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Outline

\Why astrophysics?
eThe life of a star

e Astrophysical jargon:
Big Bang nucleosynthesis, Jeans
criterion, quiescent and explosive

burning, reaction rate, Gamow window,
S-factor, resonance strength,..

eExamples
(p,y) reaction in X-ray bursts
n-rich nuclei and the r-process
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- “Whatever stars do, they do it to the extreme
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Nuclear Astrophysics — goals:
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erstanc

erstanc

Ing t
Ing t
Ing t

ne birth and death of stars

ne energy that powers the stars

ne formation of the elements



Nuclear Astrophysics - Challenges:

*Extremely small cross sections

sbackgrounds

*Reactions involving unstable nuclel

Frontiers:

*High-current accelerators

eUnderground laboratories
*Gas targets
*Radioactive ion beams

*High efficiency detectors



Big quark-gloon  prowon & neutron formation of formarion of SLar

Bang plasma
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Minutes: 1/60 1 5 15 60

Mass Fraction

10 10 10’ 10°
Temperature (10’ K)

Burles, Nollett, Turner, ApJ
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Relative abundance log scale

10

What the stars did for us

T The elements after the

| Big Bang
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Virial theorem: 2K+ U =0
Collapse: 2K < -U

2
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N
Two paths to ‘cook’ the elements in stars:

Slowly (quiescent) Fast (explosive)
~(10° years) ~( afew seconds)
Example : the sun Example:Supernova

hydrogen — helium iron > heavy elements

15
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mass fraction

Targets for experiments with radioactive beams:
controlled by stellar abundance pattern
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Critical reactions in nuclear astrophysics

+ (p,’y) (novae, rp-process)

. (OL,’Y) (red giants)

" (o,p) (rp-process)

s 12C 4 12C fysion (supernovae)

- (n,y) (r-process, s-process)
= GT transitions (supernovae)

- (OL,I"I) (s-process, red giants)
" (p,a) (novae)

" (v,p), (y,n), (y,) (p-process)



In Nature:

EBSS MSU 2011

v: Maxwellian distribution



In the laboratory:

%ith velocity v,)

target A

(Vo)

\
/
\
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Reactions between Charged Particles

(astrophysical reaction rate, Gamow window, S-factor,
resonance strength)

Example: **C(p,y)*N

N.: 12C particles/cm?

N,: protons/cm?

v: relative velocity between C and p

Astrophys. reaction rate:  r=N; *N_* ve o, (V)

EBSS MSU 2011
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Particle densities N;:

p=N;u u= weight of a particle
p=N;A/N, N,: Avogadro’s Number
Ni=pN,/A

Or, for a multiparticle gas with X; as a mass
fraction:

N.=pN /A X

! EBSS MSU 2011




Example: particle density in the center of the sun:

p ~150 g/cm?
X.=0.73

N,=6.6 10~ particles/cm?

~ (% EBSS MSU 2011
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In normal stellar matter (not in neutron stars;

bi(Vi)=4nv3( Sk .I.)3/2 exp(- 0 2kT )(I\/Iaxwelllan)

S | EALCA A

v,=V + m,/(m;+m,)v V : center-of-mass velocity

v,=V - m,/(m;+m,)v v relative velocity (v,-v,)

<ov>= [ [0(V)o(v) vo(v) dv dv

EBSS MSU 2011



Where:

O (V)=4rnV2( M/(27kT))¥2 exp(- MV2/(2KT))
M=m,+m,

d(V)=4nv(u/(2nkT))%2 exp(-uv?/(2kT))
p=mymy/(m;+my)

<crv>:f d(V)vo(v)dv

Because j d(V)dv=1

SSSSSSSSSSSS




HV
2KT

<gv>=4m( —* )32 |3 }
ov>=4n( £ ) jv (V) exp

or

<ovs=(-2 ) ( L2 [oe) E exp- ) dE

7T

SSSSSSSSSSSS



Some useful expressions:

_ Reactions/(cm?3sec) in a plasma
R12 — \I1N2 <O-V> consisting of N, and N, particles/cm?®
E12 = ?12 °Q12 Rate of energy release (MeV/(cm? sec)
1 Life time (sec) of particle 1 in a plasma
7(1) = consisting of N, particles/cm?

N,<o-v>

Need to measure o(v) (or o(E))

EBSS MSU 2011
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Need o(E):
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Ener
" oy Coulomb
potential

=

Probability of tunneling through the Coulomb barrier:

P~ exp(-2mn); 2nn = 31.29+Z,Z,(WE_,)¥?; nin amu, E in keV

@ 31




2.1 Non-resonant Reactions:
o=n/k?y (21 +1)[T7|
I

at low energies only I=0 collisions contribute:

o=n/k2|To2 = m/k2 ——

> 5 (F,G:Coulomb functions)

0 0

With asymptotic values (Abramowitz-Stegun):
c ~ 1/E exp(-2nn)

Where n=2,Z,e%/(hv) Sommerfeld parameter

EBSS MSU 2011



To eliminate the strong energy
dependence, one takes out the trivial
factors : e2™/E and defines a new
parameter S (S-Factor) which contains
the “non-trivial’ energy dependence:

5=S(E)/E e(-2m)

S(E)=0c E et

! EBSS MSU 2011
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SSSSSSSSSSS

With S(E) one can rewrite <cVv>:

3
<ov>=(— 2 (L )3[s(EYexp(-E/KT-b/EL2) dE
Tl KT

argument of the exponent:

MAXWELL - BOLTZMANN
DISTRIBUTION
o exp (-E/KT)

GAMOW PEAK

— couu.ma BARRIER
exp [-VEGIE)

RELATIVE PROBABILITY

D
_/// % //////// P

kT  ENERGY




Maximum of the argument at Ej:

E,=(bKT/2)23 with b=(2u)¥2 1e2Z,Z,/#

or

E,=1.22( Z;Z2uTHY [keV]] Gamow peak

T,: temperature in 106 K

! EBSS MSU 2011



Example of Gamow window values

T.=15K T=15x106 K

System E, [keV] A [keV] T
3He + 3He 21 12.1 49.7

p +12C 24 12.8 55.4

o+ 12C 56 19.6 130.2
160 + 160 237 40.4 550.9

EBSS MSU 2011
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From C. Angulo
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Example: reactions in the CNO cyc|e

ANL-P-22,521

CNO - Cycle
150
21 10 ;l[ \ T=10"K
ETY TN e p= 100g/cm
14.3m
2x10° y
43x10 ;I[ \ /I[
11 10 y
120 130

reaction times long compared to 7

-=>Nuclear reactions occur on stable nuclel

EBSS MSU 2011
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Increasing the temperature By a factor of 10:

ol o O("Y
g ",‘3'1
140 150
/N
2.9m
(p,Y) B+
3.2h
- _ 4n8
13N\ 14N (p )15N T=10"K
143m
0268
129m
32m
12 13C

Reaction times are comparable to decay times.

-> unstable nuclei become part of the reaction network

EBSS MSU 2011
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2.2 Resonance Reactions

——> |;‘>

PROJECTILE X
TARGET A

PROJECTILE X
ER G

|’ TARGET A
Q.- VALUE

'/
> Q

EXCITED STATE E,

FINAL STATE

OF COMPOUND NUCLEUS  OF COMPOUND
B ( RESONANCE)

NUCLEUS B

COMPOUND
NUCLEUS

41




Sy

Breit-Wigner shape

Gresonance )

5. = 7T 2J +1 LT,
T2 (23, +1)(23, +1) (E-E,)*+(T/2)°

J: spin of the resonance
J 1 ,: spin of the particles in the entrance channel
K: wave number

" ; + widths (decay probabilities) in the entrance or exit
channel

E. . resonance energy

oss wsozo 1+ tOtAI Width (41 6+..)

42




4

MAXWELL- BOLTZMANN
DISTRIBUTION

/ NARROW RESONANCE

l

WIDTH M<< ER

RELATIVE PROBABILITY

: =
ER ENERGY E

<GV>= H)W( )3/2 jGBWEeXp( E/KT) dE
7w

<GV>= H)W( ) 32 E, exp(- E/kT)j gy (E) dE
KT

EBSS MSU 2011



[ sew(E) dE :% o'\, 1/(T'/2)

=222 2 Ly
I
=2m%/k? my

Y. resonance strength

) EBSS MSU 2011



<csv>:2H7Z )32 1?2 vy exp(-E/KT)
ukT

For several non-overlapping resonances:

27T
KT )32 12 wy; exp(-Ei/KT)

<oV>=(

High rates for:
1. Large oy

2. low resonance energies E;

EBSS MSU 2011
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What are the important levels in the compound
nucleus (18Ne)? Example: 14O(a,p)’F

spin-parity selection rules, e.qg.
140 + au 0+, 1-, 2+,3..
E(5/2%) + p(1/2Y). 2+,3%,1°,2,..

Angular momentum barrier:
V. =Z,Z,e%IR +h? 1(1+1)/(2uR?)
—>tunneling inhibited for higher |

preference for 1=0 transitions




Reactlons on the surface of a neutron star




X-ray bursts

KS 1731-260
normal H, He star D=23 kly
period: hours-100d .
distance~ 103- 1AU
donor star ~1.5Mg
radius ~ 10 km

. gl p~ 10814 g/cm?
- accretion disk. T~10" K

neutron star

accumulation rate
~108-10-10 My ly

(50-0.5 kg/cm?/s)
~200 MeV/u



X-ray Bursts

ANS (HXX)c1 sec (1.3 -7 keV)

100~  ANS(HXX) Observation of .
X-RayBurst from «~repetition rate hours-days
gl NGC 6624(3Ui820-30)
eduration of ~10 sec
60
*E=10% erg/s (sun 103 erg/s)
401
20}
10 ﬂWﬁ
0 | : | : | . | . |
09'49"00° 09"49™20° 09" 49" 40° 09"50" 00° 09" 50" 20° ol | S | 4 ! e
= SF‘AL}EGH#&FT EBi 3
1025— \ . —';
10 3

58200 58250 58300 58350 58400 58450
UNIVERSAL TIME




Network calculations for x-ray bursts

@ temperature:

@ energy production:

56Ni(p,y)5’Cu

FHHHLE =
G ~ b
Fo28) [ T I
i SN
v (LT il T,,(*°Ni)=6.1d
so(21) 2
rf%g’-['f u o
Ar (18) | S b=
E ann Waiting Pt.  Temperature
s ] i B i P
g P f , J—" B 14 "
2 Aon PN - # 140 0.12-0.16 GK
= Wi T * —# 0 0.17-0.20 GK
2 F8) 1
g o® . —M %%si 0.3-1.0GK
e 5 —® %A 10-12GK
Be (4)
o ' — %8Ni 1.3-2.0GK
\
|2
. neutron number ———»

M. Wiescher et al.




What are the observables?

a) Time dependence of the luminosity

. MXB 1636-53 MXB 1728-34 MXB 1735-44 'MXB 1743-29 MXB 1906+ 00
M | 1 1 I I 1 | 1 ] 1 1 I 1 L T 1 i 1 I ]
1.3-3 keV 407 15— 10 6 - 10

counts per i
045 20

- 5

3-6 keV ”% 60+

counts per o
04s 904

_ 20

6-12 keV 60 y

counts per | 60'_‘
08s 204

20 1A

0 -
19-27 keV

counts per ©
0.8s 5

8-19 keV 60+
counts per | 60
08s m”wx[l o~

EBSS MSU 2011



5-10 keV Cts s™

Observables cnt’d:

multiplets
= ' ' | ' ' '16'
- EXO 0748-676
40 - XMM Rev. 693
82 by
305 4 17 23
12 13 - 20 o
20_ 14 . "
10 15 19
0 £ e ngww e e
15 20 25 30 35
Hours of 2003/09/21

EBSS MSU 2011

L. Boirin et al.,
A&A 2007
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Observables cnt’d:
‘aging’ effects in X-ray bursts

~30FT mmama
w = o .
-
£ 20 F
2 : 3
5 1°F
(e)] - T PP P
o 10 5 10 15
i Observations
in 1997-98
§ 2 "W, and in 2000
E n N s B i
0 50 100 150

Time (s)

EBSS MSU 2011

Galloway et al.,
ApJ 601,466(2004)
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Observables cnt’d:

Energy shift of Fe- absorptlon line (|on|zat|on)

fm ¥ EXQ Q74B-678
= 3 Enely Bursi Phosss ]
d @ i
4] | I ) n b H
] I L | HiftRLILE IR | LB TEL
[ r" ll i '.] ‘||I I I" . |.#I | | -
| | ¢ l“l ) [ig 'R
i =L :|.-|; § 'al:q I [ L. .
[ (TR
i =Newton FRES | |
BB ER
m : - . = S Lobe Burgl Proses E
o D004 A £ : Lo o~ E
?&: E ET!. o L e 5 oo Pz §
e " [0 [b03 E oo T = —=
= u =
.\-\"L'.\l-\. ‘ | = l.| | | | 'Il §
£ poo2 il || il e A i =
£ [ b Al e T il A1 A 3
8 | WL g y
000t i
0. GOg L i L .
1o 12 20 32
Wowelength (L)

Cottam et al. {2002) - Strong gravitational redshifts!

Nature 420, 51
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Observables cnt’d:
Long (‘super’) bursts

| IIIL
1.0x10%F ]
: 40 1oR0—0 1 Nuclear reactions
3.0x10% 1 deeper inside the
; i ] neutron star
. ~ 3hrs i
45 | -
g 2.0x10%F T ' ]
[ i i
_____________ o ]
1.ox10*F h
: 41 1636—-53 i
: h Strohmayer & Brown
ﬂ: 1 1 1 IIIII| 1 1 1 IIIII| 1 1 1 IIIII| 1 h i | | 1] : ApJ 566’ 1045(2002)
1 10 l'DD_ _ 1000 10000
Time {s)
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-
X-ray bursts and Nuclear Physics

Typical rp-process reaction network e
Ga (31)
Zn (30)

Cu (29)

Ni (28)

Co (27)

Fe (26)

Mn (25)

Cr (24)

V (23)

Ti (22)

Sc (21)

Ca (20)

K (19)

Ar (18)

Cl (17)
S (16)

P (15)
Si (14)

Need:
*Proof of particle stability
emasses
Li (3) T +
H|(4le) 2 \ 12(B%)
n (0) *Cross sections

EBSS MSU 2011
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Theoretical treatment of X-ray bursts

E,/mc?=GM,s/(RysC?) ~ 0.2
*Relativistic treatment
*Three-dimensional
*Rotations

*Turbulences
«Sedimentation

*Ashes’ (e.g. 12C) can burn
as well

Magnetic fields

FLASH Center ANL

EBSS MSU 2011
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EEI
I
Which reactions have been measured? e
Ge |
| IG"-' ThhiIl
£n
Cu N %
| 7.
Ceo i
| Direct measurement Fe| 707
. er [ W%
| Indirect measurement . 7
. . L Se
= Under investigation co -
Ar | . 12 3
cL |
5 || g Zi 2e 30
T e i 2. 928
5
) e
mg | 7 22
" :
e[ ] 7 18 20
F o
0 o 16
M
C 14
B
Be % 12
Li 10
He L1 ®
H
L

EBSS MSU 2011
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-
X-ray bursts and Nuclear Physics

Typical rp-process reaction network As (33)

Need:

*Proof of particle stability

(a,p) / *Masses

B+ decay \, *T.,(B")

*Cross sections

EBSS MSU 2011
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(p,7) reactions

= Center of activities with radioactive beams
= Mainly resonant
= Example %!Na(p,y)**Mg (TRIUMF)

S. Bishop et al. PRL90, 162501(2003)
J. d’Auria et al. PRC69, 065803(2004)

! EBSS MSU 2011



Ec.m(MeV) e
1.101 @)
+
0.821 L
0.738 il i)
+
0.538 - _0
0.454 Ol )
0.329 @-4)
+
0.206 .
5.508 MeV
21Na+ p (2*,37,4%)
(2%,37)
_— -
-1 -
O+

EBSS MSU ____

Ex(MeV)

6.609
6.587

6.329

6.246

6.046
5.962

5.837
5.714

5.455

5.204

0.2

1.5

0.4

Gamow windows
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Need 200-900 keV 2!Na (T,,=22.8 s) beams and hydrogen gas target
Reaction studied as: p(**Na,??Mg)y

INa vy
o Gos Target
— Snirlic Facal Plgne &
FC4 360 Ay
2502
DRAGON @ o
BCM W Focal Plang M
Q = quadnipele Iiss Slits

MD = mognefic dipoie
B0 = elecme dpoke 59
8¢ = sawupale o
F& = Famday cup QO

BCM = beam rmanitor £
S =homonsal & verical steser

EBSS MSU 2011
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17.15 cm

|

Photomultiplier Tube.

;;;;;;;;

£
]
wn
Q
—
=

and Recoils

Aluminum Collimators

EBSS MSU 2011
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¥ Energy (MeV)

Counts
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s ]
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25
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“Na(p,»Y*Mg
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] 1 e

g : &

= 1
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[ (c)
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i

B =
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O

1ol b onodon N rimaon
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Recoil TOF (us)

== k3 W & D OO o~ O

o
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Recoil Energy (MeV)
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Mean Z-position (cm)

64



EEMQ/(TOTE)
=T L - T -

oy = 556 £ 77 meV
E....IMeV| M) E, [MeV] 7 %

ax10™" -
1.108 & 509 5 B
= [Tk +
£ T T il
0.821 6.323 E ; 1
0.747 6.248 S 210"+ ]
0.545 Ol 6.048 o ] 2 .
0.451 5.962 a -
.- = 110" 4 * I'=16 kev "
0.336 5.837 |
24+ T
0.212 5714
3 "
@ - 5.5015 Ve | L S —
ZNag + p (22,3 341} |5 485 B20 830 B840 850 860 870 880 890

3;2' 1
beam enerqy [keV/u]

wy = 1.03 £ 0.21 meV

1

™ E, = 205.7 % 0.5 keV
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Conversion from cross section to reaction rate
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Other Recoil Separators for Astrophysics

DRAGON at TRIUMF ISAC
Used to measure 2*Na(p,y)?°Mg

ARES at Louvain-la-Neuve
Used to measure 1°Ne(p,y)?°Na

I Xl LY e et i
DRS at ORNL HRIBF
Used to mease17F(p,y)18Ne

FMA at ANL ATLAS
Used to measure 18F(p,y)1°Ne

Future: SECAR at NSCL
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Nuclei involved in Astrophysics

m Stable

m Experniment
W Mass Formula
M proton drip

m neutron drip

N

L40
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Coulomb barrier too high for charged-particle reactions
=>reactions involving neutrons

from the mass distributions: at least two processes

slow neutron capture (s-process)

rapid neutron capture (r-process)



ABUNDANCE RELA%WE TO SILICON = 10°
I
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Where does nature produce neutrons in stars?

Charged-particle reactions
13C(a,n)1%0 Q=2.216 MeV  (but 12C(a,n)*>0 Q=-8.508)
22Ne(a,n)Mg Q=-0.480 MeV A

1 Z=odd

T ¥

Cross sections for neutron capture
reactions are usually quite large.
(100-5000 mb)

Shell effects!

Maxwellian - Averaged Cross Section (mb)

+ measurement
« calculation

EBSS MSU 2011 . 100
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Nuclei involved in Astrophysics

m Stable

m Experniment
W Mass Formula
M proton drip
m neutron drip

S-process
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What neutron flux is needed?

Rate equation for a nucleus A with respect to n-
capture:

AN (D)= -NA(D)/7 5 it
dN,
dt

l.e. NAN <cv>=-dN ,/dt

IS the rate at which A Is converted into A+1,

T, N =1/<cv>

! EBSS MSU 2011
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Gy, ~1/V = <cv> ~ constant

o~ 100 mb, v ~ 108 cm/sec

TN, ~ 10%" s neutrons/cm?

To have capture times <10y (=ne108 s)

N,, > 3x108 neutrons/cms3 (s-process)

T EBSS MSU 2011
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Nucler with small o, (€.g. closed shell nuclei)
have a large T and form a ‘bottleneck’
resulting in the s process abundar]{:e peaks.

i

T ™
-
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[aae

What causes the second peaks?

T mv—— T
i i e e .

ABUNDANCE RELA%NE TO SILICON = 10°
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T 1
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b Ul

1\ \
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The other peaks In the abundance spectra
are shifted downward In mass, but can be
explained with a similar mechanism: rapid
capture of neutrons.
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For this to happen the n capture has to occur on
a much faster time scale: t,~ ms

With TN, ~ 107 -

N, ~10%°n/cm?3

At which astrophysical sites do we have these
neutron densities?

! EBSS MSU 2011
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Where can we get these high neutron densities?

Neutron star mergers core-collaps supernovae

Price and Rosswog

e Site of the r-process is unknown

* Properties of nuclei in the r-process path are unknown
(half-lives, masses, n-capture cross sections..)

EBSS MSU 2011
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ETFSI-Q, NON—SMOKER rates, ADMC 2003, QRPA(GT+ff)
1i.F:!:‘_m= 7500 Km/s, Ye= 045, superposition of 5 entropy sequences
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Basis for detailed astrophysical parameter studies
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For the r-process path we need masses of neutron-rich nuclei

_I ) ) ) ) ) ) ) ) ) I ) ) ) ) ) ) ) ) ) I ) ) ) ) ) ) ) ) ) I.-“l"---l o

stable GSI /
100 £ indirect ESR-SMS . -
- ESR-IMS proton dripline ... 9
- (FRDMO5) - ]
- GANIL " SHIPTRAP . .PSEEEEE B .
80 F| - SPEG -
F| - CSS2 e - ]
60 £| ISOLDE e :
N . MISTRAL SRR © neutron dripline
C |* ISOLTRAP| % e — (FRDM95) 3
40 F -
- s T Other Penning traps :
20 F tadims = CPT (ANL) 3
: L‘ LEBIT (MSU) E
: _,T T = JYFLTRAP ]
O -_l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 I_-

0 o0 100 150
EBSS MSU 2011 Lunney, NIC-1X, 2006

N 87



relative uncertainty

See: Lunney, Pearson & Thibault, Rev. Mod. Phys. 75 (2003) 1021
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Most accurate mass measurements with Penning traps
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How a Penning trap works -1

« constant axial magnetic field

 particle orbits in horizontal
plane

y)

 free to escape axially

f_i’!.{{\.k EBSS MSU 2011
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How a Penning trap works-2

B

Add an axial harmonic vV 2
potential to confine V=—2 )
particles: 2d 2
‘ EBSS MSU 2011
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Motion of Ions in a Penning trap

Solve for equations of motion:

F =q(E +V x B)

Axial oscillations:

. eV
’ md?
Radial motion:
2 2
wi=214 |Le Y
2 4 2

magnetron (-} reduced cyclolron (+)

picture from http://isoltrap.web.cern.ch/isoltrap/

EBSS MSU 2011
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Penning trap mass spectrometry

MCP o TOF
2F=F, Detection
t Sample TOF spectrum

VB#0 Linear P :
Ener 551

Magnetic gy o i

field lines 2

outside 2 45

the ol

Penning

trap _ 35_20 P ; : —

VB = O Orbltal Applied Frequency - 1328698.54 Hz
Energy

lons from the Penning trap
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Need information of n-rich nuclei in the r-process path

T1/2, masses, n-capture rates
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RIKEN 2010 A very active field — stay tuned!
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Nuclear Physics in Astrophysics

Stable | 20 :30 z
Experiment .
Mass Formula
proton drip

neutron drip 60
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