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Neutron-rich Helium Isotopes

® Develop a unified theory for nuclei and connect it to QCD via
Chiral Effective Field Theory
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Neutron-rich Helium Isotopes

® Develop a unified theory for nuclei and connect it to QCD via
Chiral Effective Field Theory

v, JH V=Vyn+Van+...
Jh=Jh + Iy + -

® Ab-initio approach for light nuclei:

start from neutrons and protons and solve the non-relativistic quantum
mechanical problem of A-interacting nucleons

Hl;) = Ei|y) H=T+Vyn + Vay + ...

with i >

Calculate low-energy observables form the A-body wave function and compare with A
experiment to test nuclear forces
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Halo Nuclel
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Halo Nuclei
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Halo Nuclei - Experiment

New Era of Precision Measurements for masses and radii

® High-precision Penning trap and laser spectroscopy techniques allow accurate measurements of
energies and charge radii of exotic isotopes » challenge for ab initio calculations
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R TRIUMF

Nuclear Forces from chiral EFT

H(A) =T+ Vyn(A) + Van(A) + Van (A) + ...
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R TRIUMF

Low-momentum Forces from chiral EFT

Effective field theory potentials and low-momentum evolution

Evolution of 2N forces: phase-shift equivalent

Low-momentum interactions: Bogner, Kuo, Schwenk (2003) need smaller basis
Like acting with a unitary transformation U-'VU still preserve phase-shifts and properties of 2N systems
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Low-momentum Forces from chiral EFT

Effective field theory potentials and low-momentum evolution
Evolution of 2N forces: phase-shift equivalent

Low-momentum interactions: Bogner, Kuo, Schwenk (2003) need smaller basis
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R TRIUMF

Hyperspherical Harmonics Expansions

A basis set, that can be used to solve the Schroedinger equation by expanding the w.f. on a
complete basis states
)

Hy) = Ey) ) = cilti)
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A basis set, that can be used to solve the Schroedinger equation by expanding the w.f. on a
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Hyperspherical Harmonics Expansions
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Hyperspherical Harmonics Expansions

A basis set, that can be used to solve the Schroedinger equation by expanding the w.f. on a
complete basis states
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Hermitian matrix

Finding eigenvalues and eigenvectors is equivalent to diagonalize the matrix N3 operation
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Hyperspherical Harmonics Expansions

A basis set, that can be used to solve the Schroedinger equation by expanding the w.f. on a
complete basis states

N
H|Y) = E |¢) ) = i ¢; [1;)  cannot store an infinite vector

)

N N
(5] XHZ@; ;) = EZCi |4)

N
Z<¢J‘H|¢z EZGL (V;]9s)
i — —

HC — EC Eigenvalue problem for an H = HT

Hermitian matrix

Finding eigenvalues and eigenvectors is equivalent to diagonalize the matrix N3 operation

Computationally challenging for growing N, and growing A
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R TRIUMF

Hyperspherical Harmonics Expansions

Hydrogen atom Three-body Nucleus

1

— 3‘%

2 = 2
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Hyperspherical Harmonics Expansions

Hydrogen atom Three-body Nucleus
- 1 CM 1
7 3 >
2 = 2
* g
® Solve the problem in the CM frame ® Solve the problem in the CM frame
[T+ V(r)](7) = E¢(r) T+ V(m,m2)| (T, 72) = EY (i, 72)
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R TRIUMF

Hyperspherical Harmonics Expansions

Hydrogen atom Three-body Nucleus
S cm®'!
r 3 4
2 = 2
* z
® Solve the problem in the CM frame ® Solve the problem in the CM frame
[T+ V(r)](7) = E¢(r) T+ V(m,m2)| (T, 72) = EY (i, 72)

® Use spherical coordinates ® Use hyperspherical coordinates
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R TRIUMF

Hyperspherical Harmonics Expansions

Hydrogen atom

- 1
r

® Solve the problem in the CM frame

[T+ V()] v(F) = Ey(r)
® Use spherical coordinates
7= (r,0,0)
)
U(F) ~ Yo (Q)ue(r)
rog,

August 7th 2012

Three-body Nucleus
3 aCM :

= T2
m

® Solve the problem in the CM frame

B [T + V(7717 772)] ,Qb(ﬁl? ﬁ2) — E,lvb(ﬁh ﬁ2)

® Use hyperspherical coordinates

p:\/n%+n§ Q:(ela¢1592a¢2>a)

n
Y (i1,m2) ~ Vix)(Q) Rix(p) 2‘ pi‘

K2 m
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R TRIUMF

Hyperspherical Harmonics Expansions

Hydrogen atom

- 1
r

® Solve the problem in the CM frame

[T+ V()] v(F) = Ey(r)
® Use spherical coordinates
7= (r,0,0)
)
U(F) ~ Yo (Q)ue(r)
rog,

2 Yo () = £+ 1)Yor ()
® Solve the radial equation

(e +1)

Tf,ﬂ -
/r-2

+V(r)—FE|ug(r)=0
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Three-body Nucleus
3 aCM :

= T2
m

® Solve the problem in the CM frame

B [T + V(7717 772)] ,Qb(ﬁl? ﬁ2) — E,lvb(ﬁla ﬁ2)

® Use hyperspherical coordinates

p:\/n%+n§ Q:(ela¢1592a¢2>a)

n
Y (i1,m2) ~ Vix)(Q) Rix(p) 2‘ pi‘

K2 m

® Solve the hyperradial equation

7, - D v(p) - B| Reclp) =0
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Hyperspherical Harmonics Expansions
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R TRIUMF

Hyperspherical Harmonics Expansions
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Interaction: Viow k from N3LO (500 MeV)
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® EIHH agrees with extrapolated HH results ® El is key to reach a reliable convergence of radii
from EPJ A 42, 553 (2009)
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Signatures of the halo

250 . =

- | A—A matter radius -1 .

2.4F |=a point-proton radius EIHH  A=2.0 fm -
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® Point-Proton radii converge better and are
smaller than matter radii == halo structure
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8He from coupled cluster theory °He closed sub-shell nucleus

Hilbert space: 15 major shell 1pir
Interaction: Viow k from N3LO (500 MeV) 132 ———— 00O
131/2 -0 -0

Values in MeV p n

A E[CCSD] E[Lambda-CCSD(T)] A

1.8 -30.33 -31.21 0.88

2.0 -28.72 -29.84 1.12

2.4 -25.88 -27.54 1.66

S.Betal, EPJA42, 553 (2009)
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8He from coupled cluster theory 8He closed sub-shell nucleus
Hilbert space: 15 major shell 1p1s2
Interaction: Viow k from N3LO (500 MeV) 132 ———— 00O
151, —O—O— —0—0—
Values in MeV p n

A E[CCSD] E[Lambda-CCSD(T)] A

8He from hyper-spherical harmonics

1.8 -30.33 -31.21 0.88
2.0 -28.72 -29 .84 1.12 S.B. et al., arXiv:1202.0516
2.4 -25.88 -27.54 1.66 RS I I I I ]
S.Betal., EPJA 42, 553 (2009) -0l © HH )
201 = EIHH 1
i Yo, — HH extrapolated | |
® Difference between HH and EIHH is I = Coupled Cluster |
about 2.4 MeV > 301 |
Q T T s -
® EIHH seems less effective than for 6He §° I A
® Extrapolating HH results get -40 - -
E.. = —31.49MeV I ]
i | ]
-0 12 14
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8He from coupled cluster theory 8He closed sub-shell nucleus
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R TRIUMF

Comparison with experiment

2.7 AL L ' L L B I (a) Experimental matter radius relatively uncertain
- 6 @ GFMC(+3N)| ]
26 He o NCSM |4 . . .
- v FMD . (b) Experimental charge radius well constrained
— - A MCM n
£ 25F | 0-0 EIHH E
— - ’LO) cD-Bonn == EXp . Relativistic corrections
- V N -
E24 - towi{ T 1\_/?1(1 E I 1
- MN-LS ] 2 _ .2 2 N oo 3 2
2,3:— IN04Y+7 @ E Top = Te — Ry — 7Rn — IRYE — rio
A I IO IR IR NP R B
22 T f
n AV18+IL2/6 .
2.1 - B 0.877(7) fm from electron scattering
. N + ] and H spectroscopy
qg 2¢ E 0.84184(67) from spectroscopy
._;Q 19E v Lo CD_BOHH% +* e of muonic hydrogen
S - towk ) UCoOM ]
1.8F w -
- INO?I# 4 MN-LS b .
17E (b) 3 Calculated ab-initio ~-0.082 fm?
A I R NN R R RN RN N
0O 02 04 06 08 1 12 14 1.6
32n [MeV] ® |t is important to compare more than one observable together
Phys. Rev. Lett, 108, 052504 (2012) ® \We observe a correlation between radii and separation energy
8 gr)kiv-1202 0516 ® Theory needs (improved) 3NFs
August 7th 2012 Sonia Bacca

13

Monday, 6 August, 12


http://xxx.lanl.gov/abs/1202.0516
http://xxx.lanl.gov/abs/1202.0516

R TRIUMF

Comparison with experiment

2.7 AL L ' L L B I (a) Experimental matter radius relatively uncertain
6 ® GFMC(+3N)| ]
26 He o NCSM | | | |
- v FMD . (b) Experimental charge radius well constrained
E n l 0-0 EIHH .
— C ’LO) cD-Bonn == Exp ] Relativistic corrections
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é 2 3 E 0.84184(67) from spectroscopy
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17E (b) - Calculated ab-initio ~-0.082 fm?
N IR RN N RTR RN R R
0 0204 06 08 1 12 14 1.6
32n [MeV] ® |t is important to compare more than one observable together

o . N :
Phys. Rev. Lett, 108, 052504 (2012) We observe a correlation between radii and separation energy

2 i 1509 0516 ® Theory needs (improved) 3NFs .
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R TRIUMF

Nuclear Electric Polarizability of °He
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R TRIUMF

Nuclear Electric Polarizability of °He

E : ® X
@ °He D =apk

August 7th 2012 Sonia Bacca 14

Monday, 6 August, 12



R TRIUMF

Nuclear Electric Polarizability of °He
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It is a sum rule of the photo-disintegration cross section ap = — dw
212 J ., w?
. A 1
Can be calculated using the Lanczos algorithm as ap — (Yol D.Dx[1bo) 72
) Ey—ap — !
D, 0 — Qo
with starting vector  [¢0) = AW(? Ey—ay — b3
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Nuclear Electric Polarizability of °He

E 3 . *
@ °He D =apk
. - . . 1 [ oy(w)
It is a sum rule of the photo-disintegration cross section ap = — dw
212 J ., w?
. A 1
Can be calculated using the Lanczos algorithm as ap — (Yol D.Dx[1bo) 72
~ 1
Dz EO — ag —
with starting vector  [¢0) = AW(? Ey—ay — b3
\/<¢0’DzDz|¢0> b%
EO —ag — —

The Helium Isotopes from NCSM with EFT potentials Stetcu et al., PRC 79, 064001 (2009)

Nucleus af™(fm’) Ref. af(fm?) Ref.

He 0.149(5) 0.250(40)  [53)
0.145 (49) 0.130(13)  [54)

0.153(15) (55
From HH with AV18+UIX e 0.0S3EX14) 02 B
0.0655(4) (56] 0.076(8) (55]

PRC 74, 061001 (2006) 0.076 (49
SHe ? 1.99(40) (55)
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Nuclear Electric Polarizability of °He

Calculations from EIHH with the simple semi-realistic Minnesota potential which gives & p
compatible to the realistic potentials for “He.

Correlation ap — So,
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04+ ! u=1.10 * -
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02+ 7
| 1 1
% 1 2 3 4
S211 [MeV]
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Nuclear Electric Polarizability of °He

Calculations from EIHH with the simple semi-realistic Minnesota potential which gives & p
compatible to the realistic potentials for “He.

Correlation ap — Sa, Correlation &p — Tskin
1 i T i T i 0.8 —
1.2; ExpS,, ® Minnesota _| I
I 071 |
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- 08 | -
g £ oo 1
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I =1.05 % 7
04r ¢ u=1.10 s % - 05L K=8 i
r u=t. =120 6
02+ ! - He
0 ‘ | ‘ | ‘ | ‘ og——
0 1 ) 3 4 0.65 0.7 075 0.8
S,, MeV] Fskin fm]
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Nuclear Electric Polarizability of °He

Calculations from EIHH with the simple semi-realistic Minnesota potential which gives & p
compatible to the realistic potentials for “He.

Correlation ap — Sa,
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Nuclear Electric Polarizability of °He

Calculations from EIHH with the simple semi-realistic Minnesota potential which gives & p
compatible to the realistic potentials for “He.

Correlation ap — Sop, Correlation &p — Tskin
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Nuclear Electric Polarizability of °He

Calculations from EIHH with the simple semi-realistic Minnesota potential which gives & p

compatible to the realistic potentials for “He.
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Potential disagreement between

) Future:
theory and experiment

Prediction from EFT
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Outlook

e Hyper-spherical harmonics provide a powerful tool
to perform accurate studies of light nuclei for g.s. (and excited states)
properties to test nuclear forces

e Room to study further 3NF effects and to add exchange currents for consistent
EFT calculations

Thanks to my collaborators:
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(S Winfried Leidemann, Giuseppina Orlandini

Achim Schwenk

f(’) TITAN TRIUMF's [on Trap for Atomic and Nuclear Science SN wessas
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