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Outline

= Chiral forces
= No-core shell model
= |ncluding the continuum with the resonating group method
= NCSM/RGM
= NCSMC
= ’He resonances
= 7Be(p,y)eB capture
= 3H(d,n)*He fusion
= Qutlook
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Chiral Effective Field Theory

* First principles for Nuclear Physics:

QCD
— Non-perturbative at low energies Whaw s wkw
— Lattice QCD in the future ﬁf >< H
« For now a good place to start: 4
» Inter-nucleon forces from chiral - >< AR
effective field theory NLO: |-
— Based on the symmetries of QCD [{
 Chiral symmetry of QCD (m =m =~0), } + {

spontaneously broken with pion as the 3
Q B
Goldstone boson NNLO *

» Degrees of freedom: nucleons + pions By ),)( X

— Systematic low-momentum expansion to

a given order (Q/A) £ XF:::H}::' H 4]“ [X H,H

— Hlera'rchy WL | A k.,
— Consistency N e o
— Low energy constants (LEC)

» Fitted to data A~1 GeV :

» Can be calculated by lattice QCD Chiral symmetry breaking scale
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The ab initio no-core shell model (NCSM)

« The NCSM is a technique for the solution of the A-nucleon bound-state problem

e Realistic nuclear Hamiltonian

— High-precision nucleon-nucleon potentials N=N_, +

— Three-nucleon interactions

» Finite harmonic oscillator (HO) basis

— A-nucleon HO basis states

— complete N__ H<Q2 model space

max

» Effective interaction tailored to model-space truncation for NN(+NNN) potentials

— Okubo-Lee-Suzuki unitary transformation

 Or a sequence of unitary transformations in momentum space:

— Similarity-Renormalization-Group (SRG) evolved NN(+NNN) potential

A
1

max

E E Convergence to exact solution with increasing N, .,
for bound states. No coupling to continuum.

N=0 |
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4He

from chiral EFT interactions:
d.S. energy convergence

—24 T | T | T | | L | T | T | T | T | T | T

\\ e -@ bare (36)
4 \ v—v SRG (2.0/28)

Chiral N3LO NN plus N2LO NNN
potential

— Bare interaction (black line)

« Strong short-range
correlations

» Large basis needed

— SRG evolved effective
interaction (red line)

» Unitary transformation

+_ dH,
1 H.=UHU;=—~ =|[T.H,].H,] (O‘:%ﬁ)

3
N’LO (500 MeV)
NN + NNN
\
\‘\
F . e 1 ...... ‘54'—1-—..
_ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
29246811214161820
N
max

Evolution of Nuclear Many-Body Forces with the Similarity Renormalization Group

E.D. Jurgenson,' P. Navritil,” and R.J. Furnstahl'

A=3 binding energy and half life constraint
cp=-0.2, c=-0.205, A=500 MeV

* Two- plus three-body
22 components, four-body
omitted

e Softens the interaction
= Smaller basis sufficient
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NCSM calculations of °He and "He g.s. energies

S I T T T I 1 T -20 AN ' ' ' '
14l Now=2 || 21+ A 5 i
L He SRG-NBLO NN (DD_(.? gmaxzi »h N SRG-N'LO NN ]
or A=202fm" |o—oN.=8| ] Al N A=2.02 fm" ]
18 —aniof v ] - A hQ=16 MeV
% -20 T o + - 4 extrap - E 241 N N
2 ot - 2 25¢ N y
=l m_ 26 A\\ \A\\I‘iﬁ 312 -
-26_— N 27 A NCSM A\\ \\\A‘\-:
28 y 28 = oo 6 \A~+\\ﬂ_\ ]
_30_I....I....I....I....I....I....I....I....I....EE....;E_ 29k He 0 -
1 . | P I T T S | L. 1 230 | | | | | |
12 13 5 16 17 18 19 20 21 22 0 2 4 6 8 10 12 14
hQ [MeV] N
Fyo [MeV] | “He SHe "He
NCSM Nmax=12 -28.05 -28.63 -27.33
NCSM extrap. 28.22(1)  -29.25(15)  -28.27(25)
4 NmaX convclergence.OK Expt. -28.30 -29.27 -28.84 7H
v Extrapolation feasible e
+ SHe: E,=-29.25(15) MeV (Expt. -29.269 MeV) & %
. THe: E,.=-28.27(25) MeV (Expt. -28.84(30) MeV) ’
- He unbound (+0.430(3) MeV), width 0.182(5) MeV
. unbound

NCSM: no information about the width



R TRIUMF

Extending no-core shell model beyond bound states

Include more many nucleon correlations. ..

NCSM :‘:‘ [qﬂ* EEC Ko }

N=0 i

+
(A—a) 7’24—/? (a)
. . ...using the Resonating
Group Method (RGM)
B ideas
(azu)‘\
% yn a, +a,,+a;, =A
@) ()
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Trial function: generalized cluster wave function

| %
S ¢1H' ru2 v ¢3M
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Trial function: generalized cluster wave function

Xt (E8) 0 (E8)EXG —_— (a)

i 2 A({glu })({§2M })({5314 }) Gu ('7u1 ’ ’7u2) (aZM) <« e
.. ¢1M.‘ ’7u2 -¢3M
* ¢: antisymmetric cluster wave functions
— {E}: Translationally invariant internal coordinates
(Jacobi relative coordinates)

— These are known, they are an input
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Trial function: generalized cluster wave function

IIJ(A) D ECK¢1K ({élrc}) — KQ:'i

+1v ({§1v})¢2v ({§2V})gv(’_ﬁ;) )y V(alv)

v

u

+ 2P _Flu 2u _>2u 3u _>3u u aul’aw G ) & Pas
et i

+ .- ¢1M" 7'#2 v ¢3M

* A, A,:intercluster antisymmetrizers

— Antisymmetrize the wave function for exchanges of nucleons between clusters
— Example: R Al
a,=A-1,a,=1 = A =-—1-YP,
i=1

1
1% \/Z
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Trial function: generalized cluster wave function

+EJ gv(’—;)Av[gblv({glv})%v({ézv})é(f_;—ﬁ)]df — Vr@ i

i Efflcﬂ (EI’RA A“ [¢1“ ({élu })¢2u ({§2M }) ¢3u ({{iu }) 6(R1 B I_ém)‘s(iéz B I_éuz )]dkldﬁz

+ -

(a2ﬂ) )

\ € 2u
. 1 R I_é
* ¢, g and G: discrete and continuous ¢ J\l &
L W Y3y

linear variational amplitudes -

(alu) (a3”)

a, +a,, +a,, =A

— Unknowns to be determined
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Trial function: generalized cluster wave function

y
_"
. . . . R
» Discrete and continuous set of basis functions 5 - ! y
lu w Psu

e
— Non-orthogonal ( am) (Cl3u)

— Over-complete o
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Binary cluster wave function

W =S ehdfE.)

—
— -
- —_
_—— -
-_— e
__ -
- -

-
— - —
—— L
- -— .
—_— -— .
- B
- -
. —— -~
— -
-

In practice: function space limited by using
relatively simple forms of ¥ chosen according to
physical intuition and energetical arguments

— Most common: expansion over binary-cluster basis
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The ab initio NCSM/RGM in a snapshot

A-a.a) (A-a)  TA-aa_@ (@ eigenstates of
e Ansatzz YW= / dr CD( o — €O g
Z Ll () H,,and H,
| in the ab initio
| wgfi’—a) Wgﬁi’) 8(F — FA—aa) NCSM basis

= Many-body Schrodinger equation:

m Tel(r) + Viel + Veoul(r) + Hia—a) + Hia)

N7 e
;/ﬁ [}[gf) (?l’?) _EN;(?’TLI)Q,’?)] ¢v(7) =0 realistic nuclear Hamiltonian
(@ “NAHARE ) (@ | )

Hamiltonian kernel Norm kernel

14
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Example: the five-nucleon system

« Considerthe T = /2 case: °He ( °Li)

— Five-nucleon cluster unbound; “He tightly bound, not easy to deform

‘4 3|_| 3H
"’\He'n B .',\.‘d + -v,\/[;n + .
Energ
I I I
) 17.6 19.8 MeV

= Satisfactory description of n-*He ( p-*He ) scattering at low
excitation energies within single-channel approximation

= However, both n(p) + “He and d + 3H(3He) channels needed to
describe 3H(d,n)*He [3He(d,p)*He] fusion!
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Unbound A=5 nuclei: *"He=n+%He, °Li>p+*He

‘He T I
« NCSM/RGM calculations -  E =17MeV
n n
Ve 0.5
— SRG-N3LO NN potential with A=2.02 fm-" =
g
o 0
B o  scieee.,,. PO <
- 0.5 ‘
250 — NCSM/RGM -
| o--o Kruppetal 1984 -
— SRG/N3LO
-30 — _ -
; §200
R S 1sof .
90k T Tt E 3
0 4 8 12 0 4 8 12 16 L 100 -
Ekin [IVIGV] Ekin [1\/[eV] B
. : . . 50 | =
« Differential cross section and analyzing L B, =1TMeV X ]
O L | L | L | |. | L
power @17 MeV neutron energy 0 30 60 90 120 150 180
— Polarized neutron experiment at Karlsruhe 0.

[ NNN and “He polarization missing: Good agreement only for energies beyond low-lying 3/2- resonance ]
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How about "He as n+°He?

- + I -
251 ¢ 6 ]

[ — He ]

20 © SRG-N'LO A=202fm " ]

[ ' hQ = 16 MeV i

> 150 _ b
% I ]
l_J>< I 0" — : ‘ - ]
M 10+ RO h
- 1, — _ i

- 2 T— I P 2109

I g— )

0 __ ()+ .. .. .. .. .. .. ]

2hQ 4hQ 6hQ 8hQ 10hQ 12hQ Expt

«  All ®He excited states above 2*, broad resonances or states in continuum
«  Convergence of the NCSM/RGM n+6He calculation slow with number of éHe states
«  Negative parity states also relevant

*  Technically not feasible to include more than ~ 5 states
17
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New developments: NCSM with continuum

NCSM '

lpfj’T> = N ¢ |ANIIT)
Ni
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New developments: NCSM with continuum

NCSM '

NCSM/RGM ‘_ﬁ'
Z/dTXI/ A(I)J T(A—a,a)

L O T> ECN ‘ANZJ”T>
Ni

x=N*2y (N"2HN™2)y = Bx
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New developments: NCSM with continuum

NCSM

NCSM/RGM “.r/'

lpfj’T> = N ey |ANIIT)

Hx = ENx
x=Ntzx (NTZHN"2)x = Ex

NCSMC -l S. Baroni, P. N., and S. Quaglioni, PRL 110, 022505 (2013);
+ ‘ arXiv:1301.3450 [nucl-th] (submitted to PRC)
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NCSMC formalism
Hycsm h c\ _ 1 g c
st ("1 £)(5)-+(31)(2)
NCSM sector: (Hnvosm)an = (ANTTT|H|AN J™T) = &5 Téxn

NCSM/RGM sector:  H,,(r.r')= ), / / dydy’y2y'2Nﬁe%(T,y)Hw(y,y’)N,;f/(y’(r’)

21
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How to calculate the NCSM/RGM kernels?

rr

v A-a,a )

‘wl”T> 4 E gZ”T (I’) Av EIA > 05111]11T1>‘a OZZI;TZT2>)(ST) n(fA_a’a )](J”T) 6(1’ - l’A_a,a) rzdr
r

P : :
‘(I)W > (Jacobi) channel basis

» Since we are using NCSM wave functions, it is convenient to
introduce Jacobi channel states in the HO space

(J7T)

‘(I){/ZT> R l(‘A —a a111ﬂ1Tl>‘a a2[;2T2>)(ST) Yz(fA-a,a)] R, ()

— The coordinate space channel states are given by
A e
‘(I)vr >= ERnﬁ(r)lq)vn >
e We used the closure properties of HO radial wave functions

(S(r B rA—a,a) i ER”Z (I”)Rng (rA—a,a)

r rA—a,a

— Target and projectile wave functions are both translational invariant NCSM eigenstates
calculated in the Jacobi coordinate basis
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Norm kernel (Pauli principle)

Single-nucleon projectile

AVA > (A_l)

A-1
o~ 1—;1’#1 %o

<q).] T

o(r'=r)

r'r

N (', r)=9,,

(I)J T>

_(A- I)ERM(;’)R (r)<c1>”
] J

~
|+ | (A1)
\ V' SD<w“1 aay,, >SD}

A-1,A

Exchange term:
Obtained in the model space!
(Many-body correction due to
the exchange part of the inter-

cluster antisymmetrizer )

Direct term:
Treated exactly!
(in the full space)

ERM (MR, (7 y)
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Introduce SD channel states in the HO space

Define SD channel states in which the eigenstates of the heaviest of
the two clusters (target) are described by a SD wave function:

o7\ = ‘A 7 mr \\" v (B % (a)
vn >SD _[( —a oyl T1>SD“’ a1, T2>) YE(Rcm):l R, (Rc.m.)

(g ) T
Y
|A aq, IﬂlT >q000 (R(A “)) Vector proportional
g to the c.m. coordinate

of the a nucleons

Vector proportional to the c.m.
coordinate of the 4-a nucleons

A — — -a
e > Wy
R(A—a) —>(a) * (A)
c.m. Rc.m. 50 o’
0] (ﬁA—a_\/%FA aa)

n! ,NL, f> (‘pnf (”A—a)quL (50))£

(@00 (R) 0 (R2)) = S (00,0

nt, ,NL
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Translational invariant matrix elements from SD ones

e More in detail:

c1>f”T> = Y Wy 5 " 1{00,n0,|n 0, ,NL,0) [
e L J

](J”T)

7 Vg (Eo)

* The spurious motion of the c.m. is mixed with the intrinsic motion

Interested in this

O‘CDJ T> :

<(I)J,T

3 A ,
/ AA A i E J ! fl J
Calculate these xE f(’]rz(_l)s"g‘s‘f & r r S r r
> L 7 ¢ || 2N

Matrix that can < f NL €> w <OO I’L’f, ’g’ NL €>

be inverted

Aa'

« Translational invariance preserved (exactly') also with SD channels

« Transformation is general: same for different 4’s or different a’s
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Is the SD channel basis advantageous?

« SD to Jacobi transformation is general and exact

» (Can use powerful second quantization representation

— Matrix elements of translational invariant operators can be expressed in
terms of matrix elements of density operators on the target eigenstates

— For example, fora =a’ =1

1 AR +j+ 1+
A1A|(I) >SD=_ESS]]KT( 1)+ (- 1)T ]

A
I, 7 s
X
One-body density ¢ J ]

<(I)J T

SD

L4 s || 4 K 5| SEE
e
A RIFaA S
matrix elements J

R <A—1 o IS T

(KT)

X A-1 alll”lT1>

SD

( nfj nﬂj%

SD
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NCSMC formalism

Hycosym h C - 1 g C
Start from ( 7 ﬁ)(x)_E(gl)(x)
Coupling: (T Z/dr’ & (ANT™T| A, @0 TY N2 (¢ 7)
han(r) =3 / dr'r'* (ANT T\ H A |30T) Ny (o)

Calculation of g from SD wave functions:
Gun = (ANT|A, @] 7T)
1 2 T
00, 00mE. ¢ 5P AMTTIA®,, s
’ s

1 1 AT
— it J+d s 1
(n00, €100t £)_+_ jT zj:( A { ‘

S T ™
. }SD<A>\J T|lla},, 1A = 1aa [T Th)sp
] 2

Qo=
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NCSMC formalism

Hycosym h c\ 1 g &
Start from ( 7 ﬁ)(x)_E(gl)(x)

Orthogonalization: - N3 (HNCSM ﬁ) N—3 (

Solve with generalized = c\ =
microscopic R-matrix (H+ L - E) ( X ) =g ( )

o
o
N . <1 O

Bloch operator — L, = ( 0 Lo(r— a)(L _ Bu)

28
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Microscopic R-matrix theory

« Separation into “internal” and “external” regions at the channel radius a

4 2
7 r
7 _ e
Internal region ¢ External region ¢
u.(r)= EAC,,fn (r) g u(ry~v, [5a[c(k r)-U,0, (k)] |C>
: 2 \
0 a r

N . n’ B,
— This is achieved through the Bloch operator: L. =——06(r - a)
2u, dr r
— System of Bloch-Schrodinger equations:

(T (1) + L+ Ve (1) = (E - EC) E [drrw, . - L

— Internal region: expansion on square-integrable basis  %.(r) = EAcnfn(")

— External region: asymptotic form for large r

u(r)~CW(kur) or u.(r)~ v__ 5 1 (k. r)’ (k, r) Scattering matrix

Bound state Scattering state
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To find the Scattering matrix

» After projection on the basis f,(r):

@grange basis associated

W’k with Lagrange mesh:
—(E-E )b L= < 16.-U.O
R G LR s
N
<fn rel(r) + L T VCoul >6cc' v <fn ch' > n'> flg(X)dX = 2)\' g(x )
1. SolveforA,_,

K [ £ f,(rdr =6 "
2. Match internal and external solutions at channel radius,

k.a
R, —<[I.(k.a)5,-U.0.(k.a)]=——]1.(k.a)3,~U.,0,(ka)
- ot |
* In the process introduce R-matrix, projection of the Green’s function
operator on the channel-surface functions

f (@[C-EI,

E L r@
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To find the Scattering matrix

3. Solve equation with respect to the scattering matrix U

SR [ 1 k)0, {U,)0L (ka)] - F

C’ MC,VC,

4. You can demonstrate that the solution is given by:
U=2"2",  Z.=(ka) [0.(ka),-kaR, O.ka)

« Scattering phase shifts are extracted from the scattering matrix elements

oo\ R
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0 [deg]

150

-60

NCSM with continuum: "He < ®He+n

120
90
60

30

-30

E,, [MeV]

r

NCSM/RGM
with up to three ‘He states

5.6 (2%,1°,0")

1797 . Expt.

2,92,

O e c s

150

0 [deg]

-60

120
90
60

30

-30

PRI TR I NI TN NN NN TR TR N N BT SFE |

1.327

*He +2n

0.529
*He + 3n

-0.445

“He +n

5
E,, [MeV]
4 )
NCSMC

with up to three ‘He states
and four "He eigenstates
More 7-nucleon correlations

L Fewer target states needed y

32




R TRIUMF

NCSM with continuum: "He < ®He+n

1501 150 |
120 10k
90k 90|
§° 60_— go 60_—
© a0f > “ 30—/ e
ST~ 6 + 4 F T 6 + At T
bl | 2 n+ He(g.s4+2 +2) | ok QS n+ He(g.s.+2 +2) ;
i S1/2 i i | 1/2 | | | | | 1
B T S e T I S R R S |
By, (MeV] O Lo e B [MeV]
NCSM/RGM NCSMC
with three °He states with three °He states
22 G2 and ten "He eigenstates
37 Morte 7-nucleon correlations
5.6 (241,01 Hew2n Fewer target states needed
0.529 \ ) )
“He + 3n
1797 Expt.

-0.445
“He +n

0" ‘ 33
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"He: NCSMC vs. NCSM/RGM vs. NCSM

S experiment NCSMC [NCSM/RGM|NCSM
ER r Ref. ER I’ ER r ER
3/2-[0.430(3) 0.182(5) [2] |0.71 0.30{1.39 0.46 | 1.30
5/2~|3.35(10) 1.99(17) [40]|3.13 1.07|4.00 1.75 | 4.56
1/27|3.03(10) 2 [11]]2.39 2.89|2.66 3.02 | 3.26
3.53 10 [15]
1.0(1) 0.75(8) [5]

[11] A. H. Wuosmaa et al., Phys. Rev. C 72, 061301 (2005).

= NCSMC and NSCM/RGM energies where
phase shift derivative maximal

=  NCSMC and NSCM/RGM widths from the
derivatives of phase shifts

2
I =
aé(EImn)/aEkzn Epin=Egr
Experimental controversy: Best agreement with the neutron
Existence of low-lying 1/2- state pick-up and proton-removal

... hot seen in these calculations reactions experiments [11] .
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Solar p-p chain

p(pev)d
d(p,y)*He p-p chain
86% | 14%
SHe(®He,2p)*He *He(a, v)"Be
14% 0.02%
|
Be(e™,v) Li "Be(p,v)®B
"Li(p,a)*He ®B(eT, v)°Be

Solar neutrino
E, <15 MeV
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Structure of the 3B ground state

11.01 33
« NCSM/RGM p-"Be calculation oo ;
. 135 9.27 5
— five lowest "Be states: 3/2-, 1/2-, 7/2-, 5/2-,, 5/2-,
— Soft NN SRG-N3LO with A = 1.86 fm' 21
0.0 { >
« 8B 2*g.s. bound by 136 keV (Expt 137 keV) = :
— Large P-wave 5/2-, component | & 338
2 SLi+c
0.1 T T T [ T T T T [ T T T T [ T T T J 1()15']4:
0.4291 1 o "B+
E;:Z»Tx 1(252(89.5’7(, TR L 0.88
O P — L "Be w0
oaf —non|
= - = 12 s=11=1 | -
50 772 s=3 1=1
02+ g's.) Zi; Sj; - 5/ 2, state of Be
SRGNLO Acl 6 f should be included
-0.3_ — . 7 8
in '‘Be B
I p+ Be(3/2°+1/2+7/2 +5/2'+5/2)) ] b, ')’)
| | | L calculations -
045 5 10 15 20
r [fm] 36
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Co p-'Be scattering

= NCSM/RGM calculation of p-"Be scattering 573 {2?
= ’Be states 3/2-,1/2-, 7/2-, 5/2-,, 5/2-, - )
=  Soft NN potential (SRG-N3LO with A = 1.86 fm") E
]):: - l:;ll:ll »/‘ / : 04291 :
5B 2" g.s. bound by 136 keV b Y ; = T
(expt. bound by 137 keV) I ‘Be
ii I S
: N i
P i Be (s 1/247) le |

-60 S a 3 . S . S . ]
[New 0", 17, and two 2% resonances} ! ' ’ . IMev) \ 7 - =

predicted L A B S B — T \ .
0231 "Be (p.p) 'Be(1/2) 7 o
02F — }"
L 1 2_% 0.7695 i
s =1/=1 2" cleatly visible = 0.5}
in (p,p’) cross sections ol 1 |_01375 |
. "Be+p ‘[ = =25 T=1
005 \ )

PRC 82, 034609 (2010)
PLB 704 (2011) 379
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Ce

= NCSM/RGM calculation
= ’Be states 3/2-,1/2-, 7/2-, 5/2-,, 5/2-,

= Soft NN potential (chiral SRG-N3LO with A = 1.86 fm)

ﬂﬂB 2% g.s. bound by\
136 keV
(expt. 137 keV)

S(0) ~ 19.4(0.7) €V b

Data evaluation:

S(0)=20.8(2.1) eV b

A\ /

40f
35
0 Tty 7T
o 25k
> C ¢ Filippone
\2['\ 20 : I Cn> ISﬁtriESer N
“ |5kt o Baby
C v Junghans
10 : 7B )8B ® Sch%lemann
C e(p ’Y Davids
[ »  Kikuchi
SE —— De04MNE!l []
C — NCSM/RGM El[]
0 [ 3 " | | 1 PR R TR T TR T R
0 0.5 1 1.5 2 2.5
E_ [MéV]

'Be(p,y)3B radiative capture

e

v

RS}
|~

—
38 %
62 %

0.4291 ¥
J*=33T=4
39.5%
7Be j
S GRS,
) B, 2,
ie
2.32 34
+p
}..
zgi‘m _10.7695 rtal
0.1375
"Be+p T e
- o
\ 5 .

P.N., R. Roth, S. Quaglioni,
Physics Letters B 704 (2011) 379
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Ab initio calculation of the 3H(d,n)*He fusion

energy generator
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d+3H and n+*He elastic scattering: phase shifts

90 T T T T T T T T T T T T T T T T T T T 120 T

4 E -
n+ He ,d*+ H 1 90

-= n+'He
--- no coupling

60

60F | ——

1 /
- g
4
1 4
4
/ 4
4
-/ 4
4

'_‘ 30 -~ ;‘;‘;‘;‘;‘;‘;- ;;;;;;;; 3
| - )
S E
Uo ©
L - | | : 3
0 ! n+ He — n+ He d+3H Sd¥*+H| ]
L : :
. Coupling

-30

S T
B ——

0 0.5 Ekin[ll\/IeV] 1.5 2
e
« d+3H elastic phase shifts: « n+*He elastic phase shifts:
— Resonance in the 4S;,, channel — d+3H channels produces slight
— Repulsive behavior in the 2S,, increase of the P phase shifts
channel = Pauli principle — Appearance of resonance in the

d* deuteron pseudo state in 3S,-3D, channel: 3/2* D-wave, jUSt above d-°*H
deuteron polarization, virtual breakup threshold

The 4-*H fusion takes place through a transition of ¢+°H is S-wave to #+*He in D-wave:
Importance of the tensor force
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SH(d,n)*He & 3He(d,p)*He fusion

« NCSM/RGM with SRG-N3LO NN potentials
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Potential to address unresolved fusion research related questions:
SH(d,n)*He fusion with polarized deuterium and/or tritium,
SH(d,»n })*He bremsstrahlung, P.N., S. Quaglioni,

: . PRL 108, 042503 (2012)
Electron screening at very low energies ...
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Conclusions and Outlook

 We developed a new unified approach to nuclear bound and unbound states
— Merging of the NCSM and the NCSM/RGM [PRL 110. 022505 (2013)]

« We demonstrated its capabilities in calculations of "He resonances

» Successful NCSM/RGM applications to
— ’Be(p,y)®B radiative capture [ PLB 704 (2011) 379 ]

— 3H(d,n)*He and fusion

[ PRL 108, 042503 (2012) ]

e Outlook:
— Inclusion of 3N interactions — first results available for n-*He, p-*He
— Extension of the NCSMC formalism to composite projectiles (deuteron, 3H, 3He, “He)
— Extension of the formalism to coupling of three-body clusters (°He ~ *He+n+n)
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Possible future benchmark: d-3H fusion

« Calculation of the 3H(d,n)*He and 3He(d,p)*He using the
NCSMC formalism and chiral NN+3N forces is within the
reach
— sensitive test of the chiral nuclear Hamiltonian
— complex reaction mechanism

— sensitive to the treatment of virtual excitations of the involved
nuclei

* many-nucleon dynamics in the continuum

« Benchmark with lattice QCD ab initio calculations
beneficial for both the standard nuclear calculations and
the lattice QCD many-nucleon calculations

* Physics issue:

— Behavior of the d-3H and n-*He phase shifts at the resonance 4



