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R TRIUMF

Electromagnetic (EM) Reactions

Small coupling constant @ << 1 m=p Perturbative treatment

“With the electro-magnetic probe, we can
Immediately relate the cross section to the
transition matrix element of the current operator,
thus to the structure of the target itself ”

[De Forest-Walecka, Ann. Phys. 1966]

) Photo-absorption reactions

‘ Coulomb excitation reactions
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EM Reactions: Photo-absorption

Interaction of a (real, low-energy) AW\ € & ANV
photon with a nucleus.

Giant Dipole Resonance (GDR)

 Observed across all the s
periodic table

* The peak is localized
between 10-30MeV,
the position changes
with the mass number

Continuum
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EM Reactions: Coulomb excitation

Inelastic scattering between two
charged particles (exchange of a
virtual photon).

nb)

" A. Leistenschneider et ]

Pigmy Dipole Resonance (PDR)

o (1

& | al,Phys. Rev. Lett. 86, |
_ o - 5442 (2001) N
« Unstable nuclei can be 0 ]
used as projectiles Lty
* Neutron-rich nuclei o
show fragmented low-

lying strength | |
(soft modes) g o
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From the Resonances to the Polarizability

It is obtained from the dipole strength R(w) as an inverse weighted
sum-rule (via photo-absorption, Compton scattering, (p,p’) reactions,
Coulomb excitation, elastic scattering below Coulomb batrrier, ...)

Interesting facts:

- Correlated to the neutron skin-radius

- Can be used to constraint the some of E D =agkE
the parameters appearing in the EOS
of neutron stars R(w)

- No ab-initio description for medium- ag = 2af dwT
mass nuclei (until now!)

Extremely interesting in neutron-rich nuclei: the soft modes at
low energy enhance the electric dipole polarizability
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Theoretical Approach

Current situation on the theoretical description:

* Non-ab-initio: via macroscopic models or mean field based methods
* Ab-initio: described via exact computations for light nuclei using the LIT+EIHH

method (upto A = 7)

No ab-initio description of the GDR for A > 7
— need of a new approach for larger nuclei

What ingredients and tools do we need?

« Continuum problem — LIT
« Many-body technique — CC

* Nuclear interactions — ChPT
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LIT Method

The response function R(w) is the key quantity

oy (w) = 4n*awR(w)

o | - R = LS00 - B - w)

ag = ZafdwT

» Final states problem is tackled with the Lorentz Integral Transform (LIT) method

R(w)
(wg — w)? + T2

1 where |(H — E; + o)[§) = 6]i)] and |g = —wqy — il’

L(0) = —Gil6™ (H — E, + 0") " (H — E + 0)726]i) = (f|ip) < o

I
L((,Uo, F) = Ef d(l)

 The exact final state interaction is Inversion

included in the continuum rigorously!  L(0) =—= R(w) 5
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CC Theory

« Continuum problem — Bound state problem

L) = —(i|6* (H = E; + )" (H — E; + 0)-18]1)
1T l l

« Computation of the ground state — Coupled Cluster (CC) theory

4 1
— aiaz...an + :
|l) = eT|O) T = z Ti Tn - (,n|)2 z tlllz {a’l llaz 1’2 .An I’Tl}
n aq,as,...an
=1 i1,i0)enin
@ Ny ax = model space size

-0—0- |0>
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CC Theory

« The energy is calculated via

7 — Symilarity transformed
e -T T
E; (OIHIO) Ground state energy H=e T H.e Hamiltonian

One needs the T amplitudes which are found solving a set of non-linear
coupled equations

 Presently calculate
only closed shell

Z, number of protons

7=82 T
and closed sub-shell -
nuclei
« The aim is to extend g : = e CC theory now
to heavy nuclei (and BT O CC future aim
open shell?)

N=20 N, number of neutrons
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The LIT+CC method and yPT

R. Machleidt and D. Entem, Phys. Rep. 503, 1 (2011)

.................................................................................................................................................

. 2NF up to N3LO

« CCSD approximation T =T; + T,
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“He: benchmarking the LIT+CC

Calculation of the LIT

T I ! | ! I ! | ! | ' | U .
b T=10MeV k_on 1 - Calculation of the LIT
T F ‘He — I3 : curves for different model
T .2 BE : space sizes
T gloz_ 1 - Convergenceis approached
w =k ] increasing the model space
~sp a
of I
- =10 MeV. .
L~ 20F P =
2 F A ]
= 151 .
8 E T hQ=20MeV 1
< 10F =
= :
-1 .
- | | | | ] | ] | ] | 1 | ] .

-20 0 20 40 60 80 100 120

10
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“He: benchmarking the LIT+CC

Calculation of the LIT

| ! | ! | ! | ! I ! | ! | L .
- =10 MeV k _onN 1 - Calculation of the LIT
20_ max max _ .
T 18 ] curves for different model
> T 5 = ] ,
- 2 F ’ : space sizes
T gloz_ 1 - Convergenceis approached
w =k : increasing the model space
T S a
O: : 6F
[ =10 MeV. . sE
= 20:_ :: E o g
% C a B Ng 4F
= 15F - > F
8 e f hQ=20 Mey | D & S
< 10F = E 2F
#ye [ ’ ~
T osE = 'E
E Co b . 92_0 0 20 40 60 80 100 120
20 0 20 40 60 8 100 120 6 [MeV]
wO[MeV]

10
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LIT Method

Inversion

The inversion metod L(o) > R(w)

« Expand the response function on a set of known functions ¢ (w, a)

1%

R(w) = z cidi(w, a)

=1

* Apply the definition of LIT

L(wy,T) =— cl j da) (:)))zai_ 2 Z ciL;(o,a)
i=1

« Evaluation of the coefficients minimizing the quantity

zﬂ:
Jj=1

v

() - ) cili(g;0)

11
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“He: benchmarking the LIT+CC

Response function, comparison EIHH and CC

0.5 I ' i ' I
4He --- EIHH I'=20 MeV
0.4+
~ —— EIHH I'=10 MeV
v ---- LIT-CCSD I'=20 MeV
= 030 — LIT-CCSD I'=10 MeV -
)
S
~—~ 0.2 m
3
\—’
Qe
0.1F .
O l | | | I

20 40 60 80 100
® [MeV]
12
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“He: benchmarking the LIT+CC

2NF (CCSD) vs 3NF (EIHH)

0.5 p ' I T
- He =
a4l — LIT-CCSD i
% ' [ o Arkatov et al.
E ; v Nilsson et al.
~ 0.3 7]
vg a  Raut et al.
i # +3NF (exact)
3
-
= 0.1F
" F
0 20 40 60 80 100

13



R TRIUMF

“He: benchmarking the LIT+CC

Correcting for the trivial 3NF effects on the

0.5 4 T | T [ L [ ! I
- He
— LIT-CCSD
— 0.4 —
% o Arkatov et al.
E v Nilsson et al.
~ 0.3 ~
E a  Raut et al.
i +3NF (exact)
3
-
= 0.1
0 E . | . | E o
0 20 40 60 80 100

break-up threshold energy
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The Oxygen Isotopes - 1°0

LIT convergence check

L [fm MeV~ 107]

L 1 1 1 1 1 I L .
(-)20 0 20 40 60 80 100 120

14
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The Oxygen Isotopes - 1°0

Comparison: calculated
LIT vs LIT of the exp. data

LIT convergence check B e
- O - hQ=26MeV ]
_10F — hQ=20MeV
T | T T T I ] P / \\ LIT of data
Q 8 \ ]
- & \ :
. N J £ of N .
.O ~ E / \ 1
o B \ ;
b C /4 3
0] 2__ // \\ —
= P £
NE 0:/ ! ! N %“."J
= 20 0 20 40 60 80 100 120
3 @, [MeV]
0L— ' ' ' - e
-20 0 20 40 60 80 100 120
@, [MeV]
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The Oxygen Isotopes - 1°0

Comparison: calculated
LIT vs LIT of the exp. data

T T I T T I

LIT convergence check e 7

O - Q=26 MeV

- — hQ=20MeV ]
/ \ LIT of data

L [fm MeV~ 107]

Stability check of
the inversion

o[MeV]
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The Oxygen Isotopes - 1°0

Phys. Rev. Lett. 111, 122502 (2013)

35 . I ; I T I T T T | T T T T T T T T T
- 16 : I
30 O A Ahrens et al. —
- 20 e [shkanov et al. 8
25 == LIT-CCSD i
| 35
S 201
§ i
E 15F
© i
10
5 -
0 1
0

15
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The Oxygen Isotopes - 1°0

Phys. Rev. Lett. 111, 122502 (2013)

o<

The position of the DL
peak is reproduced & Ahrens et al. -
- e [shkanov et al. 5
25 m= [IT-CCSD =
51 - -
£ 201 -
S 15| .
b |
10F Right tail-behaviour
5_
00— 100

15
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The Oxygen Isotopes - %20

LIT comparison

16() ys 22() » Different strength

Bremsstrahlung
: sumrule:

Strength « (%)2 Rpy

(reproduces the ratio
with an error of 10%)

e
' : Ry R,

L 1 ) | 1 | 1 L | 1
-20 0 20 40 60 80 100 120

12

o0
TTTTT

10° L [fm°MeV']
(@)

N
L L

@, [MeV]
» Peak shift
the shift suggests more
Phys. Rev. C 90, 064619 strength in the low-

D 24th 2014 :
(December, ) energy region for 220

16



R TRIUMF

The Oxygen Isotopes - %20

Phys. Rev. C 90, 064619 (2014)

f L S e B S S B S
22
O
20 =
= Leistenschneider et al.
_ [ == LIT-CCSD
- L
E 15
£
o 10F
5_
O V. I I 1 1 1 1 1 1 1 1 1 1
5 10 15 20 2D

® [MeV]

17
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The Oxygen Isotopes - %20

Phys. Rev. C 90, 064619 (2014)

D 5L B S S B e e B
22
O
20 =
» Leistenschneider et al.
| == LIT-CCSD
e -
E 15
g
o 10
5 ’DR) emerges
from|a first principle|calculation
I 1
05 20

17



R TRIUMF

*0Ca - The Response Function

The presence of a GDR is predicted
theoretically from first principles!

' I ' I ' | ' | '
100+ 4OC8. ; o
I : s Ahrens et al.
801 m= [IT-CCSD ]
)
E 601
8
>
© 40+
20
0 ] ; TX B AE FEAT IANA oK 5 A
0 20 40 60 80 100

w[MeV]

Phys. Rev. C 90, 064619 (2014)
18
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*0Ca - The Response Function

The presence of a GDR is predicted
theoretically from first principles!

J I | I |
100F 40, .
5 s Ahrens et al. 1 The polarizability can be
801 = LIT-CCSD 7 obtained integrating the
s T cross-section:
E 60
2 o
\6>-40 ay = ij ay(w) dw
B o 2 2
2me J,, ©
201
0 ] ; TX B AE FEAT IANA oK 5 A
0 20 40 60 80 100

w[MeV]

Phys. Rev. C 90, 064619 (2014)
18
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*0Ca - The Electric Dipole Polarizability

*He benchmark with LIT+EIHH 40Ca polarizability from LIT+CC

2 I : . | . | . | —30.12 E ! ! ! l ' l 24
— Exact E E ,
3 AN e-¢ 1) =20MeV = 0.11 n Experiment 3>
£ o-s H) = 24MeV :
E— N \\\ oo ) = 26MeV _g 0.1 é
'é \\\ ) ; E

— i_ "-.._‘_..'\t.__\\ “--_b\‘ _20‘09 E

T E I S : :

‘-E 3 T T e e e e e = =

o5 : =
3 Experlment_; 007 -
3 3 e
3 50,06 = e e-e M) =26MeV 3!
= oo IO =20MeV §
=~ 4 =0.05 &, . oo ) =24MeV 3"
- He .:: o-o 1 =28MeV 3,
E 1 | ! | 1 | L | 1 | 1 3 0.04 ¢ | | | | | l
6 8 10 le 14 16 18 4 6 8 10 12 14 16 18

max Nmax
4
. I — 3
Good agreement in *He! ar = 1.47fm

« Largely underestimated ox
in 40Cal ap ¥ =2233)fm3

M. Miorelli et al., in preparation (2015) 19
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Polarizability of 10 and *®Ca

0-8 T I T T T T I T 0;8
16() *-¢ hQ=20MeV
o -o hQ = 24MeV
0.7 o0 hQ = 26MeV 0.7
0.6 TS 0.6
_ Ahrens et al.
mE ‘\.\~
05S€——____  TTmeel 0.5
b ______ ‘.—"—————..___1_::-.—_‘__::—_—_ N
I e DRI T bt A
04 0.4
03 03
02 1 I 1 I 1 | 1 I 1 I 1 0.2
“6 8 10 12 14 16 18
Nmax

M. Miorelli et al., in preparation (2015) 20
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Polarizability of 10 and *®Ca

No experimental data for the polarizability of 48Cal (Ongoing
experiment at RCNP(Japan) with (p,p’) reactions)

08 T I T I T | T I T I T 0»8 25 | I | | 2.5
24E 324
16() e—-e hQ=20MeV 48

07 oo hQ = 24MeV 07 23F Ca 23
: e---¢ h(Q =26MeV : 202E =922
~~_ 2.1E UL AT . 221

06 ~~\“ 06 2 E .................. =D

Ahrens et al. o
— >~ — 1.9¢ @, =19
o™ \\~ on B T e
£ s ~~~ s B IS §1.8
Se i o T~ea_ R e
e T o MNITE e .- o-----=m=o 317
=R - . e Tt ST S = — .- o--T I W
S S / e~ e :
04 0.4 L5E T T 215
¥ o

1.4 e e-ehQ=20Mev 314
1.3 o °o—ohQ=24MeV 33

03 03 ’ o -0 hQ = 26MeV ’
1.2 . o--0 hQ) = 28MeV =12
LIE-" 311

. | . | . | . | . | . | | | | | 1

02¢ 8 10 12 14 16 182 8 10 12 14 16

Nma Nm

M. Miorelli et al., in preparation (2015) 20
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Polarizability of 10 and *®Ca

No experimental data for the polarizability of 48Cal (Ongoing
experiment at RCNP(Japan) with (p,p’) reactions)

max

The current chiral Hamiltonians fitted on light nuclei predict too-

compact medium-mass nuclei!

As a consequence we have higher dipole excitation energies, smaller

radii and polarizabilities!
M. Miorelli et al., in preparation (2015)

0.8 T I I T | T I T I 0,8 2-5 | | 2.5
24E 324
16() e—-e hQ=20MeV 48
07 oo hQ = 24MeV 07 23F Ca 323
' -0 hQ = 26MeV : 292E PP
~~_ 2.1 O 221
0.6 TS 0.6 2B L T 2
_ Ahrens et al. N . i r
on RN on CTE e '
£ o5 - s 18 §1.8
Ses——___ TT~eo_ I ———
= _""‘*--—-._______:__‘:‘_‘:;:_—;;:;7; N 17 - L, chbieete s N/
éu ................ @ cerirmieanneaaan PO TIETrEEEEE TR O §]6 //B ) ’—_‘__—':T‘:‘ ------ _ 1.6
0.4 0.4 1.5 T . 415
// y 2as Lo

1.4& . _ e---0 hQ = 20MeV =14
1.3 prad o o—o0 hQ =24MeV d13

03 0.3 TET T o -0 hQ = 26MeV :
1.2 R e--ohQ=28MeV 512
LIE-" 1.1

02 . | | | | . | . 02 | | | 1

“6 8 10 12 14 16 18" 6 8 10 12 14 16

N N

20



R TRIUMF

Outlook — PDR in other neutron-rich nuclei
It

Preliminary resu

I | I
Very neutron-rich and 4_ —0 ]
unstable nuclei: = “n
=af Soft dipole 4
. 2209. N _ 175 2 | mode from first =MV ]
Z 3o principles! .
!
- 220 X =267 ]
~ ]
22 ]
C -
""" % 100

Can these observables he measured here at TRIUMF?

21
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Outlook — Correlations in neutron-rich nuclei

Phys. Rev. C 85, 041302 (2012)
Energy Density Functional Theory

L IS T | |

25 A Skyrme ® NL3/FSU —

- ¥V Skyrme-SV ® DD-ME -

241 m
L | PREX -
= A Ay ’ A.' i
a 21 oA A o o
~ T > i
2 21 Ak "o =
s 20 4 ‘ﬂ ok RCNP-

: A

9fv g 4 -

P dels 1

18- Chp =0.769

T W I T | | I T N
0.12 0.16 020 024 0.28

Fokin [208Pb] (fm)

* agis correlated to ryin
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Outlook — Correlations in neutron-rich nuclei

Phys. Rev. C 85, 041302 (2012)

. . 21 38 (N=12 HPF
Energy Density Functional Theory * Ezgjiébim ) Towards an ab-initio theory for 48Ca
cdbonn_vlowk30
= | I | 1 | I | I | I = 32@ cdbonn_vlowk25 WRRRLLERE RN R R R ERRE R ||||||||||||||||||||||||||||3.2
cdbonn_vlowk20
25 A Skyrme @ NL3/FSU — 35 | m cdbonnsrgdo 3
5 A 4 Skyrme-SV m DD-ME - 2.8 M cdbonn_srg35 28
av18_vlowk20
24— PREX . 265 | @ avis_sre3s 26
L 1 ) — 2.4 av18_srg30 . 22.4

& sk : i — ., n3l0500EM_sr2gb DFT calculations 2y

*-lg ~ B A A ' ® =1 F '2 A 310500 7bare 2'

= 22 By v \* ) 0600EM_srg20

a C A A o0 1.3 n310600EM_srg25 1.8

(a1 ] G w n3l0600EM_srg35 1.6

) —

& R 14 1.4
= PRI D 3 1.2 Y 1.2
S 1 1

o 0.8 0.8

L J 0.6 C =0.974 J06

: models : AB
18_ E CAB =O.769 = 0.4II!IIIIIIIlIIlIIIIIIllIIIIIIIIIllIIIIIlIIIlIIJJIIIIIIIIJJJIIIIIIIIII||IIIIIIII|IIIIIIII0.4
- T 013 014 015 016 017 018 019 02 021 022
0.12 0.16 020 024 0.28
208 .
Lgin [*°Pb] (fm) YskinlfM]

* agis correlated to ryin
* Futureinsight from RCNP and JLAB(CREX)
experiments on “Ca
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Outlook — Correlations in neutron-rich nuclei

ag [2%Pb] (fm3)

* agis correlated to ryin

25

24

23

22

21

20

19
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Phys. Rev. C 85, 041302 (2012)
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Summary and Outlook

SUMMARY

We extended the LIT method to heavier nuclei using the CC theory

The dipole response functions of 16220 and 4°Ca have been computed with a first
principles based method for the first time

We observe a soft dipole mode in 220 which describes quite well the GSI data

The N3LO NN interaction overbinds medium-mass nuclei which in turn exhibit too-
small charge radii and polarizabilities

OUTLOOK

The method can be extended to other neutron-rich nuclei such as 22C and 48Ca

With different interactions we can investigate the correlation between different
observables (i.e. polarizability and radii)

Future improvement of the calculations -> include 3-body correlations:
 add 3NF
« add triple excitations for the coupled cluster T operator
23
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LIT Method + CC Theory

 We use the exponential ansatz of CC theory with the response
function from LIT method:

L(o) = ——[<z|9+|¢(a)> —(ilo* [ (0™))]
LIT
(H — Eo + 0)|(0)) = 6i)
H-H=eTHyel
0>0=eToyel
L(o) = __[(0L|9+|¢R(U)) — (0| 9+| l/JR(U »]
LIT + CC

(H — AE, + U)l‘/;R(U» = 6|0g)

13
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LIT Method + CC Theory

Coupled Cluster Equation of Motion (CC-EOM) method

L(o) = ——[(OL|9+|¢R(0)> — (0| 9+| ¢R(0 ))]

-

|l/)~R(O-)> = R(0)|0g)

R(o) =ry(0) + 2 r2(o){ctc} +~ 1 z b (g) {cteiciei} + -

ab,ij

R(o)

!

L(o) = —_(0L|9+ [R(0) — R(c7)] |0R>

v (HR(o) — R(9)H)|0g) = —0R(0)|0g) + 8]0g)

14
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Lanczos method

L(o) =—-—

= (0,101 (R(o) = R(c*))[0r)

. --_éff((sﬂ)'* SEYWT (M +Io)™ — (M +I0*) "} v

QR
Vo= -
VY-8
o (L)
N
R(c%)

(

0 (Og |[F{ \[adak]“OR) (UR|[fE’ \[(dckcicl]]l()R) s 2)

0 (L Negedlon) (LA Mejolallon) -

0 (LA NlckeuTl0g) (@811 NchaucleTN0g) -
=ro(0™) Z C ;] + 'Zb'rf;’(cr*)..\"'[c-lcz-c‘ic"j] + ...

(SE)i = (<0L|m 0R). (0L167]62). (010|62). ...)
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Lanczos method

« Use Lanczos do diagonalize (avoid full direct diagonalization)

! 1
L(0) = ~55((8")-87) (Xo(0) - Xo(0)) ~ Xolo)= 7

(ap+0) -

b3
(a1+0)——b2—

(a2+o’)-%

« The Electric Dipole Polarizability is obtained in a similar way directly
from the Lanczos coefficients of the Lanczos tridiagonal matrix

, , R(w)dw | . . _
ap = 2a lim f ) ap = 20.((SL)i -SR) 111110 Xo(oRr)
oR—

op—0 W+ OR

0LleT6l, OneT|0
=2a lim i( Lle \If)(fl ve' |Og)
i AEf m AEO + OR

= 2a lim (0|0 [H - AEy + or]0|0R).

or—0

op—0



