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EQUAL TREATMENT OF BOUND AND RESONANT STATES:

COUPLE NCSM AND NCSM/RGM (NCSMC)

« Methods develop in this presentation to solve the many

body problem
Can address bound
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EQUAL TREATMENT OF BOUND AND RESONANT STATES:

COUPLE NCSM AND NCSM/RGM (NCSMC)

« Methods develop in this presentation to solve the many

body problem
Can address bound

Wrcsw = |AN™T) = z Ca |Aaj;"t;) qutp and low-lying

a A
Mixing / / A-body VYA RISl resonances (short

coefficients(unknown) oscrill?agg ?Qtlgtes Second quantization  [HGACREUIEEUIE)
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EQUAL TREATMENT OF BOUND AND RESONANT STATES:

COUPLE NCSM AND NCSM/RGM (NCSMC)

S. Baroni, P. Navréatil and S. Quaglioni PRL110 (2013); PRC93 (2013)

« Methods develop in this presentation to solve the many

body problem
Can address bound

Wrcsw = |AN™T) = z Ca |Aaj;"t;) qutp and low-lying

a A
Mixing / / A-body VYA RISl resonances (short

coefficientsunknown) osc?l?a[{g?gtlztes Second quantization  [GACERSSUEEUIR)
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- (-0 @ gz _ 7 for scattering states
. aq ar — TA-a,a
Relative wave / \ Channel  Cluster expansion ( best fc.)r long range
function Antisymmetrizer basis technique correlations)

(unknown)

« The many body guantum problem is best described by

the superposition of both type of wave functions
(A-a,a) NCSMC
(va >

Vite = ) @MAYTT) + ) f d7 @u@) A,
A v
5




S. Baroni, P. Navréatil and S. Quaglioni PRL110 (2013); PRC93 (2013)

Scattering matrix (and observables) from matching solutions to
known asymptotic with microscopic R-matrix on Lagrange mesh




n-*He SCATTERING: NN VERSUS 3N

CZ2Q  INTERACTIONS )

e G. Hupin, J. Langhammer et al. PRC88 (2013); G. Hupin, S. Quaglioni and P. Navratil, to J .
be published in Physica ScriptaSpecial Edition - Nobel Prize '75 anniversary

n-*He scattering
Two scenarii of nuclear Hamiltonians
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AB INITIO n-“He SCATTERING
Cea

G. Hupin, J. Langhammer et al. PRC88 (2013); G. Hupin, S. Quaglioni and P. Navratil, to
— be published in Physica ScriptaSpecial Edition - Nobel Prize '75 anniversary

Study of the convergence with respect to the # of 22| | prassds i
“He low-lying states PO xm— .
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n-*He scattering phase-shifts for NN+3N potential with reproduced.

A=2.0 fm-1 and first 14" low-lying state of >He.




n-*He ELASTIC CROSS-SECTIONS

Cea G. Hupin, S. Quaglioni and P. Navratil, to be published as a contribution to the Special
— Physica Scripta Edition - 40 year anniversary - Nobel Prize '75
- - - 103 - I I
Comparison of the elastic cross-section . _
between NN and NN+3N with 4He (g.s.) o e 7
— /
__T__ 6 - l;lxNI:rﬁN-induced //
8 s T T T T T E 5 s
[ % n-4He ’E \
4 NN+3N-full, Nmax=13 <
6 [~ A ] s) C: 3
DD
E *,, \\ : ?1741:10 -(g IS )u 1 i I‘\J .......
S A \\ — 3N i 0 45 90 135 180
S \ ——- g{lg (NN+3N-indgced) Oem. [deg]
,' N » ENDF 2011 | Differential cross-section at E . qon
21 =1.79 MeV between NN+3N-ind and
2 NN+3N.
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4 12 1 2 :
° B, Mev] 0 - We obtained a better agreement
with data when using NN+3N.

n-*He elastic cross-section for NN+3N-induced,
NN+3N potentials compared to expt. and ENDF

evaluation.

» The 3N force is constitutive to the
reproduction of the 3/,* resonance.




PREDICTION FOR ELASTIC RECOIL
CZA  pETECTION (ERD)

G. Hupin, S. Quaglioni and P. Navréatil, PRC90 (2014)
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The widths predicted by our between experimental data
model (the only ingredient and provide accurate
being the interaction) is too predictions for all angles at

large compared to experiment.  small and high energies.
We can however discriminate 10




C2A NEUTRON-RICH HALO NUCLEUS “BE

R TRIUMF

B In the shell model picture g.s. expected to be J™=1/2

(Z=6, N=7) 13C and (Z=8, N=7) 1°0 have J™=1/2- g.s. \\ 7 " se ésuz

P12

B nreality, 1'Be g.s. is J™=1/2* -- parity inversion A Op3;
Sy
B Very weakly bound: E;=-0.5 MeV Halo state -- N T

dominated by 1°Be-n in the S-wave : — _
Single particle interpretation

B The 1/2- state also bound -- only by 180 keV using nuclear shell model
7.030_ 705 710 G2) (7 97};37132?1
] ; . e . -849-5.980— (12°
Can we describe 1Be in ab initio calculations? 3555340 1
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CpZ  P-YC SCATTERING: STRUCTURE OF

1IN RESONANCES

R TRIUMF

B Limited information about the structure of
proton rich 1*N — mirror nucleus of 'Be halo

15.08 (3/2
nucleus
4.42 (5/2
B Incomplete knowledge of 1°C unbound
excited states B8 /2
B Importance of 3N force effects and 246 P
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FROM RESEARCH TO INDUSTRY - \\\
C2A °c(p,p) @ IRIS with solid H, target (gé) TRIUMF

New experiment at ISAC TRIUMF with reaccelerated 1°C

B The first ever 1°C beam at TRIUMF
B Angular distributions measured at E,, ~ 4.16 MeV and 4.4 MeV

10C(p o)) @ IRIS with solid H> targe
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p—lOC SCATTERING: STRUCTURE OF 1N RESONANCES

A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation

R TRIUMF

NCSMC calculations with chiral NN+3N [N3LO NN+N2LO 3NF(400), NNLOsat]

m 19C: 0%, 2*, 2* NCSM eigenstates

B UN: 24 (n=-1=and 23 (r=+1) NCSM eigenstates

p-1°C phase shifts with NN+3N (A=400)
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p-1°C SCATTERING: STRUCTURE OF N RESONANCES

A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation
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®TR'UMF Area where 3N force effect can be observed

180

p-1°C SCATTERING: STRUCTURE OF N RESONANCES

A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation

IRIS collaboration:
A. Kumar, R. Kanungo, A.
Sanetullaev et al.
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A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation

R TRIUMF
NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400)

m 19Be: 0%, 2+, 2* NCSM eigenstates

B !'Be: 26 (r=-1) and =23 (r=+1) NCSM eigenstates @
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1Be WITHIN NCSMC: DISCRIMINATION AMONG CHIRAL !

~

CZA  NUCLEAR FORCES bely,

A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation U A
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FROM RESEARCH TO INDUSTRY

Cea p-19C SCATTERING: STRUCTURE OF N RESONANCES

A. Calci, P. Navratil, G. Hupin, S. Quaglioni, R. Roth et al. with IRIS collaboration, in preparation

IRIS collaboration:
@TRIUMF A. Kumar, R. Kanungo, A.

Sanetullaev et al.
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“He(d,d)*He COMPARISON OF
CZa  INTERACTION

G. Hupin, S. Quaglioni and P. Navréatil, PRL114 (2015)

Comparison of the d-a phase-shifts with

different interactions (N,,,=11)
U it o T w4
135 | |
90 | |
P 45|
= [
< 01 Best results in a decent model
45 | | space (N,,,=11).
o0l s Gk — ey The 3D, resonance is reproduced
! e S ! but the 3D, and 3D, resonance
1350 o] positions are underestimated.
0 2 Eyin [MeV] 4 6 The 3N force corrects the D-wave

resonance positions by increasing
the spin-orbit splitting.
There is room for improvements.

d-*He(g.s.) scattering phase-shifts for NN-only,
NN+3N-induced, NN+3N-full potential with
A=2.0 fm,
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°Li SPECTRUM, NCSMC VS
NCSM/RGM

G. Hupin, S. Quaglioni and P. Navréatil, PRL114 (2015)

Comparison between NCSMC vs NCSM

6 .
L Expt. NCSMC
. 4.99(22) — -
- NN+3N NN+3N—1I]d_
5.74 . +
412 407 14_27 4.22
41 =15 =342  r1-368
314 ﬂ 2" g 2l
— . 2.10
5 2F T ST
% I . 0.99(9) o105 F
2 — 07117 YT =007
Lﬂ 0.19 I'=0.024
) -
_ ES T sy -4zl g f « The 3N force is essential to get the
N 5. S, T . . .
2h annd Nvesy : - . correct 6Li g.s. energy and splitting
I NCSM (extrapolated) ] between the 3* and 2" states.
« The SLi g.s. is well reproduced.

* There is room for improvements, in
particular regarding the 3* state.
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“53  “He(d,d)*He CROSS-SECTION

G. Hupin, S. Quaglioni and P. Navréatil, PRL114 (2015)

“He(d,d) “He angular distribution for

various E,
I | | -
(©) [e 2.93MeV]
4 A v 6.96 MeV
10E He(d,d) He 8 8.97 MeV |
o - ¢ 12.0 MeV ¢
:E x 20
E: 1 | X5 i
a 2 ]
C'i
© X 1
T 0.1k E
0 . < @ . | . |
0 60 120 180
0, [deg]

Comparison to experiment of the d-*He elastic
angular distribution of NCSMC with NN+3N
potential at A=2.0 fm,

The bulk of the cross
section is well reproduced

for a large set of kinetic
energy and scattering
angle.
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%% 4He(d,*He)d CROSS-SECTION . |

G. Hupin, S. Quaglioni and P. Navratil, PRL114 (2015)

“He(d,*He)d differential cross section at

2.0 r , —— Comparison between
8 (a) Besenbacher et al. . otentil .

o
5 . | v Browningeral. - o Yz
. «=1 MeV
P o Kellock et al. 800 F —— NN+aN-full /,’/
o 5y \ ¢ Nagata et al 7 ' IS s
— 1 g el ai. ~ NN-only -
Z 1.0F ' . <
= I % Quillet et al. =
= 600
ed 3 3
. A S
= =
Y = LD
G LI 400 He
S 0.5 .
O 0 15 30
@ ¢a [deg]

0.2b

— The 3* resonance is

5 10 : : : :

E [MeV] missed. As its width is very
& narrow, it has little impact

Comparison to experiment of the d-*He elastic
recoil differential cross section of NCSMC with

and the bulk of the cross-
NN+3N potential at A=2.0 fmL. section.




FIRST STEPS TOWARDS AB INITIO CALCULATIONS OF

FUSION WITH NCSM/RGM

P. Navratil, S. Quaglioni, PRL108 (2012)

3He(d,p)*He astrophysical S-factor 3H(d,n)*He astrophysical S-factor

20 T 1 | T I T | 35 | | T | T T T T 1171 l

I 4 Bos2 |] - 4 3H 4H * ?Ig;
K87 |1 L (a +'H — n+ He ]
(b) v Sch89 |1 30 (@) = CO52 |3
[ B Ge99 . r : + AR54 ]
15 \ A o Al H s J.?_ A Hess |3
= [ @rHeopHHe D o =T i 2
7 ] 0d*+0d* | > T % ; > GO6l |-
g e Iab — . ld*+1d™ | | § 20 ¥ [ v KO66 |7
Sl ] - - 3d*+3d* = + MC73 |4
= 10 e Screenlng b — = 5d*+5d"™ B 55 r ’ MA7S ]
8 ‘,7.'--__-._:.. ". } Td*+5d* 1 51 15+ % *  JA84 =
2 o | [ — 9d*+54* | E | BR87 |1
T y A & 0d*+0d* | ]
“oa 10F g -—— 1d*+1d* |4
5 s ——— 3d*+3d* | ]
______ F-CIIo-- - A ——— 5d*+5d* | 1
< . - 7d*+5d"* |
Evidence of —— 9d*+5d'* | ;

1 L 1 L1 1 1 1 1 1 il 111 - _ | i 11 II L L v
% L foon—— incomplete model .
— - L
Ly [keV] / =15 fin (nuclear force) % [keV]

excited states  includes break-up astrophysical S-factor compared to beam-

3 4
Pseudo Complete picture: 3 NCSM/RGM results for the *He(d,n)*He
—
target measurements.

Calculated S-factors converge with the
iInclusion of the virtual breakup of the

Incomplete nuclear interaction: requires
3N force (SRG-induced + “real”)
deuterium, obtained by means of excited
3S,-3D, (d*) and °D, (d’* ) pseudo-states. 24




FIRST STEPS TOWARDS AB INITIO

Cea CALCULATIONS OF FUSION

G. Hupin, S. Quaglioni, P. Navratil work in progress

d-t fusion

n-*He phaseshifts with NCSMC and the
chiral two- and three-nucleon force - Perspective to provide accurate

t(d,n)*He fusion cross-section for
the effort toward earth-based
fusion energy generation.

* The d-t fusion is known to be
very sensitive to the spin-orbit
and isospin part of the nuclear
interaction.

n+*He(g.s.) phase shifts with NN+3N potential,
A=2.0 fm-1, with eigenstates of °He at N, =9.
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FROM RESEARCH TO INDUSTRY

G. Hupin, S. Quaglioni, P. Navratil work in progress

Towards d-t fusion with NCSMC:

comparison between effective interactions

120 7%

90 |,

60 F1 =z ==
30 R
— [
3 N N+3N-full
.E. 0 v v v v e e e sttt
o

30 Y

- 28
60 N D 1/2 A=1.7 iQ=
i ™~ ——=2\=2.0 hQ=

-90

Twivg

120 b

n+*He(g.s.) phase shifts with NN+3N potential,

with eigenstates of >He.

FIRST STEPS TOWARDS AB INITIO
CALCULATIONS OF FUSION

A= 1.7 fm ! and hQ) = 16 MeV

Npnax || "He (37) 1He SH d

6 -5.1574 | -28.1739 | -8.2909 | -2.0404
8 -7.2529 | -28.3677 | -8.3893 | -2.092
10 -8.1861 | -28.4348 | -8.4455 | -2.1654
12 -8.4546 | -2.1781
o -8.9373 | -28.4693 | -8.4565 | -2.224

A =20 fm~! and A2 = 20 MeV

Nmax || "He (37) | “He H d

6 -1.9037 | -27.7923 | -8.0971 | -1.9199
8 -4.9122 | -28.2341 | -8.2721 | -1.9633
10 -6.6422 | -28.4078 | -8.4099 | -2.1172
12 _7.7062 | -28.4438 | -8.4387 | -2.1351
o0 291813 | -28.4796 | -8.4469 | -2.224

NCSM convergence of compound and
cluster states.
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FROM RESEARCH TO INDUSTRY

CALCULATIONS OF FUSION

G. Hupin, S. Quaglioni, P. Navratil work in progress

Towards d-t fusion with NCSMC:
comparison between effective interactions

120 F%
9 F,
60 F1
30 B
¥ N N+3N-full

EVEL VIV VI VI VIV Y I RV S

30 Y

60 |

290 |

120 Lo

n+*He(g.s.) phase shifts with NN+3N potential,
with eigenstates of >He.

FIRST STEPS TOWARDS AB INITIO

A=17fm ! and A = 16 MeV

Nmax || "He (37) [ “He | *H | d
6 42.29 1.04 | 1.96 | 8.26
8 18.85 | 0.36 | 0.80 | 5.94
10 8.41 0.12 | 0.13 | 2.63
12 - - 1 0.02] 2.06
A =20 fm ! and A0 = 20 MeV

Numax || "He (37) [ “He | °H | d
6 78.70 | 2.38 | 4.25 | 13.67
8 45.04 | 0.83 | 2.18 | 11.72
10 25.68 | 0.22 | 0.55 | 4.80
12 13.78 | 0.09 | 0.21 | 4.00

Relative error (%) with respect to

converged value

A smaller frequency allows us to

capture the dilute nature of the 3/,*
resonance.
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CONCLUSIONS AND OUTLOOK

We are extending the ab initio
NCSM/RGM approach to describe
low-energy reactions with two- and
three-nucleon interactions.

We are able to describe:

B Nucleon-nucleus collisions with NN+3N
Interaction

B Deuterium-nucleus collisions with
NN+3N interaction as the n-n

B NCSMC for single- and two-nucleon
projectile

Work in progress:

B Fusion reactions with our best
complete ab initio approach

I The present NNN force is "incomplete”,
need to go to N3LO

Evolution of stars, birth, main sequence, death
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