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Outline

* Lecture 1
— Introduction to nuclear reaction theory
* Lecture 2
— Nuclear forces
 chiral EFT, two-nucleon, three-nucleon o
— Nuclear many-body calculations for bound states
* No-core shell model (NCSM)
— Similarity Renormalization Group .

* Lecture 3
— Nuclear many-body calculations including continuum
 NCSM with the Resonating Group Method (NCSM/RGM)
* NCSM with continuum (NCSMC)

+ Lecture 4 . + ‘_i'

— Applications to exotic nuclei and astrophysics
° 7He, 11Be, 1OC(p,p), 11C(p,Y)12N
« 'Be(p,y)®B, 3He(a,y)’Be, 3H(a,y)’Li, 3He(d,p)*He, 3H(d,n)*He
* Progress towards ?H(a,y)°Li, “He(nn,y)®He,
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Nuclear reactions

« A+B=>C+D ; A(B,C)D
— conserve

* number of nucleons
e charge
* energy
* momentum
e angular momentum
» parity (strong, electromagnetic)

— Q-value: Q = M, c? + Mg ¢ — M ¢? — M ¢?

» Exothermic: Q>0 — increase of kinetic energy in the final state
» Endothermic: Q<0 — decrease of kinetic energy in the final state
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Nuclear reactions - kinds

Elastic scattering
— pt*He=>»p+*He; “He(p,p)*He; "H(a,p)*He
— n+*He=>n+*He; “He(n,n)*He
—  SHe(a,a)’He
Inelastic scattering
- [2Cp)Pct2))
. 196Pt(11Be,11Be*)196pt
* inverse kinematics, Coulomb excitation
Transfer reactions
—  7Li(d,p)BLi
3H(d,n)*He (fusion)
- 11B(p’a)8Be*
-
Charge exchange reactions
—  ’Li(p,n)'Be
Breakup reactions
— d+'%B=>p+n+1°B
Capture reactions (electromagnetic)
— Be(p,y)°B
— SHe(a,y)’'Be
X
Photo-disintegration (electromagnetic)
— y+'"Be 2'°Be+n
Fission
—  n+23%U =2C*+D*
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Nuclear reactions — times and energy scales

 Direct reactions

fast
involve few nucleons
high incident energies

typical examples: transfer and breakup
DWBA theory

* neglects antisymmetrization

« Resonance reactions

peaks in the cross sections

resonances: long-lived configurations of
nucleons

various lifetimes
typically at low energies
» elastic, inelastic scattering
» capture
at high energies collective giant resonances
nuclear many-body theory

« Compound nucleus reactions

low energy reactions
slow
compound nucleus formation, equilibrium

decay independent on the details of the
initial channel

typical examples

* neutron-induced reactions on heavy
nuclei

Hauser-Feshbach theory
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Kinematics of binary reactions

 Center of mass
R, =(MJF +M,7,) (M, +M,)

—

})cm =l_§A+ﬁB

 Relative motion
’_;AB =;:A _’73

ﬁAB =(MBﬁA _MAI_jB)/(MA +MB)

» Total kinetic energy

_Pa Py __ P P ., _ MM, . _ D
DM, 2M, 2(M,+M,) 2u, M M, 2,

totkin

— center of mass energy and momentum conserved in reaction

|



R TRIUMF

Laboratory and CM scattering angles

« Laboratory — target (B) at rest: vg=0

— Relative kinetic energy (@) Laboratory frame
A
M T --.—y c
En = M, +BMB E,=fuyv, v, R, g0

(b) Center-of-mass frame

— velocity relations
V=4 Ry,

— measured angle of nucleus C

. , .
v-sinf,, =v.sinf,,,

’ :
vecos6,, =v.cosO., + R,

and - vesind,,  sinf,, . MM, E,
L cosB, + R,y  cOSO, P MM, Q+E,,
P, Pe
Using the energy conservation: -+ Q =0 7

2U4p 2cp
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Cross section

« Asymptotic wave function for a short range potential
2 -2

H =fo g . m-P ,yp

2M 2u

Wi, 5) =efonfoyFy o P, =hK,,

Hy(r)=EY(r)

— if rV(r)y—0 for r—®

o ikr _
— then w(7>—>e**+f<e,co>er . p=hk

» Differential cross section

probability current into d<Q2 in the direction Q

do(Q2) = — . "= e i
probability current density of the incident wave G =
z_h . TR G Vir)
j==—(w'Vy-yvy') j
2ui
- Tk,
Jn=——=YV;
W
d | R do do do (1 +0° + 2,0(:056?)3/2 do
9 0 = @6.9) dQ, = —dQ,, = -
dQ | Jin | ds2., dQ,, d,, |1 + pcos 9| dQ.,, o
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Calculation of scattering amplitude

« Simplest case: Central short-range potential, no Coulomb

Hy(r)=Ey(r)

. W=, K19 15
——_V*+vV E ; Vi
( o + (r))w(r) Y(r) o T r+2ur2

— The (initial) expansion plane wave expansion

»1
\:l

" =4 3 il j,(kr) Y, (k) Y, (F) = ¥ 21+ 1)i'j,(kr) P(cosB) = krcosf
lm 1
— No dependence on azimuthal angle ¢

Y(F) = L2(21 +1)i'u,(r)P(cos@) ; L[’P(cos8)=nr’l(I+1)P(cosB)

2
dr* r K’

— Assume V(r)~O0 for r 2 a (valid for a nuclear potential) SV vavaes
u,(r) = b, kr(cosd, j,(kr) +sind, n,(kr)) for r=za VAT \f
20y yilkr=FD) _ =ilkr-3D) 2
— b, (cosd, sin(kr — Z1) +sin 6, cos(kr = 21)) = b e™ > for r—oo
l

— We introduced phase shift ,. For V=0 the phase shift is zero: 6=0
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Calculation of scattering amplitude

— To find the amplitude f(6) we use
£©) =Y 21 +1) £, P(cosB)

— Then we match

o iChr=20)  —i(kr-Z1) ikr
W) — e E(zm)(z Ji(kr)+ f, - +2ik £.£) P (cosB)
r r
- %2(21 + (D" e™ + (1 +2ik f)e" ) P(cosH)
— with
1 z 1 l . o0 ithr=21)  -i(kr=21)
F)=— Y 2l+Di'u,(r)P(cos@)—— > 2l+1)i'b, e P (cos@
() k@( )i',(r)P,(cos ) E( )i'b > (cos0)

o E(21+1)b e (( 1) e +ez’5’e’k’)P(cost9) for r—>
LKV

— andset b =e” and 14 2ik f, =™ = f =(S,-1)/2ik
— S-matrix (element) S or collision matrix U:  §, = e

. do 1 , «
— Cross section: o HOE 4—162;(2“1)(21 +1)(S, =1)(S, = 1) P,(cos )P, (cos ) 0
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Charge particle scattering

» Rutherford scattering

2 2
22 . (__62+Vc(r))wc(7)=Ewc(7)
r 2u

V.(r)=

_ZZ,e

- Sommerfeld parameter
v

Y- (kz,7)= 2(21 +1i’ Pl(cosa)iFl(n,kr) e
i kr
o,(m)=argl({+1+in) ... Coulomb phase shift

— Regular and irregular Coulomb functions

FO,kr)=kr j(kr) ; G,(0,kr)=krn,(kr)
F(n,kr)—sin(kr -nIn2kr-1%+0,) ; G,n,kr)—cos(kr—-nIn2kr-Ii%+0,) for r—x
H (n.kr) = G, (n,kr) =i F,(1.kr)

— Coulomb scattering amplitude
Gamow factor
) ei(kr—nankr) . g2
W (ke,F) — ol (ke nlk(r=2)) + [ () ——— for r—>o Y- (0)=Td+in)e
| d e O =~2ame™ for n>>1
io, n ~inln(sin®)+2io,
fc(49)=ﬁ2(2l+1)(€2 _I)PI(COS6)=_W e ...relevant for low-energy
: 2 charged nuclear reactions
— Rutherford cross section - astrophysics
do, 2 7]2
- 0 —-_——_——
dQ [ (©) 4k*sin* ¢ B
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Charge particle scattering

* Nuclear plus Coulomb scattering

2

-V +Vc(r)+V(r))t/J(F) = Ey(7r)
2u

Y(F) = %2(21 +1)i' €', (r) P(cos6)
Y(r) =y (F)+y,(r)
i[kr-nIn(2kr)]

Yy(r)— fy(@)—— for r—w
r

— only outgoing Coulomb function in the nuclear part of the wave function
Y(F) =y (F)+ LE(zz + i’ € ;¥ H” (n,kr) P,(cos6)
kr <
N _i N _ . N _ 2i8
= ST=D s sl e

* nuclear phase shift
— scattering amplitude — Coulomb plus nuclear

FO)=fc(0)+f,(0)

_ L 2ig; ¢ 2i0)
fo(0) = 2ik2(2l+1)e (e 1)P(cos0)

— Cross section j—g=|f(6)|2= L+ 2Re[ £ (O0)f,(0)]+|fy O)f 12

do
dQ
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How to solve scattering equations?

Y(r)= %2(21 +1D)i'e“u,(r)P(cos@) ; L*P(cos8)=h*I(l+1)P(cos6)
l

d> I(+1) 2
(drz_ (7'2 )—hélV(r)+k2)ul(r)=0 ; k2=2ME/h2

~ _a . _ R (d i+
(T,(N+V(r)-E)u,(r)=0 5 T,(r) 2M(dr2 > )

« Many methods... let’'s apply Microscopic R-matrix on a Lagrange mesh
— Very efficient also for the case of non-local potentials
— Powerful for coupled channel problem

A

Internal region
V=V,+V.

External region
V=V,

S

0

— Solution in the external region

13

u, (r) = %(Hl“)(n,kr) - S,H"(n,kr)) = I,(kr) = S0, (kr)
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Microscopic R-matrix on a Lagrange mesh

— Internal region

N
u,(r)= EAM f,(r) ; N Lagrange basis functions f, (r)
n=1

associated with a Lagrange mesh of N points ax, €[0,a]

x, ... zero of shifted Legendre polynomials: P, (2x, —1)=0

oy 1-x r
L) ==D)""a™”? . P, (3 -1)
X r—-ax

1 :
f.(ax,) = \/7 d,, ... zero atall mesh points except one
a n

— A, ... weights of the Gauss-Legendre quadrature approximation of the integral
N
1
J et)dx =Y 2,8(x,)
n=1
— Lagrange basis functions orthonormal within the quadrature approximation

[ rfndr=6,,

— Matrix element calculation trivial ~ (f, |V

fi)= f O“ FL(OV() £,(r)ydr = V(ax,)$, ,

14
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Microscopic R-matrix on a Lagrange mesh

— Back to solving the Schrodinger equation
A

(Tl(r)+V(r)—E)u,(r) =0

Internal region External region
V=V,+V. V=V,

1,(0)=0

— Logarithmic-derivative

0 N a/ r
matching at r=a facilitated EAM 1) w =1,(kr)-S,0,(kr)
n=1

by the Bloch operator

2
L= ;Z—(S(r a)(d— - B) ... B boundary condition, for scattering B =0

(T(l")+V(l’)+L E T,+L£ ... Hermitianonr €0, a]

(Cr.-ES, A, f(a)—ul(k) 5,0/ (ka)]

Mz

1) Invert C-E to get A, & u, in the internal region

3
Il
—_

2) Match u,to the external solution at r=a

3) Obtain R-matrix R, & S-matrix S,

[VAG

]—1 f/(a) . S =e2i61 _ Il(ka)—kaRlIl’(ka) -
nn' Jn ’ l Ol (ka) _ kaRl Ol/(ka)
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Phase shift properties

« Example: n-*He elastic scattering

120 '
‘;‘; e E(21+1)(2z'+1)(5 ~1)(S; = 1) P(cosO)P.(cosO) ; S, =e*® 0 |
T 4 . 2 60T
o, =FZ(2I+1)|S,—1|=?2(21+1)s1n 8 3 8,=0,,.,+0,, % ol
— Phase shift increasing — attractive interaction : 7
« A sharp resonance in I=1 2*1] =2P, , Gl
« A broad resonance in I=1 2P, , 60
— Phase shift ~ 0 — interaction ~0 -90
* 522Dy,
— Phase shift decreasing — no resonance S R L S
« [=02S,, — Pauli-forbidden bound state o
= 0 —— NN+3N-full ]
— An isolated resonance can be phenomenologically R T enraonind s bare NI
described by a Breit-Wigner shape AN X Expt. ]
"’S(E)~—(2l +1) /4 2 @1+1)sin® 5, (E) £ -
(E-E.)+ /4 k2
0,0 (E) = arctan( /2 )(+n(E)n) 5 0y, =0 0 T4 s 12 16 =20
E, - center-of-mass energy [MeV]
I‘~2/(Z’2)E e resonance width, E  resonance energy, T~//I" time delay 16
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Phase shift properties

— S-matrix near an isolated resonance

s, E—E —1'/2
S(E)= e . 1201
E-E +il'/2 00 |
S(E) continued to complex energy E: Pole at E, = E, —il'/2 % 60 :
. ) L
+ used to define the resonance E,and ' =l
" = -
* n-*He 3/2-: E~ 0.96 —i 0.92/2 MeV g
. N 0 XX X X X X X%
* n-*He 1/2°: E~1.9-i6.1/2 MeV 7
: : < -30
— [=0 neutral scattering (neutron S-wave scattering) e
. -60
« special case: neutral unbound poles called
virtual states e -90
5 2000 3g ]
k+il/a . : 1 i
Shy=—270 L poleatk, =ila, £ 150 .
-1 aO ﬁ 100 _?3.\ n_p __ [ n_|4He T T T T
O(k)=-arctan(ayk) ... kcotd(k)=-1/a, 8 50F *n__ . i ]
. o I .\!'.:..‘.‘ | =) - — -
a, ... [=0scattering length & oop I T O NN-+3N-full _
0 100 200 300 *§ | — — NN+3N-ind = bare NN | |
Lab. Energy (MeV) 72
Energy ‘rlmE Momentum m % 4T \ X Expt. i
plane plane 75 L T 5 H .
bound B . 1S et
virtual less RS §, 50 ﬁO\ﬁ 0 4 g 2
bound  state REbeH. = .&% n- *
state v Re E Re k < 25 = p 7]
— _ n e,
lessbound| B virtual 2 o '_\\O—-.— ob v
resonance state resonance 8 a.~-23.7 f}n 1 0 4 8 12 16 20
& 25 O‘ | .‘ LT center-of-mass energy [MeV]
0 100 200 300 -

Lab. Energy (MeV)
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Multi-channel scattering & reactions

« Binary collisions — A +A, 2 A +A, ; A +ADA* A", A TADAHA, ...

wﬂr>= 2& l(

I R

rA—a,a
V= {A —aol;aa,l; sf} channel q.n. ; ;\V ... antisymmetrizer
A-a .
r r— S = : =5
A—a,a A aEl a E S_Il+12 ’ J— +€

i= j=A-a+l

— (A-a,a) ... defines a mass partition
— S ... channel spin, [ ... relative orbital momentum, J ... total momentum

— Hamiltonian
h? Z. 7 é*
H = H(A—a) + H + ]-;el + ‘/rel ; T'rel = Vi a,a ) ‘/rel g VC,rel A ae for rA—a,a —®
A-a,a A-a,aa
Ho|A-aa I )=ETA-aa )
H,la a212’2> = chf; a azlfz>
— Coupled channel equations H‘w’”T>=E‘z/ﬂ”T>

18
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Multi-channel scattering & reactions

— Wave function expansion considering the beam in the k; direction
(DI

(s) u
b4 A asl, a;s;l;
aa,l; >) Y, (7. )]
M rA

(rA—a,a)

)= ‘L_”ﬁ > i, k) (smtm, 1 IM)e A, [(\A -aall)

asls;l.J

o= {A—a o l;a a21§2}

-a,a

20.+1
4

Beam in the 2 direction (k, = k.2): Y, (2)= S, o

JT i 1 (_) JT (+)
uasé, a;s;l; (rA—a,a ) g 5 \/7 |:HZ,» (na ° karA—a,a ) 605,0:,- 6Z,Zi5s,si - Sasf,aisiZiHE (na ’ karA—a,a ) for rA—a,a —®
a

J* . . .
Sestausy, -+ Symmetric and unitary S-matrix
A,—1 for r,_,, —% ... noantisymetrization for separated nuclei

— Scattering amplitude follows from the asymptotic expansion

fasms JOSiM g (Ha) = 60:,0:,— 6s,s,- 6ms,msi fCai (Ha,- )

+ @ E l‘[,‘—f(s'm fm | JM)(Smsfm I JM)ei(0z+(Ui) [5 6 5[,[,- - Sé;»aisigi] YZ(fA—a,a)YZmI- (]’C\l)

k i si it o0 S,
i JUMmm;

—

with k;-r,_, . =kr,_,,cos,)

19
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Multi-channel scattering & reactions

— Cross section

do,,, 1 E

dQ ) (2111' + 1)(2121' +1) SIS ;M

2
2 Left counter
has fi, = p)
and registers
N, counts

f asmg,o;s;mg; (00: )

— Polarized beams
Right oountfr

(
|
« non-uniform distribution of the M-states, e.g., of the | Righ
projectile ""‘TT nd l’}?:s;:
doll dO,. ~a e ri
dQ  de QEthTQ‘I 1p A =Ni=Ny
q y oy
N, +N,

.. t*Qq chracterizes spin-projection distribution
LML) Y 14,320 +1(1,M0q 1 1,M,){I,M}
Qq

a,o; .
T,, " tenzor analyzing powers

do’zfa daa,a. 1 L
dgl= d l(1+7pyA)’) ’ Ay=\/§lT11’l

* A, analyzing power: projectile polarized in y(2)-
direction, beam in z(3)-direction, reaction plane x-z

do™ J2 I. I, s
o —fehrtes T2 321, + )28+ D) (siml VUL smy) o oo (O 6
dQ (21” +1)(212i + 1) . s.mzsfm’.( ) { 1 Sl. IZi \/ ( 2i )( i )( st i sz) fasms,a,-s,-msi( a) fasml‘,,aisiml‘i( a)
E it AR i B V) 20
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Literature

* Nuclear Reactions for Astrophysics,
lan J. Thompson and Filomena M. Nunes (Cambridge)

 Theory of Nuclear Reactions, P. Frobrich and R. Lipperheide (Oxford)
« Scattering Theory, John R. Taylor (Dover)

* Introduction to Nuclear Reactions (Graduate Student Series in Physics),
C. A. Bertulani and P. Danielewicz (CRC Press)

* Nuclear Reactions: An Introduction, Hans Paetz gen. Schieck (Springer)
« Collision Theory, M. L. Goldhaber and K. M. Watson (Dover)
* Direct Nuclear Reactions, Norman K. Glendenning (World Scientific)

« Scattering Theory of Waves and Particles, Roger G. Newton (Springer)

21
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Why nuclei from first principles?

"  Goal: Predictive theory of structure and reactions of nuclei

=  Needed for

Physics of exotic nuclei, tests of fundamental symmetries

* Understanding of nuclear reactions important for astrophysics Deutesium Helui
5 - - . ‘:L +@
* Understanding of reactions important for energy generation & &t
* Double beta decay nuclear matrix elements % \
* Neutrino-nucleus cross sections L Ny, R

Tritium Neutran

Understanding our Sun

4

ge :Be j 12c L "

el ——
Reversible
reaction / /

{alpha particle) ;He® He

o
\/
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What is meant by ab initio in nuclear physics?

* First principles for Nuclear Physics:
QCD
— Non-perturbative at low energies
— Lattice QCD in the future

 Degrees of freedom: NUCLEONS

— Nuclei made of nucleons

— Interacting by nucleon-nucleon and
three-nucleon potentials

oAb initio

<> All nucleons are active

< Exact Pauli principle

<> Realistic inter-nucleon interactions

< Accurate description of NN (and 3N) data

¢

Controllable approximations
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From QCD to nuclei

(11 @ Low-energy QCD |

‘ ‘ NN+3N interactions hange
from chiral EFT tials

Nuclear structure and reactions

24
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Nuclear forces

Nucleon-Nucleon force s i |
— | — r ~S —
m
e e N N
electromagnetic force: NN force:
infinite range =" _ finite range ==
exchange of massless particle exchange of massive particle

Nowadays:

one-pion
exchange
potential
(OPE)

Yukawa
Nobel price in 1949

New vision of Effective Field Theory Links low energy physics to Q D in a systematic way

Nucleon-Nucleon force m

Many-Nucleon forces

Arise due to the effective nature of
nuclear forces

Details of short distance physics not
resolved, but captured in short
range couplings EEE)

should come from QCD

but are now fit to experiment
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Chiral Effective Field Theory

Inter-nucleon forces from chiral
effective field theory
— Based on the symmetries of QCD
e Chiral symmetry of QCD
(m,~m~0), spontaneously broken
with pion as the Goldstone boson
» Degrees of freedom: nucleons +
pions
— Systematic low-momentum
expansion to a given order (Q/A\,)
— Hierarchy
— Consistency
— Low energy constants (LEC)
» Fitted to data
» Can be calculated by lattice QCD

NNN force

NN force NNNN force

X

& XHHH-

L . + ... + ...

N~1GeV:
Chiral symmetry breaking scale
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Chiral EFT NN interaction in the leading order (LO)

% = g =
9ga 014902 g S o
== +Cs + Créy - 6
AF? 1°T2 72+ M2 5 701 " 02
Cs, Cy:
N Low-energy constants (LECs)
m fitted to NN data
one-pion exchange contact
G=k'-k ...momentum transfer Regularized, e.g., by:
g,=1.29 ...axial-vector coupling constant eXP(-(k'/ A" = (k/ A)2")

F.=92.4 MeV ...pion decay constant A~500 MeV <<A,~ 1 GeV

27
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The NN interaction from chiral EFT

PHYSICAL REVIEW C 68, 041001(R) (2003)

Accurate charge-dependent nucleon-nucleon potential at fourth order
of chiral perturbation theory

D. R. Entem'”* and R. Machleidt""

200F ', " S R 75E '1' T 20F ~ T 3 —
%L 3 1 B 3 3 e 2 b :
g 150 o S1 1 & 0""*.\ D, i 3 50 -“"\6 So 1 2 10 —.»{rg\ Po -
£ £ ' £ £ -
£ 100fy 1 Z 40l .\ . & P ™ 1 & od AN -
g I .\. i g ‘.‘ & 0 | \El\. _,,__ $ [ \s\.. 7
g0 T, 1 £ N g | e Er N
£ ol Tme—,] & 20 ""'h-'ﬁ-f{-_ & o5l . T i N
R B LD | R . | P T B -20 Ll 1N
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Lab. Energy (MeV) Lab. Energy (MeV) Lab. Energy (MeV) Lab. Energy (MeV)
. 0 ' 1 T 0 _ ’, I3 — T
g '&o\ P1 g 0s, P1 7
" " S _ L | S _&.
« 24 LECs fitted to the np scattering A N | = o] e ]
. = a - = r e 1
data and the deuteron properties @ 20f Lol @ a0l ""-\-\-\-,.._, |
g8 T & | S
. . D N
— Including ¢, LECs (i=1-4) from &30 \ N

i - i 0 100 200 300 0 100 200 300
pion nucleon Lagranglan Lab. Energy (MeV) Lab. Energy (MeV)
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Three-nucleon forces why?

C1,C3,C4 Cp CE

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?
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Leading terms of the chiral NNN force

Chiral EFT provides a link

From NN & between the medium-range
pion-nucleon T 7 "% 1~ (¢ term) NNN force and
scattering the meson-exchange

current appearing in

e

nuclear beta decay

1.5 -
. A=3 E AR TE
m— Full Calculation
= = = No MEC
0.5 1 — — No 3NF
== = No MEC. No 3NF|
w | R dR=() ]
O 0 - no3NF, ¢ =34
0.5 - —3H )
' A\ — |/3 All3 ~
—3He (E{) = |CHel|E{|[PH)|
-*-average e
_15 T T T T T T T T T T T I OQ)SHHHH"HHHHHHHEHH.—-
-8-6-4-20 2 4 6 81012141618 | | . AN | . l . 1 . | i
CD -4 -2 0 2 4 6 8 10
C
D
N N N p a ra m ete rs d ete rm i n e d Three-Nucleon Low-Energy Cog;tan:c;gbm 'the]S:]':isé;Le::,?;“f Interactions and Currents

from the 3H binding energy and half life
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From QCD to nuclei

Qo Low-energy QCD|

Q
ate
‘ | ‘ NN+3N interactions «change
from chiral EFT ntials

e o

Nuclear structure and reactions |
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The nuclear many-body problem

« Start with the microscopic A-nucleon Hamiltonian

— Nucleons interact with two- and three-nucleon forces: this yields
complicated quantum correlations

« Solve the many-body Schrodinger equation
HYYYGE 7, . F )=EYYF,, 7y, .. 7))

— Negative energies (relative to a breakup threshold)— bound-state
boundary conditions

* Find eigenfunctions and eigenenergies
— Continuum of positive energies — scattering boundary conditions
* Find elements of the Scattering matrix
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The nuclear many-body wave function

A active nucleons — spatial, spin, and isospin degrees of freedom
F,o={F,, 6, %} i=1,2A

* Nucleons are fermions — wave function antisymmetric

Ay~ — - — — — N - — —
7 )(rl, R T, rA)=—‘I’(A)(r1, oy won T oy wos F RN

» (Conserved total angular momentum J and parity 1r

— approximately conserved total isospin T

 We are not interested in the motion of the center of mass, but only in the
intrinsic motion

— Look for translationally invariant wave function. Two options:
» Work with A - 1 translational invariant coordinates known as Jacobi coordinates

« Work with A single particle coordinates and aim at exact separation between
intrinsic and center of mass motion

WG Fy, )=V E L E,, o E )W (Rey)
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How to solve the many-body Schrodinger equation?

* The nuclear wave function must factorize, e.g., for free c.m. motion

}3 R P2
(A) - L oMM CM
=V exp| —i UM E=¢ +—<M
v p( h ) 2Am

* First option: solve eigenvalue problem for the intrinsic Hamiltonian
© The c.m. motion is not present from the beginning

© Work with 3(A-1) spatial degrees of freedom (Jacobi relative coordinates)

© Jacobi coordinates do not treat the nucleons in a symmetric manner

N
o A = =4 (A) A~ = A — 4y = -
P E1oE s )= (BE o BE )= YR85 08 1)
m=1

1 — — o r", 1 — —
S= ") "/i* 2 A
< 3
= 2 1 = — = =y 2 1 — — — 4
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How to solve the many-body Schrodinger equation (for bound states)?

« Second option: tie the system to a fixed point

A p2 A A
A ; 2b= =
H§M)=E ——+U,(1) [+ EV (’}—’})—EUi(ri) 0f1p N=4
=\ 2m / i<j=1 i=1 -
\ J ErgEmemm
Y 0d1sN=2 |
mean field residual interaction 0p N=1 —o—o—:
— Sum of single particle Hamiltonians 0s N=0 [FO-O—
pz
N - The mean field determines
g U ) |p(F)=¢e0,(F) "\the shell structure

— Antisymmetrized product of single-particle wfs: use these as A-body basis states

®, (,7) (p,<,7 ) e @, (,—; ) €«——— Slater Determinant (SD):
l i l f e + Great to implement Pauli
¢(A) A L @, (”1) @; (rz) @; (FA) exclusion principle
o \/E c o : * \Very convenient, especially in
. (_') (’_» ) i ('q ) second quantization formalism
¢\n) e\n) - @\,
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How to solve the many-body Schrodinger equation for bound states?

» Single-particle shell-model states are very convenient basis states
for expanding the many-body wave function

« However, the introduction of the mean-field potential U destroys the
invariance of the system with respect to translations

« The c.m. motion is no longer separable and remains mixed to
intrinsic motion, giving rise in general to spurious effects

Wi = S ({8 Ra)

— Factorization for H,, only when complete convergence reached (exact solution)

» Exception: harmonic oscillator (HO) potential is exactly separable

A A 2
1 2 2 mQ 1 2 p2
E —mQ°r, E v — r +—AmQ°R
2 2A Gi=7) 2 -

i=1 l< =

A-1 1

EmQ E + 2Am£2 R,

i=1
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ADb initio no-core shell model (NCSM)

» An ab initio approach to solve the many-body Schrodinger equation
for bound states (narrow resonances) starting from

— High-precision NN+NNN interactions

(coordinate/momentum space)

= Uses large (but finite!) expansions
in HO many-body basis states

A Ninax
[.".‘ W= N N ey @ (F s Ty s FA)}

v N=0 i

= Choice of either Jacobi relative or Cartesian single-particle coordinates
according to the efficiency for the problem at hand

« Translational invariance of the internal wave function is preserved also when
single-particle Slater Determinant (SD) basis is used with N ., truncation

= Convergence to exact result using effective interactions (obtained from
unitary transformations of the bare interaction)

N...x --- maximal allowed HO excitation above the lowest possible A-nucleon configuration

Full N, space: All basis states with N = N__, kept

ma

max
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HO multi-particle states in Jacobi coordinates

« Build many-body basis by adding one particle at the time
« Antisymmetrized two-particle states

— Start with two-body basis states (LS coupled) ‘y 3

5

=R, E)8[x6)® @, ] PAOLPHCA]

— Now keep only antisymmetric ones, that is only those for which

}312 |n2€2S2j2t2> N _|n2€252j2t2> = (=) =1

— Total energy

ey =(N +32)hQ N=2n,+/,
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HO three-particle states in Jacobi coordinates

— Add one more body

_ A 1 B O -
<§203T3 ‘N3L3J3> 2 RN3L3 (52)[YL3 (§2)® X; (03)] X;(T3) 52
— Three-body basis (JJ coupled) ®
(£:8,6,6,6:%%,%, | [0 ,5,st,3 No L, 1T

Note: antisymmetric for exchange of
particle 1 and 2, but not for exchange

|[n2€2s2j2t2;N3L3J3]JT> of partcles 1 and 3 or 2 and 3

-3 3
Jamy J3M tymhy TsM,

t t
my ’M3 my ,M3

n2€252j2t2>|N3L3J3>

— Total energy:g, = (N +3)aQwith N =2n, +/(, +2N, +L,

A

— To find totally antisymmetric states, diagonalize: A = L(] - f)l 4 }323)

» Keep only antisymmetric eigenstates, that is those with eigenvalue 1
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HO single-particle wave functions

» Start with single-particle HO spatial wave function, defined by radial
quantum number », orbital angular momentum /, and z-projection u

qpnlu(’_;) y Rnl(l’)YlH () E, = (2n+l+%)h§2

»  Now include the spin and isospin wave functions: X1, (0), Xy, (¥)

— Uncoupled scheme

— - —

Do im, 7:0,T) = R, (MY, P)x,, (0)x,,, (T)

— J-coupled scheme _
_. . A .V A
By, (7050 = R, (D[ DY ® 11|« @)

A .V i m. ~ -
Y H®x©)] =>C VP i, 6)
T um,
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Multi-particle states in the Slater Determinant basis

« Many-body HO Slater determinants

10 — — T3
<;i 5-1 1_’:1 9 7‘25-2 1_::2 PN ;.:46- A 1_/: A a;- s a;a:- O> 10 ,l __"___.f-"/;
£ 107 7 .
‘I—': , ! =
(pi(ri) q)i(r2) (Pi(rA) é 10° e
- = = 5 10’ .
_ 1| o(R) o(5) p,(r,) | B 10 |
y g 10° — 4He —
Al . . 2 10 (
- - : & |, — 6Li
. a -y | 2 107 8Be
‘pl(rl) (pl(r2) %(’"A) - — 10B |
156
N 210y 19F
% lim;Lm, (r ,O T) E‘f 107 23Na
. oK - 27A1
-R,M[tH® )] i, @ ) | o
’ 10 2 4 6 8 10 12 14
Nmax

— Antisymmetrization is trivial
— Good M, M, and parity quantum numbers, but not Jand T

* Huge number of basis states
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Second Quantization

* One of the most useful representations in many-body theory

—10) : the state with no particles (the vacuum)

0)=i).
i)=|0),

a’|iy=0
-0

— a; : creation operator, creates a fermion in the state i

— 4; : annihilation operator, annihilates a fermion in the state i &

— Anticommutation relations
. A + - + - 5
.—al, .—, a;, a;(=14;, a; (=0,
K__ Pauli principle in a;'a;=—aj+.ai+

second quantization

— So that the Slater determinant can be written as:

T (7 (7
(p,( 1 qﬁ’( 2) Cp,( A) implicitly assumes we
1 (7 (7 (7 have already chosen the
¢(A) NS 1) ('OJ( 2) Pilla) |2 a .. a;a: O>, form of the single-particle
VA : . : states, (i =1,2.3, ... 4)
dictated b
|0 o) - | e e fed ptente
1\ 1\"2 1\’ mean-field potential
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Basis states: occupation representation

How are Slater determinants actually represented in a computer
program?

— We are dealing with fermions, so a single-particle state is either occupied or
empty, which in computer language translates to either 1's or O’s

— A very useful approach is a bit representation known as M-scheme

* If the mean-field is spherically symmetric, the single-particle states will have good j, m,

O>= o|l1|lol1]o0|1]1]0] =2"+22+2°+2°=106

k_. BlA|l 13|11 1] 2m
E’J’Jz — A S

0Pz 061 /2 0§1/2

» A single integer represents a complicated slater determinant

— While the many-body states will have good M, they do not have good J. States of good

J must be projected and will be a combination of Slater determinants. Same for 7"and M.
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Getting the eigenvalues and wave functions

- Setup Hamiltonian matrix (®; | H |®; ) and diagonalize

« Lanczos algorithm
Bring matrix to tri-diagonal form (v, v, ... orthonormal, H Hermitian)

Hv, =ayv, + v,

Hv, = BV, + a,V, + 5,V;

Hv, = BoV, +a3vy + By,

Hv, = BsVs+a,V, + B,Vs

— nth iteration computes 2nt" moment
— Eigenvalues converge to extreme (largest and smallest) values
— ~ 100-200 iterations needed for 10 eigenvalues (even for 10° states)

— Typically we use M-scheme:
— Total M,, M;=(Z-N)/2 and parity conserved
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Accurate NN potentials are hard to use

* Repulsive core of nuclear force introduces coupling to high momenta

— Very large model spaces are required to reach convergent solution of the
nuclear many-body problem

1000 . [ : ,

. i
800 — S, (np) AV ¢ .

600

r, ~ 1-1.5 fm in nucle1

400 - : -

V(r) [MeV]

200 —

-200 R

r [fm]
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From QCD to nuclei

Low-energy QCD ‘

NN+3N interactions
from chiral EFT
Unitary/similarity %
transformations induces 3N
. |qj> A E|‘P> Many-Body methods %

Nuclear structure and reactions |

46
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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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Why similarity renormalization?

chiral N3LO

Entem & Machleidt, 500 MeV/

Ji=1*T=0

deuteron wave-function

o
N

0
2

— L
— L

¢.(r) [arb. units]
o o
N W

momentum-space matrix elements
o
=

r [fm]

Robert Roth — TU Darmstadt — 06/2012
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Similarity Renormalization Group (SRG) evolution

» Continuous transformation driving Hamiltonian to band-diagonal form
with respect to a chosen basis

» Unitary transformation H =U_HU U, U =U UM

dH,, = 4u, HU  +U_H 4 = i, U'UHU +U HUU, v,

da da do do da
dU . dU’ dU

= aUaHa-I_HOtUO{ < = O{’HO{ aE aU;=_(':
da do [T’ ] 4 da 4

anti-Hermitian generator

« Setting 1, =|G..H,] with Hermitian G,
dH
da =[[Ga’Ha]’Ha:|

» Customary choice in nuclear physics G, =T ...kinetic energy operator

— band-diagonal in momentum space plane-wave basis

+ Initial condition H_ =H, .=H A*=1/Ja

49
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SRG evolution in two-nucleon space

a=0.000fm*
\ A=oofm1! /

JT=1%,T =0

deuteron wave-function

¢.(r) [arb. units]
o o o
) w I

momentum-space matrix elements
o
=

r [fm]

Robert Roth - TU Darmstadt - 06/2012
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SRG evolution in two-nucleon space

4
|, \ ,,,/,\,=,1;33f,m, _
JT=1+,T=0
=20

suppression of
off-diagonal coupling
o = pre-diagonalization

deuteron wave-function

elimination of l
short-range |
correlations

o ©
N w

momentum-space matrix elements
o
-

r [fm]

Robert Roth - TU Darmstadt — 06/2012
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SRG evolution in three-nucleon space

3B-Jacobi HO matrix elements

0 BT — T — a= OOOOfm4 )
lE S : by - S~ A=ocofm~1 /
Ay e 1t 11 roe
l T . : . - % | jn=§ ,T=§,ﬁQ=28MeV
18 NCSM 3
3 ground state °H
20 _ 2L
22
— | ol
Y
24 ';'_2_
| ()
= 4
26 w
| 6l
S F 18 20 22 24 26 28 0 2 4 6 8101214161820

(E, i) Nmax
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SRG evolution in three-nucleon space

3B-Jacobi HO matrix elements

a=0.320fm*

0
l \ A=1.33fm™1 /
E’ T
l Jt=3",T=3hQ=28MeV
18 3
NCSM ground state °H
20 N
22 ol significant
‘324 improvement
=20 of convergence
s behavior
I—I_4_
26 : N
suppression of -6r
off-diagonal coupling sl
= pre-diagonalization _/ o e —e—0—
U 26 28 0 2 46 8101214161820

(E, l')— Nmax
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SRG evolution for A-nucleon system

« Evolution induces many-nucleon terms (up to A)
7 _ gl 21, g3l | fylé] T[A]
H=H, +H '+H '+H, '+..+H,

» In actual calculations so far only terms up to H.”' kept

* Three types of SRG-evolved Hamiltonians used
— NN only: Start with initial T+V, and keep A + A7
— NN+3N-induced: Start with initial T+V and keep A™ + A1 + V!
— NN+3N-full: Start with initial T+V+V\w and keep A™ + g1+ g5

( ) provides a diagnostic tool
to asses the contribution of omitted many-body terms,
tests the of the SRG transformation

54



R TRIUMF

SRG evolution: *H and 4He

PRL 103, 082501 (2009) PHYSICAL REVIEW LETTERS 21 ADG0eT 309

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

E.D. Jurgenson,' P. Navritil,® and R.J. Furnstah!"

=714 | I s B B 7
i .‘ 3 =—a NN-only ]
~7.6 H e—e NN + NNN-induced | —
¢—& NN + NNN §

Ground-State Energy [MeV]
o
(@]

-8.2
8.4 f
i / Expt_;’_:
-8.6 | | | I |
1/ 2 3 4567 10 20
-1
Afm ]

omitted induced 3N

Ground-State Energy [MeV]

omitted induced 4N

I T T T T I T T T T I T T ¥ T I T T T

He N’LO (500 MeV)

z—= NN-only

&—@ NN+NNN-induced
©—© +NNN-initial

i EXpt.\
[ | N N B |
1 2 3 4 5 10 20

Ab initio calculations (INCSM, in this case)
used also for SRG evolution of NNN force (in HO basis)




R TRIUMF

NCSM calculations of ®He g.s. energy

¥ e A B B B B I B
_14-_ 6 3 ° Ozmaxzi _-
g He wortow o
L =2.02 fm o—ON_=8 ] i}
o] Dependence on:
3 <+—4qN_ =12 4
% —20_0 +--+extrap =
z ol - I I .
= oo o Basis size N ax
% HO frequenciitiss
28 .
_30'_I....I....I....I....I....I...I....I....I. ..1...1_
ct+ » - ¢y ey 1y
12 13 14 15 16 17 18 19 20 21 22
hQ [MeV]
. . Eqs. [MeV] ‘ “He °He
Soft SRG evolved NN potential NS ST il
v" N, convergence OK NCSM extrap. | -28.22(1)  -29.25(15)
Expt. -28.30 -29.27

v Extrapolation feasible




RTRIUMF SLi from chiral EFT interactions:

Ground-state & excitation energies

hQ=20

—18+ +1_ NN+NNN - A=3 binding energy & half life constraint
5 cp=-0.2, ¢g=-0.205, A=500 MeV

20 X -1 |
B IS B A=18fm "

PHYSICAL REVIEW C 83, 034301 (2011)
Evolving nuclear many-body forces with the similarity renormalization group

E. D. Jurgenson”
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

|
ol
I

P. Navrétil
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA and TRIUMF,

Admax

8hQ —
extrap

4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3 Canada

R. J. Furnstahl*
Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA
(Received 1 December 2010; published 1 March 2011)

SRG with 2- plus 3-body: Good convergence, extrapolation to infinite basis space possible
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Light nuclei with SRG evolved interactions

. NNonly ~ — NN+3N-induced ~ NN+3N-full
. @ = % ORN © |

_23 PR 4 T
— % BQ =20MeV "
= -25 ' 1 . :
= Y
Lﬂw-27 _*\ .‘. / \
28 *55; o — I T o ekl e
] exp. = - Significant 3N induced

interaction

@ ai - No 4N induced
" \ interaction /
= hQ = 20MeV |
(&)
= —
mﬁﬁ
s 3 ! ______ —
* — exXp
6 S 10121222 4 6 8101214 4 6 8 101214
Nmax Nax Nmax PRL 107, 072501 (2011) PHYSICAL REVIEW LETTERS 12 ACGUST Bor1

Similarity-Transformed Chiral NN + 3N Interactions for the Ab Initio Description of '>C and 'O

Robert Roth,"* Joachim Langhammer,' Angelo Calci,' Sven Binder,' and Petr Navratil>*

(] ¢ A [ 4o
a=0.04fm* a=0.05fm* a=0.0625fm* a=0.08fm* a=0.16fm*
A=2.24fm™ ! A=211fm ! A=2.00fm™!' A=1.88fm! A=1.58fm!
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with S

Heavier p-shell nuclei

RG evolved interactions

NN only NN+3N-induced NN+3N-full
60} @) fo -, (b) | © -
-701%, °C . *
S hQ = 20 MeV
S -80p, . *.
90y
s e » Fast convergence
—100*__\ “*-._fjj:»_r_»__:::::::;:':'::: — +  Significant 3N induced
** >>>>> S o o interaction
(d) : (e) (f) * 4N induced
-100L 16 ;: 1* interaction when
O * A *. \ chiral 3N included
= = ke 4
e ot
= e exp:». """""""""
7140 e . R = |
M e A e % Ko ® = 4N induced suppressed
160F a A e ST T by lowering the chiral 3N
L, e aiaia D cutoff to 400 MeV
-180+ Tk *okokokok—b 4 -
2 6 81012142 4 6 81012 2 4 6 8 1012
Nmax Nmax Ninax PRL 107, 072501 011) PHYSICAL REVIEW LETTERS 12 AUGERT Sor1
Similarity-Transformed Chiral NN + 3N Interactions for the Ab Initio Description of '>C and 'O
) L 4 A [ *

a=0.04fm* a=0.05fm*
A=2.24fm ! A=211fm™ !

a=0.0625fm*
A=2.00fm™!

o =0.08fm* a=0.16fm*
A=1.88fm™1 A=1.58fm™!
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0B states very sensitive to 3N interaction

6 ' ' ' ' ' ' PHYSICAL REVIEW C 86, 054609 (2012)
A ’ e e Il Microscopic two-nucleon overlaps and knockout reactions from 'C
,' 7 e 4 1
5k S 1 O B 1 E. C. Simpson,! P. Navratil,” R. Roth,? and J. A. Tostevin'*
4+ hQ =16 MeV .
e 240
'; 3 — . - — ’
> .
= I N
—_ > | —  — —4 0
'-l:l< g . 7 e 0 1
— - "
1F  — .
_— — * — {4 0
Or 3+0 -
-1F -
[ 1 1 1 1 1 1
o7 i N7 N7 AN © o
S Sg Sg =Sg =g X
N~ N~ N~ N Ve W
(OX (OK O - 0% O%=
P = = = b

chiral chiral
NN-+3N(400) NN+3N(500)

60
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No-core shell model

* No-core shell model (NCSM)

— A-nucleon wave function expansion in
the harmonic-oscillator (HO) basis

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

qj(A) — EC)L (A)"A’>

A \
Unknowns

61
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Light & medium mass nuclei from first principles

= Nuclear structure and reaction theory for light nuclei cannot be uncoupled
= Well-bound nuclei, e.g. '?C, have low-lying cluster-dominated resonances

= Bound states of exotic nuclei, e.g. "'Be, manifest many-nucleon correlations

9.64 1] e s
Hoyle state: (
a-cluster | 2
resonance 6542 o 7.3666
5 _ 8 +
with p-shell Be+a p-shell 1778 (5r2,3/72)*
components : ~ AT
m / state with
"N4.4389 2 extended tail |\ | 0503
4 03200 _ ver| —=2=229
p-shell H4 108+
states 10Be__+ (/=0) n 1 JT=1/2% e+tn
- T=3/2
*With Be
— significant
DR 0Be*
components

62
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NCSM calculations of °He and "He g.s. energies

2 T T T T T T T
I N =2
_14+ 6 max_
I He sreNLonn [@ @Naust
-16 - 1 o—aN,,=6
L A=2.02 fm o—ON_ =8
18k A—AN,_ =10
L N, -I2
% —20_—0 + - - 4 extrap
=2 b o
) 3 1) i
B 24_D\D\D\Z\:|_:,_Z_;)___Z
_26_
_28_
o P R T R E RPN B SR R I 1
12 13 14 15 16 17 18 19 20 21 22

hQ [MeV]

v N

Soft SRG evolved NN potential

max convergence OK

v Extrapolation feasible

"He unbound

-20 AN T T T T
21} NA 3 ]
N N SRG-N'LONN |
] vooN A=2.02 fm
23 NCSM \ \\ 02 fm .
= ol N hQ=16 MeV ]
2 25 N g ]
« h A -
5 26]- a "~ He 32 A
AN \A\\ ]
27 A NCSM A T
af S h S
-29_ He 0+ ﬂ~§“":
| | | | | |
_300 2 4 6 8 10 12 14
max
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)
Expt. -28.30 -29.27 -28.84

- Expt. E,=+0.430(3) MeV: NCSM E,= +1 MeV

*  Expt. width 0.182(5) MeV: NCSM no information about the width

9o

"He unbound
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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)
& h ...using the Resonating
Group Method (RGM)
+ ideas
(azu)‘\q
% U 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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No-core shell model with RGM

« NCSM with Resonating Group
Method (NCSM/RGM)
— cluster expansion
— proper asymptotic behavior
— long-range correlations

P - > [dF y,(7) A, ﬂ),v>
v (A—a)
Unknowns / ;
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Binary cluster Resonating Group Method

» Working in partial waves (v ={A-a & T;;a a,I7T;;st})

P A T T sT @D J”T( -a a) L i
)= DA, l(|A-a ol T)a ali L))" Y, ““)] r S V(s’)
A I 4 Y A-a,a
Target Projectile

» Introduce a dummy variable ¥ with the help of the delta function

‘ J”T> E gv l(‘A—a alllﬂlTl>‘a azlngz»(ST) Yg(f)]um 8(r -F,_,,) r'drdr

— Allows to bring the wave function of the relative motion in front of the antisymmetrizer
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Binary cluster Resonating Group Method

. (r) (sT) &
W) E g [(\A_aallf‘m\aazI;’ZTz}) Ym] 8(F -F,.,,) r'drdf

* Now introduce partial wave expansion of delta function

A(r - . L —e
8 ~Fy )= D U liwd)ye 3)Y, ) ¢

Au rrA—a,a (A_a)

» After integration in the solid angle one obtains:

J”T gv (r) A m T, S 5 "’ 5(1’—7’A_aa) 2

=35 O4 (40wt ma ot L)) )| S
A-a,a
(& J

Y

®’ T> (Jacobi) channel basis

vr
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Binary cluster RGM equations

 Trial wave function:

J”T> Efgv (”)" (I)JT> 2 dr (ﬁ(.;)

* Projecting the Schrodinger equation on the channel basis yields:

S [[H - N 0] £ a0

et
<<I>jf7 A HA cbjfT> <c1>f,”,T

Hamiltonian kernel Overlap (or norm) kernel

 Breakdown of approach:
1. Build channel basis states from input target and projectile wave functions
2. Calculate Hamiltonian and norm kernels

3. Solve RGM equations: find unknown relative motion wave functions

 Bound-state / scattering boundary conditions
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How to calculate the RGM kernels?

 Depends on chosen target and projectile intrinsic wave functions

— NCSM/RGM approach: use eigenstates of the (4-a)- and a-body intrinsic
Hamiltonians obtained within the NCSM approach

. NOte : H(A) rel (I") + rel (r) + VCoul (i") + H(A % H(a)

nt nt nt
— Relative kinetic energy

— Relative interaction: sum of all interactions between nucleons belonging to
different clusters (minus average Coulomb interaction)

* Example for single-nucleon projectile (a = 1): V()= EV” 2 V;Ab ~V_,.(r)

i<j=1

9 . AW/
- r — Zv2vE 2v€ )
Average Coulomb interaction Ve () = nuclear + pontc SHEEE

— (4-a)- and a-body intrinsic Hamiltonians (same interaction everywhere!)

Hl(nt )

I'T )=l |A-a a'T,) H

1nt

a o, I°T, > T ‘a a2[§2T2>
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How to calculate the RGM kernels?

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

] (sT) (J™T)
) )= [(|A— a o I'T,)|a 0,1°T, ) ma-a,a)] Ry (i)
* Note:

— The coordinate space channel states are given by

J*T J*T
‘(I)vr >= ERnf(r)‘(I)vn >
n
] . . Note that this is OK,
* We used the closure properties of HO radial wave functions in particular when the sum
is truncated,

or-r,_,.) ONLY: for localized
m#‘ aa’ _ E an (V)RM (rA—a,a) <:| parts of the kernels
n

rr

A-a,a

— We call them Jacobi channel states because they describe only the internal motion

e 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

<(I)JTAVA (I)JT>
NJT(r r)=0,,

5(r —r)

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

A—1
g, Ik %

AIA

~(A- 1>ER R, () (D]

(I)J T>

[ ]

=
SD <w“1 _

w(A 1>>
Vi SD
Exchange term:

Obtained in the model space!

(Many-body correction due to

the exchange part of the inter-
cluster antisymmetrizer )

(Cl 1 mﬂ A A’:::a) ERné(r)Rne(Aaa

ﬁTarget wave functions expanded in the SD basis,
the CM motion exactly removed

a‘a
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Hamiltonian kernel (projectile-target potentials)

Single-nucleon projectile

<CI>J "|A HA,

A-1
(I)ijT>=< .'-’(\ )
7! '(a’=1)

4 178 4
HT (7 r) = [ () + Vi (r) + " Tl]NVJ,vT(r’,r)

rel

+(A- I)ER ()R g(r)<c1>f T

(I)J”T>

JT
AIAVA 2A1‘(I) >

NS5

AIA(1 PAIA)

—(A-1)(A- 2>2Rnf<r>R QIC o

IH- 114

Direct potential: in the model space Exchange potential:
(interaction is localized!) in the model space

+(A—1)><

N

~(A-1)(A-2)x

—
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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>s1)‘a 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 ﬂ
-~
(N L

A — — —a
I,_é(A—a) =(a) * (A)
c.m. Rc.m. 50 o
0] (ﬁA—a_\/%FA aa)

n! ,NL, f> (‘pnz (”A—a)CONL (50))£

(‘poo (R(A a))%z (R(a) )) = E <00,n€,£

nt, ,NL
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Translational invariant matrix elements from SD ones

e More in detail:

c1>jZT> = > %ﬁr(-l)“fﬁ“f{ P4 }(00 nt,l|n
SD

~ ](J”T)
n.¢, ,NLJ, L J

q)xj/frrrz,T > Pni. (50 )

NL.f),. . |

rr’

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

<q)J,T

Interested in this
/ g " ¢ J i
Calculate these X E fﬁ’]rz (_1)S+€‘S ¢ v r r S r r
> L J ¢ || L

Matrix that can < nt NL €> » <OO n'e' /0 . NL f>

ole;, T> 1

SD

be inverted

 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

(I)J T (I)J”T> ANS ,KT 1 L+j'+J 1 T,+3+T
(BBl ) =— JJEKTM (-] It
Lo+ os|[r s s n & g TR
X -
One-body density c J g AR | j’ j' J % T %
matrix elements /
(K7)
R <A—1al'l’”1T ( @1 A—1a11;’1T1>

SD

SD

* Given a, a’, matrix elements are also general (same for different 4’s)
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Solving the NCSM/RGM equations

* There are other technical details

— Because of the norm kernel, the radial wave functions solutions of the
RGM equation are not Schrodinger wave functions

— However, the RGM equations can be orthogonalized

Efdr'r’2 [N_%HN_%] (r,r") 4 (N EY (r)

v }"’ 7

V’

— This procedure is explained in Phys. Rev. C 79, 044606 (2009)

* In the end, one is left with a set of integral-differential coupled
channel equations with a non-local potential of the type:

[Trez (r)+V, (r)-(E - E, — &, )] u,(r)+ E f dr'r' W _,(r,r') u,(r')=0



R TRIUMF

Microscopic R-matrix theory

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

A

External region @& ©

Internal region
V . VCoul |C>

V m VN + VCoul

S

2
— This is achieved through the Bloch operator: L = h—é(r — a)(i — BC)
r G

2u,
— System of Bloch-Schrodinger equations:

(T () + L, + Vi () = (E = EDJu. (1) + Y, [[dr'r' W (Y () = L (r)
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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

A
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S . n-*He scattering within the NCSM/RGM

chiral NN+NNN(500)
120 chiral NN+NNN-induced
90 SRG A=2 fm"
HO N, ,,=13, hQ=20 MeV
60
“He g.s. and 6 excited states
@ 30 29.89 2+0
T, 2%0
0 28.37_2839 Mfojo
3 e 28.31 0 5-0
g, 0. 07.27.27,37, 87, Newo a3 5743 50
-30 ) JR— 7 2595 =1
I . O1/2 — - NN+3N-ind | 2528 o7
-60 F S X Expt 24.25 150
I l 23.64 11
n+*He 53.33 21
-90 T T T DA B -~ 21.84 250
21.01 00
0 4 8 12 16 20.21 o+l P(I
Ekin [MeV] A larger splitting between
the P-waves obtained with the
PHYSICAL REVIEW C 88, 054622 (2013) chiral NN+NNN interaction

Ab initio many-body calculations of nucleon-*He scattering with three-nucleon forces .
yoody & The 3/2- resonance still off:
Guillaume Hupin,"" Joachim Langhammer,>' Petr Navratil,>* Sofia Quaglioni, Angelo Calci,! and Robert Roth>1 Interaction or CONVERGENCE?
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No-core shell model with RGM

« NCSM with Resonating Group
Method (NCSM/RGM)
— cluster expansion
— proper asymptotic behavior
— long-range correlations

P - > [dF y,(7) A, ﬂ),v>
v (A—a)
Unknowns / v
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Extending no-core shell model beyond bound states

Include more many nucleon correlations. ..

NCSM :‘:‘ [qﬂ* EEC Ko }

N=0 i
+———
l,/ (A—a) R ?A—)a? (a) N\s)
- - = ...using the Resonating
Group Method (RGM)
it ideas
(aZM)‘ N
% n a,+a,, +a,, =A
r
< u2 W
(alu) (a3ﬂ)
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Extending no-core shell model beyond bound states

Include more many nucleon correlations. ..

——————
~~~~~~

4 ‘\\\Nmax
conpey” fly | 05 S0t
N=0

-
“—————'N

N, O ...using the Resonating
> - Group Method (RGM)

~ -
————————

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

 ADb initio no-core shell model
— Short- and medium range correlations
— Bound-states, narrow resonances

Harmonic oscillator basis

« ...with resonating group method

— Bound & scattering states, reactions ‘r/‘ NCSM/RGM
— Cluster dynamics, long-range correlations

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

* Most efficient: ab initio no-core shell model with continuum NCSMC
NCSM/RGM
NCSM eigenstates channel states

Wy _ E

‘A>+Efdry(r)A

\ /v (A-a) (a )’V>
Unknowns
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Coupled NCSMC equations

\ h H poy )\@/ \ g N rom /\@/
(i afate) IR

Scattering matrix (and observables) from matching solutions to known
asymptotic with microscopic R-matrix on Lagrange mesh 92
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NCSMC formalism

Coupling: G (T Z/dr’ /2 (ANJ™T| A, @7, T) J\/'V_,,/% (r',r)

v'v

G Z/dr’r’2 (ANJ™T|HA, | >N_,%(7“’,r)

Calculation of h from SD wave functions:

(o T)

(AATT |V,

4Vc1>jf> o AT MTM, [V Al A=l T 0, (A)]

> LM, jm | IMYT,M, Yim, | TMT></3A-2/3A-1/3A v

pMm

X s AL "M TM,

12 Bl nl.]m%mt>

+ o+ + _ 93
Ag,Ap, 198,295, ,9p, | ‘A loy LM, T, M, > sp
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NCSMC formalism

e (Calculation of h from SD wave functions:

(J'T)

<A)LJ”T

Vin

,4V<I>j’jT> % o AATMTM, [V A[| A= 11 T) @,,(A)]

MM

E (LM, jm JM)(TIMTI sim, | TMT)<[))A—2[))A—1[))A |V3N |/3)/,4-2 B nljm )sm,

BMm

X s\ AAS"MTM, |a; ay _a; ay ag |A=To M, T, My )

~—

SD

 Tricky part: Sums over M,, M,
— Need target eigenvectors for all M’s:
— Use raising and lowering J, and T, acting on

|A-10, 1M, M) With M,=0 for even A or 1/2 for odd A

SD

94
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n-*He scattering phase-shifts for
chiral NN and NN+3N potential

Total n-*He cross section with NN and NN+3N potentials

120
8r—m—m—————7— 77 7
- _4
90 n—*He
=5 [ 2 6t —  NN+3N-full ]
g 00T 2 - .
= | = i — — NN+3N-ind = bare NN
“ 30 § ,\\
e i w 4 —|' \ X Expt. .
-Q I 8 I
2 0 & 8 I
< -30 3 2 J
-60 [
0 1 1 1 1 1 P | 1 1 1 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20
-90 center-of-mass energy [MeV]

0 4 8 12 16
center-of-mass energy [MeV]

3N force enhances 1/2- <> 3/2- splitting: Essential at low energies!

10P Publishing |
Phys. Ser. 91 (2016)

PHYSICAL REVIEW C 88, 054622 (2013)

Invited Comment

Unified ab initio approaches to nuclear Ab initio many-body calculations of nucleon-*He scattering with three-nucleon forces
structure and reactions

por e, Sl Quaglon’ Gullum Hupin* Guillaume Hupin,"" Joachim Langhammer,>' Petr Navratil,>* Sofia Quaglioni,¥ Angelo Calci,>! and Robert Roth>Y

Carolina Romero-Redondo” and Angelo Calci
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p-*He scattering phase-shifts for NN+3N potential: _ _ _ _ _
Differential p-*He cross section with NN+3N potentials

Convergence
120 F E 30 .
4 4
[ E‘ He(p’p) He ® o Barnard et al.
~ | o Frei I -
90 5, 20 . I
[S9
G
o
60 F _ < 1.0f
I , e S
L ) 7x - ] =
0 30 F K / - 5 4 NCSM/RGM 0.0 p—— — b —
.-g [ 7 / D3 /2 1 - | ;'W‘i'A- o ® o Barnard et al.
— W ™ g 0.2 £ T ----.-9,,= 141 u  Freier et al. E
o 0 el X X XXX R N " ' = Y o Miller et al.
N 4He states C:Q v Nurmela et al.
3
o
230 F o 3 7 i 3 oif
- ——=2——-6 S
L 29 — ~1— -5
1/2 1 1 L - 9
-60 / T 4 4 0 9 12
4 S
90 | p—"He .
90 L L 1 L L 2.0 T
0 3 6 9 12 Nurmela etal.,4°0 ]
Nurmela et al., 15
E, (MeV [ Kim et al., 20°
p [ ] —_ L5H Nagata et al., 20° |
% Pusa et al., 20°
Predictive power in the 3/2- resonance region: - | Wil
c o o c 1.0 i
Applications to material science § .
PHYSICAL REVIEW C 90, 061601(R) (2014) 05' ¢
Predictive theory for elastic scattering and recoil of protons from “He [ 5

Guillaume Hupin,'-* Sofia Quaglioni,'-' and Petr Navratil>* Eu [MeV]
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From QCD to nuclei

(UL ) Low-energy QCD |

Unitary/ity

Nuclear structure and reactions |

97
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NCSM calculations of °He and "He g.s. energies

2 T T T T T T T
I N =2
_14+ 6 max_
I He sreNLonn [@ @Naust
-16 - 1 o—aN,,=6
L A=2.02 fm o—ON_ =8
18k A—AN,_ =10
L N, -I2
% —20_—0 + - - 4 extrap
=2 b o
) 3 1) i
B 24_D\D\D\Z\:|_:,_Z_;)___Z
_26_
_28_
o P R T R E RPN B SR R I 1
12 13 14 15 16 17 18 19 20 21 22

hQ [MeV]

v N

Soft SRG evolved NN potential

max convergence OK

v Extrapolation feasible

"He unbound

-20 AN T T T T
21} NA 3 ]
N N SRG-N'LONN |
] vooN A=2.02 fm
23 NCSM \ \\ 02 fm .
= ol N hQ=16 MeV ]
2 25 N g ]
« h A -
5 26]- a "~ He 32 A
AN \A\\ ]
27 A NCSM A T
af S h S
-29_ He 0+ ﬂ~§“":
| | | | | |
_300 2 4 6 8 10 12 14
max
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)
Expt. -28.30 -29.27 -28.84

- Expt. E,=+0.430(3) MeV: NCSM E,= +1 MeV

*  Expt. width 0.182(5) MeV: NCSM no information about the width

9o

"He unbound
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NCSM with continuum: "He < ®He+n

150
[ J" experiment NCSMC
r Ex I Ref|Er T
] e e~ e 3/27(0.430(3) 0.182(5) [2] [0.71 0.30
% ool 5/27(3.35(10) 1.99(17) [40]|3.13 1.07
= b | 1/2713.03(10) 2 [11]]2.39 2.89
VA ] 3.53 10 [15]
okt 7 N
- 6 1 | unbound 1.0(1) 0.75(8) [5
e n+ He(g.s+2"+2") ] W) ®) bl
Sor S ]
ol Y2 T [11] A. H. Wuosmaa et al., Phys. Rev. C 72, 061301 (2005).
o 1 2 ]35 MV4 5 6 7
ki (MEV] P8 st .
1‘ Experimental controversy:
py ~ Existence of low-lying 1/2- state
T — 2 ... not seen in these calculations
95(Eren) /0, e
B " Erin=FEr with three °He states
and ten "He eigenstates - -
More 7-nucleon correlations 7 7
Fewer ‘He-core states needed sz 5.6 (20.1°.0%)
0.529
“He + 3n
1,797 2
- /7
@4

—F "He
2N 0445 —
NCSMC ’ + ‘./' S. Baroni, P. N., and S. Quaglioni, He +n 6He JTE? ’

PRL 110, 022505 (2013); PRC 87, 034326 (2013).
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Neutron-rich halo nucleus 11Be

. Z=4, N=7

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

« 7Z=6, N=7 13C and Z=8, N=7 °0 have J™=1/2- g.s.
— Inreality, ""'Be g.s. is J™=1/2* - parity inversion

— Very weakly bound: E;=-0.5 MeV

« Halo state — dominated by '°Be-n in the S-wave
— The 1/2- state also bound — only by 180 keV

Can we describe "Be

in ab initio calculations?

— Continuum must be included

— Does the 3N interaction play
a role in the parity inversion?

(52 L( o

7.0{)07).705 7.10

5.849=5.980—

ﬁb
a/2-

5.255_5.40

5/27

13.955 3.889

5/2- 3/2]

3.40 (32

. 3/2%)

2.654

3/2°

1.783

5/27

0.32004
v

1/2

679
H-p

=12 T=312

11]3e

7.3139
9Be+2n

0.5016
10Be+n

100
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1°C(p,p) @ IRIS with solid H, target

* New experiment at TRIUMF with the novel IRIS solid H, target
 First re-accelerated '°C beam at TRIUMF
« 10C(p,p) angular distributions measured at E.,, ~ 4.16 MeV and 4.4 MeV

..... .‘\\ i' //
o T Y|
solid H» target\( =X M ”
___100um 7Y
. d-
PRELIMINARY

l ‘ deem~
T i £ 10 10C, )
i l ’ C(p p) Ce IRIS collaboration:

h A. Kumar, R. Kanungo,
gggﬁh A. Sanetullaev et al.

Identification of reaction channel (protons) |

37.5 45.0 52.5

PRELIMINAR

Olab (deg) PN
2 p
): A. Kumar, R. Kanungo, A. Sanetullaev et al. 101
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R TRIUMF

p+19C scattering: structure of "N resonances

« NCSMC calculations with chiral NN+3N (N3LO NN+NZ2LO 3NF400, NNLOsat)
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p+19C scattering: structure of "N resonances
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p+19C scattering: structure of "N resonances
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R TRIUMF

Structure of 1"Be from chiral NN+3N forces

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

1"Be within NCSMC:
Discrimination among chiral nuclear forces
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R TRIUMF

1"Be within NCSMC:

Discrimination among chiral nuclear forces

| | — |
8 —— ]
7h i
1l
n+10Be(2+) 1 8
6b______1_ e ____4 &
> S5r 7 R
q) A e ] 1l
= A M+10Be(2%) | . o ‘ 3o | %
..'E. " _ Dy - -_‘ - - - S - - -‘7"?"_? ~_~ e——— -5]L2._ — — :;
Ll 3 — - - — . TSN, — 3/2+ 138
o) -_ —\ "'x ",'—--‘: A 3/2' _- g
B . . i
1 L T — 5[0 |
n+10Be(0%) :
Ob--—-—-—-—-—_ L —— - e~ E— — ______i/_Z'___—
- — A [D+ .
11 I I I I T
exp. NN NN+3N(400) exp.
107

A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, G. Hupin, arXiv: 1608.03318



R TRIUMF

1"Be within NCSMC:

Discrimination among chiral nuclear forces
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p+19C scattering: structure of "N resonances
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R TRIUMF

NCSMC wave function
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R TRIUMF

E1 transitions in NCSMC
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R TRIUMF

Photo-disassociation of 11Be

Bound to bound NCSM NCSMC-phenom

B(E1; 1/27=21/2) [e> fm?]  0.0005 0.117 0.102(2)
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R TRIUMF

NCSMC phenomenology
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R TRIUMF

Photo-disassociation of 11Be

Halo structure |
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R TRIUMF

Photo-disassociation of 11Be

Bound to continuum |
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R TRIUMF

Next: p+'1C scattering and "C(p,y)'?N capture

« Measurement of "'C(p,p) resonance scattering
planned at TRIUMF

— TUDA facility
— 1C beam of sufficient intensity produced

« NCSMC calculations of "C(p,p) with chiral NN+3N
under way

» Obtained wave functions will be used to calculate
11C(p,y)'?N capture relevant for astrophysics
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R TRIUMF

Next: p+11C scattering and ""C(p,y)'?N capture

« MC(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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d(p,7)°He p-p chain
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R TRIUMF

Next: p+11C scattering and ""C(p,y)'?N capture

« NCSMC calculations of ""C(p,p) with chiral NN+3N under way

NCSM exp. NCSMC NCSMC
I I I I i I I
6l pheno. i 500,
7t ) e I ) 1
] — — i A w0, PHC
[ — L, 3+ : -_-g
e _p+11C sa;g)"*._ e  o—: - —:—‘,JI-"_L\ 3 E 0.59 | 0.10
S 4" NN sl “gEF“f'_‘—I—L_ — - =-1 g - 11831085
Q  [piIC (5/0) s o, g4 Q7 T —= %
= [ /2 L —1) - 1 3
= * — 5 ) m— 1.98
Llj 2 . ) D\ —— ) - < -—— 1 — —_— 1.83
'p+""C(1.-"2) I _1__”_"_::| — - nn : P N RS ‘1‘?1‘
1F- e _] 5. A - T 60 80 100 120 140 160 180
ol | g e, A ] Ocr [deg]
[ p+71C (3/2) o
ak | — = -
2| NN+3N(400) i NCSMC calculations to be
sl | i validated by measured cross
I 1 1 I L I 1 . .
4 6 6 6 4 sections and applied to calculate
Nimex the "C(p,y)'?N capture
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R TRIUMF

Next: p+11C scattering and ""C(p,y)'?N capture

« NCSMC calculations of ""C(p,p) with chiral NN+3N under way
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R TRIUMF

Solar p-p chain

p(p,etv)d
d(p,y)*He p-p chain
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SHe(®*He,2p)*He *He(a, v)"Be
14% 0.02%
|
Be(e™,v) Li "Be(p,7)®B

Solar neutrino
E, <15 MeV
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R TRIUMF

"Be(p,y)3B S-factor

« S,;one of the main inputs for understanding the solar neutrino flux
— Needs to be known with high precision

« Current evaluation has uncertainty ~ 10%

— Theory needed for extrapolation to ~ 10 keV b k
- o 6%1;’;:
3690 A7 +

S(E) = Eo(E)exp[2nn(E)]
n(E) = ZA—aZaez [V 4,

' i
0.769 } 5 .
8 B El 7 Be + h:c-" SB I uI;Tui THREEH. e
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R TRIUMF

'Be(p,y)3B radiative capture:

Input - NN interaction, 'Be eigenstates
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e 09
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interaction

» Accurate
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= Study dependence on A
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RTRIUMF

ey Input: ‘Be eigenstates

» Excited states at the optimal HO frequency, hQQ=18 MeV
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RTRIUMF

«2_r» Structure of the 3B ground state
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« NCSM/RGM p-"Be calculation oo ;
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RTRIUMF

o i p-'Be scattering

= NCSM/RGM calculation of p-’Be scattering 6_73‘"*’"“”‘"‘“’:‘
= ’Be states 3/2-,1/2-, 7/2-, 5/2-,, 5/2-, B )

= Soft NN potential (SRG-N3LO with A = 1.86 fm™) | s
5B 2" g.s. bound by 136 keV "t . -

= 60 L 39.5%

(expt. bound by 137 keV)
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N ———
T T

New 07, 17, and two 2" resonances %

predicted

232 , 3

025} "Be (p.p) 'Be(1/2) ] +p

s =1/=127 cleatly visible
in (p,p’) cross sections

Physics Lettrs B 704 (2011) 379-383
Contents lists available at SciVerse ScienceDirect -
Physics Letters B
0
wwwelsevier.comflocate/physietb 0

Ab initio many-body calculation of the 7Be(p, y)®B radiative capture
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N AN

PRC 82, 034609 (2010)
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RTRIUMF

e P 'Be(p,y)B radiative capture

= NCSM/RGM calculation of "Be(p,y)éB radiative capture 633 {’*3
= ’Be states 3/2-,1/2-, 7/2-, 5/2-,, 5/2-, - .
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40 - 0.4291 5
F J*=37T=4
ﬂ*B 2% g.s. bound by\ 33 3 _ ] - ‘Be
136 keV 30¢ L T 1l N
expt. 137 ke S 25k § 19 : —3 ] 5 LU
( p V> > C 1 ¢ Filippone ;_ e &
S(O) ~ 194(07) eV b 2, 20E H o Strieder . E e
~ N o Hammache
- C N Hass ] »
Data evaluation: 7 155 : ?uif’ghans E 22 2
S(0)=20.8(2.1) eV b 10F 7Be(p,y)813 o schuemam [ |
\ / 5 - e ISL%TK&N El ' P
N - NCSM/RGM E1 [] }qn
R T T T NN TR TR N R [ TR TR T T NN T S S N BN R R R . 167 - 0.7695 1 _
% 05 I 15 2 25 —
Ekin [M@V] 0.1375

"Be+p

" o) 379353
Contents s ScienceDirect =
Physics Letters B
www.elsevier.comlocate/physietb

Ab initio many-body calculation of the 7Be(p, y)®B radiative capture
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Big Bang nucleosythesis

The big bang
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Deuterium-Tritium fusion: a future energy source

u The d+3H %n+4He reaCtIOn ; .':’- 3 ,Brln'ging Star Power to Earth _NIF_
*  The most promising for the production of fusion energy : L) :
in the near future

*  Will be 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
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Cross section at the peak: 4.88 b

17.64 MeV energy released:
14.1 MeV neutron and 3.5 MeV alpha
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Ab initio calculation of the 3H(d,n)*He fusion
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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 -
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-= 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

35 | T T T T T 1T I T T T T T 1T I i 20 T—TrrT ' T T T T 11T ' T T T T 11T '
- 3 A e ] [ < Bos2 |]
F ] - K87 |7
30 ARS52 ] - R
: H(dn) He | ¢ &5 | | £3 | |
r ¢ AR54 ] 15 = [F ¢ AlOl -
— 25 — A He55 ] — L 3 4 [¢] -
o TF GZS6 ] © 7 d+ He — p+ He { { a éé%IS 1
Z v BA57 ] > L f 0d* 1
20 » GO61 - |
= v KO66 ] = I ’ E - aensar |
C ] 10 v -
= C +  MC73 ] — ' 77 —— 5d*45d'*
g 1sf MA75 ] 3 f /y Fasd | ]
o OF ] E 7d*+5d
S * JA84 ] 2 Z7 — 9d*+5d* | ]
- BRS7 ] St ~- -
ZEN — d+9d*45d* | ] R R { ]
- ] 51 —
SsE SRG-N'LO A=145 fm™' i ]
F ] i Setr ]
O L 1 1 1 1 1 1 l 1 1 o — - J 0 11 1.1 l 1 1 1 1 11 1.1 l 1 1 1 1 11 1.1 I
10 100 1000 10 100 1000
E._. [keV] E, [keV]
Potential to address unresolved fusion research related questions:
SH(d,n)*He fusion with polarized deuterium and/or tritium,
SH(d,n 7)*He bremsstrahlung, electron screening at very low enetgies ...
PRL 108, 042503 (2012) PHYSICAL REVIEW LETTERS 27 JANUARY 3012

NCSMC calculations

. i . Ab Initio Many-Body Calculations of the H(d, n)*He and *He(d, p)*He Fusion Reactions
with chiral NN+3N forces in progress...

Petr Navritil' and Sofia Quaglioni”
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Big Bang nucleosythesis

SLi puzzle

’H(a,y)CLi

103 10-° sacond 300,000 years 10 to 15 billion years 0.26
second Formation First atoms form Modem galaxies appear = *
Probable = of protons (=]
eraof and neutrons =
inflation from quarks & 0.25
‘ : ‘ s O
10-43 second 10" second 3 minutes 100 million years e.I:l'
Quantum Strong, weak,  Synthesis of hydrogen First stars, galaxies,
gravity era electromagnetic,and helium nuclei and quasars appear % 0.24
and gravitational 4] .
forces appear E
0.23
Be 0.22

Big Bang

Nucleosynthesis / " Be(n, p)'Li

N\ 107
Hea Y Be 1 Key reactions

"Li(p,a)* He

107 .25 /

*He/H, D/H

*He(d, p)'He— Ho,y) Li E
pry) He f =
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75 d(c/.ln)l‘He \ |
—p(n.y)d—— d(d, p)t—— .
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li
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d+*He Scattering Phase Shifts 6Li vs. (*He+d)+5Li calculation
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7g:s. 1+ g.s.
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PRL 114, 212502 (2015) PHYSICAL REVIEW LETTERS VAT 2085

Unified Description of °Li Structure and Deuterium-*He Dynamics
with Chiral Two- and Three-Nucleon Forces

Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*

NCSMC ’ + ‘\._"»
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

T T T T —T

T T
§ (a) [© Besenbacher etal.
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i Kellock et al.
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. B e — 195 3 =30°
13 5 g . — % C":s o ; Pd
[ 1 Sroa’t 1T R
90 | s R
W45 2 }
Q) -
3, 2.0x10 }
L 1 1 L L | 1
e} 1 2 10
0 E [MeV]
-45 NRiaN — a ————
I ——=NN+3N-ind ] ® a2 (b) [ NCSMCN, =11 (164)
90 i 39, ] ~ /T o Galonsky et(aL ()168)
- v Mani etal. (165
3 1 1.0x10°F :. A Mani etal. (163) 7]
L == = oo ]
—135 . . . 1 . . . ] . . . :‘g ° N 4He(d, d)4He 1
0 2 4 6 B, 5.0x10°F s 2 04=164°
£
. K
Ekln [MeV] Sg
2.0x10°F
PRL 114, 212502 (2015) PHYSICAL REVIEW LETTERS 25 2015 "
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Unified Description of °Li Structure and Deuterium-*He Dynamics i
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

d+*He Scattering Phase Shifts 6Li vs. (*He+d)+5Li calculation

6 .
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PRL 114, 212502 (2015) PHYSICAL REVIEW LETTERS o gt
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Unified Description of °Li Structure and Deuterium-*He Dynamics r
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Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*
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Unified description of éLi structure and d+*He dynamics

d+*He Scattering Phase Shifts

O [deg]
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Continuum and three-nucleon force effects on d+*He and 6Li
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Unified Description of °Li Structure and Deuterium-*He Dynamics
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Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*
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Unified description of éLi structure and d+*He dynamics

=  Continuum and three-nucleon force effects on d+*He and 6Li

d+*He Scattering Phase Shifts
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Unified Description of °Li Structure and Deuterium-*He Dynamics

with Chiral Two- and Three-Nucleon Forces

Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*
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Unified description of éLi structure and d+*He dynamics

= S- and D-wave asymptotic normalization constants

d+*He Scattering Phase Shifts

T NCSMC Experiment
180 r D e . .
- RN X X, A =
[ [ —— Criiingi ] 2.695 2.91(9) [39] 2.93(15) [38]
135 -
- | C, [fm~ /2] —0.074 —0.077(18) [39]
L X
90
¥ 45
E‘ -
(2] 0 [38] L. D. Blokhintsev, V. I. Kukulin, A. A. Sakharuk,
r D. A. Savin, and E. V. Kuznetsova, Phys. Rev. C 48,
a5 | 2390 (1993).
L . Egigg ind [39] E. A. George and L. D. Knutson, Phys. Rev. C 59, 598
i 3g o (1999).
-90 - 1 == 1 [41] K. D. Veal, C. R. Brune, W. H. Geist, H. J. Karwowski,
T =TT k E. J. Ludwig, A. J. Mendez, E. E. Bartosz, P. D. Cathers,
-135 F+ | | =3 T. L. Drummer, K. W. Kemper, A. M. Eir6, F. D. Santos,
! ! ! ! ! ! ! ! ! B. Kozlowska, H. J. Maier, and I. J. Thompson, Phys.
0 2 4 6 Rev. Lett. 81, 1187 (1998).
Ekin [MeV]
PRL 114, 212502 (2015) PHYSICAL REVIEW LETTERS 25 NIAY 2015

Unified Description of °Li Structure and Deuterium-*He Dynamics
with Chiral Two- and Three-Nucleon Forces

Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*
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Unified description of éLi structure and d+*He dynamics

= S- and D-wave asymptotic normalization constants

d+*He Scattering Phase Shifts
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—0.077(1%) 139
—0.025(6)(10) [39]  0.0003(9) [41]

PRL 114, 212502 (2015)

PHYSICAL REVIEW LETTERS VAT 2085

Unified Description of °Li Structure and Deuterium-*He Dynamics

with Chiral Two- and Three-Nucleon Forces

Guillaume Hupin,"" Sofia Quaglioni,"" and Petr Navratil>*

6Li puzzle — too little °Li produced in BBN

W

2_ g"m
10%E 7!

S,,(MeV nb)

E (MeV)

A. M. Mukhamedzhanov et al.,1602.07395
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Extending no-core shell model beyond bound states

Include more many nucleon correlations. ..

e ~

oA
NCSM V4 Qt-‘ Eqﬂ‘ EEC D, }

II N=0 i
[~
NS 7. e @
. @ ...using the Resonating
I Group Method (RGM)
\ B ideas
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NCSMC for three-body clusters

NCSM/RGM-3B
Long range description

y NTA_ [} o
Tay,a3

@ -
NCSM

Short range description

W =2@{A>+2fﬁd§ A,

Unknowns
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Three-body clusters in ab initio NCSM/RGM

o Starts from:

(4) A 7 %,5) A xdy
Wiy =Y [8,)A, |, dF+ > [[G, (3.5) A, |®,  )dxdy
v, H_J V3 %_J
2-bod - V) W
-body 40 g7 : 3-bod
Y., ol
channels W-?Aw) plus Mfc—@ﬂ) channels
< g 5(5}—7:4 a73,az3). (@)
Vg,
* Two-neutron halo nuclei @n @n
‘He @n oLi  @n

* Transfer reactions with three-body continuum final states

&
-9 -8
3H 3H

n
‘He @n
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Three-cluster NCSM/RGM

* The starting point: p5/22 X ()9 ()

L

W), = Y [didy Gt (x,y)

a2a3V

x A(A—a23 Ay ,a3)

(I)(A—a23 Ay a3 )>

vXy
(A-ays )y y(ay)y (a3 )y lx.ly o o
\ wal . waiz wa? Y™ y(x’y)

X 5(x =T\ a )6(y Ty vy, )

 Solves:
> [dp p’[HSE, (0.0)-E NS, (0'.0)] 07 % = (0) =0
a,a;vK

— Where the hyperspherical coordinates are given by:

P=+X+y, a=arctan(l) (X=/OCOSOZ, y=psina)

X
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NCSMC for three-body clusters: °®He ~ “He+n+n

C. Romero-Redondo, S. Quaglioni, P. Navratil, G. Hupin, arXiv: 1606.00066

The NCSM 6-nucleon eigenstate compensates for the missing

many-body correlations SRG N3LO NN
— -1
A potential
Experimental value
-29.269 MeV
8, 8
Energy of 0" g.s. ‘ “He (g.s.) *He (g:s.)

*He (g.s.)
N NCSM NCSM/RGM NCSMC (0, )

max

6 -27.98 -28.91 -30.02

10 -29.45 -28.70 -29.86

Extrapolationl -29.84(4) | - —-
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NCSMC for three-body clusters: °®He ~ “He+n+n

C. Romero-Redondo, S. Quaglioni, P. Navratil, G. Hupin, arXiv: 1606.00066

The NCSM 6-nucleon eigenstate compensates for the missing
many-body correlations SRG N3LO NN

A=2.0 fm" potential
Experimental value

-29.269 MeV

Energy of 0* g.s.
NCSM NCSMC (0", )

-27.70 -28.97

Extrapolation | -29.20(11)* -

145

*D. Saaf, C. Forssén, PRC 89 011303 (2014)
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NCSMC for three-body clusters: °®He ~ “He+n+n

C. Romero-Redondo, S. Quaglioni, P. Navratil, G. Hupin, arXiv: 1606.00066

Fa,nn(fm)

®He (g.s.) ®He (g.s.)

“He (g.s.)

The probability distribution of the °He ground state presents
two peaks corresponding to the di-neutron and cigar configurations
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NCSMC for three-body clusters: °®He ~ “He+n+n

C. Romero-Redondo, S. Quaglioni, P. Navratil, G. Hupin, arXiv: 1606.00066

26 I | | | /I/I | | I 26
3 -1 3
- SRG-N'LONN,A =20 fm Vi N'LO) - :
24k = 2 SRG N3LO NN potential
£ N N Y PP ] .
& 1 with A=2 fm-"
2 22F 6 422
= A
= I e He T
& 20F A~~~ +42.0
B g — " - I = 1138
e —E—————" -
L . ]
o | | | — — | |
> 1.5F 15 3
2 C ] +
SR 3 - 11.0
@ : \’\./! hd ey . 4 GHe (gS)
205 o q05 He (g.s.)
5 oof e Th. Exp.| — NCSMC 300
gt o A T ~~ NCSM :
%-0 S5F /// = 7y ... EIHH [7] . -0.5
7] // [ ] SZ 1 ]
(Sl -10F f l ] ] y: , | ] | 1-10
4 6 8 10 " oo[§] 1.8 2.10
Nmax A1owk (fm )
Separation energy, point proton and matter radius 7

simultaneously consistent with experiment
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NCSMC for three-body clusters: °®He ~ “He+n+n

C. Romero-Redondo, S. Quaglioni, P. Navratil, G. Hupin, arXiv: 1606.00066

180F 6r .
' F SRG-N'LONN A =1.5fm" e
[ sE 15 2, 3
5 120F E - 4303 449 I 2
3 [ 4E =21 =124 r=244 72 3
° ol : 6 r224s 0
o0r ~ 3F He r=oss , 7 3
[ > F 252 .1 240 .
> - R : '=0.88 21 ]
e - - - — & 2F 4 ame 2t E
120F SRG-N'LONN o g E 2 Felew =10 ]
- - : — 0.824 -
oof T Bl T T 0536 5 * z
— [ - r=o00ts 1! ]
Ca N E
Z 60F - 4 / .
“© 1F 0"’ -%9873 He+n+n 3
: : - 164+ ]
! 2k gs_ 0 =l
ot Expt. (SPIRAL) NCSMC
0 1 2 3 4 5 6
E (MeV)
Prediction of lots of low-lying resonances.
Experimental picture incomplete +
“He (g.s.)

Ground-state and scattering state wave functions available.

Calculation of “He(nn,y)®He in progress... 148
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Solar p-p chain

p(p,etv)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,7)®B

Solar neutrino
E, <15 MeV
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Big Bang nucleosythesis

The big bang

1026 10-° sacond 300,000 years 10 to 15 billion years 0.26
second Formation First atoms form Modem galaxies appear = - L1
Probable of protons =] L
eraof and neutrons = r
inflation from quarks & 0.25 -
| ‘ ] s L
10-43 second 10" second 3 minutes 100 million years e.I:l' = VRS
Quantum Strong, weak,  Synthesis of hydrogen First stars, galaxies, @ - =
gravity era electromagnetic,and helium nuclei and quasars appear = N O
and gravitational g 024 | NN NN\
forces appear E I ]
023 — —
Be 022 ] 1 ] ] L 11

Big Bang

Nucleosynthesis / " Be(n, p)'Li
,——— S. N 107

‘He(a,y)Be )} K t
{pean -1 Key reactions
"Li(p,a)* He
107 .25 /
He(d I))4Ht‘_’ \ 1o, ]/) L! ,

[y \ 4 -’
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d(d, H) ' He \ |
—p(n 7)(1——-- d(d, pyt——
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"LiH

Li puzzle
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3SHe-*He and 3H-*He scattering

For A=7 use completeness
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3SHe-*He and 3H-*He scattering

NCSMC coupling kernels:

A

(A)g oo
< S @ 5

g <AA,]’TMTM ‘4[|A 3O{IT>SD(((pa(A)(pb(A 1))(1ht2)¢c(A 2))(1 t3)] )

MM,

Ef(llM abc abc IJM)(TM 2 ml3 |TM )(IabMab]cm |Iabc abc)

x (t,m,12m, \t.;m )(jm, jm,|jm.)1/12m, 1/2m, |t,m,,)

+++

x s AAT"M TM, |aja;al|A=3e LM, T, My )
(Ae (77 A |®
a (obitie) ) (eFine) < & (..)\* )>
!
Hy. i © . 1 g © . .
T 1 B e o . a bit more complicated
”w&&@; 152
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SHe-*He and 3H-*He scattering

9, [deg]

180
150
120
90
60
30

-30
-60
-90

-120

e r et b e b ]

 3e *He 1 _ Be TLi

- - NCSMC  Expt. NCSMC  Expt.

i E,y [MeV]  -1.52 1.586 2.43 2,467

[ E,, [MeV] -1.26 1.157 215 -1.989

2 .. [fm] 2.62 2.647(17) 242 2.390(30)

I Q [e fm?] 6.14 3.72 ~4.00(3)

0 AN -1.16 -1.3995(5)  +3.02 +3.256
Ehn[hdeV]

J. Dohet-Eraly, P.N., S. Quaglioni, W. Horiuchi, G. Hupin, F. Raimondi, PLB 757, 430 (2016)

NCSMC calculations with chiral SRG-N3LO NN potential (A=2.15 fm-1)
3He, 3H, “He ground state, 8(11-) + 6(17+) eigenstates of 'Be and “Li

Preliminary: N,,,,=12, hQ=20 MeV
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120 . —2 .
%0}- — — = 17
L) - T
o0 L — 32" ——
3 60 . 52 (
— 30f 52" -
° 0F— 8‘7‘—‘33;‘ ‘v‘: R AA AL A 2 7/2, iz ~ 7 v
\5@‘ 5o - 'Vvv‘ S i, a2y
30+ Wi _
-60 - >AAA>A<>A<>A<>A<AAA — ]
90| T
_120 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 0, l 123
0 1 2 3 4 5 6 7 8 9 10 6Li+3He-d

E,,, [MeV]

71 1.3
leas2 L+

J. Dohet-Eraly, P.N., S. Quaglioni, W. Horiuchi, G. Hupin, F. Raimondi, PLB 757, 430 (2016)

NCSMC calculations with chiral SRG-N3LO NN potential (A=2.15 fm-1)
3He, 3H, “He ground state, 8(11-) + 6(17+) eigenstates of 'Be and “Li

Preliminary: N,,,,=12, hQ=20 MeV
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SHe-*He and *H-*He capture

E1 radiative capture with small E2 contribution at 7/2-resonance

I T I T I T I T I T I T I T T T T T I T T T T I T T T T
08} . 0.15F .
i ; ; Pa63 « NS04 «Le09 | ; ; grg§7
Kr82 - Be06 - Cal2 . c
0.7 He(o,y) Be - o0ss2 «Br07 +Bota H(o,y) Li » Bug7
- Hig8  + Co07 [ 7. R
0.6 - i _
2 >
>
g 04f *;S)
Q - <
S “ . Feees
“ 03 s « 0.05+ I NoO1 —
S 57 ' S A, * NoOf L —— Nell
0.2~ —— Ne . I —— NCSMC
| NCSMC NCSMC
NCSMC i .
0.1~ ~ (phenom.) i (phenom.)
i | | I | I 0 '
% 0.5 1 15 2 25 3 3.5 0 0.5 EIMev 1.5
E_. [MeV] in [MeV]

J. Dohet-Eraly, P.N., S. Quaglioni, W. Horiuchi, G. Hupin, F. Raimondi, PLB 757, 430 (2016)

NCSMC calculations with chiral SRG-N3LO NN potential (A=2.15 fm-1)
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Theoreiical calculsations suggest theat the most recent and precise
Be and 7L data are inconsisisnt
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Conclusions and Outlook

AD initio calculations of nuclear structure and reactions

with predictive power becoming feasible beyond the
latest nuclel.

Ab Initio structure calculations can even reach
(selected) medium & medium-heavy mass nuclei

These calculations make the connection between the

low-energy QCD, many-body systems, and nuclear
astrophysics.

Thank you!
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