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Outline

= Ab initio nuclear theory

= No-core shell model (NCSM) and NCSM with continuum (NCSMC)
= |nput chiral NN+3N interactions
= Charge exchange reactions in NCSMC
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First principles or ab initio nuclear theory
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Quantum Chromodynamics quarks, gluons

(QCD) ?

Chiral Effective conolinet quarks

Field Theory
(parameters fitted @
to NN data)
‘baryons. mesons

Current ab initio
nuclear theory

HWYW = Ey®

protons, neutrons
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Ab initio No-Core Shell Model (NCSM) 5
= 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, 60, 4°Ca)

= Equivalent description in relative(Jacobi)-coordinate and
Slater determinant (SD) basis

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

N=2n+]|
1=1,3 N=3 \i 7/ 20—40
/1=0,2 N=2 12—20
[ = N =1 6—8
/=0 N=0 2—2

E=(2n+1+3)b0



Ab initio No-Core Shell Model (NCSM) :
= 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, 60, 4°Ca)

= Equivalent description in relative(Jacobi)-coordinate and
Slater determinant (SD) basis

= Short- and medium range correlations
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ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

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



ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

Static solutions for aggregate system,
describe all nucleons close together

S. Baroni, P. Navratil, and S. Quaglioni,
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ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

Continuous microscopic cluster states,
describe long-range projectile-target

Static solutions for aggregate system,
describe all nucleons close together

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



ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)
Unknowns
(A) ‘{ \~ =Y A r
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Continuous microscopic cluster states,
AE = Nowsl describe long-range projectile-target

Static solutions for aggregate system,
describe all nucleons close together

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

Unified ab initio approaches to nuclear
structure and reactions

Petr Navratil', Sofia Quaglioni’, Guillaume Hu Pin”,
Carolina Ro > and Angelo Calci

mero-Redondo” an
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PHYSICAL REVIEW C 101, 014318 (2020)

Novel chiral Hamiltonian and observables in light and medium-mass nuclei

V. Soma,"" P. Navritil ®,% F. Raimondi,>** C. Barbieri ®,** and T. Duguet"->:/

Input for NCSMC calculations: Nuclear forces from chiral Effective Field Theory

= Quite reasonable description of binding energies across the nuclear charts becomes feasible

= The Hamiltonian fully determined in A=2 and A=3,4 systems

= Nucleon—nucleon scattering, deuteron properties, 3H and “He binding energy, 3H half life

= Light nuclei — NCSM
= Medium mass nuclei — Self-Consistent Green’s Function method

NN N3LO (Entem-Machleidt 2003)
3N N2LO w local/non-local regulator
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1.8/2.0 (EM) results: J. Simonis, S. R. Stroberg, K. Hebeler,

J. D. Holt, and A. Schwenk, Phys. Rev. C 96, 014303 (2017).
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Recently developed NCSMC capability — £ T m—
charge-exchange reaction calculations Sl 5| B0
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Motivation — characterization of single crystal
diamond detectors, measurements at n-TOF at CERN

= High-energy neutron detection

= Single crystal diamond detectors can be used in harsh
environments — fusion reactor, have low gamma sensitivity

= Neutron cross sections on carbon important in general

= (n,p) and (n,d) reactions on carbon measured at n-TOF (neutron-
time-of-flight) facility at CERN
= Measurements at two angles, no information on the final
state excitation, E,, up to 26 MeV (24 MeV in CM)

= For the cross-section determination, theoretical angular
distributions needed including for the final nucleus excited
states

= Apply NCSMC to 2C(n,p)'?B

275

7. - /2 —
e s e ,
{129 T i1 =
] Jag9= PEAN I
—\ &8 ] T 7|3.o:? : . 13, 1_
12.26347 o~ lpse 1294 \ B+ He-p 1940137
“N+t-a \\\ T " e 6 3o

_|268
25868 (28
TLi+SL
24.4134 04 ’
108223
Be+'He ¥ 23.8759 23,668
23 06 g 4+ ¢ iic+2n
22
=[2 | Blritned o
21.28 — 52
=/2043 =
2.0 = |:9___9_ == 21.4080
= = - 10, T .
—iss B+ 'Li-a 36
170 :g';g____}_____ 18618
(" | T:3/2) 7]_i+7Li—n

(T=3/2)

70

”3 |§55 44.8
< 1K
106476 \ 8,52—1—75_9_0%0_525&7 ! _22;
9 2.2x10-4 10.46 . .
Be+a \ 390 — s
Texio3 [2.50 o9/2%] 537
% 886 P < A 0 9.725
(80803 ¥ sax0* g2 20 98e+5Li-d
020803 see7a T \ s 2 , 8.1798 T
B+°Li-He BN +d-a 1749 755167 4l i BerTLint
8 6.864 /24 e
076
¥ 1 _%635
12,
5 4 618 C+n
? : 80 "\[36845 3853 ¢ s
1s 2810 B*a-p T ==
3089 1
'2C+9Be-Be 27218 T - i
c+d-p 2.2205°N
2moc2
v
38 JT =727 B
Ts1/2 \
1: Ia-l 3I09 |30 \\ I]&:a %
il C+t- d B
¥C+d- t o \las\ ;2'2[56:r I4r3.05:/3!
T 49}','1 700 0+n-¢ +d->He
-15.6314 800
-|0.665st =S 95l9 '=c5+ iﬂ 4 _i_
NipHe CP I “354045

|2C+D' p

15



13C and '2C(n,p)'2B in NCSMC

= |nput - chiral NN N4LO + 3N, interaction — SRG evolved

Basis
= 12C 0* and 2* states (T=0)
= 12B 1+ and 2* states (T=1)
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13C and 2C(n,p)'?B in NCSMC

= |nput - chiral NN N4LO + 3N, interaction — SRG evolved

= Basis
= 12C 0* and 2* states (T=0)
= 12B 1+ and 2* states (T=1)
= 13C
= 24 negative-parity states — J=1/2-- 11/2
= E, upto 24 MeV
= 34 positive-parity states — J=1/2" -
= E, up to 19 MeV
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13C and '2C(n,p)'2B in NCSMC

= |nput - chiral NN N4LO + 3N, interaction — SRG evolved

= Basis
= 12C 0* and 2* states (T=0)
= 12B 1+ and 2* states (T=1)
= 13C
= 24 negative-parity states — J=1/2-- 11/2
= E, upto 24 MeV
= 34 positive-parity states — J=1/2" -
= E, up to 19 MeV

11/2*

dim 186 million at N,,,,=7)

Very high density of states — difficult to
converge by Lanczos iterations (>800,

leNg;)MC — Z C) ‘ 13C >\> + Z/dr’yy A 12C+n 7y> + Z / deY/L(T)A‘u | 12B+p 7,U’>
1

_275
268
26
2
24
p 23.8759
23 g+
22
. 21.28 52
o (=5 »
=2043 =
184 o9 2006 i~ 21.4080]
B+ 'Li-a
18.6790 18.70
Brs sse—t——
. 17.361053— 152,
B+p 1695
={16.08 1615 | -
1553
/2
3 376 7
13437 — 13.57 729 %
—135——w§§$§§\ =iz, oMt 13,1855 1
¥ b B+°He-
12.26347 ] 12.44 N2 ' e-p
BN+t-q § . e S R 3 :
1. -
106476 | =i fRospriel- A Jeze
Beta T 2P oR wBll
R 3/2
o Texio®  [2.50 w2 w1 .
) ' 94 x j0™ 226 -~ i
180803 ’ 2 , 8.1798 T
Og+SLi-tHe L0874 7.49 755 L67 |32 : %Be+TLi-t
N+d-a -
B- 6.864 5/2%] !
B __|_ 7394635
12
C+n
laceis " 3884 | oo
8+q-p 36845 3854
328w 3089 | [{T*
12C+98¢ 8¢ 27218 7z 3
Crd-p 2.2205"N
2moc2
e
38 J e B
Ts1/2
=l 3I09 13 \\ 188
- 2C+t- -4 _ C ~ 1
Ly t N 221567
. — 40., 139~ 7§ —
—_ 44 T 7.90 ~N0+n-a
- -15.6314] 800
-|0.665st 595'9 BG4 a-3He T
NepHe  C*P-d -1354045

'2C+p- p

23.668
c+2n

o
o

18618

TLi+Li-n

44.8

|2.4OI3I

"G +3He-a

3

9.1725

®Be+6Li~d

o

-2.057|%

“N+d -3He

18



13C and 2C(n,p)'?B in NCSMC

= |nput - chiral NN N4LO + 3N, interaction — SRG evolved

= Ab initio results — Nax=7 (Nmax=5 close to Ny =7)
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TLi+sL

24.4134
108¢+3He

= Three bound states vs. four in experiment:

E(1/2°) = -4.98 MeV vs. Expt. -4.95 MeV
E(1/27)=-0.77 MeV vs. Expt. -1.86 MeV
3/2°) = -1.81 MeV vs. Expt. -1.26 MeV
E(5/27)= +0.33 MeV vs. Expt. -1.09 MeV
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NCSMC phenomenology
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13C and '2C(n,p)'2B in NCSMC-pheno

= Input - chiral NN N%LO + 3N, interaction — SRG evolved
= NCSMC-pheno results —

Nmax=7

= Three bound states vs. four in experiment:

= Resonances

E(1/2°) = -4.95 MeV vs. Expt. -4.95 MeV
E(1/27)= -1.86 MeV vs. Expt. -1.86 MeV
E(3/2°) =
E(5/27)=-1.09 MeV vs. Expt. -1.09 MeV

-1.26 MeV vs. Expt. -1.26 MeV
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Phase shift comparison
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0.1

0.01

l‘ZC(n,tot)
lgC(’n,n)uC

12 ., 12 At
C(n,n') C(2)
DC(’n,p)DB(gs)
DC(‘n,p)DB(I?_Jr)

-

10

E_. [MeV]

0

_275

26.8
25868 (28
TLi+sL
24.4134
Oge+3He |24 '
23 g+
22
=[21 BI-E S
o ; 21.28=———+ 52
TlE =|20.43 =
184 2.0 “fo9o T |EI .47080
= B+ Li-a
18.56790 18.70
”B + d '3.30-___}_____ T=3/2)
o2 L1 7 36 B8 .y
B+p 16.95
16,0865
. 70
|g.437 26 __3_Q|3 13.41,13.57 1123 :E 3 |855I
B O oz L -
T ng 3
2 T se_|12.44 v ® B+ He-p
"?\IE??: 24 e
° . [=72"
c -
106476 333:1_LL211)8&_:8‘3§§;—_"”%§
9 -4 ;
Be +a 2.2xI10; 990 372
o \\\;::::jTexwe 950 w2t .
1 i'j 9.4 1074 226 -~
180803 ) 2 8.1798 T
%8+5Li->He .;’Sf;"f \-749 755 L67 o |32t %Be+TLi-t
e B- 6.864 5/2%] !
.076
218 S _%635
12,
C+
laceis 00 36845 3854 | szt "
“B+a- p . e =
3 28I0 T Jzoss | [177
12C+98¢ 8¢ 27218 7z 3
2C+d-p 2.2205°N
2moc2
e
38 JT /2% B
Tewz N
=l 3I09 13 ~ 188
-19192 % 2C+t- -4 _ C ~ 3
Ly N, 221567
C+d- t o 40.1 139~ ®Q+n-
- % £ s 15.63147 h s 2 :
. -59519 T2 2
'5I0.66358j ﬁT 25 +a-3He T
N+p->He -354045

I2C+p_ p

c+2n

o
o

18618

TLi+Li-n

44.8

|2.4OI3I

"G +3He-a

3

9.1725

®Be+6Li~d

o

-2.057|%

“N+d -3He



n+12C total cross section
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n+12C elastic cross section
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n+12C inelastic cross section
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12C(n,p)'?B charge-exchange cross section
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Conclusions

= Ab initio nuclear theory
= Makes connections between the low-energy QCD and many-nucleon systems

= Applicable to nuclear structure, reactions including those relevant for astrophysics, electroweak
processes, tests of fundamental symmetries
= Very recently reach extended to heavy nuclei

= Applications of ab initio no-core shell model with continuum to nuclear structure and reactions
= 12C(n,p)12B charge-exchange reaction
= High density of states in the compound nucleus 13C
= Regime where typically R-matrix analysis applied
= Work in progress
= Fine-tuning the resonance adjustments in the NCSMC-pheno approach
= More 2B excited states needs to be included

En synergy with experiments, ab initio nuclear theory is the right approach to understand low-energy properties of atomic nucleﬂ
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