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1. Introduction

Goal of nuclear astrophysics: understand the abundances of the elements

1010 \H, He

ool big bang nucleosysnthesis |

1084| C, O fusion of charged particles

Fe thermal equilibrium
neutron induced reactions
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e H, “He most abundant (~75%, ~25%)
e « Gap » between A=4 and A=12: no stable element with A=5 and 8

e Even-odd effects: nuclei with A even are more bound

* Iron peak (very stable)
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2. Reactions in astrophysics: general properties

Types of reactions: general definitions valid for all models

Type ___|EBample __lorign

Transfer 3He(3*He,2p)a Strong

Cross section

. . decreases
Radiative capture  2H(p,y)3He Electromagnetic

Weak capture p+p 2 d+et+v Weak



2. Reactions in astrophysics: general properties

* Transfer: A+B = C+D (o, strong interaction, example: 3He(d,p)*He)

7 2 +1 2
/ E = — U / E
Treme' (E) =197 / (211+1)(212+1)| o' Bl
T

UC];T, (E) =collision matrix (obtained from scattering theory = various models)

c,c =entrance and exit channels
Transfer reaction: @_) (_@
Nucleons are transfered

T Scattering energy E

A+B threshold, ex: 3He+d

C+D threshold, ex: *He+p

Compound nucleus, ex: °Li



2. Reactions in astrophysics: general properties

 Radiative capture : A+B = C+y (o, electromagnetic interaction, example: 12C(p,y)*3N)
Jrm o 2
0 (E) ~ Y K< W | | %))
A Jimg

Jrmg=final state of the compound nucleus C
WJiTi(E)=initial scattering state of the system (A+B)
M, ,=electromagnetic operator (electric or magnetic): M, ~ e r’lY/{"(QT)

Capture rgactio.n: ® %
A photon is emitted @

Long wavelength approximation:

Wave number k, = E, /hc, wavelength: 4, = 2m/k,

Typical value: E;, = 1 MeV, A, = 1200 fm >> typical dimensions of the system (R)
=2 k, R < 1= Long wavelength approximation



2. Reactions in astrophysics: general properties

/[ initial state E>0, contains all J;m;,

A+B threshold, ex: 12C+p

/ final states Ef <0, specific /7y

o™ (E) ~ z z K221 | < WIrmr || vy Wi (B) >
Jimi 4
* ky, = (E — Ef)/hc = photon wave number
* In practice

o Summation over A limited to 1 term (often E1, or E2/M1 if E1 is forbidden)

% ~ (kyR) K 1 (from the long wavelength approximation)
o Summation over J;m; limited by selection rules

Ui—Jf| < A<Ji+ s

mTf = (—1)* for electric, TTp = (—1)**1 for magnetic




2. Reactions in astrophysics: general properties

* Weak capture : tiny cross section = no measurement (only calc.)

ol (E) ~ Y |< WO () >
Jit;
o Calculations similar to radiative capture
o Og=Fermi (%; t;1+) and Gamow-Teller (3;; t;+0;) operators
o Examples: p+p—> d+v+e*: first reaction in H burning (pp chain)
3He+p—> “He+v+e*: produces high-energy neutrinos

e Fusion: similar to transfer, but with many output channels
—> statistical treatment
—> optical potentials
Examples: 12C+12C, 160+16Q, etc.



2. Reactions in astrophysics: general properties

General properties

V(r)

£>0

Scattering energy E: wave function ¥;(F)

common to all processes

Reaction threshold

E astro

Cross sections dominated by Coulomb effects
Sommerfeld parameter n = Z,Z,e?/hv

Coulomb functions at low energies
Fp(n,x) = exp(—mn) Fp(x),
Ge(n, x) — exp(mn) Go(x),

Coulomb effect: strong E dependence : exp(—2mn)
neutrons: ¢(E) ~ 1/v

Strong £ dependence

. h? £(£+1
Centrifugal term: ~ 2 (f+1)

T'Z
—> stronger for nucleons (¢ = 1) than for o (u = 4)
qQ




2. Reactions in astrophysics: general properties

General properties: specificities of the entrance channel 2 common to all reactions
* All cross sections (capture, transfer) involve a summation over £: ¢(E) = Y., 0,(F)

* The partial cross sections g,(E) are proportional to the penetration factor

ka . .
P,(E) = PR Gk (a =typical radius)

1.E+01

1.E+00
Consequences

~>1.6-01 « £ > 0 are often negligible at low energies

e £ =4+1,,,isdominant (often £,,;;;, = 0)

1.E-02 * Forf =0, Py(E) ~ exp(—2mn)

1.E-03

0 2 4
E (MeV)

Astrophysical S factor: S(E) = a(E)Eexp(2nn) (Units: ExL?: MeV-barn)

e removes the coulomb dependence = only nuclear effects
10

» weakly depends on energy 20 (E) = S, exp(—2mn) /E (any reaction at low E)



2. Reactions in astrophysics: general properties

o (barn)

S (keV-b)

10'5 E
10° &
107 | @

. O Parker et al.
10_8 3

:g O Krawinkel et al.
10° -8 @ Di Leva et al.

|

O Krawinkel et al.
® Di I.Ieva et al.

1 2 3

Example 1: 3He(a.,y)’Be reaction

e Cross section o(E) Strongly
depends on energy
* Logarithmic scale

S factor

 Coulomb effects removed
* Weak energy dependence
* Linear scale

11



2. Reactions in astrophysics: general properties

4 %)

.12 13 .
s AN Example 2: 12C(p,y)**N reaction
12C+p —
* Resonance 1/2%: ¥ =0
1/2- * Resonances 3/2°,5/2* £ = 1,2 - negligible

N

1000 ¢ X

12 13 b
> o
: / \.
5 10 h S
é PR £ >
(7)) 1 . 1 . 1
O<_> 0.2 0.4 0.6

Note: BW is an approximation

* Neglects background, external capture

* Assumes an isolated resonance

* Is more accurate near the resonance energy



2. Reactions in astrophysics: general properties
* Nucleosynthesis:

* Primordial (Bigbang): 3 first minutes of the Universe

* Stellar: star evolution, energy production

* Input required: reaction rate <cv>
 strongly depend on temperatures

 given by the low-energy part of the cross section o(E) (Gamow window)

V(r)

Gamow peak :
I E,=0.122 u/3(2,2,T,)*? MeV:

AE,=0.237 ut6 (2,2,)Y3 T,56 MeV
r Example: 12C(a.,y)!°0 at T,=0.2: E,=300 keV

E astro

* Astrophysical energies: much lower than the Coulomb barrier
- Coulomb effects are dominant
—> Very small cross sections



2. Reactions in astrophysics: general properties

General problems in nuclear astrophysics
* Low energies > very low cross sections (Coulomb barrier)

* For heavy nuclei: high level densities = many resonances must be known

* Need for radioactive beams

* No systematics (many different types of reactions)
* transfer, capture
* resonant, non-resonant

* low or high level densities

=» in most cases a theoretical support is necessary

» data extrapolation (example: R-matrix method)

Available cross sections are parametrized, and extrapolated down to stellar
energies

e determination of cross sections
The cross sections are determined from the wave functions of the system
No need for experimental data (in principle!)
Examples: potential model, microscopic models (low level densities)
shell model (resonance properties in for high level densities)
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3. Reaction models

Applications: standard techniques applied to nucleus-nucleus scattering

Theoretical point of view: compute the cross sections
Experimental point of view: fit the data and extrapolate them to low energies

CALCULATIONS l FITS
|
Non- . . .
- - Microscopic R-matrix
microscopic

| , |
) )
P;);cgggfl Cluster
(capture) X models | }
DWBA Ab initio

(transfer) models




3. Reaction models

Potential model

O——©

V(r)=nucleus-nucleus potential

\_

H=T.+V(r)
¥ =g.,(r)

-

Microscopic cluster model
RGM, GCM

@ @

V; j=effective nucleon-nucleon interaction

o

J
\
H=%T+XVi
V= Ap1¢,9(1)

¢ ¢p,=shell-model wave functions for clusters 1 and 2 = not solution of the Hamiltonian

J

-

Microscopic « ab intio » models
AMD, FMD, NCSM

33

V; ;=realistic nucleon-nucleon interaction

.

\

H=2Ti+ X Vij+

_/

17



3. Reaction models

Potential model Q . O

Internal structure is neglected

Advantage:
© Simple

Limitations:

@® Not applicable to transfer reactions

® Choice of the potential?

@® Not applicable if reaction channels are open

J—— .
3255 =
309 - LL-a] .
B e = SR
0Zda 125,

e e ¢ LN+p threshold: 1°N(p,o)*C is open
2 — PM not applicable to *>N(p,y)®0

Fv ]
a0 L

2
|
o
e . . .y
war= 10961 0P = Gl 575
1036 ) 4
sl 5pe 9B >
—JB87192 4 2

“yooup6izeal o] €| 12C+q threshold
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3. Reaction models

® Resonances may not be described by the PM ey S i B o
309 1 oroi—tga=l"
example: 12C(a,y)1®0 E2 T e =
n 2442537 12 M
100.00 25 resonance 2.9 : oMl
: with a 12C(2*)+0 | pSeemapuiugudal o
T ,ngl GHT. A 3 s
f structure
i — _ 10,36 | 4*
10.00 - 1. ae ] "
- 1 % :ﬂba B 'P‘:'p _e
IT1e53 Tii o=l e R SR R
11 1 88712 4 Loz
1.00 e $ H
00 05 10 15 4 30 ||B5 40
’ H 69171t EF Lo
0.10 ;@Q:—}Q&IZELE___‘_..__‘ o+ 3|
@® 2 resonances in the same partial wave h i
12C(a,y)1%0 E1:two 1- resonances
|
0
=>» Low predictive power i R
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4. Microscopic models

Microscopic models
e Pauli principle taken into account
* Depend on a nucleon-nucleon (NN) interaction = more predictive power

Ho(ry, .. 1y) = Z T; + z Vij
i 0

* Two approaches: « ab initio », cluster models

« Ab initio » (No- * Try to find an exact solution of the (A-body) Schrodinger
cluster approximation) equation

* Use realistic NN interactions (fitted on NN properties)

* Ingeneral:
e A< 12
» Scattering states difficult/impossible to obtain
* Not well adapted to halo structure, resonant states

21



4. Microscopic models

Example 1: T. Neff, Phys. Rev. Lett. 106, 042502

0.7 T 1
B e Weizmann [3]| 7
[ A LUNA [4]
06 LUNA [5]
e i + Seattle [6]
- L ¥ m ERNA[7]
= 05[ 13 — FMD
x L o
€ oaf
A C
0 [
0.3 [~
0-2 [ J. il I
0 1 2
Ecm [MeV]
| ]
015 e Caltech [34]
- — FMD
E‘ =
% L
P -ﬁ&
56 L .
o £33 3 L
] (]
0.05 -
] L 1 1 1 ] i
0 0.5 1

E,.. [MeV]

3He(a,y)’Be
* Many experiment, many calculations
* First RGM calculation (1981)
Liu et al.
* Low energies: external capture
 ERNA data (2007): different for E>1.5 MeV

3H(at,y)’Li
* Mirror reaction
e (Qverestimates recent data

22



4. Microscopic models

Example 2: d+d systems 2H(d,y)*He, 2H(d,p)3H, 2H(d,n)*He

two physics issues

* Analysis of the d+d S factors (Big-Bang nucleosynthesis)
* Role of the tensor force in 2H(d,y)*He

H(d,y)*He S factor

* Ground state of “He=0*
* E1 forbidden—> main multipole is E2 - 2* to 0* transition—> d wave as initial state
* Experiment shows a plateau below 0.1 MeV: typical of an s wave

1.E-02
o 1.E-03 - 5 4
1
< H(d,y)*He F
3 x
== d=>s X
— 1.E-04 - %
o x
o+
3 5 ¢
[t i) Y% &
(7)) 1E'05 n | -'r“, . - I» ) J-‘
o rf 1
1.£-06 s=2>d_ .
10 100 1000

10000

E2 matrix element < 0% | E2 | W2t >
~< 07,0 E2|2%,2 >:d—=2>s, dominant E>100 keV
+< 0%,2 1 E2 2% 0 >:s2d, tensor (E<100 keV)

- direct effect of the tensor force



4. Microscopic models

Collaboration Niigata (K. Arai, S. Aoyama, Y. Suzuki)-Brussels (D. Baye, P.D.)
K. Arai et al., Phys. Rev. Lett. 107 (2011) 132502

3 nucleon-nucleon interactions:
* Realistic: Argonne AV8’, G3RS
e Effective: Minnesota MN

1

10 E o o * No parameter

100 I * MN does not reproduce the
Z plateau (no tensor force)
'> 10-1 * D wave component in “He:
i). 3 13.8% (AV8’)
< 102k 11.2% (G3RS)
% -3 [
qu 10
0 af

10"

10—5: RN | R | v a3l

0.01 0.1 1 10

Ecm [ MeV]
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4. Microscopic models

Transfer reactions 2H(d,p)3H, 2H(d,n)3He

1000 3 ULLLLLLL LY L L """;- LRELELLLL DL ELLLLLL DL L ""”;

f °H(d,n)’He

100 ¢ " -

! — AVE8 | 1 —— AVS

........................ - = G3RS | |.eaeaeeee ™ - - G3RS

""" MN |¥ e MN2 |
& SC72 | ¥ O SC72 | 3
® KR87a| T ® KR87a
A BR9O | T A  BR95

O GR9S | T 0 GR95

S-factor [ keV-b ]
=

'l SR EEEIT I EEEIT] Lol I EEIIT vl Lol I EEEIT SNt
0.001 0.0t 0.1 1 0.001 0.01 0.1 1 10
Ecm [ MeV | Ecm [ MeV |



4. Microscopic models

Cluster approximation ¢ Wave function defined by
Y=AD dD,g(r) (Pq,P,=internal wave functions (shell-model))
=Resonating Group Method (RGM)

» Effective NN interactions (Minnesota, Volkov)
e Extensions to 3 clusters, 4 clusters, etc.

* Core excitations can be easily included

e Scattering states possible

* (Calculations easier than in ab initio theories
—>Many applications (up to Ne isotopes) in spectroscopy and
scattering

e Textbook example: a+a

* First application in astrophysics: 3He(a.,y)’Be

26



4. Microscopic models
Application to ’Be(p,y)B

\

N
o

experiment theory
1 (27) (ny) 1.03 1.52
Q(2*) (e.fm?) | 6.83+0.21 6.0
B(M1,1*—2"%) 51+2.5 3.8
(W.u.)

P.D., Phys. Rev. C70, 065802 (2004)

S-factor (eV b)

N
o

2 generator coordinates

'Be (3/27,1/2,5/2,7/2)+p

Double angular-momentum projection
1) ’Be
2) ‘Be+p

60

| ol !1‘, tl& ® Hammache etal. o Hass etal.
o Strieder at al. = Baby et al.

O Junghans et al. A Schumann et al.
4 Davids et al.

0 1 2 3
Ecm (MeV)



5. The R-matrix method



5. The R-matrix method

Introduced by Wigner (1937) to parametrize resonances (nuclear physics)
In nuclear astrophysics: used to fit data

Provides scattering properties at all energies (not only at resonances)

Based on the existence of 2 regions (radius a):
* Internal: coulomb+nuclear
e external: coulomb

Exit channels

Entrance channel

L2C+a

Internal region \ > 12C+g

15N+p’ 150+n

Coulomb

Nuclear+Coulomb:
Coulomb R-matrix parameters

29



5. The R-matrix method

Main Goal: fit of experimental data

do/dQ (mb/sr)

Se, (keV b)

O this work Oy, = 167.7°
¥ Angulo et al. 0, =170.2°
& Skorodumov et al. 0,,, =165°

10°
102

10t |

100 |

102 [

101 |

18Ne+p elastic scattering
—> resonance properties

Nuclear astrophysics: *2C(a,y)0 (E2)
- Extrapolation to low energies

30



5. The R-matrix method

* Internal region: The R matrix is given by a set of resonance parameters (=poles) Ei,yiz

_ Viz _ ¥'(a) . 2

R(E) - Zl E;—E =a ¥(a) I=3I E3) )/3
i=2, Ez,)/zz

i=1, El' ]/12

e External region: Coulomb behaviour of the wave function
Y(r)=I1(r)—UO0(r)
—the collision matrix U is deduced from the R-matrix (repeated for each spin/parity Jm)
* Two types of applications:
 phenomenological R matrix: yiz and E; are fitted to the data (astrophysics)
e calculable R matrix: yiz and E; are computed from basis functions (scattering theory)
* R-matrix radius a is not a parameter: the cross sections must be insensitive to a

e Can be extended to multichannel calculations (transfer), capture, etc.

* Well adapted to nuclear astrophysics: low energies, low level densities



5. The R-matrix method

Different processes with common parameters = constraints

2

* Phase shifts related to );;

‘E —E
 Capture cross section related to };; y;/:’;‘
* Transfer cross section related to );; yl_‘i/zj
E;
* Beta decay to the continuum related to Zl vid ;

E;,v;: energies and reduced widths: common to all processes

[ i, v2i, A;: specific to the individual processes

32



5. The R-matrix method

Example: simultaneous fit of

— 12C+a phase shift 10418

— 12C(a,y)1®0 S-factor (E1)
— 16N B-decay
(Azuma et al, Phys. Rev. C50 (1994) 1194)

parameters of the 1-, and 1, states (+background):
— 2C+a: E,, v,
— 2C(a,y)**0: E;, 1,, [, (radiative width)
— ®N B decay: E,, v,, A, (B probabilities)

= Constraints on common parameters E,, v,

_5
2x 10

r'l:';llll

716




5. The R-matrix method

N, (Counts)

12C(O(,,'Y)16O

Se lkeV b)

10|

10

* Dyar and Barnes

& Redder &f af

¢ Kramer &1 &l

& Qualat sr 4l
1 L 1 |
1 2 3

4, {deg)

dy ldeg)

150

100

50

100

50

" e

f
!
i
- Ii .
_-.Iu-l"l'}]/ |
- ‘ ")
! )
i i f‘ff-fj i
2 3 i
E.. (MeV]

1- phase
shift

3" phase
shift



5. The R-matrix method

S(300 keV): extrapolations for E1

300
250
—
% 200 \Weisser 74
3 eissar
% ([
Q150 |
S Dyer 72
—
%)
100
Koonin[74
[ Y
50 A
0 ‘
1970 1975

Humblet 93
lZC(OL,’Y)16O El Azuma 94
Ouellet 96
Trautvetter 97
Gialanella 01
Descouzemont 87 Fey 03

Tang 10
Schurman 11

® Oulebsir 12

Redder 7
5 \ )
° |
Humblet 76 "eMe88 + ++ + + *.
o
Filippgne 89 ¢
Quellet 92
i i i ‘ i i i i
1980 1985 1990 1995 2000 2005 2010 2015
year
< >

16N data available

Review paper: R. deBoer et al., Rev. Mod. Phys. 89 (2017) 035007
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6. Conclusion



6. Conclusion

Needs for nuclear astrophysics:
* low energy cross sections

® resonance parameters

Theory: various techniques
e fitting procedures (R matrix)—> extrapolation: importance of external constraints
® non-microscopic models: potential, DWBA, etc.
® microscopic models:
» cluster: developed since 1960’s, applied to NA since 1980’s

» ab initio: problems with scattering states, resonances—> limited at the moment

Indirect methods (resonance and bound-state) properties: many experiments

(Some) current challenges: triple a process, 2C(a,y)®0, 2C+12C, etc.
s-process: many reactions



