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= Introduction to ab initio No-Core Shell Model with Continuum (NCSMC)
= Polarized 3H(d,n)*He fusion

= Structure of ’Be and ’Li from different binary-mass partitions

= "C(p,y)'?N capture

= Structure of the halo sd-shell nucleus °C



First principles or ab initio nuclear theory
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First principles or ab initio nuclear theory — what we do at present -
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Chiral Effective Field Theory

= Inter-nucleon forces from chiral effective field theory

Based on the symmetries of QCD
= Chiral symmetry of QCD (m,~m4=0), spontaneously
broken with pion as the Goldstone boson
= Degrees of freedom: nucleons + pions

Systematic low-momentum expansion to a given order
(QIN)

Hierarchy
Consistency
Low energy constants (LEC)

= Fitted to data
= Can be calculated by lattice QCD
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Why three-nucleon forces?

A, 4',\4r* ’ ﬁ - - - L] D

C1,C3,C4 Cp Cg
Eliminating degrees of freedom leads to three-body forces.

Two-pion exchange with virtual A excitation - Fujita & Miyazawa (1957)

= Leading three-nucleon force terms
» Long-range two-pion exchange
» Medium-range one-pion exchange + two-nucleon contact
= Short range three-nucleon contact

The question is not: Do three-body forces enter the description?
The only question is: How large are three-body forces?



Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

@ nesw

= Basis expansion method

= Harmonic oscillator (HO) basis truncated in a particular way (N, ax)
= Why HO basis?
= Lowest filled HO shells match magic numbers of light nuclei
(2, 8, 20 — “He, 00, 4°Ca)

= Equivalent description in relative-coordinate and Slater
determinant basis

= Short- and medium range correlations
= Bound-states, narrow resonances
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Extending no-core shell model beyond bound states g
Include more many nucleon correlations. .. =
i
o TS

...using the Resonating Group
Method (RGM)
ideas




Unified approach to bound & continuum states; to nuclear structure & reactions

= No-core shell model (NCSM)

= A-nucleon wave function expansion in the harmonic-
oscillator (HO) basis & NCSM

= short- and medium range correlations
= Bound-states, narrow resonances

= NCSM with Resonating Group Method (NCSM/RGM) .
= cluster expansion, clusters described by NCSM Or/‘ PN
= proper asymptotic behavior
= long-range correlations

= Most efficient: ab initio no-core shell model with continuum (NCSMC)

P - Ec/l (A)ﬁ,)t>+2fd7 vy (F) A, @r/(‘a) ,v>
v (A_ a) S. Baroni, P. Navratil, and S. Quaglioni,

A
\ / PRL 110, 022505 (2013); PRC 87, 034326 (2013).

NCSMC

Unknowns



Binary cluster basis e/(.c:)

= Working in partial waves (v={A-a aI"T;:a a2l”2T2,s€})
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AN _J rA—a,a
Y

Target Projectile

= Introduce a dummy variable r with the help of the delta function

. (r) (sT) v
=3 8. i [(|a-aar ot n) " v0)| oG -7 rdrdr

= Allows to bring the wave function of the relative motion in front of the antisymmetrizer
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Coupled NCSMC equations
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Solved by Microscopic R-matrix theory on a Lagrange mesh — efficient for coupled channels



Microscopic R-matrix theory on a Lagrange mesh — Coupled channels

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

-
Internal region External region ’/’

V = VN + VCoul V = VCoul |C>
Vi

N

v

2
= Matching achieved through the Bloch operator: L, = 2h—6(r— a)(di — Bc)
U, rr

= System of Bloch-Schrodinger equations:

[T+ L, + Vi () = (E = ED]u. (1) + Y, [[dr'r' W (Y, () = L (7)
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Microscopic R-matrix theory on a Lagrange mesh — Coupled channels

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

-
Internal region External region ’/’

V = VN + VCoul V = VCoul |C>
Vi

N

v

2
Matching achieved through the Bloch operator: L, = 2h—6(r - a)(di - Bc)
U, ror

System of Bloch-Schrodinger equations:

[j\;el(r)-l- Lc + ‘76’0ul(r)_(E - Ec) Efdr'r'wcc'(r9r' = L

Internal region: expansion on square-integrable basis  u.(r) = EAcnfn(f”)

n

External region: asymptotic form for large r /\
u (r)~CWi(k.r)

1 . .
Bound state Scattering state U, (r) ~Vv? [6 1 (k.r)- Ua.OC(kcr)] Scattering matrix

cl C



To find the Scattering matrix — Coupled channels

= After projection on the basis f,(r): Lagrange basis associated

W’k with Lagrange mesh:
—-(E-E)d = . |.0,-U_.O
;[ cn,c'n' ( ) cn,c'n' ] c'n' ZMCVi/z <f ccl ci c> {axn E [O’a]}
N
(£l )+ L4 Vg 0.0+ (1, ) J800dx = 3 gz,

1. Solve for A, \f; fn(r)fn'(r)d”zém/

2. Match internal and external solutions at channel radius, a

SR, KA 11 (k.a), ~U.,0.(k.a)] = ———[ I (k.a)d, ~U,0,(k.a)]

\/7 i \/7 ci ¢
c luc'vc lucvc

= |n the process introduce R-matrix, projection of the Green’s function operator on the
channel-surface functions

[, (@) C - EI]

E i Lt
cn C n' ZMC'a
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To find the Scattering matrix — Coupled channels

3. Solve equation with respect to the scattering matrix U

YR, k.a [1..(k @), U0,

1
ci’c (kc'a) =T
' Auc'vc' ] V Aucvc [

I.(k.a)o,-U,O.(ka)]

Cl

4. You can demonstrate that the solution is given by:

U=2"7",  Z,.=(ka) [0.(ka)s, ~kaR, O.(ka)]

= Scattering phase shifts are extracted from the scattering matrix elements

A

1
A I

0
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Norm kernel (Pauli principle): Single-nucleon projectile
16
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Exchange term:

Obtained in the model space!
(Many-body correction due to
the exchange part of the inter-
cluster antisymmetrizer )

<.

Direct term:
Treated exactly! A 1) x
(in the full space)

(a=1) ﬁi@[ﬁﬁﬁﬂ ‘Xr ) - SRR, s

Tﬂﬁ@m ﬁ@ Target wave functions expanded in the SD basis, the CM motion exactly removed



Deuterium-Tritium fusion
= The d+3H—n+*He reaction e PR
= The most promising for the production of fusion energy in the near future “

= Used to achieve inertial-confinement (laser-induced) fusion at NIF, and
magnetic-confinement fusion at ITER

= With its mirror reaction, 3He(d,p)*He, important for Big Bang nucleosynthesis

23.97 24.06
R o Deuterium Helium
b1.2521302164 53 ¢ +@
) 3- o+ A
1996 R 19780 N\ oy
19.14.19.26 1931 i3 3 19016 3He+2n M 52
3H+p+n © \
1684 3 < + / \ Energy
e
Tritium Neutron
14.325
Li+d-a
10.534
SH+1-n

Resonance at E;, =48 keV (E4=105 keV)
in the J=3/2* channel
Cross section at the peak: 4.88 b

1.27

17.64 MeV energy released:
14.1 MeV neutron and 3.5 MeV alpha

d-OLi °He *He+n

1977




NCSMC calculation of the DT fusion

- D
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|¥) = ZCA

A

2x7 static °He eigenstates computed with the NCSM

Continuous D-T(g.s.) cluster states (entrance channel)
= Including positive-energy eigenstates of D to account for distortion

Continuous n-*He(g.s.) cluster states (exit channel)
Chiral NN+3N(500) interaction



n-*He scattering and 3H+d fusion within NCSMC

n-*He and d+3H scattering phase-shifts
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chiral N°LO NN

NCSMC with SRG evolved NN+3Nind
FY with bare NN
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The d-3H fusion takes place through a transition

of d+3H is S-wave to n+*He in D-wave:
Importance of the tensor and 3N force

19



3H(d,n)*He with chiral NN+3N(500) interaction

S—factor [b.MeV]

Astrophysical S-factor

T LI L] | I I T LI ) | 1 T
10RO , |
5 keV correction 1
of 3/2+ centroid i
5.10° -
i AR52, CO52, AR54 J
e o KOG6, JAS4, BRS7
— NCSMC — pheno
2.10° : -
- - NCSMC
Lol 1 1 TR N N L 1
5.10 10! 2.10! 5.10! 102 2.10

Een. [keV]

Fusion
cross section

Astrophysical S-factor:
nuclear contribution

S(E) 2nZ,Z,e’
exp| —
A 2E/m

‘Coulomb’
Contribution
(tunneling)
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NCSMC phenomenology
HW™ = Ep® =V,

(A)a,)t>+2fd;7 v, (F) fA\V H) ,V>

A v (A—a)
(A)F,_ HAA 3’\r.$ (A), . | &L N
—————— > Eiv . O < — '@ (A —‘:) 0 & 4 (@) (A_‘:)

adjustable parameters / H
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3H(d,n)*He with chiral NN+3N(500) interaction

S—factor [b.MeV]

Astrophysical S-factor
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3H(d,n)*He with chiral NN+3N(500) interaction

Astrophysical S-factor

NN+3N(500) |

= While the DT fusion rate has been measured
extensively, a fundamental understanding of the
process is still missing

=
D , . . .
= 10! 4 = Very little is known experimentally of how the
- i polarization of the reactants’ spins affects the reaction
O —
T 5.10° .
ﬂ
I AR52, CO52, AR54 | = Z 2J+1
ST e e KOGG.JASE BRST i Ounpol = 2 (2Ip+1)(2I7+1) 9
5 100 L — NCSMC — pheno i 1 2
- == NCSMC _ /+ .
[ 1 1 TR N N . 1 ~ — —_ 3
5.1 0 1 2] 1 5. 1 P 2. 2 i —
10 10 2.10 10 10 2.10 3 > 3 >

Een. [keV]

Assuming the fusion proceeds only in S-wave o
with spins of D and T completely aligned: pot = 1.5 Oynpor
Polarized cross section 50% higher than unpolarized
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3H(d,n)*He with chiral NN+3N(500) interaction

Polarized fusion

do 1 do. I 1 3
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g 4 145+
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ARTICLE

Ab initio predictions for polarized deuterium- [ NCSMC calculation demonstrates impact of partial waves with /> 0 }

triti th | fusi . .
ritim thermonticiear tusion as well as the contribution of / = 0 J* = %* channel

Guillaume Hup'\nw'z'z, Sofia Quaglioni 3 & Petr Navratil




3H(d,n)*He with chiral NN+3N(500) interaction

aO'pol

(Ocm) =

0cm.

—NOA

ARTICLE

Ab initio predictions for polarized deuterium-
tritium thermonuclear fusion

Guillaume Hup'\nw'z'z, Sofia Quaglioni 3 & Petr Navratil

.

Polarized fusion

1 (b) 3
1+ EpzzAzz (Bem) + Epzqzcz,z(gc.m.)
109_| TTTT] T T T T T77T] T [ —
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o2 108+
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g L 4
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For a realistic 80% polarization,
reaction rate increases by ~32%
or the same rate at
~45% lower temperature




3H(d,n)*He with chiral NN+3N(500) interaction

ARTICLE

Ab initio predictions for polarized deuterium-

aO'pOl

0cm.

tritium thermonuclear fusion

Guillaume Hup'\nw'z'z, Sofia Quaglioni

3 & Petr Navratil*

(Ocm) =

Polarized fusion

aO'unpol
a‘Q‘C.m.

.

2

0 30

1 (b) 3
1+ =p.A;z; (Bem) + Epzqzcz,z(gc.m.)

o o —— ——— — e ——————— i ————— 3 — —— — — — —

—— C.M., polarized
=== (C.M., unpolarized
Lab. (neutron angle), polarized

- Lab. (*He angle), polarized -
[N T AN N TN T N NN T N N N Y NN T AN N Y NN A NN NN

60 90 120 150
0 [deg]
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For a realistic 80% polarization,
outgoing neutrons and alphas emitted
dominantly in the perpendicular
direction to the magnetic field




Solar p-p chain

6%

p(p,eTr)d
d(p,y) He p-p chain

\ 14%

SHe(®He,2p)*He

SHe(a,v)"Be
14% 0.02%

Be(e™,v)"Li "Be(p,7)®B

"Li(p,a)*He ®B(eT, v)®Be
*Be(a)*He

Solar neutrinos
E, < 15 MeV
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S-factor [keV b]

"Be structure and capture reactions
important for astrophysics
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"Be structure and capture reactions
important for astrophysics

NCSMC with SRG evolved chiral NN

Analyzed mass partitions (no coupling yet)
* 3He + “He
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'Be — Repro
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= NCSMC study of “Li and “Be nuclei using all binary mass partitions
= Known resonances reproduced
= Prediction of several new resonances of both parities
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= NCSMC study of “Li and “Be nuclei using all binary mass partitions
= Known resonances reproduced
= Prediction of several new resonances of both parities
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p+11C scattering and ""C(p,y)12N capture

= "C(p,y)'?N capture relevant in hot p-p chain: Link between pp chain and the CNO
cycle - bypass of slow triple alpha capture “He(aa,y)'?C
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p+11C scattering and ""C(p,y)12N capture

Measurement of ""C(p,p) resonance
scattering planned at TRIUMF TUDA facility

* NCSMC calculations of ""C(p,p) with chiral NN+3N under way
= MUC: 3/2-,1/2-, 5/2-, 3/2- NCSM eigenstates
= 12N: 26 m = +1 and 24 m = -1 NCSM eigenstates
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Measurement of ""C(p,p) resonance
scattering planned at TRIUMF TUDA facility
p+11C scattering and ""C(p,y)12N capture 42

* NCSM with continuum calculations of "C(p,p) with higher-precision chiral NN+3N under way
= 1C and 2N NCSM eigenstates calculated with NCSD code on Summit using GPU acceleration
= 1024 nodes, 6144 MPI tasks with 1 GPU/task and 7 OpenMP threads/task
= Largest matrix dimensions: 131 million for "C and 167 million for 12N (~7 hours to get 9 eigenstates)
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Measurement of ""C(p,p) resonance
scattering planned at TRIUMF TUDA facility
p+11C scattering and ""C(p,y)12N capture

* NCSMC calculations of ""C(p,p) with chiral NN+3N under way
= MUC: 3/2-,1/2-, 5/2-, 3/2- NCSM eigenstates
= 12N: 26 m = +1 and 24 m = -1 NCSM eigenstates
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Halo sd-shell nucleus 1°C

= Motivation:
= Halo 2+ S-wave and 5/2* D-wave bound states
= 14C(n,y)'*C capture relevant for astrophysics

SO 93946
9.00 |3C+2n

= Calculations in progress — all results preliminary .81l
= NN chiral interaction — N3LO Entem & Machleidt 2003, SRG evolved with 1 = 2.0 fm! (.35

= 3N chiral interaction — N2LO with local/non-local regulator, SRG evolved with 1 = 2.0 fm-* 583
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= NCSMC

14C (40) 0* and 2* eigenstates

= 15C ('5F) lowest 7 positive and 3 negative parity eigenstates
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15C cluster form factors

= 1/2* S-wave and 5/2* D-wave ANCs
= Cyp+ = 1.282 fm12 - compare to Moschini & Capel inferred from transfer data: 1.26(2) fm-1/2
= Cspps = 0.048 fm-172
= Spectroscopic factors: 0.96 for 1/2* and 0.90 for 5/2* - experiments 0.95(5) and 0.69, resp.
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G(n.y) [Hb]

14C(n,y)15C capture cross section

= Comparison to Karlsruhe experiment — Phys.

Rev. C 77, 015804 (2008)
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Relevant for
Inhomogeneous Big Bang models
Neutron induced CNO cycles

Neutrino driven wind models
for the r-process

Validation of Coulomb dissociation
method
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Conclusions 48

= Ab initio calculations of nuclear structure and reactions with predictive power becoming feasible beyond the lightest nuclei

= These calculations make connections between the low-energy QCD, many-body systems, and nuclear astrophysics

= Polarized DT fusion investigated within NCSMC
= Sheds light on importance of />0 partial waves

= Structure of ’Be and “Li from different binary mass partitions
= Investigation of capture reactions relevant for astrophysics
= Observation of a narrow S-wave resonance above 6He+p threshold — similarity to 1°Be+p system?

= MC(p,y)12N NCSMC calculations with validation of the 11C+p scattering by TRIUMF experiment

= 15C NCSMC calculations in progress
= Capture cross section, cluster form factor, ANCs
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