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Introduction

ADb initio in nuclear physics

= Assumes nucleons as the effective degrees of freedom

= Uses realistic interactions

= The goal is twofold:
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Introduction

ADb initio in nuclear physics

= Assumes nucleons as the effective degrees of freedom

= Uses realistic interactions

= The goal is twofold:

To increase our understanding of nuclear interactions
To achieve a predictive theory for light nuclear systems:

 EXxotic nuclei

* Reactions important in nuclear astrophysics
* Reactions important for energy production projects
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Introduction

No-core shell model (NCSM)
Is an ab initio method capable of studying light bound nuclei from an

accurate Hamiltonian.
Is not able to deal with continuum states and therefore is not applicable to

2 8

reactions.
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Introduction

No-core shell model (NCSM) ‘

Is an ab initio method capable of studying light bound nuclei from an
accurate Hamiltonian.
Is not able to deal with continuum states and therefore is not applicable to

reactions.

Resonating group method (RGM)

Microscopic cluster approach. ‘
Permits studying the scattering of clusters 0

Traditionally uses non-realistic Hamiltonian
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Introduction

NCSM/RGM

Uses NCSM wave functions within the RGM to
obtain an ab initio formalism which uses an
accurate nuclear Hamiltonian and is capable

of studying both structure and scattering
problems in light nuclear systems
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NCSM/RGM

Summary: binary clusters

(a)

A-nucleon system

S. Quaglioni and P. Navratil
- PRL 101, 092501 (2008)
- PRC 79, 044606 (2009)
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NCSM/RGM

Summary: binary clusters

A-nucleon system

a
v,

lIl‘é;a NCSM wave functions
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NCSMC

NCSM/RGM
Long range description

*9

S. Baroni, P. Navratil and S. Quaglioni
PRL 110, 022505 (2013); PRC 87, 034326 (2013)
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NCSMC

NCSM/RGM
Long range description

. + '\’
NCSM

Short range description

S. Baroni, P. Navratil and S. Quaglioni
PRL 110, 022505 (2013); PRC 87, 034326 (2013)
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NCSMC

NCSM/RGM
Long range description

- ® + 99

Short range description

NCSM NCSM/RGM
eigenstates channel states
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Unknowns
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NCSMC
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NCSMC

= One nucleon projectile: PRL 110, 022505 (2013)
= Two-nucleon projectile: This talk
= Three-nucleon projectile: J. Dohet-Eraly, today at 11am

NCSM/RGM

= (d,p) transfer reactions with p-shell target: F. Raimondi tomorrow at 10am
= Three-cluster basis: This talk
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°Li structure and d+*He dynamics

d

4He * Big bang nucleosynthesis

* Characterization of deuterium
impurities in materials

6-nucleon system

NN forces  P. Navratil and S. Quaglioni. PRC 83, 044609 (2011)

NN+3N forces G. Hupin, S. Quaglioni and P. Navratil. ArXiv: 1412.4101
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Nuclear interaction

= Two- plus three-nucleon (NN+3N)
forces from chiral effective field
theory (EFT):

* NN potential at N°LO (by Entem &
Machleidt).

* 3N force at N?LO (in the local form
by Navratil) with: A, = 500 MeV,
constrained to reproduce *H
binding energy and b-decay half-
life.

Lawrence Livermore National Laboratory
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Worked out by Van Kolck, Keiser,
Meissner, Epelbaum, Machleidt, ...
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Nuclear interaction

= Two- plus three-nucleon (NN+3N)
forces from chiral effective field
theory (EFT):

* NN potential at N°LO (by Entem &
Machleidt).

* 3N force at N?LO (in the local form
by Navratil) with: A, = 500 MeV,
constrained to reproduce *H

binding energy and b-decay half-
life.
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Worked out by Van Kolck, Keiser,
Meissner, Epelbaum, Machleidt, ...
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Nuclear interaction

= Two- plus three-nucleon (NN+3N)
forces from chiral effective field
theory (EFT):

* NN potential at N°LO (by Entem &
Machleidt).

* 3N force at N?LO (in the local form
by Navratil) with: A, = 500 MeV,
constrained to reproduce *H
binding energy and b-decay half-
life.

 ‘Soften’ the interactions using
unitary transformations:Similarity
Renormalization Group (SRG)
method (A=2.0 fm™).
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Meissner, Epelbaum, Machleidt, ...
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°Li structure and d+*He dynamics

-HO expansion at N__=11, 180

X

RQ = 20MeV 135 |
90 |

*Fifteen discrete eigenstates of °Li 15 |

0 [deg]

=Seven deuteron pseudostates _
-45

-90 |

135 |
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O [deg]

°Li structure and d+*He dynamics

180 |
135 |
90 |
45 |

45 |
-90 |

135 |

NCSMC phase shifts
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°Li structure and d+*He dynamics

180 | Fxpt
135 | i L
90 L 2.8377 2+
. L =13
54 45 i
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°Li spectrum

NCSMC phase shifts
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O [deg]

°Li structure and d+*He dynamics

180 |
135 |
90 |

45

45 |
-90 |
-135 |

———= NN+3N-ind
— — NN-only

 — S X
—_—
—
_—
_——

NCSMC phase shifts
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°Li structure and d+*He dynamics

Asymptotic normalization constants ratio

Exp. PRC 59 598 (1999) -0.025(6)(10)
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°Li structure and d+*He dynamics

2.0 1 1 T T | T L B |
3 (a) [ o Besenbacher et al.
5 . | v Browning ez al.
2 8 Kellock et al.
=1 ok “1/ \ ¢ Nagata et al.
g % Quillet et al.
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@)

N
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Comparison to experiment of the a-d elastic
recoil differential cross section at ¢=30°.
NCSMC with NN+3N potential at A=2.0 fm-’
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4He+n+n

®He: 2 neutron halo (*He-n-n)

@n

4He On
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NCMS/RGM-3B

(az)
FA—G23,G23 'Fa .
2443
(a3)
(A — 0,23)

Extension to three-body cluster

S. Quaglioni, P. Navratil, G. Hupin

C. Romero-Redondo
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NCMS/RGM-3B

(A — 0,23)

Extension to three-body cluster

Why?

Lawrence Livermore National Laboratory |\ eresco 2%



NCMS/RGM-3B

(az)
FA—G23,G23 'Fa .
2443
(a3)
(A — 0,23)

Extension to three-body cluster

Bound and resonant states:
2n Halo nuclei
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NCMS/RGM-3B

(az)
FA—G23,G23 'Fa .
2443
(a3)
(A — 0,23)

Extension to three-body cluster

Bound and resonant states:
2n Halo nuclei

@n
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NCMS/RGM-3B

(az)
FA—G23,G23 'Fa .
2443
(a3)
(A — 0,23)

Extension to three-body cluster

Bound and resonant states: 3-body continuum states:
2n Halo nuclei Transfer reactions

@n
oo O
e ‘He @n

o @
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NCMS/RGM-3B

(A — 0,23)

Extension to three-body cluster

Bound and resonant states: 3-body continuum states:
2n Halo nuclei Transfer reactions
@n
oo O
a tHe @n 0 C — a
o On 4He n
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NCMS/RGM-3B

y
Y~ TA-a23,a03

Tag,a5 ~ T Jacobi coordinates

A = ax) Basis

W) =Y [des? [ Gl @A

14
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NCMS/RGM-3B

-
yn~ rA—azs,a%

A ) Basis

w Ty = Z/dmxz/dyy2GiﬂT(a:,y)A,,|<I>i;g

T

vy

‘(I)J“T> — { DA — &23051]{1-1T1> (‘a2&21§2T2>‘a3&3[§3T3>)523T23]

JTT
(Ye, (Paz,as)Ye, (FA—azs aza)) } <m a3.9) @ym azs.az:)
az,as —a23,a23
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NCMS/RGM-3B

-
yn~ TA—023,023

A ) Basis

w Ty = Z/dmxz/dyy2GiﬂT(a:,y)A,,|<I>i;g

NCSM wave functions

" sT
020) = { [@ v T (a5 T T3

JTT
(Ye, (Paz,as)Ye, (FA—azs aza)) } <m a3.9) @ym azs.az:)
az,as —a23,a23
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NCMS/RGM-3B

-
yn~ TA—023,023

A ) Basis

— =
w7 = Z/dﬂfﬁ/dyymiw(%y@gg

Intercluster antisymmetrizer

T

vy

‘(I)J“T> — { DA — &23051]{1-1T1> (‘a2&21§2T2>‘a3&3[§3T3>)523T23]

JTT
(Ye, (Paz,as)Ye, (FA—azs aza)) } <m a3.9) @ym azs.az:)
az,as —a23,a23
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NCMS/RGM-3B

\I!J’r Zfd:z:x /dyyzG‘]ﬂ (x,y)A ,,|<I>i;g

Schrodinger equation ﬂ (H—E) v/

=0

> / dxdya®y® (Moo (v, y,2,y') = ENpw(z,y,2" 9 Gy T (2,y) =0

Hamiltonian Kernel Norm kernel
J™T
<(I)i a:Ty ‘AV'HAV‘(I)u:cy > <(I)1/ x'y’ ‘Az‘q)uccy >
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NCMS/RGM-3B

Hyperspherical coordinates:

p=+Vr?+y? «=arctan(z/y)

After changing to hyperspherical coordinates and integrating in a,a":

. 5(p— pf .
Z/dpp5 {%’Ef’i(p’,p) - E (pp5p)5wu5k'k Cio " () =0
vk

Coupled-channel microscopic R-matrix method on a Lagrange mesh*

*M. Hesse, J.-M. Sparenberg 1, E Van Raemdonck, D. Baye. Nuclear Physics A 640 (1998) 37-51
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NCMS/RGM-3B

Internal region: expansion on a basis (p < a)

Crv(p) = Z Bruifi(p)

Internal region External region

/)
0 d p}

External region: known asymptotic behaviour (p > a)
* Bound state: Ciu (p) = Apu/EpKiaa(kp)

* Continuum state: C].w(p> — Ap, [Hk_(lip)&j,yr(sl.c’w — S,/k’,//k/H]j(fip)]

Lawrence Livermore National Laboratory T



‘He+n+n

NCSM/RGM results

- n+n+*He, N__ =11, hQ = 14 MeV

X

- SRG-N3LO NN-only interaction with A=1.5 fm"
Comparison with NCSM:

- ~ 1MeV difference in Egs due to excitations of

the “He core only included in the NCSM
calculation.

-Contrary to NCSM, NCSM/RGM n+n+*He w.f,
Has the appropriate asymptotic behavior.

®*He ground state, NCSM

V-7 Nou=2 .
3 00N, =4
He sron LONN e
®. A=151fm o—ON =8 -
. A—AN__=10
4—4qN_-12
V-<__ | #=skex trap =
[t T v
. i
)
o) ° -
— .
| — —=R

Eg.s. (*He) [MeV] 6
HO model Eg.s. (°*He) [MeV]

(NCSM)
Nmax =12 -28.224 -29.658
Extrapolation -28.230(5) -29.84(4)

S. Quaglioni, CRR, P. Navratil PRC 88, 034320 (2013)
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hQ [MeV]

Eg.s. (°He) [MeV]
(NCSM/RGM)

-28.697
-28.70(3)
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4He+n+n. Ground state

®He g.s. Probability distribution

0.08

2 2 2
X| Fan™ Fonn _

0.06

0.04

0.02

Lawrence Livermore National Laboratory

T on(fm)
Di-neutron 6}

. |
5% °
3t

2

Fon(fm)

PHYSICAL REVIEW C 88, 034320 (2013)
Three-cluster dynamics within an ab initio framework

Sofia Quaglioni,'”" Carolina Romero-Redondo,”! and Petr Navratil?+
! Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
TRIUME, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
(Received 1 August 2013; published 26 September 2013)
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‘He+n+n. Experimental picture

E (MeV)
8— EXPERIMENTS
L SPIRAL
7[(°LiBe) (t.'He) “He(p.t)
— this work
6 :_*i 6 1
- [‘=11}_92 < 5303)
_ 292 |r=20
) - AL=1l H
Cy
4 F e
; - Soft dipole | 5+
- mode? 2.6(3)
: g [=1.6(4)
b D S R
- 7| r-0.12
:_Es 0 gs 0"
[16,17]  [19] |
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Recent expt. @SPIRAL, GANIL: PLB 718 (2012) 441

)
o

I|Il||II]|I]I|I]I|IIIIIII[IIIlIII

AN

=
=

counts/200 keV

(]
=

100

80

60

40

20

o

2" (fixed)
1.8 MeV
I'=113 keV

2.65 MeV
['=1.59 MeV

70°<9 <90°
cm
1?2 =0.52

8He(p,3H)

5.29 MeV
l I'=1.96 MeV

(]

45
LLNL-PRES-667406



“He+n+n. Spectrum

180

120

d (deg)

0 N - R L . T . ; b T . i
120F SRG-N'LONN
L A=15fm"

90 F

0 (deg)

30 F /
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“He+n+n. Spectrum

180 | ' ' ' ' _ 6r 3 R
[ » SRG-N'LONN A=15fm A
; SE p .
120 E 1+ 4303) ;
o 120] 1 He ]
2 : 40 3
E : 4 F C=2(1) — 0 -
S : r=273 ]
60 " r=124 4 ]
i —~ 3F 277 -1 =
> — ¢ 232 o7 ]
Q . _ 26 "2 T=113 ]
— = 2F r=117 “2 3
oy - i S fE,t 163G) .- ;
| SRG-N'LONN ] g | %2 r=16@ 124 5+ ;
[ A=1.5fm g o 1F,+ 084 ..o T=016 “1 3
0F ; F “1 T'=0.113 :
e i ] 0 e B
% 60F - - C .0433) 4* . .
l; ‘ F o ﬂ g.s. He+n+n_:
30r / . -1 - g.8s. -
[ / - - ]
E - . ;
N = . . N 2
0 [ 2 3 4 5 6 Expt. (SPIRAL NCSM/RGM
E_ (MeV) pL. ( )
PRL 113, 032503 (2014) PHYSICAL REVIEW LETTERS 18 JULY 2074

4He + n + n Continuum within an Ab initio Framework

Carolina Romero-Redondo,"” Sofia Quaglioni,” Petr Navrétil,"* and Guillaume Hupin®*
'TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
’Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA
(Received 4 April 2014; published 16 July 2014)
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SH+n+n

Experimental Picture:

SH

q‘rib

PRL 87 092501 (2001) (1.7£0.3,1.94+0.4)
NPA 719 229¢ (2003) (1.8 +0.1,<0.5)
PRC 72 064612 (2005) (1.8,1.3)

EPJ A 25315 (2005)  (2,2.5)

PRL 91 162504 (2003)  (3,6)

1/2+ 3/2¢ S/2
(_a _) (_! _)
(—-) (2.7£0.1,<0.5)
(>2.5,-) (>2.5,-)
(>2.5,-) (>2.5,-)
(_a _) (_’ _)
(>10,>2) (>10,>2)

EPJ A 24 231 (2005) (5.5£0.2,5.4+0.6)

Lawrence Livermore National Laboratory
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SH+n+n (preliminary)

= Same accurate soft NN potential
(SRG-evolved chiral N°LO with A=1.5fm")

= NSCM 3H wave function

1 ! 1
5 -
o "H -
oh
L
=
© r T JR: ”2+ (Nlmtx: 9) |
—J=32" (N =7)
max
— J=52"(N_ =7
L,_/‘ L L
% > 4

Lawrence Livermore National Laboratory

Energy (MeV)
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NCSMC-3B

NCSM/RGM
Long range description

‘ + Famas
NCSM

Short range description
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NCSMC-3B

NCSM/RGM
Long range description

T'A—as3,a23 .
+ raz,as
NCSM

Short range description

In progress

Lawrence Livermore National Laboratory  \rreses 2%



Summary

= We are able to study nuclear systems:
* Bound and resonant states in structure problems

* Continuum states for reaction problems

" Results for
* Structure and dynamics of *He+d system

(shown importance of 3N forces and short range correlations )
* Ground state of °He
* Continuum *He+n+n

= Preliminary calculations for *H+n+n basis
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Outlook

= Improvement of current calculations

* Introduce core excitations by coupling the (A-2)-n-n basis to A-
body NCSM eigenstates (NCSMC)

* Run calculations with 3N force

* Transfer reactions, i.e, *H(°H,2n)*He

* Derive and calculate couplings between two and three body
clusters
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