakly bound p/n is un-touched x

Knock out from a deeply bound state

X‘ 140 30
e Core ® s
A | L
b, v ©
O,
before T after
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UC (clisive reetup) vs desy @ o seies
Sketch of coordinates
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TC (inclusive breakup) vs. transfer to bound states
A consistent formalism for normal and exotic nuclei

The core-target movement is treated in a semiclassical way, but
neutron-target and/or neutron-core in a full QM treatment.
H. Hasan and D.M. Brink, J Phys G4, 1573 (1978); AB and DM Brink, PRC38, 1776 (1988), PRC43, 299 (1991), PRC44, 1559

(1991). R. A. Broglia and A. Winther, Heavy lon Reactions (Addison-Wesley, 1091). (X)

do dP_(be)
= 5/ e 20 Pa(be)

§ —ef ke Py also ANC = C?SCP

Use of the simple parametrization Pet(bc) = |Sct|? = — In2exp|(Rs —bc)/a])

P™

18,12

Rs ~ 1.4(AL % + AY?)fm

'strong absorption radius’.
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Connecting reaction with structure. Ex: reduction of spectr. fact.

Absolute cross sections

Ratios

U:fd‘é—’g

Uexp/ 0 Theo

have been used to validate spectroscopic factors C2S (=2j+1, in the IPM ) for
single particle orbitals from shell model or "ab initio” calculations, when
available. This is similar to what has traditionally been done for transfer.

However in transfer the core-target interaction is treated almost exactly
thanks to optical potentials fitted to the elastic scattering.

C. Barbieri PRL103, 202502 (2009)

The reactions for transfer of a nucleon to or from the
initial state | ¥§) depend on the overlap wave function [8,9]

YA () = (UAE gD ) [, m

where a can label either particle or hole states. SFs are
identified with the normalization integral of #4*!(r) and
give a “measure” of what fraction of the final wave
function, |[WA=!), can be factorized into a (correlated)
core plus an independent particle or hole. Strong deviations
from the independent particle model (IPM)—that is, a
Slater determinant with fully occupied orbits—signal sub-
stantial correlations and imply the onset of nontrivial

many-body dynamics. For stable nuclei, a large body of
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= Oaxp /oy,

RS

A. Gade et al, PRL. 93 042501 (2004); PRC 77, 044306 (2008)
I e o B e e o o B m

1.0

0.8

0.6

0.4

0.2

T T T T T T T

Spectroscopic strength
Ol Theory (Eikonal +USD SM)

A, Gade, B. A. Brown and J. A. Tostevin (May 9, 2007) |

)

® R, p-knookout: AS=S,-S,
® R_n-knockout: AS=S -S|

Connecting reaction with structure. Ex: reduction of spectr. fact.

[N S EE N TN S

SF(JLM+HF) /SF(LB—SM)

TN TS TS N NI Bt

AS=1S,-S

p |

(MeV)

AS =[S, — Sp| ~ 10 — 20MeV

J. Lee et al, PRC 83, 014606 (2011).

1.2

1.0

0.6

0.4r

0.2[

0.0

r 4
o8f [
1

ArT
34 Ar
1

JLM-HF

n—transfer

Sn

140

23.1
S, 46

1.5

15C
1.2
2256 21.08
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——cuy s U

A possible (partial) reason: Transfer to the continuum vs
eikonal ® *

First order time dependent perturbation theory amplitude:

Aq = Ilh/_z dt < o7 (r)|V(r)|di(r — R(t)) > e~ "wt=mvz/m) (1)

w=¢;—ef + smv? R(t) = bc + vt
dP_,(b.) 1 m 1 2
1 R ey
der 873 12ks 21 + 1 m|Ad|
47 . c z
~ QT (LS 1= 157

This general QM formalism allows for transfer to sp resonances in the target via the optical model S-matrix and contains the

Trojan Horse method

.7::(1—|—F/’/'.’J',J".)B/7/i B :i L C2L
o ' Il = an | mv2 il 2nb,
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Kinematics

From Eq.1 by the change of variables dtdxdydz — dxdydzdz’'

; e 5T .
e—iwt=mvz/h) _, o—ikiz' gikoz neytron energies to neutron parallel momenta

with respect to core

. Ef—s,-—%mvz_

ki = ;
! hv
to target

EF —Ej + %mvz
kp = ———7F———;
hv

to core parallel momentum

Py = B2 = M2 = \[(T, + M) — M2
= J(Totei—er)? +2M (T, + 2 — ), (2)

breakup threshold at e, =0
F Kok
Reazioni dirette con fasci radioattiviPhys. Scr Cortona2013 14 / 26




Eikonal limit

Small neutron scattering angles
M1, = Py (Xi) Pi (Xe); Py (X¢) = lo(2nby)
large n-t angular momenta
47 } e
7221}(2_],: + 1) — / db,
2kz 0

both conditions might not be well satisfied for stripping of deeply bound nucleons unless

the core-target scattering is very peripheral. Verify core angular distributions.

P-n(be) =[5~ dbu[|1 = 5(by)P + 1 [5(b,))]&i(Iby — bl k1)|>

Notice ki — —oo not strictly necessary.
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Wave functions

Final continuum state:

6¢(1) = Ceg(H (k) = 834 (k0)) Vi (),

le
S/f(Ef) is an Optica| model n-t (n-core in fragmentation reactions) S-matrix.

or using the potential V = Vyt + Vg sum of the neutron-target optical and Coulomb potentials, a distorted wave of the

eikonal-type
br(r, k) = exp {ik - 1 + ixeik(r, 1)} ©)

the eikonal phase shift is simply
1 oo ’ ’
xeik(r. ) = 5 [T V(e R@)er. *)
t
Divergence in first order Coulomb eikonal is regularized replacing with first order time dependent perturbation theory.
J. Margueron, AB, DM Brink, NPA720 (2003) 337.
Initial state:

6i(r) = — Gy b (i) Vi my (Q).

L. Lo Monaco and DM Brink JPG11, 935, 1985; A. Mukhamedzhanov PRC 84, 044616, 2011; |. Thomposon talk at DREB2012

(Pisa).
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Origin of kinematical cut-off and deformation effects pPrceo(1999) 054604, PRC44(1991) 1559

(+)
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7. Calculated total spectrum of the reaction
’“‘Pb("’Nc,“Ne)""l’b at E, =40 McV/nucleon. The solid
curve is for the 25, initial state, the dashed curve is for the
1p12 initial state, while the dotted curve is for the 1ds, initial
state.

k)

o
K, (m™)

FIG. 11. Initial-state momentum distributions in *Ne ac-
cording to Eq. (2.3a). The solid curve is for the 25y, state, the
dashed curve is the for 1p,,, while the dotted curve is for the
1ds/, state.
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FIG. 8. Calculated total spectrum of the reaction

20%pb(°Ne,'"Ne)*Pb for the 25, , initial state. The solid curve
is at Ej,.=25 MeV/nucleon, the dashed curve is at E;,. =30
MeV/nucleon, and the dotted curve is at E_ =40
MeV/nucleon.
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Example of kinematical cut-off effects Ag and GF Bertsch, PRC63(2001) 044604; F. Flavigny et al., PRL

108, 252501 (2012).

=
s ] H]
2
> ]
H s
- 3
o 1 =
T
w

0 — aler
20 25 30 35 40 45 50 55 60 0 1o 20
Spucieon (MEV)

Beam Energy (MeVinucleon)

FIG. 3: (Color online) Nucleon-removal experiments from the

FIG. 1. Ratio of phase space integrals with and without momen-yjy e [7, 22, 34] plotted as a function of the energy per
tum cutoffs, for a d-wave neutron wave function. The effect of the nucleon of the projectile and the separation energy of the
cutoff is to include less than 90%, between 90% and 95%, and more removed nucleon. The lines correspond to cutoffs appearing

than 95% of the initial momentum distribution as marked on the at §p = 100 and 150 MeV /c with respect to the center of the
figure. SE distribution. Data from the present experiment are in red.
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Example of kinematical cut-off effects Ag and GF Bertsch, PRC63(2001) 044604; F. Flavigny et al., PRL

108, 252501 (2012).

2" (wep)

O b-guocyong
0 u-yuocyony

S, (McV)

o

150~

1
=]
=]

" N i
20 25 30 35 40 45 50 55 60
Beam Energy (MeV/nucleon)

™ (weawncieou)

FIG. 3: (Color online) \mlwnqemu\al o\pcrlmcnh from the

FIG. 1. Ratio of phase space inteerals with and without momen- - tm a0 _na 1.
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Eitenel
Example of kinematical deformation effects

F. Flavigny, A. Obertelli, AB et al., PRL 108, 252501 (2012). >

©

"o (1p) E'}

doidp, (mb*(20 MeVic)]

30
1 dio
3 !
g I
95 i ; Jos
B —“fﬂ' \
3 / . 'y
IEA . Al VI PP
5400 5600 3600 3800 4000 4200
p, (MeVic) p, (MeVic)
J Enders et al. PHYSICAL REVIEW C 65 034318
(#si,¥si) (A ATJMPD Em41MeY/nucleon
03 03 .09
- 3/2" a2t a5/ 4000]
z
3
3000
32 0.0 .
3 H
2 H
3 © 2000
g 0.03 el breayup
3 - e
3
e 2z 2s e N e T 1 o
Parallel Momentum (Gev/c) ° ° - “
E. (o)
AB et al;, PRC49(1994)
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Another reason

Another possible reason? (R. Kumar (eikonal) and G. Salvioni (TC) MSc thesis in

progress)

o= CZS/ dbeP_n(be)(1 — P_p(be))Pet(be)
0
e P~ 1-P_,(b)
dpp from phase shift, AB, F. Carstoiu, NPA706, (2002)

v S
(be)? = e 4916e) = =48] (be) ;=457 (b0) _ |5 (b )[2e™ P—pltc)

[Sn
with 1
51(6c) = = —— [ deWy (e, 2) + Ws(be, 2)
2 "+o0 2 hv
455 (b0) = — [ [ Ws(bc,z)dz] o (e G5

typically 10% reduction in the cross sections.
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Elastic scattering of a weakly bound nucleus Elastic scattering: experiments

Elastic scattering

A. Di Pietro et al., PRL 105 (2010) 22701

see also PRC67, 044602; NPA803 (2008) 30; PRC85 (2012) 054607; PRC77, 054606; NPA840 (2010)19.

1.5 1.E+0
21E-1
w -9
1 g2
=
b 1.E-3
~ 50 100
b 0, (degy
0.5
0

0 50

100

Ocm(deg)
TABLE I: W-S Optical potentials obtained from the fit of the experimental data. The real potential radius parameter is ro=1.1
fm and the imaginary one is r;=1.2 fm, where Ro i «i=To,i si (A:,”+A,U3). The Coulomb radius parameter is re=1.25 fm.
Reaction  V(MeV) a(fm) Vi(MeV) ai(fm) Vg(MeV) rg(fm)  aq(fm)  Jy(MeV fm®)

"Be+"Zn 126 0.6 17.3 0.75 295

'"Be+'Zn 86.2 0.7 43.4 0.7 193

" Be+'Zn 86.2 0.7 43.4 0.7 0.151 3.5 193
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Recent results

Absolute cross sections, F. Flavigny, A. Obertelli, AB et al., PRL 108, 252501

(2012)

Oexp/OEik = 0.25

Texp/0TC = 0.41

TABLE 1. Summary of one-nucleon knockout results from 0 at 53 MeV /nucleon and 16C at 75 MeV/nucleon. We show inclusive
cross sections ogg from the sudden and eikonal approach and oy from the transfer to the continuum approach and the measured
(@xp) cross sections. Spectroscopic factors C2S are calculated with the WBT interaction in the psd valence space [18].

Beam Res. E (MeV) J7 Texp (M) s g (mb) e (mb)
40 BN 0.0 1/2- 58(4) 155 55 not applicable
140 Bo 00 3/2” 14(1) 3.15 54 34
16C 5B 00 3/2 18(2) 295 50 not applicable
133 5/27) 1.3(2)
273 (7/27) 0.8(1) o -
l6c 5¢ 00 1/2+ 36(5) 0.89 60 59
0.74 5/2+ 46(6) 0.90 30 31
total 81(7) 90 90
Reazioni dirette con fasci radioattiviPhys. Scr Cortona2013
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Recent results

Transfer of a deeply bound n/p while the weakly bound p/n is un-touched

F. Flavigny et al. Self consistent Green function (SCGF) form factors (c. Barbieri)

L B B B
~ L @WS+SM  m ogam |
) 14 3 18,

& L O(d, He) 0 7O data
=~ 08 0 ®Odata |
PRL 110, 122503 (2013) PHYSICAL RE & L i
3 06 i |
@~ <‘o0> ®  <Mofns H L @ B 4 o]

~ 03r C /- o 14,

3 —ws i — ws o 04 o(d, 1)
f 02 ——scaF [f —— SCGF 0,2 i T |
© o1 r (b) SCGF 1

00 Loty ) AT < 1? ]
-2 F —_ = ¥

g . E 3 = 0,8 |
£ o 3 g [ @ ]
= E >
b : L ENA ‘ L4 & 06 % _

0 2 4 6 0 2 4 6 8 " [ 1
r (fm) r (fm) o« 04 -
FIG. 3 (color online). Radial dependence of (a), (b) the OFs for 0.2 L
'WS and microscopic (SCGF) [30] form factors normalized to 1; 20 -10 Y 10 20
(¢), (d) the OF difference & (SCGF — WS). AS=¢(S,-S,) (MeV)
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Recent results

neutron & proton — transfer vs breakup

TABLE 1. The normalization CZSu for two OFs, phenomenological (WS) and microscopic (SCGF) [30]. For the WS OF, the
ro values were chosen to reproduce RILEP, except for 90 for which Ry, was taken from (e, ¢’ p) data (see text). The SFs C2S, are
obtained from shell-model calculations with the WBT interaction. In the second part, the analysis was performed with microscopic
OFs and SFs. The two errors for CQSCKP and R; are the experimental and analysis errors.

REEE  py C Sep CSp R, CSep Sy R,

Reaction E* MeV) J7 [(fm) (fm) (WS)  Op+2hw  (WS) (SCGF)  (SCGF)  (SCGF)
40 d, n Po 000  3/27 |269 140 1.69(17)(20) 315  0.54(5)6) 1.89(19)22) 317 0.60(6)(7)
40 (d, He) N 000 1/27 1303 123 1.14(16)(15) 1.55  0.73(10)(10) | 1.58(22)(2) 158 1.00(14)(1)

350 3/27|277 112 0.94019)(7) 190 049(10)(4) | 1.00(20)(1) 190 0.53(10)(1)
150 (d, 1) %0 000  1/27 |291 146 0919)@8) 154 059%6)5) | 0.96(10)(7) 173 055(6)(4)
10 (d, *He) SN [19.201 000  1/27 |295 146 093(9)©) 154 0.60(6)(6) 1.25(12)(5) 174 072N3)

632 3/27 | 280 131 183(18)(24) 307  0.60(6)8) [ 224(22)(10) 345  0.65(6)(3)
80 (d, *He) "N [21] 0.00 1/27 1291 146 092(9)(12) 1.58 0.58(6)(10)

TABLE ©: Summary of one-nucleon knockout results from *O at 53 MeV/nucleon. The calculated inclusive cross sections
orc from the transfer-to-the-continuum approach are shown and compared to the measured (0..p) cross sections. Theoretical
spectroscopic factors C2S are calculated with the WBT interaction [? |. Reduction factors are indicated and defined as R; in
order to distinguish from the strong absorption radius notation (R.).

Res. E J= Cerp c?s Oap 0up(n0y) orc orc(nop)
(MeV) (mb) (mb) (mb) (mb) (mb)
13N 0.0 1/2- 58(4) 1.83 34.18 53 0.01
30 0.0 3/2- 14(1) 3.15 10.94 8.6 34.47 27.1 0.52
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.

e Dynamics reasonably well understood.
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.

e Dynamics reasonably well understood.

e Roéle of structure clarified.
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.

e Dynamics reasonably well understood.
e Role of structure clarified.

e Transfer and knockout seem to give consistent results after all and
reduction factors of spectroscopic factors are within known limits
from (e,e’) on normal nuclei.
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.

e Dynamics reasonably well understood.
e Role of structure clarified.

e Transfer and knockout seem to give consistent results after all and
reduction factors of spectroscopic factors are within known limits
from (e,e’) on normal nuclei.

e Re-writing Nuclear Physics textbooks: 30 years with RIBs.
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Conclusions

e "Good" observables from breakup reactions identified: core parallel
momentum distributions and absolute cross sections.

e Dynamics reasonably well understood.
e Role of structure clarified.

e Transfer and knockout seem to give consistent results after all and
reduction factors of spectroscopic factors are within known limits
from (e,e’) on normal nuclei.

e Re-writing Nuclear Physics textbooks: 30 years with RIBs.

® This talk is in memory of Nicole Vinh Mau with whom | started to work on exotic nuclei and from whom | learned a lot

about physics, life and the joys of both.
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