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R TRIUMF Outline

* Nuclear structure and reactions from first principles

* No-Core Shell Model with Continuum (NCSMC) approach
« n-*He scattering, 3H(d,n)*He fusion

 Structure of unbound °He

« Extension to medium mass nuclei: IM-SRG/RGM

« 12N, "C(p,p) scattering and "C(p,y)'“N capture
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@TRIUMF From QCD to nuclei

Low-energy QCD |

NN+3N interactions
from chiral EFT

SMC
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, Nuclear
e EFT...

Many-Body methods
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Nuclear structure and reactions |




2 TRIUMF No-Core Shell Model

o \
* Ab initio no-core shell model N =N +}
— Short- and medium range correlations '
— Bound-states, narrow resonances

— Equivalent description in relative-
coordinate and Slater determinant basis Harmonic oscilator basis
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2 TRIUMF No-Core Shell Model

* Ab initio no-core shell model N =N +
— Short- and medium range correlations
— Bound-states, narrow resonances

— Equivalent description in relative-
coordinate and Slater determinant basis Harmonic oscilator basis
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@TRIUMF From QCD to nuclei

, induces 3N

Unitary/similarity
transformations
Many-Body methods
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Nuclear structure and reactions |
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@TRIUMF Chiral EFT interactions up to N4LO

« Systematic from LO to N*LO

« High precision — x?/datum = 1.15
— D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, PRC 91, 014002 (2015)
— D. R. Entem, R. Machleidt, and Y. Nosyk, PRC 96, 024004 (2017)

Original EM 2003 N3LO NN E=-7.85 MeV

O | T T T T T T T T 12 T T T T T T T T T y
\ \\ 3 O-O N*LO500 1or 3 Ox?xo lgzlgé 1.6 gg; —
- ¥ 3 - K
2 A H NLO500 8 H @ SRG 18(20)| ]
i N} A- A N’LO500 i - SRG 2.0 (20)
\.\\. V-V NLO500 6 vy Expt. . a
A4+ i 4
S Sl N LO500 NN ]
0] O 2 —]
2 o :
. ma({ ]
'8 — E _2 L ]
L 4 i 4 _
ok LO-N"LO500 NN _ P B =808 MeV 1
J 8 e p—
12U | l 1 1 1 1 1 L L L L 1 1 1 1 1 1 1 1 1 L]
P2 4 6 s 10 12 14 16 18 20 B S R 8§ 10 12 14 16 18 20
N N
max max

NN+3Nind



[MeV]

s

E

QTRIUMF

Systematic from LO to N4LO
High precision — x?/datum = 1.15

Chiral EFT interactions up to N*LO

— D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, PRC 91, 014002 (2015)
— D. R. Entem, R. Machleidt, and Y. Nosyk, PRC 96, 024004 (2017)
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@TRWMF 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
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@TRWMF 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 gr/‘ NCSM/RGM |
— Cluster dynamics, long-range correlations

NCSM/RGM
chanmil states
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@TRWMF 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
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@TRIUMF Coupled NCSMC equations
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Scattering matrix (and observables) from matching solutions to known asymptotic
with microscopic R-matrix on Lagrange mesh 14



n-*He scattering within NCSMC

n-*He scattering phase-shifts for

chiral NN
120 B T T T T I T T T T I T T T T I T T T T |
[ — i
90 — 12" -
- i e
i — 32" ]
60 | * 12'FY .
. o 32 FY .
30 + 32 FY —
?D - -
_8 L -
= 0 -
[Ze)
\ . 3 i
30 chiral N'LO NN -
[ NCSMC with SRG evolved NN+3Nind i
-60 FY with bare NN —
90 -
_120 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0 5 10 15
E,. [MeV]

[\
()

FY: Faddeev-Yakubovsky method - Rimantas Lazauskas

1OP Publishing | Foyal Swodsh AcadomyofScences __ ewscasepa

Phys. Scr 00 2016) 000000 (37pp)

Invited Comment

Unified ab initio approaches to nuclear
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@TRIUMF Structure of unbound °He

« Controversial experimental situation
— From talk by Nigel Orr at ECT* in 2013
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—
Knock-out (d,p)

— Most experiments see 1/2- resonance ~ 1 MeV

— Is there a 1/2* resonance?
a,~-10 fm (Chen et al.)
* a,~-3fm (Al Falou, et al.)

— Any higher-lying resonances?
— Recent 8He(p,p) measurement at TRIUMF by Rogachev found no T=5/2 resonances

(PLB 754 (2016) 323)
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@,TRIUMF Structure of unbound °He

« NCSMC calculations with several NN and NN+3N
Interactions )

r
— %He ~ (°He)ycsm *+ (N-*He)ncsmram S + O/o
« 8He: 0* and 2* NCSM eigenstates

« 9He: 24 11 = -1 and 24 m = +1 NCSM eigenstates

— Importance of large N, ., basis:
« SRG-N4LO500 NN with A=2.4 fm-"

— up to N.,=11 with "He NCSM m-scheme basis of 350 million
Gs.energy[MeV] | ___fHe | He | He
SRG-N4LO500 A=2.4 -28.36 -28.9(2) -30.1(2)

Expt -28.30 -29.27 -31.41
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Structure of unbound °He

R TRIUMF
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@TRIUMF NCSMC phenomenology
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QTRIUMF

Phase shift and eigenphase shifts with
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Robust results for 1/2- (~ 1MeV) and 3/2- (~4 MeV) P-wave resonances

(3/2- resonance in n-8He(2*) channel)

1/2* S-wave with vanishing scattering length: a;= 0 ~ -1 fm
No evidence for other higher lying resonances



@TRIUMF "He resonances
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@TRlUMF Norm kernel (Pauli principle): Single-nucleon projectile

A A (A-1) A-1 (A-1)
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Direct term: Exchange term:

Obtained in the model space!

(Many-body correction due to

the exchange part of the inter-
cluster antisymmetrizer )

Treated exactly!
(in the full space)
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QTRIUMF

Introduce SD channels 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 ur\\" v (@ v (a)
‘ - >SD _[( —a ol T1>SD‘a a1, T2>) YE(Rcm):l R, (Rc.m.)

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

of the « nucleons

@

/(A a)a—'
rA aa)

nlNLEY, (@, (WA-a)GONL(gO))E

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

Translationally invariant matrix elements from SD ones

* More in detail:

cpf,?> =y %fr(—l)”f’*“’{ s 0 }(00 nt,l|n

S N L, L J

(I)J T>¢NL(§0 ](J 7)

NL.1),., |

rr’

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

<(I)J;T

O‘CDJ T> _

Interested in this
AA A . f ! K!
Calculate these xE (f']rz(_])”g‘s‘f 5 r ‘]r S r Jr
> LJ ¢l g e

Matrix that can < f NL €> - <OO n't' /0 |n’g’ NL €>

be inverted

SD

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

« Transformation is general: same for different A’s or different a’s



RTRIUMF Advantage of SD channel basis

« 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)JT ALA|CI)JHT> S SSTKT(=1) (- e

SD

Lys|ns s knfn e
X -
One-body density c J AR | j' j' J % T %

matrix elements

T

X <A 1 al'”lT

SD

(K7)

( n@ nfj%

A-1 alll”lTl>

SD

 Given a, a’, matrix elements are also general (same for different 4’s)



@TRIUMF Extension to medium mass nuclei: IM-SRG/RGM

» Basic idea: Compute SD densities using a
method applicable to medium mass nuclei

— IM-SRG
- CCM

* Hypothesis: At convergence

(K)
(i)

NCSM

SD

<A 1 aI"T/|(a A-1 alll”lTl>
SD

R

IM-SRG

SD

<A lal’”‘T A-1 o I"T, >

(K
(%1%)

— Applies also to higher-body densities

SD

26



QTRIUMF  Density calculation in IM-SRG (Klaus Vobig, TU Darmstadt)

e IM-SRG aims at decoupling a reference state |¢) from its particle-hole excitations

o IM-SRG(Magnus): calculate unitary transformation U(s) = exp(ﬁ(s)) via SRG
flow equation approach

d a Bi oa. |
Rt OEDPRIIORIO)
k=0
@ one-body density matrix elements formally given as

p3 = (¢l UT(s)23U(s) )

@ write unitary transformation via Baker-Campbell-Hausdorff series

ph = (8] > 18, 33]k o)
k=0

= (]33 |8) + (8] [2,33] |9) + (| [2, [2, 5311 |8) + ...

@ derive equations for density matrix in terms of matrix elements of €2(s)
e complexity of equations scales severely with BCH order k ~~ truncate at kK = 2
27



@TRIUMF Preliminary tests: NCSM/RGM vs. IM-SRG/RGM

« |M-SRG/RGM current status:

— One-body density from IM-SRG

« Norm kernel and direct part of NN potential kernel
— two-body density from NCSM

« Exchange part of the NN potential kernel

« Benchmarks (model spaces not at convergence yet)
— n-*He (SRG-N3LO NN, A=2 fm-1)
— n-1%0 (SRG-N3LO NN. A=2.66 fm-")

T T T T ‘j&% T ‘ ‘ T ‘ I
’ — 11 1 I — 11
/ — 11 — 11
R 3’1 R 371
50
/ — 3% — 3%
51 51

571 1 L 5'1

— 71 N

— 91 —

— 9"

4 %

| i |

1
0 5 10 15 20 0 5 10 15 20

Promising. IM-SRG two-body density calculation under way.

: . : : 28
Opens door to calculations of nucleon scattering on medium mass nuclei.




@TRIUMF p+11C scattering and ""C(p,y)'?N capture

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

— TUDA facility
— "C 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
"C(p,y)'?N capture relevant for astrophysics

29



QTRIUMF

p+"C 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
p(p,eTv)d ]
d(p,7)°He p-p chain
86% | 14%
SHe(®*He,2p)*He SHe(a, v)"Be
14% | 0.02%
| |
Be(e™, v) Li "Be(p,7)°B
"Li(p,a)*He B(et, V28Be
®Be(a)*He

*He(a,v) Be(a, )" C(p,7)*N(p,7)"*O(8%,v)"> N (p,7)**O

*He(a,v) Be(a,v)"' C(p,7)*N (8T, v)"*C(p,7)"* N (p,7)"*O

talk by H. Yamaguchi (CNS)

110(5+ V)llB(p;Oé)SBe(4Hey4He) 30
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QTRIUMF

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

« NCSMC calculations of ""C(p,p) with chiral NN+3N under way
« MC: 3/2-,1/2-, 5/2-, 3/2- NCSM eigenstates
=26 M= +1 and 24 m = -1 NCSM eigenstates

do/dQ [mb/sr]

g
-
tn
S

o 12N -
NCSM exp. NCSMC NCSMC

[ I I [ [ I
6 ‘ pheno. ]
b — |
L '_ 4
6 : .
LT e ] '
[p+11C (3/2) . L — e T 2 —— ]
s A‘C;‘_ ______ : ‘*‘ """"""" ;1:=“ ____ i - j'l_ .
LD4+11C (5/2) ™ ., wm0-84- Q. r-- - —
3 R 2t(.1.+;_1._*.-.._._‘ -
o 3 Pt [ty I A ]
[ p+11C (1/2) —1 1o A  —— e ]
1 o—— | / 0. | P L B i
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a0 e-— —_— -
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3 —
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500
11
w0, Pt C
200 2 1059 [0.10
0+ [1.83|0.35
100 - 183
771
60 T80 0 10 w0 160 180
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NCSMC calculations to be
validated by measured cross
sections and applied to calculate
the "C(p,y)'?N capture
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@TRIUMF Next: p+1C scattering and "C(p,y)'®N capture

« NCSMC calculations of ""C(p,p) with chiral NN+3N under way
« MC: 3/2-,1/2-, 5/2-, 3/2- NCSM eigenstates
« 2N: 26 m=+1and 24 m = -1 NCSM eigenstates

U B B L L R I L 0=
N 2+ -
11 12 p+ic
C N — [ NCSMC |

ok | 2 (P-1) 1 % | pheno
— F NN-+3NF(400) E E200\ Nrox=7 2 |0590.10
© C . c + 1.83]0.35
o NCSMC pheno. 2 150
'ﬁ; o
% 100 |- 1:83
ch III““““““““1‘.71‘
7)) 60 80 100 120 140 160 180

Ocm [deg]
NCSMC calculations to be
validated by measured cross

sections and applied to calculate
the "C(p,y)'?N capture
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QTRIUMF

Neutron-rich halo nucleus "Be

e /=4, N=7
— In the shell model picture g.s. expected to be J™=1/2-—o0t000 op,,

. Z=6, N=7 3C and Z=8, N=7 150 have J"=1/2-g.s. “““¢  Osw
— In reality, ""Be g.s. is J™=1/2* - parity inversion

— Very weakly bound: E;=-0.5 MeV

w— 184/
O Opyp0

« 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?

10 (52) Sdldd

6.705 L

7'0?07 6.30 (1/2 9Be+2n
5.849=35.980— (1/2°
5255340 5127
13.955 3.889 5/2- 3/27]
3.40 327,325
2.654 3/2°
1.783 5/27]
0.32004 1/2 loo-giof
c™n
T 12T T=32
- =1
H-p
11
Be
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@TRIUMF 10C(p,p) @ IRIS with solid H, target

« 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.y, ~ 4.15 MeV and 4.4 MeV

1IN ~ 10C+p
unbound
mirror system of
""Be ~ 19Be+n

IRIS collaboration:
A. Kumar, R. Kanungo,
A. Sanetullaev et al.
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@,TRIUMF p+1°C scattering: structure of "N resonances

« NCSMC calculations with chiral NN+3N (N3LO NN+N2LO 3NF400, NNLOsat)

_ p_10C + 1IN r 3
+
« 10C: 0% 2*, 2* NCSM eigenstates ‘

« IN: 24 m=-1and 23 m = +1 NCSM eigenstates

chiral NN+3NF400

5.08 (3/2°

—71r r 1 - 1~ 1 1T 1 T 1T " 717
180~ N 4.42 (512

150

P63 (52

120

2.86 3/2°

N0

220 5/2+

60—

0 [deg]

7

30

0.73 1/2

B30+

=127 T=32

llN

-60 L |

-1.4893
10C+p
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@TRIUMF p+19C scattering: structure of "N resonances

|8 Selected for a Viewpoint in Physics week ending
PRL 118, 262502 (2017) PHYSICAL REVIEW LETTERS 30 JUNE 2017

§

Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 'C

A. Kumar,' R. Kanungo,'* A. Calci,Z P. Navrélil,zr' A. Sanelullaev,"2 M. Alcorta,2 V. Bildstein,3 G. Christian,2
B. Davids.” J. Dohet-Eraly,** J. Fallis,* A.T. Gallant,” G. Hackman,” B. Hadinia,® G. Hupin,”® S. Ishimoto,’
R. Kriicken,*® A.T. Laffoley,” J. Lighthall,> D. Miller,” S. Quaglioni.” J. S. Randhawa,' E. T. Rand,’

A. Rojas,2 R. Rmh,w A. Shoncr,” J. Tanaka,12 L Tanihala,lz‘13 and C. Unsworth’
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@TRIUMF p+19C scattering: structure of "N resonances

|8 Selected for a Viewpoint in Physics week ending
PRL 118, 262502 (2017) PHYSICAL REVIEW LETTERS 30 JUNE 2017

§

Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 'C

A. Kumar,' R. Kanungo,'* A. Calci,Z P. Navrélil,zr' A. Sanelullaev,"2 M. Alcorta,2 V. Bildstein,3 G. Christian,2
B. Davids.” J. Dohet-Eraly,** J. Fallis,* A.T. Gallant,” G. Hackman,” B. Hadinia,® G. Hupin,”® S. Ishimoto,’
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"Be within NCSMC:
Discrimination among chiral nuclear forces
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Discrimination among chiral nuclear forces
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"Be within NCSMC:

@TNUMF Discrimination among chiral nuclear forces
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@,TRIUMF Photo-disassociation of 1"Be

Bound to bound NCSM NCSMC-phenom m
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@TRIUMF Photo-disassociation of 1"Be

Bound to bound NCSM NCSMC-phenom m

Halo structure
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@TRIUMF Conclusions and Outlook

» Ab initio calculations of nuclear structure and reactions is a dynamic field
with significant advances

 We developed a new unified approach to nuclear bound and unbound states
— Merging of the NCSM and the NCSM/RGM = NCSMC
— Inclusion of three-nucleon interactions in reaction calculations for A>5 systems
— Extension to three-body clusters (°He ~ “He+n+n)

« Ongoing projects:
— Transfer reactions
Polarized 3H(d,n)*He fusion

— Applications to capture reactions important for astrophysics
11C(p,Y)12N

— Structure of unbound °He
— Extension to medium mass nuclei with IM-SRG/RGM

« Outlook
— Alpha-clustering (*He projectile)
« 12C and Hoyle state: 8Be+*He
. 160: 12C+4He



