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Light nuclei from first principles

®  Goal: Predictive theory of structure and reactions of light nuclei

"  Needed for

*  Physics of exotic nuclei, tests of fundamental symmetries

* Understanding of nuclear reactions important for astrophysics Deuterium Helsm
+
. . . ) +@
*  Understanding of reactions important for energy generation o Ny T
(%
12 \
. 3 . o, 0 ; 7 ‘ \

= From first principles ot ab initio: % Ryw  H

Tritium Neutron

Understanding our Sun

v Nuclei as systems of nucleons interacting by nucleon-
nucleon (and three-nucleon) forces that describe
accurately nucleon-nucleon (and three-nucleon) systems
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Light nuclei from the first principles

* First principles for Nuclear Physics:

— Non-perturbative at low energies 8; >< }{
— Lattice QCD in the future
* For now a good place to start: o2 >< &
* Inter-nucleon forces from chiral NLO [{
effective field theory
— Based on the symmetries of QCD
» Degrees of freedom: nucleons + pions Q? }+J

— Systematic low-momentum expansion to NNLO }'Hj [
a given order b

— Hierarchy ol 4
— Consistency ad X*‘H“' /1 HX H*ElT
— Low energy constants (LEC) N°LO *1 - N .

- Fitted to data | e

» Can be calculated by lattice QCD
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Predictive ab initio theory must provide a unified
description of structure and reactions of light nuclei

* Nuclei are quantum many-body systems with bound

states, resonances, scattering states
. . 10 16 11 0L
— Bound-state techniques not sufficient 82 B v B
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«  Our approach - combining the ab initio no-core shell
model (NCSM) with the resonating group method (RGM)

= ab initio NCSM/RGM

— NCSM - single-particle degrees of freedom
— RGM - clusters and their relative motion
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Our many-body technique:

« Combine the ab initio no-core shell model (NCSM) with the resonating group method (RGM)

= The NCSM: An approach to the solution of the A-nucleon bound-state problem

— Accurate nuclear Hamiltonian | E.Jutgenson ¢ al., PRL 103, 082501 (2009)
Y. . . } L k e e bare (36) ]
— Finite harmonic oscillator (HO) basis - 4He\‘ v SRG (2.0/28) | |
—25% \ —

« Complete N,,,f1Q2 model space A\ \
— Effective interaction due to the model space truncation — 26} \. NPLO (500 MeV)
» Similarity-Renormalization-Group evolved NN(+NNN) potential % i X NN + NNN
— Short & medium range correlations

— No continuum

P IR NN AU NN N HUR B R
2 4 6 8 10 12 14 16 18 20 22

N
= The RGM: A microscopic approach to the A-nucleon scattering of clusters
*  Nuclear Hamiltonian may be simplistic
*  Cluster wave functions may be simplified and inconsistent with the nuclear Hamiltonian FA—aa
: , ) o
* Long range correlations, relative motion of clusters ﬁ/( a)
(A—a)

Ab initio NCSM/RGM: Combines the best of both approaches
Accurate nuclear Hamiltonian, consistent cluster wave functions
Correct asymptotic expansion, Pauli principle and translational invariance
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The ab initio NCSM/RGM in
Ansatz: @ :Z/d?(Pv(?)/q CI)E:; a,a) (A_a)"irA—a
V T
"IIlV \V2v 8(

Many-body Schrodinger equation:

a snapshot
a -.(a) eigenstates of
H,,and H,
in the ab initio
P aa) NCSM basis

HlP(A) = E‘P(A) Trel(r) + Viet + VCoul(r) +H(A—a) +H(a)

y
Yo ‘”‘(*’:’) EA(77)| @v(7) = 0

N

(@,

A aa)|ﬂH,‘Zl|CI)(A aa)> <(I)( =

Hamiltonian kernel Norm kernel

Non-local integro-differential coupled-channel equations:

Fra(r) + Ve(r) — (E — By)]uy(r) + ¥ / dr' Y Wi () uy () = 0

= T

realistic nuclear Hamiltonian

Wéﬂr(r, r') [MeV fm3)
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5 . Single-nucleon projectile: the norm kernel

A 11]T A—1.1)JT
()@ T 1Py 1| @Y T Rug(r)
/T\

\

(A-1) (1)
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Single-nucleon projectile basis: the Hamiltonian ¢
kernel

®

A,...,A-1) A-1 (A,...,A-1)
o H|1-) Py %o

7T A)

A-1,1 A-1,1
Hfle've)(” r) = (EA—1+7;el)9\£L(,eI,ve )(r’,r)

+(A1)[Z’Rna )@ e T [Va1,4(1 — P 1A)|‘I’\(;iell)JT>R"£(rﬂ

n'n

s | 4
—(A—1)(A—=2) ) Rue(r r<q’,(ﬁﬁrl'l)JT|VAz.Af?~xA 124 ) R"[(rﬂ

+ terms containing NN tial \\/

(A- 1)>
1

(A 1)

~ Cl Cl aa
SD <w“1

(A1) X ”HH - (A-1)(A-2) x “ H)

“direct potential” “exchange potential”
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o

Convergence of the ab initio NCSM/RGM:

®

n-*He phase shifts: SRG-N3LO, A=2.02 fm"!

90

120

60}

L hQ) =20 MeV

n+ alg.s.,07)

—-- 11

2 4 6 8
E [MeV]

n-*He phase shifts

= Similarity-renormalization-group (SRG)
evolved chiral N3LO NN interaction

= Low-momentum V,,, NN potential
convergence reached with bare

0. No fit. No free parameters.
ergence with respectto N,
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The best system to start with: n+*He, p+*He

4
‘He

 NCSM/RGM calculations with

— N + 4He(g.s., 0*0)
— SRG-N3LO NN potential with A=2.02 fm"" %

En =17 MeV

ll+llll
- +++
++++

250 |- — NCSM/RGM .

' — 5 o--o Krupp et al. 1984
30f SRG/N°LO ~ 200} _
'’ S 150} -
PR ey T 3
0 4 8 12 0 4 8 12 16 L 100} -
Ekin [I\/IeV] Ekin [I\/IeV] B
) . . : 50 - -
« Differential cross section and analyzing L B, =17 MeV R,
Il I Il Il l. Il I Il
power @17 MeV neutron energy 00~ 30 0 90 120 150 1%0
— Polarized neutron experiment at Karlsruhe O J

[ NNN missing: Good agreement only for energies beyond low-lying 3/2- resonance ] 10
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Solar p-p chain

p(p,etv)d
d(p,y)*He p-p chain
36% | 14%
SHe(°He,2p)*He *He(a, y) Be
14% | 0.02%
|

Be(e™,v)"Li "Be(p,7)®B
"Li(p,a)*He *B(eT, v)°Be
®Be(a)*He

Solar neutrino

Ev <15 MeV Observed at SNO, Super K
- neutrino oscillations

11
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'Be(p,y)2B S-factor

« S,;one of the main inputs in solar neutrino problem
— Needs to be known with a precision better than 9 %

e Current evaluation has uncertainty >10%

— Theory needed for extrapolation to ~ 10 keV k
a0 A7 +
n(E) N ZA—aZae2 /th—a,a g
£ s
[<8B E1‘7Be +p>} |
g.s. g.s.
e
Many theoretical calculations in the past... " LA

...now something new: Starting from first principles
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Input: NN interaction, 'Be eigenstates

» Similarity-Renormalization-Group
(SRG) evolved chiral N3SLO NN

interaction
» Accurate
» Soft: Evolution parameter A aan
« 7Be ("Li) L, T
_ NCSM up to N....=10 possible N
— Importance Truncated NCSM up to e S ——
i 18 i comnen
 R. Roth & P. N., PRL 99, 092501 _:0-_ \\ 3_‘3 t',',o“(s“muw i
(2007) ;"_ N o -
— large N, needed for convergence of %4_ \w\,‘___ZLﬁi y -
 Target eigenstates N SRANLO M SCEC
* Localized parts of integration WL 1
kernels PR ———
T S S T R TR TR
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p-"Be scattering: Impact of 5/2- states

* NCSM/RGM coupled channel calculations ‘ge Bt
[

— ’Be states 3/2,1/2, 7/2-, 5/2-,, 5/2-,

L) 4.57 %
— Soft NN potential (SRG-N3LO with A = 1.86 fm") | 42

150F 7 T T T T T T I . T X T p— J
3 + ]

3 — 0" I=1 3
i e /74 0.4291 i
90 i J7=3:T=1
I 89.5%
SB 2+ g.S. bound by 135 keV 5 60 DN L Be j
(expt. bound by 137 keV) of ( N
ol . 3.5 JISAID, -
I ) R
30+ ; ) e
[ p+ Be(gs+1/2+7/2
New 0%, 1%, two 2¥ resonances B S -
. E, [MeV] : ” 31
predicted
T T T T T \ >
025} -— "Be (p.p) "Be(1/2)
.. 02 }<»
s =1/=1 2" cleatly visible B yr— 0.7695 el
£
in ”) cross sections 2 01
22 0.1375
0.1f 7BC+P T Bt
- =
B
005 k J

14



R TRIUMF

Impact of higher excited states of '‘Be

« NCSM/RGM p-"Be calculation

with more excited states
— 1/2-, 7/2-, 5/2-,, 5/2-,
« 8B 2* g.s.

— Large P-wave 5/2-, component

0.2

0.1

0

-0.1

-0.2

-0.3

04

gs s=11=1 |
gs s=21=1
— 12 s=11=1
- 7/2"s=31=1 | |
5/2 s=21=1
512, 5=21=1] 7
] 5B 2* g.s )
| | I NI ST I N
0 2 4 6 8 10 12 14 16 18

20

1.5866

3He+*He

0478
-0.8618

~ Li
~N

~

11.01
158 29,
135 9.27
%
S =
- (o) 7
721 S ¢
—19.0 6.73. F =
S
Py 4.57
CNE
o
LTJ/ J
04291 0.1123
10529 JT=3.T=4 SLi+3He-d
89.5% i
"Be 16442

\.

4 )
5/2, state of 'Be
should be included

in "Be(p, v )°B

calculations

W

15




R TRIUMF

'Be(p,y)2B: Impact of 5/2- states

* NCSM/RGM coupled channel calculations ‘ge
)

— 'Be states 3/2-,1/2-, 7/2-, 5/2-,, 5/2-, o> 457 :
— Soft NN potential (SRG-N3LO with A = 1.86 fm") | e

T T T T I -lli T T T I T T T T I T T T T I T T T T I ﬁ 0-4291 %_
35 -3 Pl J73.T-1
/SB 2% g.s.bound by\ - §f -7 ] Gon o
r a 7
135 keV 30F \ Be .
(expt. 137 keV) : 4 1)
251 y 3.5 ///i(//// o8
S(O) - 20 CV b ; 20 L I < Filippone E g
(preliminary) 2N o Hammache ]
. — o \ 3 ] H 1 2.32 LSS IS, ¥,
Data evaluation: 215 IE o Baby -] =
. r v Junghans ] B
S(0)=20.8(2.1) eV b o o e EN ||
- € Weizmann E
C MSU ] P
sE — - N__=12,72 A=18, -0.126 ] }_“
- — Nmax=10,5/22/\=1.86,—0.135 . 2_ - _ 107695 |
O 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 ]
0 0.5 1 1.5 2 2.5
E ., [MeV] _0.1375 |
"Be+p 8 2Tl
\ N

[ The 5/2, state improves 'Be(p, 7 )®B S-factor energy dependence for E>0.4 MeV J 16
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Is °He bound? What is its ground state?

« NCSM/RGM calculation of n+8He
— SRG-N3LO NN potential with A = 2.02 fm"

— 8He 0* g.s. and 2*, 1* excited states He +dn
included i UG'J e =
_ UptoN, =8 SxXO

150

120 —

S *He
— 1=11/2

1 v,
— =012 i ﬁ\lo bound state \

P-wave resonance at ~1.7 MeV

Expt. ~ 1.27(10) MeV (Bohlen ez af)

90

60

0 [deg]

I n+8He(g.s.+2++1+)
30
- Weak attraction in the S-wave, 4, ~ -2 fm
Expt. a,~ -10 fm (Chen et al.)
ay~ -3 tm (Al Falou, ez al.)

0

30— =
- I - ' ' ' ' ' ' Calculation suggests 1/2" gs. ?
By, [MeV] More 8He excited states needed /
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8

The deuteron-projectile formalism:
norm kernel

2AA-2YF R, (N DL P,y [ @5 IR, () J
\_ { nn A
((A—Z){(A—?)) | A=22)T A-22)JT
e i  d SR L
\_ nn

[

.....

HA=-2)(A=3)/2 x

ﬁ'naf state %
—2(A-2) xl

r,.
delted T
[ = i o o :‘.:

r

initial stute

+ o+
a a aa

(A-2) H (A-2)
w"l >SD SD <lp“1

(A-2)| _+
SD<1/J“1 ‘aa

w(A—2>> ]
Vi SD
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The deuteron projectile:
Hamiltonian kernel

2(A- 2)VA—1,A—2(1 . PA—l,A—2) —2(A - 2)VA,A—Z}A)A—ZA—I

A

1,...,A-2 — A 1,...,A-2
‘._’\: “2(A-D(A- IV~ F s (s /g‘.l
r G (ALA) —2(A-2)(A- 3)VA—1,At3PA—2,A’—1' (A-1,A) I

+(A-2)(A-3)(A-4 VA—],A—4PA—2,APA—3,A—1
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o NCSM/RGM ab initio calculation
& of d-*He scattering

 NCSM/RGM calculation with d + He(g.s.)up to N, = 12
— SRG-N3LO potential with A = 1.5 fm"
— Deuteron breakup effects included by continuum discretized by pseudo states in 3S,-°D,,

3D, and 3D,-3G, channels - ~N
IQF e _ 10
3 [ - oLi
135F 3 3 .
[ D, D ] N
EJ) 45-— — 3% ﬁ\* 431 2*0
= i . ’
o 0- N 7 3.563 2 0%1
[ d+ o 12+0 \f\
45F 3 — 1%l 7 ~a [2.186 30 07
[ ! ! ] ¥
90T SRG-N'LO ]
PRI T T RN T T TN N T T T N T T T T N T A T O T 1
o 1 2 3 4 5 6 ™ e Y

E_ [MeV]

* The 170 ground state bound by 1.9 MeV (expt. 1.47 MeV)

= Calculated T=0 resonances: 3%, 2" and 1" in correct order close to expt. energies
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NCSM/RGM ab initio calculation
of d-*He scattering

8

-30 I I 1 1 1 1 1 1 1 | | |
26— _
[ i 6.
0\ *H+'He 1+ '—- Ll
31 \\ A_A 351'3D| - _27 | . ]
; %"‘ _ -0 3S1'3])1"'3D2"'3Ds'3G3 i SRG'N LO
é) T —— °LiNCSM R 1
=, WA =28+ N A=15fm
mo”’osz— 0-—0::3::3::3__A___A - _ o -
SRG-N'LO A=1.5fm’' > 291 |
3 . E 30 3+ —_ -
1 1 1 1 1 1 1 1 1 1 1 1 m
0 1 2 3 4 5 6 7 8 9 10 11
N« =31 —
=32 —— _
1+
" The deuteron polarization and virtual -33+ NCSM  expt  NCSM/RGM |

break up must be taken into account

=  NCSM/RGM calculates bound states as
well as excited states...

21
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NCSM/RGM ab initio calculation

8 s of d-*He scattering

180 " 1000 —r—T ! , , ,
5 o Ed=6.965MeV
135} S
i -~ din’s;-D,.’DG,
90 I = — d'in’s,-p,.’D, G, . D,
o0 [ s
o 45 g
o - — 100} -
s of g - 5
OF 5
o)
45 N
B 0)
- — 3
0 SRG-N'LO
Eooo v b v s L1 11 L1 11 L1 10 1 1 ] 1 L ] 1 1 ] 1 1 l 1 1 | 1 1
0 1 2 3 4 5 6 0 30 60 0 9([)deg] 120 150 180
Ekin [MeV] c.m.

=  NCSM/RGM a superior theory: Bound states, resonances, scatteting

"=  NCSM efficiently accounts for many-nucleon correlations: Coupling
of the NCSM and the NCSM/RGM basis desirable

=  Scattering provides a strict test of NN and NNN forces

22
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Toward the first ab initio calculation of the

Deuterium-Tritium fusion

/ ] s
rge |, Ll & rg| . N ®Kr fg(r)
’ <71/“ (H-E)A g\;> <’,,/'aAl(H—E)A2 3H~>,> 1'_
drr | =
r " A A .' r r’ ‘3 A A " r g2 r
';/J%_JAQ(H—E)AI g\;> <, dsHAZ(H—E)Az 3H'd\,> o _n

arergy ganer%
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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

PRnlate -= 32"

— 32" (n—4He)
-- 12" —
— 12" (n-"He)

60 -

=~
=~
—
=

3 3 < |
d+H—=d+H === __ 1

30

d [deg]

-30

0 0.5 1 15 2
Ey, [MeV] '

« d+3H elastic phase shifts: « n+*He elastic phase shifts:
— Resonance in the S, 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
3/2* D-wave, just above d-H
threshold

l tfhe D-T fusion takes place through a transition of 4+°H is S-wave to #+*He in D-wave _J ‘



R TRIUMF

SH(d,n)*He and 3He(d,p)*He cross sections

4
d+t — n+ He

|k tAvaAPOm O X
O

—_
(=)
s T T T

S-factor [MeV b]
S-factor [MeV b]

results, still preliminary:
N, .= 13

SRG-N3LO NN (A=1.5 fm") potential

NN interaction interaction effects for
3,4,5 partly included by the choice of A

g.s. of d, 3H, “He included above
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SH(d,n)*He and 3He(d,p)*He cross sections

)
W

) ) w
o S [ <]
T T T T T ‘ T T

S-factor [MeV b]

—_
(=}

4
d+t — n+ He

BR51
ARS52
CO52
AR54
He55
GA56
BAS57
GO61
KO66
MC73
MA75
JA84
BR87
-~ d(gs)
—— d(gs)+d*+d'*

¥ X t+t4AvdAD>OEOX|

— = d(gs)+3d*+3d™* |
- — d(gs)+5d+5d* |
—— d(gs)+7d*+5d" | ]
—— d(gs)+9d*+5d"* | ]

S-factor [MeV b]

20

—
W
T T T

—_
(=)

7 i T T

i

T T LI

o A0l

o AlOl
v Sch89
A Co05
Kr87

-~ d(gs)
— — d(gs)+d*+d*
—— d(gs)+3d*+3d* | |
—— d(gs)+5d*+5d* | |
-~ d(gs)+7d*+5d* | ]

— Deuteron weakly bound: easily gets polarized and easily breaks

— These effects included below the breakup threshold with continuum discretized by
excited deuteron pseudo-states

e cross section improves with the inclusion of virtual breakup of the deuteron

First ab initio results for 4~T and 4-3He fusion:
Very promising, correct physics, can become competitive with fitted evaluations ...
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Conclusions and Outlook

* With the NCSM/RGM approach we are extending the ab initio effort to
describe low-energy reactions and weakly-bound systems

« The first ’Be(p,y)®B ab initio S-factor calculation
— Both the bound and the scattering states from first principles

— Nofit

— SRG-N3LO NN potential selected to match closely the experimental threshold (A=1.8~2 fm)

— Prediction of new 8B resonances

/ (A) ?A_a,a P \

»  New results with SRG-N3LO NN potentials: & g/(';

— Initial results for 3H(d,n)*He & 3He(d,p)*He (A—a) “a

fusion and d-*He scattering ~
J\ _ = (A-a,a)
— First steps towards 3He+*He scattering ‘]PA> = ECA‘AM> v 2 fd?(pv (r) AP
Wataru Horiuchi

« Todo:

— Inclusion of NNN force H h C _E 1 8 C

— Alpha clustering: “He projectile : _

— NCSM with continuum (NCSMC) k h H 4 § N\g /)

— Three-cluster NCSM/RGM and treatment of

three-body continuum
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Connection to the real world:

neutron-triton elastic scattering at 14 MeV

» |mportant for the National Ignition Facility physics
— deuteron-triton fusion generates 14 MeV neutrons

« EXxperimental situation confusing
« Good data for p+3He elastic scattering

™ |— NCSM/RGM SRG-N'LONN[
— — scaled NCSM/RGM
e Kootsey 1968
¢ Debertin 1967
A Basar 1967
Cambou 1951

— NCSM/RGM SRG-N'LO NN
\ - — scaled NCSM/RGM
< Hutson & Jarmie 71

o
I

do/dQ [b/sr]

001

3
n+ H
En: 14 MeV

» Coon 1951

| 1 1 IL\ 1 | 1 1

0

30

60

90 120 150 180
@Cm [deg]

do/dQ [mb/sr]

100

10

Ep: 13.6 MeV

1 1 1 1
0 30 60

1
180

~ Use NCSM/RGM calculation to relate the two reactions and predict n+3H cr_ ‘
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p-'Be scattering

« NCSM/RGM coupled channel calculations ’Be | lasy
" ol
— "Be states 3/2-,1/2-, 7/2- .‘}\‘p |
— Soft NN potential (SRG-N3LO with A = 1.8 fm") j
TN ] 0.4291 4
— 1= . A a
: \ "Be

5B 2% g.s. bound by 126 keV
(expt. bound by 137 keV)

D FALIAITL L
VLS

p+ Be (2.5+1/2+7/2)
L 1 L | " |

ra J
L \ >
i

Scattering length: 02} _ Eﬂﬁ% 07695 }" e
Expt: 4y,= -7(3) fm = |
Calc: gy,= -10.2 fm °

0.1 — _ 7Be+P 8 I=25T=1
(N =2.02 fm) 1 _ . IE

FTL 55000 31

New 07, 1%, 2* resonances
predicted

P. N., R. Roth, S. Quaglioni,
PRC 82, 034609 (2010) % 2 3 4 5 % 30
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"Be(p,y)2B radiative capture S-factor

« NCSM/RGM coupled channel calculations Be | asz :
— 7Be states 3/2-,1/2-, 7/2- :“9\.p |
— Soft NN potential (SRG-N3LO with A = 1.8 fmT) j
60 0.4291 =
55; 7 8 T K’ 1 T=1
50 Be(p,y) B 3 \_ "Be y
& 5B 2* g.s. bound by s 3 sl Vg S
126 keV z: : y 35 s
(expt. 137 keV) ;j N fe
S(0) ~21.5eV b “ st 22
\ J : ]
10; * EgWei nnnnn 7 +p
5 ? v Exp Seattle é % . _lo7ess }" il
’ " 1 E ii'[SMeVl ’ ” ’ 0.1375
7BC+P =2 T
\. | ™

[The first ever ab initio calculations of "Be(p, 7 )°B (still preliminary) J -
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Toward the first ab initio calculation of the

Deuterium-Tritium and d-3He fusion

rae H r’se
(ngian-eifes) (2,

T LI
o AlOI
o A0l
v Sch89
A Co05

K187

d(gs)
— — d(gs)+d*+d"*
—— d(gs)+3d*+3d"* |
—— d(gs)+5d*+5d | |
-~ d(gsy+7d*+5d* | |

—
W
LA B B R

—_
o
T T

o'
>
0]
2
=
Q
S
5
7]

W
T T T3
P

P. Navratil et al.,
arXiv:1009.3965

Predictive theory useful
Low energy: Electron screening problem. Resonance energy: Shape of the peak




