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Decays in a stellar plasma

1.1 Gamma-ray transitions

In a hot plasma, excited states in a given nucleus are thermally populated through photon absorption, Coulomb
excitations by surrounding ions, inelastic particle scattering or other mechanisms. The time scale for excitation
and de-excitation is much shorter than stellar hydrodynamics time scales. Contrary to lab investigations where
decaying or reacting nuclei are in their ground state, these excited states will play an important role in stellar
decays or reactions. At thermal equilibrium the probability for populating a given state u can be obtained as:

N Sy
P = H_ u g=2j+1 being j the spin of the state u
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The decay of 26Al represents a clear example of the role of excited states in the
nuclear media. This nucleus is though to be produced In type Il supernovae
during the explosive carbon and neon burning phases. This nucleus decaysto =t 2
the first excited state (1809 keV) in 2Mg. The observation of this gamma ray in \
several y-ray telescopes as COMPTEL aboard the Gamma Ray Observatory is |
a major prove for nucleosynthesis processes in the Universe.

E, flsV) o

Since the first excited state in 26Al is an isomer decaying to the ground state in
26Mg, the observed intensities of 1809 keV y-rays can only be transformed in
nucleosynthesis rate of 25Al if one takes into consideration the populations of the
different excited states in 25Al, and in particular the isomeric state.
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Decays In a stellar plasma

1.2 Weak interactions

B-decay:

In a hot plasma, excited states in a parent nucleus are thermally @)  Laboratory (5 Stellar plasma
populated and may also undergo B-decay transitions to the N -

daughter nucleus. Even stable nuclei may undergo a b-decay in L . 1ﬁfﬁ*-—r—- .
the stellar medium. The total B-decay rate will be given by the g B X t
weighted sum of the individual transition rates A; according to: * E'““H-T o

/Iﬂ Z Z/I The sum over | and j runs over the parent and daughter
i j states and Pi can be obtained from the previous equation. S

(Al (s)

Under these conditions, 3-decay becomes temperature dependent by also
density dependent at sufficiently large values of density when the electron = |
gas is degenerate, limiting the number of final states available for

the electron emission.

(INER | i1
Temperature [(GK]

Temperature dependence

of the decay rate_of 26Al
José Benlliure
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Decays In a stellar plasma

1.2 Weak interactions

Electron capture:

At the temperature typical of the stellar interior most nuclei posses few, if any, bound electrons. Being their
decay constant for bound electron capture very small. However, and due to the density of free electrons in
the stellar medium, nuclei can decay through the capture of free electrons. The probability for this process
is proportional to the electron density and inversely proportional to the average electron velocity.

At low densities, the kinetic energies of the free electrons are usually small. At very high densities, however,
the (Fermi) energy of the degenerate electrons may become sufficiently large to cause nuclei to undergo
continuum capture of energetic electrons, even if they are stable in the laboratory.

Pair production:
At high temperatures pair production can become and effective process. Then positron capture should be

considered in addition to the continuum electron capture.

Neutrino energy loss mechanism:

This mechanism known as Urca process becomes important at high temperatures and densities and consists
of alternate electron captures and --decays involving the same pair of parent and daughter nuclei being the net
result of two subsequent decays of a neutrino anti-neutrino pair.

A - A - _\A A - _A - o
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Cross sections and reaction rates

2.1 Particle induced reactions
In the stellar medium reactions are produced by collisions of two moving particles therefore the reaction rate
(reactions per time and volume unit) will be determined by the number of colliding particles per volume unit, their
relative velocity and their interaction cross section.
Iy = NgNvo(v)

In a stellar plasma at thermodynamic equilibrium the velocity of the constituent particles follows a given
distribution. Then we can generalize the expression for the reaction rate taking into account the possibility
of having identical colliding particles as:

fo1 = NONljowVP(V)G(V)dV = NNy (ov) NoNy(ov)

_ 01
01 1+ 001)

Since nuclei in the plasma move non relativistically their relative velocities can be described by a Maxwell-
Boltzmann distribution, then:;

my, )2 2 my, )2 2E dE |m
P()dv=| 0t | M /2N gn2dy = PE)E=| % | eFk 4y R
27KT 27KT Mgy My; | 2E

The reaction rate per mol is defined as::

1/2
8 1 ek g 3.7318:10" Mg+ M,y 11,605/ 3
NA<ov>01:[ﬂmOJ (kT)S’ZI Eo(E)e E/¥TdE = = VoM j Eo(E)e sdE  (cm®mol s

. WithE gr|ven in MeV, T,=T/10% in kelvin, , M in units of u and the cross section in barn.
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Cross sections and reaction rates

2.2 Photon induced reactions

If one of the colliding particles is a photon the reaction is called photodisintegration (y+3->0+1). Considering that
Photons move with the speed of light we can write the reaction rate and the corresponding decay constant as:

0 r 0
s = N3joch(Ey)o-(Ey)dEy 2,(3) = l\i - Joch(Ey)O'(Ey)dEy

The energy distribution of photons can be obtained from the Planck’s radiation law u(E).

u(g,) 87 E?
N, (E, )E,6 = —""dE, = ’ —dE
Yy Ty e E}, e (hc)3 eEylkT _1 Ve
Then, the final expression for the decay rate will be:
8 E? ; |
T @© —
21,(3) = I ’ &(E,)dE Eee /
;/( ) h3C2 0 eE}//kT _1 ( 7/) Y [E— .'.E':I# %‘T%
¥ (= 4l 2
), ~ +1 h
In general photodisintegration are endotermic reaction, then the ﬁ-,H i, ErEosOya| N\
lower integration limit in the previous equation will be Q 5. F 11, =Bt j1 E,
L k. s |
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Cross sections and reaction rates

2.3 Abundance evolution

The rate of change of the abundance of nucleus 0 due to reactions with nucleus 1 can be expressed as:

dNOj ——1.(0)N. = — No
( 1 A4 (0)N, :(0)

dt
From these equations we obtain the following relations:

C_AMON, 1 N
BT WSy U+6y) 7(0)

= —(1+Jgy )01 = _N0N1<0V>01

-1
_ N _ 1 [ X
Tl(o) = (1+§01)r01 = N1<O'V>01 —(,0 M]_ NA<OV>01)
1 X
AO= o TN M=oy, M

The decay constant of a nucleus for destruction via particle-induced reactions depends explicitly on the stellar
density and implicitly on temperature. If a nucleus 0 can be destroyed by different reactions its total lifetime is:

1 1
0250
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Cross sections and reaction rates

2.3 Abundance evolution ] [ms] [rs] [+s] @0
The final abundance of a nucleus can be obtained taking ’_.w.u il Tom T
into account all creation and destruction mechanisms '
(reactions, 3-decays, photodisintegrations,...) [5,_1]/ [g] gl [ tep) )
i N -
dN,
dt - ZNij<OV>jk—>i +Zﬂ’ﬂ,|—>iN| +Z/17,m—>iNm
j,k | m

- [Z NN (ov) +Z/1ﬂ,i—>oNi +Z/1%HpNi}

In a realistic situation we should consider the evolution of not just one nuclide, but of several species
simultaneously. Such a system of coupled, nonlinear ordinary differential equations is called a nuclear
reaction network. Very often, equilibrium conditions together with the reciprocity theorem helps in solving

these nuclear reaction networks.
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Cross sections and reaction rates

2.4 Forward and reverse reactions

The cross sections of a forward and reverse reaction are related by the reciprocity theorem. If we consider
Reactions involving particles with rest mass 0+1->2+3 we obtain the following relation:

o501 _ (2Jo +1D)(2])1 +1) My By (1+62)
Oois2z (212 +1(2])3+1) MyEyps (1+601)

1/2 ~Eos /KT 2/3

NA<0V>01_,23 Ma3 .[o Eo 00,008 - TdE, (212 +1)(2J3 + DA+ S5g1) \ Mys

For reactions involving photons, 0+1->vy+3, we obtain these other expressions:

03501 (2Jo +D(2j; +1) myC®Ey 1

Corsys  22J3+1) 2 (1+5y)
8z (* B, (2ig+D2};+1) myc’Egy dE,
2,3 h%?do o5 2j3+D)(A+5y)  E 0173

1/2

32 0100153 01

» Mgy, (kT)=™< 7o |
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Cross sections and reaction rates

2.4 Forward and reverse reactions

Since most of the capture reactions are not only exothermic, but their E

Q values are relatively large, then the integration over the gamma 5

Energy will have as lower limit Qy, .3, this implies Ey>>kT and we may E

use the following approximation: £
eEy/kT 1~ eEy/kT

; i .. I i 8
0 1 2 3 4 5

Then we can find an analytical relation relating capture and photodisintegration:

;@ —
2,(3) _(2;;)3’2 (MoikT)™"? (2o +1)(2]1 +1) -0 a/kT - / //
— P O P S
' /

NA gy g 0] Ny (RIs D+ 00) MESSE

Ui s

For reactions involving particles and Q>0, the reverse reaction becomes importantat = o S N
sufficiently large temperatures and at small Q-values. Tamparaiuee (GK)

0.1
leading to even-even nuclei (larger Q-values). Then, the net effect of photodisintegration = .t 2§
In stellar plasmas at elevated temperatures is to convert nuclei to more stable species. = | /™~
This result will be specially important for the advanced burning stages in massive stars. " | [/ |

L] . PR A
nie ol i T
Temperaiure [GE)
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Cross sections and reaction rates

2.5 Reaction rates at elevated temperature

At elevated temperatures, reacting nuclei will be thermally excited. For a given reaction 0+1->2+3 the rate

Including thermally excited states is obtained by summing over all transitions to relevant excited states in nuclei

2 and 3, and averaging over excited states in nuclei 0 and 1. Considering 1 and 2 as light particles and neglecting

their excited states one obtains: E, /KT p>v
uovo Zﬂgoe Zv NA<OV>

* 01—23
N A<OV>01—>23 - Z PO#Z NA<°V>01_>23 - —E,, /KT
S 2., 9ok

g.s.—v

Where p and v labels for states in the target (0) and residual (3) nuclei and:  Na(ov),, . => Nalov)s >

The ralation between the reaction rates including excited states and those measured at the laboratory is:

UV
Z g, e Eo/T ZV NA(OV)o1 25
Ou 9.5V

7
* ZV N A<0V>01—>23

NA<°V>01_>23 =Ry NA<OV>01_>23 - “E,, /KT NA<OV>01—>23
Zﬂ 9o€

The relation between the forward and reverse stellar rate will be;

VoH 3/2
NA<OV>23—>01 - goﬂg1(1+523)£m01) e‘Qé‘livzslkT

Nalov)i ™", 93v92(1+001) \ Mo
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Cross sections and reaction rates

2.5 Reaction rates at elevated temperature
Summing over all final states we obtain:

* 3/2 —E,, /KT
N A<OV>23—>01 _ ( Moy ] 009:Go o~ Quis2a KT — G. Zﬂ T

* norm . = =
NA<ov>01_>23 My3 05,0363 ' 0; 0;

where we have introduced the normalized partition function G; with g;,, and E; , the statistical weigth and
excitation energy of the state « in nucleus i, and g; the statistical weigth of the ground state of nucleus i.

We can easily generalize this result by allowing excitations in nuclei 1 and 2 for reactions involving only
particles with rest mass as:

*

. . 3/2
N A<0V>23_>01 _2Jo+D2J + DA+ 0y3) (GgormGlnorm J( MoM, J g 11:605Q01-,25/Tg

NA<O'V>’;1_>23 (2J2 +1)(2.l3 +1)(1+501) GgormGsnorm M 2M3

and for reactions involving photons:

3/2
A,(3— 01) (2o +1)2j, +1) [ GEE™G™ | MM .
y _ 932 \2Jo 1 0o &1 oM, 11.605Qy, 55 /T
- —9.685.10°Tg2 0T FER G oMy ) 050
NA<OV>01—>;/3 i3 +DA+6p) | Gs 3
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Cross sections and reaction rates

2.6 Reaction rate equilibria

The net reaction rate considering forward and reverse reactions is obtained as:

r=r _r _ N0N1<OV>01—>23 . N2N3<°V>23_>01
0123 ~ 12301 (L+Sy,) (L+5,)

being the equilibrium condition (r=0):

i ; 2/3
NoNg _ (0+825) V) o5 (2), +1)(2]5 +1) GIPMGS™ ((myg o
NoN;  (L+6) ov) 2jo +D2j; +1) GLe™G ™ ( my,

23—01

while for reactions involving photons:

N0N1<6V>01_> 2
N (ov) 2\ -
3 _ 1 01-y3 _ h 1 (2 J3 +1) G3 eQ01—>73/kT
NoN;  (1+6p;) A, (3) 27 (m01k-|-)3/2 (2o +1)(2]; +1) GLomg o

This last expression is known as the Saha statistical equation.
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Cross sections and reaction rates

2.6 Reaction rate equilibria

The equilibrium condition can be generalized to several nuclei produced by subsequent ,
reactions or 3 decays. Assuming that nuclei A and B are in equilibrium and photodisintegration  a, , | |
of C is negligible, the transformation of A into C by double capture or B’ by capture plus 3 decay =ma

m = {3

Ne N, and N denote the equilibrium
A . Adn e + 1 A B g B

using the Saha equations:

3/2 ]
NB _ <OV>A—>B _ 1 lA—)B :(hZJ 1 (ZJB +1) Ggorm QA—>B/kT

NaN, B AA N, Ag_a 2 (mAakT)3/2 (ZJA+1)(2.|a +1) GnormG norm

Thus:

Ans, h2 ¥ 1 (2jg +1) Gpo™ o Qs /KT
ApsBos(Corgy) = > (Apa+ABop) = " (Agc T 4581)

ﬂ‘B—)A 27 ) (MpkT)¥? (2] +1)(2]a +1) GR™GZ™

Numerically we find:

0, Xa| Mg e Us Gg'" ~3/2,.11.605Q, 5 /T
AYa
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Cross sections and reaction rates

2.7 Nuclear energy generation

The nuclear energy generation in stars is given by the Q value of the thermonuclear reactions taking place in the
stellar medium:

. _ Qois23f01523 _ Qorsos NoN1 {0V}, g __ Qo (AN
o p p (L+5o1) p+) L dt ),

At higher temperatures also the reverse process must be considered being the net energy production:

&= £&01523 ~ 23501

The time integrated released energy if obtained from:

final

No™ Q Q
dt = — o X01523 (N,.), = 01223 (AN
Joomtt=—f 0 P @No = P (aNo),

(ANO)l _ N(i)nitial _ N(;‘inal
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Nonresonant thermonuclear reactions

3.1 Nonresonant reactions induced by charged particles

Absorption cross section of charged particles are dominated by .-} @ e w0} @ A
the 1/k?=1/E dependence term and the transmission coefficient = " — ) E
. 8 1w - 2
of the Coulomb barrier T, gl i/
I 3 b ) _ @
72- - -E L Iu':' h "F ! 5 o ,"rl‘I 13 14
Ops = kzZ(ZI +1)T ' ¢ R T R CouN ]
1=0 "L“-:l s 3 15 2 28 we 0.2 .4 B aE
ml @ r i ! e e ! @ . : . S
. MM | w
T o~expl =2 | Mz7.62|=e?m ;-00895342,z, | MM SR o
h | 2E EM;+M, 5 || 3 w R
“ a: {l}ﬂH“M;WW ” 0" r/. ’ - J
Astrophysical S-factor ]
In order to performed reliable extrapolations of the measured S (M2 Eun (M)

Cross sections at energies of astrophysical interest nuclear
Astrophysics introduces the astrophysics S-factor removing the 1/E dependence of the absorption cross sections
And the s-wave Coulomb barrier probability.

o(E) = ée‘z’mS(E)
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Nonresonant thermonuclear reactions

3.1 Nonresonant reactions induced by charged particles
With the definition of the S-factor we can write the nonresonant reaction rate as:

1/2 1/2
ﬂm01 (kT) 0 7ZmOl 0 = =

The Gamow peak:

The major contribution to the reaction rate will come from energies where the
product of the Maxwell-Boltzmann distribution and the Gamow factor is near its
maximum. This product is known as the Gamow peak and represents the relatively
narrow energy range over which most nuclear reactions occur in a stellar plasma.
The location of the maximum of the Gamow peak (E=E,) can be obtained from the
derivative of the product of these two terms:

d [ 2”\/m7012021e2 _E :ﬂzozlez\/miol 1/
TUNNELING . dE h \ 2E kT e h 2 E3/2

THROUGH 0
— COULOMB BARRIER

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

GAMOW PEAK

RELATIVE PROBABILITY

\/  wen VETE)
/ R4 2 2('m 1/3_ MM 1/3
,(//////////”ﬂ Eo = (h] (Zozlez) (201](kT)2 _0.122(23212 |v|00+ |\/1|1T92]
- 2 EY
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Nonresonant thermonuclear reactions

3.1 Nonresonant reactions induced by charged particles
The shape of the Gamow peak can be approximated by a Gaussian distribution having the maximum at E=E

- 032 e ® |
27 myo o 5 E 2EY?  E 3E, E-E, ) S
eXp| ———. | == ZLpl€" —— |=exp| — —— |=exp| ——— |exp| —
h \ 2E KT ~JEKT KT KT A2

E 16 '!I
Where the 1/e width 4 of the Gaussian is obtained from the requirement that
The second derivatives match at E,
d® (28 E) 3 1
dE? (JEKT KT | _ 2 EokT

Prooabiay [arb. urls)
=
iy
w_:_::?
F 1l
Pl
g el
%2
_E L |

D4 0B 08 1 1%
Enargy (MeV)

d? |£-on2 2
dE*\ A/2 Jeg  (A12)

Setting the last two expressions equal and solving for A gives:

1/6
A=t EKT = 0.2368[23212 A/WTQSJ (MeV)

ﬁ ot M;

Gamow peak width A (MeV)

f’_ - — .. - i
m’éEl.‘—'—-l- _'in,r -|___:£.EE
oo 0.1 i [x]
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Nonresonant thermonuclear reactions

3.1 Nonresonant reactions induced by charged particles

The nonresonant thermonuclear reaction rates can be calculated by replacing the Gamow peak with a Gaussian:
1/2 1/2
o I - P s e v =
My ) (KT) 0 Mgy ) (KT) 0 Al2

The lower integration limit can be extended to minus infinity without introducing a significant error. In that case
The value of the integral will be 7w*A/2 then:

2 A _3E, /KT
| Mo1 (KT)

Tig T = ¥
=ECCHE I
One of the most striking features of thermonuclear reaction rates is their ==~ ., i
temperature dependence that near some energy T=T, can be derived to be: ) i T g
R [ o B i -
~2)/3 = e
Nalov), =Nylov), (T/To)" z, sl
where: s el e e e e
r= 350 _ 42487 7272 MoMi 1 il ——————
KT Myo+M; Ty i | '

=
=}
=
-
-

L Temperature (GK
Astrofisica Nuclear, Tema 4 . Joge Benlliure



Nonresonant thermonuclear reactions

3.2 Nonresonant reactions induced by neutrons

Neutrons that are produced in a star quickly thermalize and their velocities
are given by Maxwell-Boltzmann distributions. Altough neutron induced
reactions can lead to the emission of charged particles (e.g. n,p) in general
these are exotermic reaction being the corresponding barrier transmission
coefficients contants, then for s waves:

NEUTRON CROSS SECTION o

I
max 1 1
Oabs = k”QZ(m +1)TI ~ V =

=0 ﬁ

Considering higher order partial waves the general expression for the reaction rates of
neutrons assuming low neutron energies compared to the neutron binding energy is:

1/2
8 N o _ o _
7Moq (kT)™= Jo 0

The integrand E*12eBKT represents the stellar energy window in which most
of the nonresonant neutron-induced reactions take place. The maximun of the
Integrand occurs at E,,,=(I+1/2)kT

Probabadity [art. unils)

1

| ]
i
1o b

v

NEUTRON VELOCITY vy

reactions induced by

_ - .
[ KT=30 keV Ea
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Nonresonant thermonuclear reactions

3.2 Nonresonant reactions induced by photons
For nonresonant charged-particle emission reactions induced by photons the decay constant in terms of the

astrophysical S-factor is given by the expression:
o0 =27 00

—E,/kT € Qo153 /KT =270 o=

1,3) z.“o (Ey_Q01—>y3k "E S(Eg)dE,.S(Ep)e Sty J:) e #e En KT dE

01
Again, the integrand in this equation represents the Gamow peak centered around

eff
. B, =Eg+Qu1,,3

If we consider now reactions emitting neutrons with an energy smaller than the neutron binding energy we

obtain the following equation:
@~ [ (E,~ Qoo ™" EGAE, =[ ¢ " (E, Qo) M CE, .
"ady,m" " Gd :
In this case the energy window for (y,n) reactions will be located at 2 W} Gpya M F\
g 0rE
EST = (1 +1/2KkT +Q,,

’
Gamma-ray energy (Melf)
Jose Benlliure
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Resonant thermonuclear reactions

4.1 Narrow-resonance reaction rates

Possible resonances is the reaction cross sections could have an important _ mesoum
impact on the reaction rates. If we consider narrow resonances (I" less than 5l
few keV). Isolated resonances can be described by the Breit-Wigner formula: NARROw

22 (21 +1)(A+Syp) I,
4z (2Jo+1)(2j1+1) (E-E, ) +T2/4

BROAD RESONAMCE
SHOWING INTERFERENCE
EFFECTS WITH HCH

RESORANT PROCESS

NOM - RESOMANT

iefalil CHARGED

wypa Moy

ogw (E) =

CROSS SECTION o (E)
(log. scalel

..w-zr'p

where ; are the spins of the target and projectile, J and E are the spin and n ;
energy of the resonance, 77 are the resonance partial widths of entrance and INTERACTION ENERGY E
exit channel and 7”is the total resonances width and. 4 =2x/k =2zh/./2myE

The reaction rate for a single narrow resonance can then be obtained as:

\J27h? ro r,T,

—E/KT
e W e dE
(mg,kT)2 “do (E-E,)*+T?%/4

1/2
8 —E/KT

where W= (2J +1)A+64,)/[(2j, +D(Aj; +1)]
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Resonant thermonuclear reactions

4.1 Narrow-resonance reaction rates

For a sufficiently narrow resonance, the Maxwell-Boltzmann factor e-E/KT and the partial widths Gi are
approximately constant over the total width of the resonance, then:

2 o )
NA<W>:NA%G—Er/kTWFan ZI réz 2 dE:NA\/%me—Er/kTszﬁ
(MoiKT) I Jo(E-E) +I°/4 (Mg kT)
The area under the resonance can be obtained as:
2 T,I, A I
[opy(E=E)=T-"Tw a2b= "oy V=3
71 I T T

The quantity wy is referred to as the resonance strength. According to these results the reaction rates depend
Only on the energy and strength of the resonance, but not on the exact shape.

If several narrow and isolated resonances contribute to the cross section, then their contributions to the reaction
rate add incoherently. Numerically one finds:

11
NA<0V>= 1.5399-10 - Z(a)y)ie_ll'605E‘/T9 (cm3mol 15 1)
Mg+M, °
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Resonant thermonuclear reactions

4.1 Narrow-resonance reaction rates

Narrow resonances in the range of effective stellar energies have a dramatic
effect on reaction rates. Therefore, it is important to locate all narrow resonances /
that could contribute. 11

—-_—:_—- -'::'Il
= -

. .G
Generally one can measure this resonances down to an energy E.;, representing § -
the smallest cross section reachable in the laboratory because of the strong R

m
o
=
+
E

B2

——l e

i
§f
reduction of the cross sections with energy due to the Coulomb barrier. —
o+ :
Then one can use indirect methods to characterize the region between E=0 and :
E=E,,-One can uses other reactions X+x to populate astrophysically important ‘ \
levels in the compound nucleus C. From the measured nuclear properties of the =
Compound levels close to the particle threshold, the resonance energies and

strengths of astrophysically relevant resonances can be estimated.
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Resonant thermonuclear reactions

4.7 Broad-resonance reaction rates

When broad resonances are present the explicit energy dependence of the cross
section is important. Let's consider the reaction 2*Mg(p,y)%Al with a broad
resonance located at different energies:

Probability {arb. usils)
=
L

a) E~=0.1MeV, T'=5KkeV inside the Gamow peak. The energy dependence of the
Maxwell-Boltzmann distribution and the reaction cross sections must be
considered. Then the reaction rates have to be calculated numerically:

5o Npoh® = _gpr Ta(E)I,(E+Q—-Ey)
Nalov) = 2r (m AkT)3/2 Io a (E—E )2 +T(E)? /4 &
01 r

Probability (afs, uninz)

where the exit channel 7} has to be calculated at the energy E,;=E;;. 5,5-E;

b) E=0.25MeV, I'=6 keV above the Gamow peak. This case had no influence in
the reaction rate for narrow resonances. However, now the product of the
Maxwell-Boltzmann distribution and the cross sections gives rise to another
maximun at low energies caused by the low-energy wing of the resonance.

Probakbility {arb. umils)

' £ EAT .
. :--\._ - | =] - |
c) Shows a subthreshold resonance, corresponding to a compound nucleus oml I - ]
level located below the proton threshold. In this case the high-energy wing of v T

the resonance affects the reaction rate.
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General aspects on thermonuclear reactions

5.1 Electron screening

In the fully ionized stellar plasma, the Coulomb potential between two interacting nuclei will be screened by the
cloud of electrons surrounding them. The effective barrier for nuclear fusion reaction becomes thinner and,
therefore, the tunneling probability and the reaction rate increase over their values obtained in vacuum. This effect
is known as electron screening. The screened potential for two colliding nuclei 0 and 1 is given by:

KT 7 1212 o1
0812107 p o,
° r and ¢-= Jz(zi +296)x‘ with 8, being the electron degeneracy

where Ry is the Debye-Huckel radius R, =

The Debye-Huckel radius is a meadure of the size of the electron cloud. For most of the thermonuclear reactions
this radius is much larger than the average distance between neighboring nuclei.

Taking into consideration this screening effect we can calculate a modified barrier transmission coefficient.

~1/3

Z,2.6% |4ne®pN _ 15[ MM _

X(Ey) = (R, /R =071 \/7/*:4,197.10622 Mol [oTo716
(Eo) (c D)EO E, KT ¢ (01) M, + M, PTy °¢

2 (r 2
_ ZOZle ( n)EO _ ZOZle :5'945'10_6\/;2021T9_3/2§

(X7Z'77)|5O = Rp £, RoKT

Tl ~e Xwn—27zn
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General aspects on thermonuclear reactions

5.1 Electron screening

Reaction rates can be calculated including the electron screening as:

1/2
NA<OV>:( 8 ) NA ij(E)eXﬂﬂe—Zﬂﬂe—E/deE

7Mpq (kT)*2 Jo

Although x and 7 depend on energy this expression can be approximated by evaluating the factor e*#7 at the
most effective energy of the interaction in the plasma which is the Gamow energy E,,.

1/2
8 N 0 o
N _ A f S(E 2zn E/deE
v ] e [ s

ZoZ1€2 [(RpkT) _ 5945107 /pz,2,T53%/%¢

=€ €

Consequently the screened reaction rate is simply obtained by multiplying the unscreened reaction rate by the
screening factor f..

It should be also consider screening due to electrons of the target in laboratory measurements of nuclear
reactions.
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General aspects on thermonuclear reactions

5.2 Total reaction rates

For the calculation of the total reaction rates, all processes contributing significantly to the reaction
mechanism in the effective stellar energy range have to be taken into account.

total Z N A narrow +Z N A broad +N A<OV> nonresonant

resonances resonances

[

.2. -
[ L 2] A BR
Ef ro T BR
£ i & '\ '
m A |
= M | | ! i
E “:J ]
DBR
B ‘ UL,- ‘
i A
ik - '-.IHFI+"'EI=|
[ s 1.5 2

Energy (e
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Decays in and ractions in stellar plasma

Exercise 1.
Taking into account the decay scheme of 2¢Al into 26Mg, determine the sellar half-life of 2°Al
when the plasma temperature amounts to T=2 GK.

Exercise 2.
Determine the fraction of photons contributing to the reaction 26Si(y,p)?5Al in a stellar medium
at temperature T=0.3 GK.

Exercise 3.

In a stellar plasma, the nucleus 2°Al may be destroyed by the capture reaction 25Al(p,y)?Si or by
B* decay (T,,,=7.18 s). Neglecting other processes, determine the dominant destruction process
at a stellar femperature of T=0.36K assuming a reaction rate of N,(gv)=1.8 10-3 cm3mol-'s?, a
stellar density of p=10% g/cm? and a hydrogen mass fraction of X,=0.7.

Exercise 4.

In a stellar plasma at 10 6K 32S can be destroyed by radiative proton capture 325(p,y)33Cl with a
reaction rate of 0.87 103 cm3mol-is! (considering thermally excited states in 32S). Determine
the stellar rate for the reverse reaction by using the following partition functions 63,5=1.6, 6,1
and G;5,=1.9.
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Decays in and ractions in stellar plasma

@ iRl 5] {E:‘ ’
Exercise b. .
In hydrogen burning enviroments at high femperatures the proton [si] v S

capture in 2!Mg produces 22Al and this one again 23Si. Considering that
?IMg and 22A| are in equilibrium, determine if the nucleosynthesis 3
proceeds via 2!Mg B* decay or via sequential two-proton capture to 23Si. |

3 -1 -1 7 -1 - |

ﬂlegazzAl = 1110 S /121Mga21Na = 56 S /122A|—)21Mg = 34 10 S I_L HiNa
_ . 4 -1 _ -1 I o —e A Jiiin —= YR
Anp_ug =3.1-107s ’122A|»22Mg =26.2s {-urlﬂfwuﬂ" m'qn =

Exercise 6.

One of the most important proceeses in stellar mucleosynthesis in the triple-o reaction
producing '2C in two steps: a+a>8Be and a+8Be—>12C. Estimate the decay constant, A ,c ina
stellar medium at T=0.3 GK and density p=105g/cm3, assuming a mass fraction of Xa=1 and

N (o), 8pe>12¢=1.17 102 cm3 mol 1 s,
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