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S TRIUMF

Deuteron-nucleus reaction:

experimental motivations

Figure 1 from Kate L Jones 2013 Phys. Scr. 2013 014020

(d,p) reaction in
inverse kinematics

Intense experimental activity (now with
exotic nuclei beams in RIB facilities):

- Structure and spectroscopy of nuclei
("Be(d,p)"“Be at ISAC - TRIUMF)

- Nucleosynthesis and nuclear fusion
applications (°*H(d,n)*He reaction)

- Surrogate for (p/n) capture reactions
(**C(d,p)'C as surrogate of “C(n, y)'°C)



S TRIUMF

'Li(d,p)°Li transfer reaction

Calibration reaction for astrophysical
process: 'Li(d,p)°Li as target calibration for
"Be(p,y)°B

H_/

Solar neutrino problem:
v, +%Cl > Ar+ e

=

R. Davis Jr takes a dip
At Homestake Mine (1971) 4




S TRIUMF

'Li(d,p)°Li transfer reaction

Calibration reaction for astrophysical
process: 'Li(d,p)°Li as target calibration for
"Be(p,y)°’B

Possible mechanism of destruction of ‘Li in
the context of baryon-inhomogeneus
models of the primordial nucleosynthesis

I Y — Primordial Lithium problem:
W e ' « 4-50 discrepancy between observed
. S : and calculated (CMB+BBN)
iTap 1h A ] abundance of "Li
J e 7 « Nuclear solution to the problem: d-"Li
b destruction mechanism is ruled out
L e ol | (but only in a standard BBN scenario
PRC 47, 2369 1993)

logqo (Li/H)
e
:T{"—C

-20 -1.5 -10
[Fe/H] = log, [(Fe/H)/(Fe/H).]

Annu Rev. Nucl. Part. Sci. 2011 61:47-68 5



QTRIUMF
Solar p-p chain

p+p—=‘H+e 4y, p+e+p—=°H+y,

99.76% i 0.24%

‘H+p—=*He+y
16.70%

83.30% ~2%10°%
‘He + *He — *He + 2p ‘He +‘He —"Be +y ‘He+p—="He+e'+v,
99.88% | | I 0.12%
‘Be+e~—7Li+v, Be+p—="B+y

Li+p—>2*He @ﬂaeuea

ppl ppll pplll

High-energy solar neutrinos
(E up to 15 MeV)



S TRIUMF

Solar p-p chain

p+p—=‘H+e 4y, p+e+p—=°H+y,

99.76% i 0.24%

‘H+p—=*He+y

16.70%
83.30% ~2%10°%

*He + *He — *He + 2p ‘He +*He —'Be +y ‘He+p—="He+e"+v,

|

99.88% | i 0.12%

‘Be+e~—7Li+v, C?BEJrP—’EED_
|
EB—’*RBE*+E’E

pplll *

S..(0) crucial input to estimate solar neutrino flux

High-energy solar neutrinos “Prudent conservative range” S_(0)=20.8(2.1)eV b
(E, up to 15 MeV) (Rev Mod Phys 83, 1 (2011)) 7

Li+p—2“He

ppI ppll



S TRIUMF

‘Be(p,Y)°B direct measurements

Solar fusion cross sections (Rev Mod Phys 70, 4, 1265

* At low energy, it is an external, direct-capture process
(Q=137.5 £ 1.2 KeV)

« Experimental uncertainties:
> Need to be extrapolated to astrophysical relevant regime
(Ep< 134 KeV)

- 'Be target is radioactive: Areal density of '‘Be difficult to
estimate (required for normalization of the cross section)

» Two possible strategies:

> Direct: counting 478 KeV photons of ‘Li” after ‘Be decay
(Filippone 1983)

> Indirect: measuring the ‘Li(d,p)°Li yield on the resonance
(F'=0.2 MeV) at E = 0.78 MeV) (kavanagh 1960, Parker 19686,

Filippone 1982, Weissman 1998)
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'Li(d,p)°Li calibration reaction

(Normalization procedure)

1) Buildup of Li in ‘Be { |
0.4291 I
N7Li(t) — N7Be(0)(l _ e/\t) + N7Li(0) _0.‘478 I 106.520/ F3.T-1

N areal density at time t

2) Counting ’Li through the yield of (d,p) reaction

-~ 8Li J\Lﬁ_rj_l P . U3 0vdr o

\ _ > Beta-delayed
P32 - Loen p L ewy | alphas detected
%m]l He +4He 8Be
3) Areal density of Li from total o
U(E ) Ya(E)B(SLi) Y (E) a-particle yield
d mJ
NgNzp,(t)

B(°Li) depends on decay constant of °Li 9



S TRIUMF

'Li(d,p)°Li calibration reaction

(Normalization procedure)

1) Buildup of ‘Li in 'Be

\ 0.4291 { <
Qi W= NG 0 S8 o po—
™~

N areal density at time t

2) Counting ’Li through the yield of (d,p) reaction

-~ 8L J\Lﬁ_zjl p . U3 0vdr o

¢

\ | > Beta-delayed
2034 - /owe bL 1 alphas detected
_ ‘ He +*1e SBe ‘

%Be

3) Areal density of Li from total o
N Ya(E)(SLi) Y (E) a-particle yield

B(°Li) depends on decay constant of °Li 10



UMF
E initio calculation of transfer reactions:

theoretical motivations

2N Force 3N Force 4N Force
chiral effective field theory: (Q/A,)° ><H
1) Nucleons and pions as degrees of >< |
freedom NLO
(@Q/A° l’ ------
2) Based on QCD symmetries g
3) Organized as low-momentum _
expansion NNLO HH
4) Hierarchy and consistency .
5) Low energy constants fitted to 2- X} ) ll
N°LO -4

and 3-body systems

(Q/A* \H
6) Evolution with SRG methods AR,

11



®T A initio calculation of transfer reactions:

theoretical motivations

2N Force 3N Foree 4N Forece
chiral effective field theory: (Q/A,)° ><H
1) Nucleons and pions as degrees of >< ealls
freedom NLO
@/ l’ ------
2) Based on QCD symmetries S

3) Organized as low-momentum

expansion NNLO H H
(Q/AY)? =
4) Hierarchy and consistency b
5) Low energy constants fitted to 2- >< } ll
N’LO LA

and 3-body systems

(Q/A* \H
6) Evolution with SRG methods

12



@TRUME No-core shell model combined with

the resonating group method (NCSM-RGM)

No-core shell model (NCSM):
> A-nucleon wave function expansion
in the harmonic-oscillator (HO) basis
» Short- and medium-range correlations
> No continuum

A

ma,a:

A ."
Z Z NP %% P Navratil at al. PRL 84, 5728 (2000)
(A

Resonating group method (RGM):
> Microscopic approach to describe the scattering of clusters
» Long range correlations (relative motion of clusters)

\I]Aaa Z/d¢y A(I)Aaa S

a)

A—a) (a)¢/> o
wgu )wéu)(s(r_ml—a,a) (A= a)

K. Wildermuth, Y.C. Tang
A unified theory of the nucleus 1977

13



@TRUME No-core shell model combined with

the resonating group method (NCSM-RGM)

No-core shell model (NCSM):
> A-nucleon wave function expansion
in the harmonic-oscillator (HO) basis
» Short- and medium-range correlations
> No continuum

A

ma,a:

A ."
Z Z NP %% P Navratil at al. PRL 84, 5728 (2000)
(A

Resonating group method (RGM):
> Microscopic approach to describe the scattering of clusters
» Long range correlations (relative motion of clusters)

\I}A a,a Z/d¢y A(I)A a,a)
e R
wgf )wéu)é(r - TA—a,a) (A

Ab initio NCSM/RGM: Combines both approaches
Ab initio nuclear Hamiltonian, consistent cluster wave functions,
correct asymptotic expansion, Pauli principle and translational invariance

14



S TRIUMF

The ab initio NCSM-RGM equation

. A—a] FA— o {a) }
. : (A) 2o () plA—a) A=) 1=aa G\ eigenstates of
Ansatz: ¥ ; f dro,(7)A &, , g".*s*’ﬂ' H,. andH,
| in the ab initio

RIS T NCSM basis

=  Many-body Schrﬁdinger equatinn:
- -
H‘P{A ‘PI‘A e ?ltIL } { I/;Ll"'v{uul( } HL*. .:1.]+H{¢-;I:|
* ﬂ
(A—a,a _.;_; (A—a,a _.;_.. <\ '
E /dr [H/ r)= E"N: ‘\r,r]] o(F) =0 realistic nuclear Hamiltonian

A—ag)) & rr &imlA—aa {A 21, (A—9,a)
(@5 | AHA D) '”‘|.ﬁ @Y%)

Hamiltonian kernel Norm kernel

13



R TRIUMF

The deuteron projectile:

Hamiltonian kernel

2(A - 2)V4 1A- 1(1 A LA- 2} 2(A - Z)VA,A 28 4241

B A....A2)
“2(A-2)(A-3W, , .- )P
ﬂ\._ AA_3 Pia3)Py 5 !”"h
(A-1,A)| —2(A-2)A- = B (A-1,A) T

+(A-2)(A-3)(A - 45VA—1,A—4ﬁA—2,AﬁA—Eﬂ—1

2 N -:,'i‘['- UM WA D

v ), | | vt wf:-ﬂ>sJ{m<wa-z*

i d M
. and 'offdiagonal’ coupling kernels < g = ‘VP‘ & 0> 14

+ + .+

atataa a‘atataaa

(|




S TRIUMF

Three-body density Hamiltonian kernel

JTT : : J*T
<(I)k,b |(VA,A—4PA—2,A—1 A—3,A) by > U/"

p(A-20/]al  dtilivig, s, |A-20)spa(Bacs.d[Vaa-slBy Bl s)e
N— A . _J
N ~"
Three-body density matrix Two-body potential

 Number of three-body matrix elements increases fast with
basis size

* Optimized numerical algorithm: On-the-fly calculation of the
needed three-body matrix elements for a given target nucleus

In the m-scheme

17



S TRIUMF

Memory size issue in kernels computation

Dimension of the RGM kernels affects the calculation:
> Memory of a node could be insufficient to handle kernels files
> R-matrix solver is slowed down by the reading-in of huge kernel files

Three different 'representations' of the three-body kernels:

]a
Ia-s na a]GmJGtha nbﬁbﬂbmj gk nﬂbj

2) <¢£6T‘ (VA,A—4JSA—2,A—1PA—3,A) |‘I)i;T>

3) (el ) [#27)
Nmax (single- 1) # 3-body 2) # Kernels in | 3) # Kernels in
channel d-*He) | density matrix SD-basis physical basis
2 ~10° ~10? 20
4 ~10’ ~10° 70
6 ~10° ~10* 167
~1010 —1N5
8 10 10 325 18




S TRIUMF

Coupling Hamiltonian kernel

(A )

8 . 5 -
~(. T JTT
r' la'=1) <<Dk, '(VA—S,A—QPA—Q,A) |(I)kab > U/g

,AT ATA A A / / /
sp(A-la aﬂA_Sabalag;q_ﬂg;q_B\A—2oa)sna(ﬁA_3,a Vi3 a-2B4_3B4_2)a
— - _

V B
“Not-diagonal” density matrix Two-body potential

(A-2,2) mass partition in the entrance channel
(A-1,1) mass partition in the exit channel

* Inclusion of coupling kernel describing the dominant
channel in a (d,p/n) transfer reaction

19



R TRIUMF

<d,’Li | °Be > & < p,°Li | °Be >

cluster overlaps

* Understand cluster
structure of °Be

Cluster overlaps from NCSM
eigenstates

g(r) =< \II(A)\A\IJ(A‘“)\I!(“)(ST,TA,A_G >

Large overlap of mass partitions
considered with compound nucleus
in the 5/2" partial wave

<°Be|p + °Li> E, =-37.60 MeV
J'T E(°Be) (2s))) S
[Mev]
(312'1/2),  4.49 (3,00  0.356
(5/21/2).  3.87 (5,1)  0.052
(5/2*1/2),  3.46 (5,0) 0.593

<Be|d+'Li> E_=-38.16 MeV

J'T E(°Be) (2s,) S
[MeV]
(1/2:1/2), 298 (1,0) 0.140
(5/21/2),  4.43 (5,00  0.153
(5/2°1/2), 3.46 (5,1) 0.371

20



QTRIUMF

Phase shifts analysis (NCSM-RGM)

"Litd,d)'Li

E [MeV]

Effect of the coupling:
contribution from

‘'offdiagonal’ elements of
the collision matrix

& [deg]

JT=15/2"
dominant

resonance
at low energy

*Li(p.p)°Li

Eigenphase shifts
convey informations on
all the matrix elements
of the collision matrix

21



@TR'“""FSpin-parity assignment of 0.78 MeV

resonance of °Be

_ I-S?SK T e—)
18.58
N "
17.6890 33 L1

- 174937 95— by

3,2F
N L

20T

Q
1.0
0.86
0.36

/(

—
5o
T

16.8882 “Li+t 6972 alll
81 : 16671 )4 —
Li+p - 5o (U Li+d 16,6959
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@TR'“""FSpin-parity assignment of 0.78 MeV

resonance of °Be

/>

—
5o
T

/(

16.8882
"Li+p

|
—
R

3 Lmi&ak\ -ﬁ%ﬁmm————@%— 32%
3 - 124
176890 s 18,02 _ Mo 03

: = 17498 7 290 W'dy 10
“Li+t " 0%
Li+d 166959

Low peak in the experimental total cross section:

E(5/27)~0.78 MeV above the threshold
(Uncertain spin-parity assignment)

23



@TR'“""FSpin-parity assignment of 0.78 MeV

resonance of °Be

1875

/\/11 (
|
(9‘%0)

17.6890
16.8882 “Li+t
"Li+p

1

o0 4 ~\ =
S CEIyre—re G B ek -
B3 - 24T
18.02 - a 1207 18
L1453 g4y 26:%6 my
8 0.36
Ti+d 166959

Low peak in the experimental total cross section:
E(5/27)~0.78 MeV above the threshold
(Uncertain spin-parity assignment)

CONTRIBUTION A L’ETUDE EXPERIMENTALE DE LA REACTION "Li(dz)*He
A BASSE ENERGIE

J. DECHARGE
CEA, Centre d'Etudes de Limeil, BP n° 27, 94-Villeneuve-Saint-Georges, France

et G. SURGET (*), G. BRUNO, M. Y. DECHARGE
CEA, Centre de Bruyéres-le-Chatel, BP n° 61, 92-Montrouge, France
(Regu le 17 avilt 1971, révisé le 24 novembre 1971 et le 21 janvier 1972)

E(~17.3 MeV) --> 3/2-

Z. Physik 243, 126—131 (1971)
© by Springer-Verlag 1971

Die Reaktion "Li(d, «)’He im Energiegebiet
von 0,6 bis 2,0 MeV

E. FrRiEDLAND und I. VENTER
Physics Department, University of Pretoria, South Africa

Fingegangen am 25. Januar 1971

E(~17.3 MeV) --> 3/2",5/2",7/2"

24
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Reaction mechanism

*Li(p.d) Li




QTRIUMF

'Li(d,p)°Li scattering results (NCSM-RGM)

B sssanianisiss
140
. Filipponlc (1982)| |
= Parker (1966)
- Elwyn (1982) 16,
i — NCSMRGM | | Li+p ) 1597
RN __ NCSM_RGM 152221 o
0.2+ N . (exp threshold) TLi+Li-a um—i}.. i
c T P == /
=0.151 4 > 15,5067 g 13.2280
b 14 M 003 B+t-a
i 1181 ¢ 1
A v 11.2025 0o 11283 G
" iE 104387 'Li+'He-p
Li+t-n 01
0.05F 3
I 7 o 8.031
00 1o l L 2 3 ”B+d (4}
E (MeV) s
(]
2467 - P
. 5 B i
Included channels: He + i o 1573
8y : 71 - L He +"He + n
(1) p, "Li (2) d, "Li (3) coupling (d,p) e —
1 -1.0924
(4) virtual breakup of d

Not-included channels: (1)°Be, n (2) °Li, t

NCSM-RGM calculations with chiral N°LO NN potentials (SRG A=2.02 fm™)
4 eigenstates of °Li, 2 eigenstates of ‘Li and 5 pseudostates of deuteron
Preliminary: Nmax=6, hQ=20 MeV 26
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5 Blosmmpiniisint)  m
ST 21.1787 - 1) -
z R ~\=
B Filippon‘e(1982) g 19.20 16 65— (£3) — -3,23 .
I + Parker (1966) | | 1875 e H ~
0.251 + Elwyn(1982) | = 188’ - :%‘3;
A TS | 176890% BN il % 1, g
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0.1 13 - 1181 : "]: o
i 11.2025 oo 11,285 It [
0.051 i 104387 Li+'He-p N
I o Li+t-n o1 :
!
% ’ 3 , I
E (MCV) .76 ¥ l 17 ree
;I-‘.:}K G i
\ 4704 1]
\ 7
2 467 \\.& ff:fgﬂl?g?w???&‘_l '— - 0
30 I ' ' ' ‘ ‘ ‘He+a 1.6654 | Tr‘z‘,““ i ]j.n-;mm.:iu 1.5736
- 0 =50deg (lab) 1 Be+n T *He +*He + n
251 [— NCSM-RGM 7 5 T
= | | Elwyn(1982) . e gt ‘Be L0
B 207 . ]
ET Lowest peak in the experimental total
G 15F . )
37 & cross section:
& 1oF -
g _ (E(5/2)~0.8 MeV above the
[ | ; threshold)
|

860708 00 I LI 12 13 L4 15 . . . .
E [MeV] (Uncertain spin-parity assignment) 27



S TRIUMF

*H(d,n)*He fusion with 3N forces

Recent progress on inclusion of 3N
forces in transfer reactions
(s-shell nuclel)

G. Hupin (CEA DAM, Bruyeres-le-chatel),

P. Navratil (TRIUMF, Vancouver),
S. Quaglioni (LLNL, us)

28



RTRINF B r ot step towards ab initio calculation

transfer reactions (Navritil, Quaglioni PRL108, 2012)

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

30 T i I T I LI | I 35 B L | I T T L | I L] T LN B e ) I i
B 4 Bo52 = d+3H +4H * BRS51 i
K187 FE (a — n+— He AR52 |3
(b) v Schso |7 30F il cosz |3
5 Geo9 |4 : e ARS4
15 . - s AlDl K 5<F i;-fr_ A Hess .
= ° : s Al0l 1 — = 3 GAs6 |7
= d-He —p+ He 4 Co05 - + S v BAs7 |
s ‘lab 0d*+0d* | = F P ol » GO61 |1
= € la 1d*+1d* | = 20F v KO66 [
N BEx : - - 3d*+3d* || = t + MCT3 |
= 1935E. screening L |-- sd*+5a* SR MA7S
= g e E 7d*+5d* | ] =15 ¥ *  JA84 [
s ol | — od*+sd* = BRS7
o 7 4 [ 0d*+H0d*
¥ rE=coz===s 10 1d*+1d* |3
3 " —-—— 3d*+3d* |1
———————— -—— 5d*+5d* |
sk 7d*+5d* |
a —— og*+5d* | ]
0 11 l 1 1 L 1 L1 1 1 I L 1 1 1 L1 11 I O C 1 L1 1 I 1 1 1 1 1 L1 1 I 1 1 -
10 100 1000 10 100 1000
E. [keV] E . [keV]
NCSM/RGM results for the *He(d,n)*He
: _ astrophysical S-factor compared to beam-
Deuterium breakup:
target measurements.

Calculated S-factors converge with

the inclusion of virtual breakup of the INGEMPIES (MICIEET NEMEEE:

Requires 3N forces (SRG-induced

Deuterium, obtained by means of excited L
+ “real”)

°S -°D,(d') and °D_(d) pseudostates

29



S TRIUMF

Including 3N force into the description of

deuteron-nucleus scattering

L (A-2)
(cb”f"", A VNN A CD,];;T)= t’,%ﬂ
(@' =2)

Direct {

Exchange <

VNN (1 — S Yo a1 P + 2isfat Pia—1Pia)

(A-2)
o/;z.')
(a=2)

1

density

- Four body

30



S TRIUMF

NCSM-RGM calculation of transfer
reaction *H(d,n)*He with 3N forces

¢ [ 4 .
n-*He with the d-3H channel with the chiral two- ®_. T He fusion

and three-nucleon force (preliminary)

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

The d-t transfer is known to be very
sensitive to the spin-orbit and tensor
part of the nuclear interaction

120 « 7 diagrams (+ exchange) arising
Erin [MeV] from the coupling of n-a with d-t
through the three-nucleon force.

n+*He(g.s.) phase shifts with NN+3N potential, A=2.0
fm™, no *He eigenstates, with/o coupling to d-t.

* Next step: Coupling to the
compound °He eigenstates 31



QTRIUMF

No-core shell model with continuum

* 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

« NCSM with Resonating Group S.Baroni, P. Navratil, S.Quaglioni

PRL 110, 022505 (2013)
Methoc (NCSM!RGM) The most efficient:

— Cluster expansion ~ No-Core Shell Model with Continuum
— proper asymptotic behavior (NCSMC)

— long-range correlations
NCSM/RGM

NCSM eigenstates channel states
A r N
f ™ A F
W= S, W2 3 [0 1) A S )
A ‘\ v / (A - H)
Unknowns




QTRIUMF

Coupled NCSMC equations

e o, (B4 .
l ! IO

( H yesy h \( (© \ ( Lyesm 8 ( © \

K h H gy A@) \ 8 N rom k@)

I |

oo " oli A
(a) > (h—a) (@™

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

AL HA,

and

) (A~a)

(972

(A —a)




Q2 TRIUME :
NCSMC calculation of transfer

reaction *H(d,n)*He with 3N forces

¢ E 4 .
“He fusion with NCSMC and the chiral two- and ®_. — He fusion

three-nucleon force (preliminary)

120 F ot T L ] Perspective to provide accurate
oo [/~  Uuwmaay, t(d,n)*He fusion cross-section for the
o b T effort toward earth-based fusion
W sy energy generation
@ 30 i
% S The d-t transfer is known to be very

sensitive to the spin-orbit and tensor
part of the nuclear interaction

30 |

60 |

4 % —
p— e x = :
n-"He xxx"""‘xxxxxxxxxxx; 1

_120 [ PO T TN [N TN TN SN [ S T S S T T T S S S T S T T 1
0 4 8 12 16 20 24

90 |

T — e —

o Preliminary, smallN =7

n+*He(g.s.) phase shifts with NN+3N potential, A=2.0
fm™, with eigenstates of 5He.
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R TRIUMF

Conclusions & Perspectives

First application of the NCSM-RGM for deuteron-projectile

and p-shell nucleus as target:
* Inclusion of the “elastic” and coupling channel in the description
of transfer reactions

Analysis of the °Be resonances above d-'Li threshold:
 Discussion of the spin-parity assignment of 0.78 MeV
resonance

NCSM/RGM and NCSMC results on d-t and d-’He transfer
reaction with 3N force

To be done:

« Complete the calculation (Nmax=8) of the "Li(d,p)°Li
transfer reaction in NCSM-RGM and NCSMC
* Include 3N force also for p-shell nuclei

35



R TRIUMF

Conclusions & Perspectives

First application of the NCSM-RGM for deuteron-projectile

and p-shell nucleus as target:
* Inclusion of the “elastic” and coupling channel in the description
of transfer reactions

Analysis of the °Be resonances above d-'Li threshold:
 Discussion of the spin-parity assignment of 0.78 MeV
resonance

NCSM/RGM and NCSMC results on d-t and d-’He transfer
reaction with 3N force

O\‘r
To be done: g
- Complete the calculation (Nmax=8) of the 7Li(d.p)°Li NI
transfer reaction in NCSM-RGM and NCSMC &\\(b

* Include 3N force also for p-shell nuclei
36



