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Energia del Sol y las estrellas

El Sol.

Mg =2 %10 g =10 atomos H

Po =4 %10 W=2 x10* MeVs!

JEnergia O _105 ag
quimica? mm) T, ~10° aiios

JEnergia mm) T ~10 afios
gravitatoria?



Abundancia de elementos en el Sistema Solar
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Abundancia D energia de ligadura (defecto de masa) nuclear




Energia nuclear

* Rutherford (Cavendish, 1919):

primera reaccion nuclear observada O + N - p+ X

reacciones * generacion de energia
nucleares o

transmutacion de elementos

* Eddington (Gales, 1920):

“What is possible in the Cavendish Laboratory
may not be too difficult in the sun”



1948: 1™ conexion entre la fisica nuclear y la astronomia

R.A. Alpher,
H. Bethe &

G. Gamow:

“The individual abundances of

various nuclear species must

depend not so much on the values

of their intrinsic stabilities (mass

defects) as on the values of their
neutron capture cross sections.
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The Board of Editors doss mol hold idself respourible for the
afimions exprested by the corresposdenls, Comemumicodions
showld wol exceed GO words dw lewpik,

The Origin of Chemical Elements
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AS pointed out by one of ua? various nocler species
st have afiginated not 38 the result of an equilib-
rium corresponding o a certaln temperatisre and denainy,
it ratder ad a cofsequince ol a coatinuous buildieg-up
process armested by a rapid expansion asd cooling of the
[winiﬂh!i.it MELLEr. .ﬂul'l'.ﬂrﬂiq iy this pictane, we must
nskgane the excly stage of maties an o Wghly compresssd
neutron gas (overheated neurrl nuclesr Auid) which
started decaying into prodons and electrons when the g
pressire lell down as the reiult of universal expansion. The
radiative captare of the still remaining neotroms by the
newly formed protons must hawve led first to the ferma ticn
of deumerium muched, and the mulisegquut neutren ciptures
resulted in the building up of heavier and beavier nuch, [<
st b reeembered that, dus to the comparatively sbort
time allowed for this prooess ) the building up of heavier
muchei roust have prooeeded just abowve the npper fringe of
the stable clements (short-Fved Fermi slements), and the
present frequency distribution of various atomis speckes
wat atkained only soonewbat later as the resslt of wdjust-
ment o thedr ebectric charges by g-demy.

Thua the chmrvid slege of the abumsdance curve must
mok b related 30 the thengeratace of the oragical St

sina process. Also, the individual abusdances of various
nuclear species must depend not so much on their intrinsc
stabiliiies (mass defpris) as oo the waloes J their nemtron

B o —eon) imidoe 238 (1)

where ny and o see the relative umbess and capries coms
siiror for the nisches of atomic weight £, and where f{t)isa
Factor cheracterizing the decrmme of the density with tinse

VOLUME T3, NUNMBER 7

APRLIL 1, 19d%

We may remark at finst that the building-up process was
apparestly compheted when the temporatisne of the neutron
wan was abll rather Bigh, sincf otherwise the obeerasd
abriandances would have been strongly afected by the
resonances in the region of the slow aegtrone. According o
Hughes® the neutron capture oo sections of various
elements (for newtron energies of about | Mev) increase
expensntzlly with anemie namber hallway up v pedodic
system, remaining approximately constant for heawier
benA e

Dafng thess cross sectloms, oo fleds by [ntegrating
Ega (1) & abown o Fig. 1 thar the relative abundances of
variois ncheir spockes decrease rapidly for che BEghier
edements and remain approximately comstant for the efe-
meents heavier thas silbver.. In order to Gt the caboalated
curve with the obeerved abupdances® it b pecessary to
assume the ntegral of gl dusing the bullding-ap period Is
squal 1o 531 g sen fem?.

On the ether hind, according to the relativistic theory of
the expaading Emiversy? the dessity dependence on time s
given by #1000, Since the integral of this expression
divergesat § =10, it is necessary to-sssume that the building-
up proces hegue ot o certain time by, satislying the
melation:

S vovean=ssa, @)

which gives os L= g, and p==2,5 2 10" g ec. cm". This
resiglt may have two meanings: {a} for the higher denstha
wxisting prior b that time the emperature of the neutron
gas was so high that mo sggregation was taking place, (b)
the demsity of the universs neover eecseded the valuo
2.5 107 g soc feme® which can possibly be understood if we

203



ASTROFIiSICA NUCLEAR 4-\

Astronomia: Fisica nuclear:
* mas antigua de las ciencias: * mas reciente de las ciencias:
primeras observaciones en Egipto secciones eficaces de reaccion
y América central ~ 4000 a.C. siglo XX
* mayor de las escalas: * menor de las escalas:
cimulo de galaxias ~ 10%* m particulas ~ 10" m
* : $ . l--"-

Cuamulo de galaxias Coma. Cada punto es una galaxia.



Primer modelo de 1a nucleosintesis estelar

E.M. Burbidge, G.R. Burbidge,
W.A. Fowler, F. Hoyle

“Synthesis of the Elements in
Stars”

Geoffrey R. Burbidge, E. Margaret RGVIGW Of MOdem PhySICS
Burbidge y William A. Fowler Volume 29, Number 4, October
(1957) p. 547-650.
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T~10°K
E ~1 MeV
p~105g/cm?

Nucleosintesis primordial

0<t<10%s
Plasma q-g

=

I »

=

T>102 K
E > 100 MeV
p~10"%g/cm?

t~10%s
nucleosintesis

T~10°K
E ~0,1 MeV
p~10°g/cm?

t~102s

equilibrio p-n

T~10"K
E ~10 MeV
p~10"g/cm?

t ~10" anos
actualidad

T~3K
E ~ 0,25 meV
p~10*g/cm3?



Resultado de la nucleosintesis primordial




Nucleosintesis estelar

nubes protoestrella
moleculares

Si M>0,08 M, ™ fusién de H

encendido de la combustion de hidrogeno en
combustion de hidrégeno equilibrio hidrostatico (T ~ 107 K)

=




Energias de la nucleosintesis estelar

T~10'K - kT~ 0,86 keV

pero

V.o(p-p) = 468 keV |

aT~10K (PMB(468 keV) ~ 10233

Pr(0,86 keV)

La probabilidad de hallar un proton en el sol
con energia >V, (p-p) es menor a 10777 /!

Fusion de H por debajo de la barrera

coulombiana por efecto tunel.



Distribucién Probabilidad de efecto EOT7T% A
Maxwell- tunel a través de la 5/6
Boltzmann barrera E 0 U T

[1E eEAT e \E,/E

a Ty =15 MK

p+tp E~= 6keV

P+12C E&=24keV

E/E =21Z,Z,e*/hv



Reacciones de captura

captura no resonante captura resonante

E4 E4
g _E3

|ECM |ECM |

A+a E, A+a |
Q E, Q — |k,
EI _EI

Yaunnununnunnnnnnnnnnnnnny ; Yaunnnnunnunnnnunnnnnnnnnn ;
Eo Eo



Captura no resonante

seccion eficaz S(E)
(escala log.)

a E<<E_
O(E) = T\%e2"MS(E)

Mediciones r] = lezez/ (hV) es el
parametro de Sommerfeld.

factor S(E)
(escala lin.)

|
/ Extrapolacion S(E) es el factor astrofisico
""""" E (contiene todos los factores
' estrictamente nucleares).

Energia

<ogv> [] TlEKT-2/3)
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Captura resonante

Distribucion de (L)y2
Maxwell-
Boltzmann

WY,

<ov> 0 2. wy, e Bk




Captura resonante por debajo del umbral




Cadena proton — proton
4p - ‘He + 2e" + 2v + 26,73 MeV

p(p,evV)d - p(pe,v)d

|
d(p.y)’He
507 ! 14%: ‘He(d,y)’Be

1 14% . 0,02%

SHe(*He,2p)*‘He v v
Be(e,V)’Li Be(p,Y)’B

p-pI ! |
Q,.~26,20 MeV Li(p,0)‘He SB(e*V)*Be"

pérdida 2,0 %

p—pli 1
Q.=25,66 MeV SBe"(a)*He
vérdida 4,0 %

p—pIll

Q.~19,17 MeV
pérdida 28,3 %




captura electronica:
p(pe,v)d

Emision de neutrinos

"Be(e,V)’Li

Be

90%

10%

Li

478 keV
0

decaimiento [3*:
p(p,e'v)d

‘B(e*Vv)*Be”

B

2900 keV
0

Be



Espectro de neutrinos solares

: Chlorine

I Gallium
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Diagrama de Hertzprung-Russell
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Ciclo Ne — Na




Cadena Mg — Al




Expulsion de *°Al2 al medio interestelar y su decaimiento

Estrellas masivas
M~40-100 M)
en etapa de Wolf-Rayet:
expulsan 10 Mg de 2°Al

26A] en el medio interestelar:

emite su rayo Y caracteristico
de 1809 keV

Q.. = 4004.05




Telescopio de rayos YCOMPTEL

 Imaging Compton Telescope
COMF‘TEL




Mapa de la emision de rayos y de 1.809 MeV de
la galaxia, tomado por el telescopio COMPTEL.
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Combustion de He

aA+0+0d o *Be+d « 2C* - 2C+y

T

t1010%s mmp €, [] 7%

2C(a,y)°0(a,y)*Ne (a,y)**Mg

Proceso triple d: unico puente para pasar
el intervalo de instabilidad A=5 y A=8

2C* (estado excitado en 7,68 MeV) :
predicho por Hoyle para poder explicar la abundancia de >C en el Universo

astronomia ‘ fisica nuclear




Diagrama de Hertzprung-Russell
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0 1737 g*] ©

"Be - "EQUILIBRIUM”

[ SUFFICIENT "Be
OUE TO SMALL

MASS DIFFERENCES )

“Be
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“CREATION” OF 'C
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“SURVIVAL" OF '“C

{OUE TO LACK OF
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BUT "0 PRODUCED
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RESOMANCES ]

Combustion de He
en gigantes rojas

Fo 23 SN,
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Combustion de C
(
20Ne + O

T~05GK: 12C 4 12(C

Z
o>
+
=

Combustion de Si

T ~3 GK:

28Si(a,Y)*2S (aLY)Ar (a,Y)...5%Fe (a,y)*Ni



Estrella masiva en estado avanzado de combustion

: i ¥
Si->Fe,Ni n

7.0




Supernova tipo II: nucleo colapsante

e bured Gravitational Supernova

Core Collapse J/Shurlu. Wave

Y
— ' ,,""-

=

)<=

£ - =

Shock Region f\.?(
Explosive Nucleosymthesi

Proto-MNewbrofn SE
MNeuwtrino Heating
of Shock Region from Inside




Produccion de elementos mas pesados que el hierro
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Supernova 1994D
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Sintesis de 1a nucleosintesis
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astrofisica nuclear experimental

-

reacciones nucleares a muy bajas energias (centenas de keV)

-

medicion de secciones eficaces en extremo pequenas (decenas de pico-barn!)

Métodos de medicion

*Deteccion on-line de rayos y

*M¢étodo integrado midiendo la actividad y
*Método integrado contando atomos con AMS
*Analisis de las particulas de retroceso
*Reacciones con haces radioactivos

*Actividad de material terrestre

*Actividad de material extraterrestre

*Caballo de Troya



Deteccion on-line de rayos Yy

-E

reaccion: A(a,B

acelerador

rayoy
de desexcitacion
(prompt) del nucleo

compuesto “B*”

haz de
proyectiles “a”

blanco “A4”



Energia

reaccion A(a,YB :

Deteccion on-line de rayos Yy

A+ a

ECM

>

BI:I

3
<

DY
L




E (keV)

Deteccion on-line de rayos Yy 2 1759

Ej:
“Mg(p,y)*Al
E. **=317 keV 3 417

E.=6610 keV 0 228

1* 1058

Energia

G7-—0 _
1058 — 228 .
= 1759 — 417
913 070 | 41912545

| R — 4191
LN 2070 -(155.' ‘ R— 3160
!
\ ‘ ! |=< 2913
1
'|l‘“"‘x

| R=4L547 2070

2365 R=1759 ==

-—'3596

35
s5— 2070 y —
R u'gs R-3750 R- 365

ol 2070 | U "“L‘ng R= NBJL i—_r—j T}
2565 =2
R~ 539:. ‘N\*‘w I L’)JNJ I |
A Tt “'-h‘ Mﬁl
: \ a‘

R=2545
491 =417 R=2661




Deteccion on-line de rayos Yy

-}

rayos Yinducidos por
rayos cosmicos

reaccion: A(a,YB

S
e
=
<
=
P
p—
L
>
<

haz de
proyectiles “a”

blanco A rayo yde B*




Meétodo integrado midiendo la actividad y

blanco de Mg
511 keV

~10° atomos 511 keV

de 20A 18 26 A Jm

formados decaeen 6 s

1809 keV
26 Alg
N=-AN-= (10°a)' 105 atomos
1809

=1 decaimiento / década

€E=1%

¥

un evento detectado por milenio



Metodo integrado contando atomos con AMS

21
blanco de*Mg
511 keV
~10° atomos 511 keV
de 20A 18 26 A Jm
formados decaeen 6 s

se elimina el

Mg
/ a niveles de ppm

muestra con

27A] +26Al

se agregan ~100 pg
(10" atomos) de

27Al

Droceso quimico

-
]
| catodo para la
fuente de iones

Medicion de la concentracion
26A1/Al (~ 10'5) mediante la

técnica AMS tandem

Acelerador




iman
i“yy 3 dfeu;eonn/t:_s\muestm Conteo de atomos mediante

seleccion
de masa

Espectrometria de Masas
pre-aceleracién con Aceleradores (AMS

2A10-/ 7Al1O-

disociacion
molecular
folia de
carbono - terminal de alta tension:
(stripper) 12,5 MV /12,0 MV
eliminacion de D .
. . identificacion
interferencias
[ COE separacion
detect de isobaros
etecrtor
] .y gaseoso
seteccion miiltiple-AE \
filtro de de p/ q 26Mg
Wien 26 Al
26Al7+/ 27Al7+
inan iman
analizador copa de con gas

Faraday



iman
inyector

pre-aceleracion

terminal de
alta tension ™

filtro de
Wien

iman
analizador

12C-

fuente de
iones

reaccion

eliminacion
de °C

reduccion
de B3C

13N3+

TH(**C,y)"°N en stripper

y analisis de la particula
de retroceso

(e*v)

®Y

detector
gaseoso

AE-E



reaccion en cinematica inversa:

* reaccion a baja energia

E(2C) = 2,7 MeV <> E™ = 206 keV

* alta energia para la discriminacion



Origen de los nucleos 2 >C en el universo

* Nucleosintesis 2urante el Big Bang

* Nucleosintesis estelar



Otros caminos posibles 12C
nara la sintesis de 2C

\ 4

reacciones con
nucleos radioactivos

HHI—I IHV—II

H\m@ H‘unlﬂml }

“\—”

/
— —

N
=
@

H ’H




Magnet Spacifications:
&0 cm ooil length
30 cm bore

Max Figkl: & Tasla

Lollpop
Slop

WMid Chambar and
Emsqu r Painl

Proyecto RIBRAS (Radioactive Ions Brasil)

Prduction Tamet: 12 u ®Be foil

TLii?pe BLiPBe

“Li(®pa "He)'"B

Production
Tarngai
Charmber

COiphonal TOF Stop (1)
KICP, AE, PRPAC,
Erergy Cegaders

Bl 0l

Enfrance Aperiures
& Faraday Cup

o metars




reacciones

Reacciones con haces radiactivos

de

acelerador

[ haz ’

primario =
Li, 30 MeV I I blanco

secundario
blanco

primario
de °Be



Radioactividad en la Tierra:
0Fe producido en una Supernova cercana







Radionucleidos en el Meteorito acondrito de Rio IV

TH
ANTIC
E.

Argentina

ational boundary
Falklond Islands
[Izlas Malvings)




Viaje en el Espacio

asteroides, meteoroides

s : madre)

meteoros cruzando

RAYOS COSMICOS
(induce reacciones tiempo de
nucleares en el exposicion

la orbita terrestre \ cuerpo del meteorito)

l

meteoroides capturados
por la Tierra

‘ fiempo

terrestre

Laboratorio
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Conteo de atomos con AMS

Viemma BErvironental Research Aocodleratar

Cs-Beam Sputter
Source for
Negative lones
(40 samples)

+3MV Tandem Accelerator
(o
U o »

Injection Stripper foil /
Magnet (disocciates molecules) Analyzing

(switches “°Al/%7Al) Magnet

(selects AL /7ARY) el s
>
L1 >

o Electrostatic
4 Analyzer
C
vy
2 4

012344

|— R/
L_IE N
:I

Energy Detector <

A1/2TAL ~ 107!

Munich Tandem Accelerator

6. Isobar separation and counting

N

delector —3
3. charge IBCYT | 36C] T (3657+) .
selection ~ [ o
{r/'; i Ill
\ gus-Nilled magnel
g - 0 94" analyzing magnet

elimination ~| e
I \ Wicn filter

14MY MP Tandem

3. Molecules |
dizsociation

- stripper toil
7 137125 MV

J
3I3CI™ 1 3CT (%S7)

+— 18" electrostatic deflection
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Resultados

*Radio preatmosférico: 50 — 60 cm

*Posicion de 1a muestra: 28 — 37 cm

‘Edad terrestre 260 — 310 ka



Caballo de Troya
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Reaccion de a + 2C en gigantes rojas
Reaccion de interés

IZC(a,y)16O

Reaccion sustituta
12C(160,12C)16O
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Transferencia de alfa y determinacion de

factores espectroscopicos subumbrales del
roceso O + 2C de interés astrofisico

inelastico

/_. 12C(160,160*)12C

transferencia
12C(16O IZC) 16()>X<




Factores espectroscopicos subumbrales del proceso a + >C
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