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“hop reaction cross section o:

a very basic nuclear physics quantity

a+X—Y+b

—

4

beam of projectiles
(particles of type a)

beam intensity I,

3N (a,p) 160
160 (0, 0) 160

o= reactions per time
a (projectiles per area per time) X (target nuclei)

AN, AN,

o= = 1b =102 cm?
NaNApL NANaE

A := target’s atomic weight (g/mol) N, ;= number of projectiles a
N, = Avogadro’s number (at/mol) N, := number of ejectiles b
¢ = target radial density (g/cm?)

measures the probability that
a certain reaction takes place
at a given “projectile” energy E

=> o(E)

Sotirios V. Harissopulos: The 4th Azarquiel School of Astronomy, Portopalo di Capo Passero - Syracuse, Italy11-16 June 2017



reaction rate <gu>

— = Z @ Y; decays, e captures, ...
dt : U/
J
e Z pNA Yj Y,  two-particle fusion reactions

1 Z N]i',k_lPzNﬁ(UU)j,k,lyijYl three-particle reactions

two successive captures with an intermediate particle-unstable nucleus

number of species i
created or destroyed

Nj = N,
N;; = Ni/(N;! N

reaction rate:
reactions / sec / cm3

8\/? 1 E
< oV >= (ﬂ_ﬂ) Wfa(E)Eexp(—ﬁ)dE
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nuclear reaction network (applied to the sun as pedagogical example)

SUN: The pp chain I86%) p(p,e*v)d 1I(14%)
d(p,v)°*He

3He(3 4 *He(* ’
He(*He,2p) “He [na (*14%) He("He,y) "Be gboz%)

’Be(p,y)2B(e*,v) 2Be*(a) *He Be(e",v) Li(p,at) *He

d(H) _ *He)’

H
—2 < oU >y ¢ 2) —< OU >y (H)(D) + 2 < 60U >q4 —< 0V >17 (H)( "Be) —< ov >"17 (H)( "Li)

(H)?

5T < oV >, (HY(D)

d(*H He)’

—< OV >34 (*He)( *He)

4 KITPR
o Wl = < OV >33 (Hej < 0V >34 (*He)("He) + 2 < ov >; (H)( "Be) + 2 < av >y, (H){ "Li)

dt 2

d(’B
(dt B = <ov >3 ("He)("He) — < ov > n.("Be) — < ov >1; (H)( "Be)

7 -
% = < OV >y ne( 738) — <ov >y (H)( 7”)
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nuclear reaction rates and nuclear reaction networks

SUN: The pp chain

10°

Density=100 gr/cm® Z=Z_

(p.2)

E
3 Wb
10
wn E
> s
g 10"
q) 3 sun
= 10 ;
= E |
13¢ (p.v) ' 145 ' (p.) 1765 (p.Y) ' 18F
(,e"\") (pJY)
(.e*v)
13N 150" 17¢ (e*)
(p.Y) (e*v) (Y
Cycle 1 Cycle 2 Cycle3 &
12¢ —— BN ———) 166'. ’136-‘1_’ 19
(p.) (p.v) , y (pY)
T “*x Cycle 4 |
(p.o)

CNO cycles

3.5x10"  4x10’
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astrophysical environments and nuclear processes

; Astrophysical environments * Nuclear processes
- _« Big Bang . = . Reactions be‘rween the hqh‘resf elemen‘rs - w5 o
_ .~ . . (primordial : . P d He ,Be L, : 1 .
Frwmely W . . nucleosym‘hesns) K
3 3 S e “Hydrogen burnmq = =
?Aam Sseq)uence "~ .praton-proton chain,CNO cycle : : :
u _6'9" L Ne-Na cycle, Mg-Al cycle . e 3L AT T
. . Red giant stars, stars of thes ?:I:;n;::';mgg (ay)0 - |
. : As thptotic branch - ;
gl At _ Other (ay). and (a,n) reactions - 3
Super giar;‘r stars, - e '. :
5 . ‘Wolf-Rayet starsdnd - : édva:.cesbg;nén%staqﬁ 5
. Pre-supernovae - gt Rl RIS S 0 TS s B
4 Novae, supernovae, ' -« wait " Bplogive buPning
= .4 X-ray bursts™ = 3 y Hot CNO cycle
«' . %2 - Rapid proton capture (rp. pr'ocess)
 AGB'stars, - . - " Nucleosynthesis beyond irsn - . =
* supernovae IT, . - : . Slow neutron captures (s- pr'ocess) s
Neutrons stars ' Rapid neutron captures (r-process) -

e 3R e T : pho‘rodlsm’regrahons and proton captures (p process)

_S(')tirio_s V. Harissopulos: The 4th-Azarquiel School of Asiroriomy, Portopalo di Capo Passef® - Syraeuse, Italy11-16 June 2017



‘inep

burning cycles and nucleosynthesis across the table of isotopes

up to Sn-Te region

'b Process
powered by protons

() / B*

| p>10*g/cm? T~(1-3)x10° K |

Novae, X-ray bursters ...

sandr processes

powered by neutrons

(ny) /B

s process: (AGB stars, red giants...)
1>100 yr p~10% n/cm? T=(0.1-0.4)x10° K

r process: ? (supernovae, neutron stars)
1<1 sec p=>10?°n/cm? T > (1.8-3.3)x10° K

explosive nucleosynthesis !!

pp chain
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moving across the table of isotopes with p-, a-, and n-induced reactions

‘inep

Rh 94 Rh 95 Rh 96 Rh 97 Rh 98 Rh 99 Rh 100 Rh 101 Rh 102 Rh 10 Rh 104 Rh 105
7065 | 2585 | 19m | 50m | 15m | 99m | 44m | 31m | 35m | 87m | 47h | 16d | 47m | 208h | 44d | 33a | 29a | 207d | 56 1m AU 44m | 425 | 455 | B54h
B*64 | B* AW « . « « . . Iy 51 fm25... A=06
5... B*26.. |@*21. w07 |pror | naee |pras. e . ya75 | pt13 o . 319,

H ¥ 189; y 422; p* YU 1%, B* ¥ 540; 5307 Y127 631; B 12 B ¥ 556: 306.
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0
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4 4
g
Nb 90 Nb 91 Nb 92 Nb 9 Nb 94 Nb 96 Nb 942, Nig=j8
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107a B~0S5 B-20;
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(p,y) : (Z,N) = (Z+1, N)
(p,n) : (Z,N) = (Z+1, N-1)
(p,a) : (Z,N) = (Z-1, N-2)

(Z,N) = (Z, N+1)

£ (Z,N) = (Z-1, N+1)
(Z,N) = (Z-2, N-1)

(n,y) : (Z,N) = (Z, N+1)

(n,p) : (Z,N) = (Z-1, N+1)
(n,a) : (Z,N) = (Z-2, N-1)
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the s- and r-process pathways

S process
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inop D process
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p-process nucleosynthesis : stellar sites and conditions

M. Arnould and S. Goriely Phys. Rep. 384, 1 (2003)

CONDITIONS

e Succession of (y,n), (y,p), (y,a) reactions and -partly- inverse processes

(ny), (p,v), (ay)
e High temperatures T =2+3 x 10° K
¢ Short time scales

SITES
* SN Explosions

- Pre- and/or Type II-SN explosion of massive stars
- Type la SN explosion of Chandrasekhar-mass WDs
- Type Ib/Ic and/or pair-creation SN explosion

e He-detonating sub-Chandrasekhar—mass WDs
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p nuclei and their solar-system abundances

136 q 1 CJCe
138 La

vl |

s. Galanopoulos et al., Phys. Rev. C 67, 015801 (2003) 196l [TTTT] [1Hg
ol CIpe
184 [10s
180 W
1741 IEH"]IJaf
16811 1 ]YDb
162l B OEr 130 B [TT1Ba
1560 B [T1 0Dy 1240 W 1 O [ Xe
152 1 OGa 120 O Ote
144l IIEE 1 [OSm ml L (1 OOsn
[T 00 106l Oca
1020 1 Ord
] N HE O Ru
92l Mo —)
000 —)
s4| Sr E—)
| [ | Kr
1 [ se

ey |

p-nuclei solar abundances

| 1

p nucleus | (%) | p nucleus | (%) | p nucleus | (%)
74_Se 0.89 114_Sn 0.65 156_Dy 0.06
78_Kr 0.35 115_Sn 0.34 158_Dy 0.10
84 Sr 0.56 120 Te | 0.096 162_Er 0.14
92_Mo 14.84 | 124 Xe 0.10 164_Er 1.61
94_Mo 9.25 126_Xe 0.09 168_Yb 0.13
96_Ru 5.52 130 Ba | 0106 | 174 Hf | 0.162
98 Ru 1.88 132_Ba | 0101 | 180_Ta | 0.012
102Pd | 102 | 1381la | 009 | 180w | 013
106_Pd 1.25 136_Ce 0.19 184_Os 0.02
108_Cd 0.89 138_Ce 0.25 190_Pt 0.01
113_In 4.3 144_Sm B 196_Hg 0.15
112_Sn 0.97 152_Gd 0.20
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“hop recall: the basic nuclear reaction network in the sun

SUN: The pp chain I86%) p(p,e*v)d 1I(14%)
d(p,v)°*He

3He(3 4 *He(* ’
He(*He,2p) “He [IIa (*14%) He("He,y) "Be gboz%)

’Be(p,y)2B(e*,v) 2Be*(a) *He Be(e",v) Li(p,at) *He

) _ *He).

H
—2 < oU >y ¢ 2) —< OU >y (H)(D) + 2 < 60U >q4 —< 0V >17 (H)( "Be) —< ov >"17 (H)( "Li)

(H)?

2 < OV >4y (H)(D)

d(*H He)’

—< OV >34 (*He)( *He)

4 KITPR
o Wl = < OV >33 (Hej < 0V >34 (*He)("He) + 2 < ov >; (H)( "Be) + 2 < av >y, (H){ "Li)

dt 2

d(’B
(dt B = <ov >3 ("He)("He) — < ov > n.("Be) — < ov >1; (H)( "Be)

7 -
% = < OV >y ne( 738) — <ov >y (H)( 7”)
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inop the p-process nuclear reaction network and the statistical model

“seed” abundances reaction p-nuclei abundances

(s process) network (p process)

Proton Number Z

s, I nuclei
p nuclei

isotopes
reactions

100 110
Neutron Number N
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the p-process nuclear reaction network and the statistical model

“seed” abundances reaction p-nuclei abundances

(s process) network (p process)

AR | RARRLARAL | RARARRRLE RARRRARLL RARRARRLA) LALLARLLL | RARRARRAL | RARARARLE RARRRRAEL LARRRARAL T
: EEEEEEEEEEEOECEE :
= [ L1 LT 10 ol [efalal T 1 1 T
= EEEEDIEDIEEEEEN
80 |
70 £
reactions/sec/cm3
< oV >— | —
Tl
[
o @ s, r nuclei
B p nuclei

HAUSER-FESHBACH THEORY

Optical Model Potentials - Nuclear Level Densities - y-Ray Strengths

(32<7<83 , 36<N<131)

NEED FOR GLOBAL OMP & NLD MODELS
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T~ 101 sec

a+A > C—> (B+b)+(D+d)+..

a+A > C > C+y

Capture reaction (via compound nucleus formation)
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Input parameters entering the Hauser-Feshbach calculations

,_a,,(g_
= g

a+A > C —> (B+b)+(D+d)+..

A* Z < T
Opp = 2.+ 1) T], 25
T @RL+D@,+1) ,T( Jot 1) Tas S

i

T

aA

bB
7

L

probability that a will cross the surface of A to form a compound state of C
having spin J. It depends on the orbital momentum of a

:= probability that b escapes from a state of the compound nucleus C with spin J.

= sum of probabilities over all exit channels i.

~

J

If y emission then T from Giant Dipole de-excitation (GDR)

If particle emission then T from Optical Model Potentials (OMP)
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‘inep input parameters entering the Hauser-Feshbach calculations

"] unresolved
= — excited
r.ﬂn = states
+ c—
T
Q-value H T]
O'b - - / i
B - r A 1[4
( 308 g
discrete .
‘ L excited
4 T]rr __ probabili’ SAES - ompound state of C h
aA "~ having sp o
T
TbjB ;= probabili B 1d nucleus C with spin J.
]i‘T
\ Zle .= sumofpi ground state )

Compound Nucleus

If y emission then T from Giant Dipole de-excitation (GDR)

If particle emission then T from Optical Model Potentials (OMP)

CN is excited to continuum => Ts have to be averaged

T = . | D Th(E) dE,
I

Nuclear Level Density (NLD)
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§

Probability ¢(E) —»

Tow'T

g3

T(E) = exp(—2mn)

=]

Potential V__(r)

Coulomb potiential
_____ i Projectile
7 >
R, R, Distance r
E
2mn = |— L ZjZEme?

<

=

Nuclear radius

neutron-induced reactions

RELATIVE
PROBABILITIES

MAXWELL-BOLTZMANN
DISTRIBUTION

1
O’nrder-”

I
1
I
1
1
I
I
1
I
1
1
|

KT
NEUTRON ENERGY Ej

1 kT, Energy
2 2
pho’ron-mduced reactions
0.5 T G — T T 7 LA S
{" F 148 147 ‘;_{mow —_— e nAE) olE
> 04F -3 9;3 M(:il/ window — ;1.:(1}.() ()rgl(. u)niisj 7
:27 LS —— o(F) (rel. units) |
w03 F -
% 02 (~y,n) threshold
E:;_ o1l Planck
b 0.0 — t
2 o '_HsGd( )l“Sm
§ L S,=-3.271 MeV
e 031 Gamow
S 02 window
= 02 (v.q)
% o} \Planck
N 00
E. (Vle\)

= KT AE, =20 + 500 keV

RELATIVE PROBABILITY

MAXWELL - BOLTZMANN .charged-parh.cle
DISTRIBUTION induced reactions
< exp (-EJKT)

GAMOW PEAK

7

TUNNELING
THROUGH
— (OULOMB BARRIER
xexp (-VEZ/E)
aES
. 7 >
& ENERGY
= (bkT/2)*/®
47272
LRV AYA
E, = 2um?—=-E

— T

AE = (16E kT/3)*? exp(—3Ey/kT)
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Gamow peaks and windows: the astrophysical relevant energy regimes

T | /\ [ TL<T2 ( EnT____I P It o —~ ~
& T=1.8T, T=3.3T, (p,Y) reactions:
s
_ REACTION Zuu. Ecou.| Eo AE E, AE Ecy=1-5 MeV,
= MeV) | (MeV)  (MeV) (MeV) (MeV) 6=1pb+1mb
:§ "Se+p ’ 34 79 |18 127-252)]2.83 1.80-3.87
£ MZr+p 40 88 | 211 145-277 || 3.16  207-4.26 (@,y) reactions:
“Rhep [ 45 9.5 228 160-207342 228-4.56 Ecy=6-12 MeV,
HSn+p 50 10 | 245 1.74-316 || 3.67 249-4.85 c=0.1+100 pb
—— v gy - INuclear radius
2 2
-i i . .
— phq’r‘or\ T ”Cf”f:?‘? reacffr?s. neutron-induced reactions
R bol48 147 Gamow enk) o(E
g 0.4 ‘q“(j%(’;;i M(:il/ window —_— ”-r”(;’ ()rel(.Iu)qils)__ \
< 03k — o(£) (rel. units) |
S A (i thresniold & MAXWELL-BOLTZMANN
£ o1l \Planck S - DISTRIBUTION
= =
Y 00— : = g U‘"J’I\%E"
f;* s HsGd('y,a)HJ'Sm % o L
2 04 - S, =-3271 MeV — n() (ref. units) ] g :
e Wn Gamow PR ;
= i window 1 e
E e ?\\ (Y,CI) ] kT
% o} \"“"/\ 1 NEUTRON ENERGY E,
" oo ~— e oA E,~kT  AE, =20+ 500 keV
E, (MeV)

RELATIVE PROBABILITY

MAXWELL - BOLTZMANN charged-particle

DISTRIBUTION induced reactions
< exp (-EJKT)
/ GAMOW PEAK
TUNNELING
THROUGH
~— COULOMB BARRIER
xexp (-VEZ/E)
AES
/ > 4 S
kT Eo ENERGY
E, = (bkT/2)*/3
4 2 y
e*Z=Z=
2 _ — 2 t=p
b= =E; =2unm —hT

AE = (16E kT/3)*? exp(—3Ey/kT)
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“hop

Direct methods for cross-section measurements of capture reactions

reaction
to study

target

backing

detectors

y rays
to detect

OFF-BEAM

activation
measurements

final nucleus
must be unstable

enriched or
natural

If then
low-Z
(C, Al, Si ..)

normal size HPGe
(e=30%)

In Most cases
Ev < 2 MeV

IN-BEAM

y-angular distribution
measurements

any

enriched

If then
high-Z
(Ta, Au, ...)
large-volume
HPGe (arrays)
(€>270%)
up to
E, = 15 MeV

IN-BEAM

angle-integrated
measurements

any

enriched

If then
mostly high-Z
(Ta, Au, ...)
A1t calorimeters

[ large Nal(TI) ]
(e=100%)

up to
E, = 15 MeV




hee

cross sections from y-angular distribution measurements (1/4)

>10 MeV .

The Stuttgart HPGe-detector array

proj

+E

Q-value —;

+ projectile

JTC

Target
Nucleus

s=1/2
e ()
P

Jn l ¥ | ground state

T (| unresolved
g JT : : 3
— excited 2 2
e 3
states o S :
—=5 MeV . ; g
V] @ = 5
A 4 £ Eﬁ :g
v & T LN, dewar
L
A 4 P r
7 of O C 1
fi [ |
- i | Turbo- Rotating
dlsc.re':e Rotary p " molecular table
L excited : T pump
= states
- ... now at “Demokritos” (no BGOs)
\ 4




inop cross sections from y-angular distribution measurements (2/4)

unresolved entry-state panty: OMP used: Jeukenne et al., Phys. Rev. C 16, 80 (1977)

— excited m)mr*(-l)h-ﬂ(ﬂc-“lte)q 010 p——7—r—"+—71—"T—r 71—
states . o
— ~5 MeV -state spin: i Nb(p.y) Mo
Q-value — eniry-state spia [

¥ Jr-J3| < Jenry < JrtTs|
TARGET : even -odd nucleus
Lm0 | Le=1

discrete [ Tomea] [ e[ [ Jesrer |
- excited 0

>10 MeV .

proj

+E

e

[

&
I

e’ 1:0 -
—— l:l .
i — =
- — =3
0.06

+ projectile

1
: states B
Target :
Nucleus EO +5
s=1/2 — — TARGET : even-even nucleus

| b=0 | L=t 0.00 |

P Jn ' 4] ground state R s B R
1/2 1/2,3/2
Compound Nucleus [ 0 | EZED Enetgy [NVEV)

0.04

JTC

0.02

Penetration Coefficient T (E)
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inop cross sections from y-angular distribution measurements (3/4)
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inop cross sections from y-angular distribution measurements (4/4)
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capture reactions investigated by “Demokritos”
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“hop

.. the “catch” of our nuclear astrophysics programme

Conclusions based on (p,y) measurements

In most cases, uncertainties affecting nuclear input (OMP, NLD)
give rise to at most 30-40% uncertainties in the reaction rates.

HF predictions are more sensitive to OMP rather than to NLD.

At this stage no global predictions possible using a given OMP-NLD combination.
OMPs and NLDs need further improvement to be taken as “global”

Conclusions based on (a,y) measurements

The a-potential is (still) poorly known; Consequently, the astrophysical (a.,y)
reaction rates obtained from HF calculations can be highly uncertain and
abundance calculations may strongly be affected!

So far, the a-potential of Demetriou et al., reproduces new experimental data.
However, more data are needed in the mass range A=100 and higher to further
constrain potential parameters.
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