PHL424: 3-decay

Beta Decay: universal term for all weak-interaction transitions
between two neighboring isobars

three different forms
B, B* & EC (capture of an atomic electron)

Bt pon+et+v

EC: p+e " >n+v

a nucleon inside the nucleus is transformed into another
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B-decay of a free neutron

neutron (udd, g=0) d-quark (g=-1/3) — u-quark (q=2/3)

+ virtual W- boson (g=-1)

t P - m,=1.673-102" kg
1 udu Ve
938.272MeV/c?
o
e
udd m.=1.675-10" kg
939.565MeV/c?

The mean lifetime t of free neutrons is 885.8(7) [s]

n-op+e +7v,+0.782 MeV

proton (uud) and W- boson separate and an electron (g=-1) and
an anti-neutrino is created out of the virtual W- boson.

p—n+e +v

The B*-decay in the nucleus is only possible because
the neutron mass is greater than the proton mass.
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B-decay of a neutron

5~ Decay
For 3~ decay:

A A _ —
ZXN 7711 Yy_1+e +7,

Neutron

Fermi’s golden rule:
_ 2mpq.(2dn
A= 5 Ms|" g

Mg [-decay transition matrix ele-
ment connecting the initial and final

states Proton
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B-decay of a proton

5+ Decay
For 57 decay:

A A +
SRV =72 Wy + et + 1,

Proton

Fermi’s golden rule:
_ 2mpq.(2dn
A= 5 Ms|" g

Mg [-decay transition matrix ele-
ment connecting the initial and final

states Neutron
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B-decay: overview

z
AZ—A(Z+1l) pB-decay
AZ—A(Z+2)  double pB-decay T number of protons

B-decay n-op+e +v, 11Qz>0

Br-decay p-n+e*+v, if Qz>1.02MeV
EC pte —on+v, ifQy>0

Electron capture: proton-rich nucleus absorbs an inner electron.

nuclei with equal
neutron number

isotope
nuclei with equal proton number

EC
number of neutrons
He g5 — I

Motivation:

For the description of the nuclear synthesis in
astrophysical environment one needs excellent
knowledge about the B-decay properties in unstable
nuclei far away from the valley of stability.
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» For isotopes with substantial neutron excess it is z

energetically favorable, if a neutron changes into a proton. T number of protons
» For neutron deficient nuclei one has the opposite process: '
a proton changes into a neutron.

nuclei with equal
neutron number

p--decay p+-decay isotope
nuclei with equal proton number
n-op+e +7, pon+et+v,
d->u+e +7, u->d+et+v,

number of neutrons
He gt —

Necessary conditions for the different 3-decays:
m(A,Z) >m(A,Z+1) [~-decay (the created electron is already considered)

m(4,Z) >m(4,Z—1)+2-m, - c? B*-decay (the mother nucleus has one electron more and a positron is created)

m(4,Z) >m(A,Z—-1)+ ¢ electron capture EC (e is the excitation energy of the hole in the daughter nucleus,
EC can transform protons into neutrons at a lower energy)
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Liquid drop mass formula

Z-(Z+1) (Z — A/2)?
mA,2Z)=Z my+A—-2) - my,—ay-A+as-A%3 +a, .T-l_aasym.Ti
From the mass formula one obtains ;
1935 Carl von Weizsacker
mA,2)=y-Z*°—B-Z+a-A+$ 7
For isobar chains (nuclei with constant mass) ity e SO G W B (i
. . . N-Z plane of the chart of nuclides.
m(A,Z) is a quadratic function of Z. , o
100- 7 g
, 80- R
Me¥ i pe
6 (MeV) / 6 (MeV) )/ A= const, 4
L5 5 o 601 Isobare
4 4 N
l\ ﬁ"' ﬁ ﬁ
z O\f‘ -Z j L0 Z:=const. Isotope
-1 B_ B+O 1 O-B_/ﬁ+
Ow OfE\E\i/ 20
—:3 —IZ —Il i +I1 +I2 -|-"Ii I _“Ii _-2 -1 7 +I1 +:-2 N=const. Isotone
Oodd A Even A :
0 20 40 60 80 100 120 10 160
N
a Agsym a Aasym
“= (mn —ay + A1§3 + 43’ ) B = [aasym + mn = m(H)] v= (A1§3 * Ay )
. . o
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Liquid drop mass parabola

THE VALLEY OF STABILITY

“‘h | Lﬁ'i_ﬁléiirﬁ-ﬁ_;d}‘?r |
~ R (Nuclei with 850835 | | understond « centids —————=
. ’-:I'“'CE 'nucleans moye i e o
Ty b, down the valley
" M | toward stability

' | aren’t sure whaere the
| dripline lies

e

STABLE ELEMENTS
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Liquid drop mass parabola for odd-A isobars

In B~ decay a neutron changes into a proton. n->p+e +v,

the mass balance for B~ decay is given by: Qz = {[m(4,2) —Z-m.,] - [m(A,Z+1) = (Z+ 1) -m, +m,]}-c?

={my(4,2) —my(4,Z + 1)} c?
The rest mass of an anti-neutrino < 7 eV/c? can be neglected.

B~ decay is possible under the following condition: - . 1 , -

e [-unstable

m(A4,Z) >m(A,Z + 1) o stable

example: mass parabola for A=101 isobars

10IMo - YTc+e™ + v,
101Tc 5 YRu+e™ + v,

101Ru is stable

What are the decays of 192Pd und 1°91Rh?
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In neutron deficient nuclei a proton changes into a neutron:
p-on+et+v,

a positron e*, the anti-particle of an electron (positive charge, equal mass) and an electron-neutrino v,
will be emitted.

The mass balance of the B* decay is given by: I T 1 = T

e [-unstable
O stable

Qp ={[m(A,2) =Z -me] = [m(A,Z - 1) = (Z— 1) -m, + m,]} - c?
={my(A4,2) —my4,Z —1) —2-m,}-c?
Condition for B* decay: m(Z,A) > m(Z-1,A) + 2-m,

The term 2-m, considers that a positron is created and an
an electron is left over from the mother nucleus.

The following B* decays are observed for A=101.:

101pd —» 1IRh + et + v,
1IRh > Ru + et + v,

191Ru is stable
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B*- decay versus electron capture

In neutron deficient nuclei a proton can be converted into a neutron:
pon+et+v,

A positron e*, the anti-particle of an electron (positive charge, equal mass) and an electron-neutrino v,
will be emitted.

» Condition for a * decay: m(Z,A) > m(Z-1,A) + 2-m,

m, = 0.00055 [u]

Electron capture EC
In competition to the B* decay is the electron capture process which is
energetically more favorable to change protons into neutrons.

pte ->n+v,

K-electrons have a high probability inside of the nucleus and can easily
captured.

Condition for K-electron capture: m(Z,A) > m(Z-1,A) + ¢
g ~ 108 [u] is the excitation energy of the hole in the daughter nucleus.

The Auger-effect is an alternative process to X-ray emission when a hole is filled in a stronger bound electron shell.
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Liquid drop mass parabola for even-A isobars

In isobars with even mass number two separate parabola exist because of the pairing energy: one for
even-even nuclei and one higher lying for odd-odd nuclei. The difference is 20, twice the pairing

energy. T T T T T

e [~unstable
o stabie

Consequence: 8 |-
» All odd-odd nuclei have at least one stronger

bound even-even nucleus (isobar) and are hence g 7+ A=106 7
instable. 2
> Exceptions: 2H, 6Li, 19B, 1*N because of the higher s 5 .
asymmetry energy.
5 odd-odd -
Example: mass parabola der A=106 isobars il ]
o )

106Ru - 19%Rh + e~ + 7,
106RR > 195pd 4 ¢~ + 7, 2|

196pd is stable

even-even

1 i { 1 { 1

43 44 45 46 47 48 A8
Tc Ru RBRh Pd Ag Cd In
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In the B~ decay an electron and an electron anti-neutrino will be emitted simultaneously.

n->p+tje +v,
The - decay energy is given by the mass difference between mother and daughter nucleus.

This energy will be distributed as kinetic energy on
the emitting particles, the electron and the anti-neutrino. 1000
Hence, the electron spectrum is continuous.

It starts at zero energy and ends at the maximum possible

energy Eqg, = Eo - M,-¢2 (= Qp).

Tritium decay spectrum

500

No. of counts per unit energy range

0 5 10 15 20

Electron kKinetic energy in KeV

B decays have a long lifetime and a small decay probability, the related interaction is small compared to
other interactions in the nucleus, therefore time dependent perturbation theory is a good approximation.
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Fermi’s golden rule

21 2
—  |(Pr [ Hine[#3)]” - p(Er)

it depends on the transition matrix element and on the level density of final states (phase space).

Fermi’s golden rule: Wi =

The decay rate with the emission of an electron in the energy range between E, and E, + dE, and an anti-
neutrino in the energy range between E5 and E5 + dE5 is given by

=

Wip (Ee, Ey)dEedEy = — (Wr|Hine | W)y - 6(Eo — E — Ee — Ey)dEcdE;

E, decay energy

ER recoil energy of the nucleus, which is neglected since it is small due to its large mass.
ps level density of the final states

<W¥{H;.|¥;> matrix element of the weak interaction

The state of a particle is determined by its position and its momentum
Ax - Ay - Az - Ap, - Apy, - Ap, =~ h3

Each particle has a volume of h? in phase space. The number of states in momentum shell Ap = 4n - p%dp

Is given by V-4 p?

dn 3 dp level density of free particles

Ax-Ay-Az=V

matrix element must be small compared to the energy intervals in the system (otherwise no perturbation theory)
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Fermi’s golden rule

V2 (4m)? - pZdp, - pedpy

number of final states:  p.dN,dN; = 21 - h)6
T -

For the absolute values of the momenta one uses relativistic energy and momentum relations:

Ee=Jp§-cz+m§-c4 Ey=py-c

Pedpe = EedEe/C2 dpy = dE5/c

number of states in the energy interval dE, and dE5

aN,dN, = G b e o w2 g ap
PraliNe V_(Zﬂ'h)6'c6 e Le —Me " C" Ly AL ALy
Since the anti-neutrino is not measured, one obtains with E5; = E, — E, after the integration over the
anti-neutrino energy E3 the decay rate for the emission of an electron with an energy between E, and E,

+ dE..

V2. (4m)?

2T
y |<qu|Hint|qu>|2 ' (2 - h)® - c© Ee\/E§ —ms - c*(E, — E,)* dE,

h

Wif(Ee)dEe —

The phase space factor, which yields from the level density, determines the essentially shape of the energy spectrum!
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B-decay spectrum: matrix element

The phase space factor Ee,/E.? —mg - c*(Eo — E.)* | which results from the level density, determines

essentially the shape of the energy spectrum.

The matrix element is obtained by integrating
over the position and spin variables for the
electron, anti-neutrino and the nucleon in the
nucleus.

Electron and anti-neutrino are described by
plane waves (de Broglie wave length of electron
2:108 m > R, ,cjeus)- FOr the small nucleus one
performs an expansion around r = 0.

(W | Hie [W3)]* = W, (0)12 - [%5(0)[2 - [Mp]*

M, is the nuclear matrix element that does not
depend on the electron energy.

No. of counts per unit energy range

1000

500

Tritium decay spectrum

Electron kKinetic energy in KeV
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B-decay spectrum: Coulomb interaction

The electron feels the Coulomb interaction of the nucleus with the electrons of the atomic shell. The
influence of the Coulomb interaction with the proton will be considered:

1%, (0) cont |2 dual B-decay of ¢4Cu
F(ZE,) = - ol Wii(e)de =
|LPe (O)freel % 1 2 é 2
E Elell F(Z,E)'E"\/Ez—l'(go_g) de
Q
The function F(Z,E,) is tabulated. 5 200
2
B
2
S
£ 1001
@
o
655 ke
0 T T T T T T l 1]
0 100 200 300 400 500 600 700
Energy [keV]

B* vs. B~ spectrum under the influence
of the Coulomb field.
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B-decay spectrum: Fermi function

10 T -
-
= s b Z= 100
N [
: ns
By Z~-80[1TH ™~
T‘\ .\\‘ h‘h.‘
10
tet+— £ = G
e
| g
E - ST [Z=40
N ety
& T~ Z = 20
f,
\ Z=10
Z=20
— -
o I
. L~ =7 — 60
/( =80 |11/8
1 [11\.“
Vel Z—!m“w“
10“‘ z/ ’ II/
e ¥ 4
ya 77
¥
i .
{i
1_ 1’ 3
[1z-60 1z - 100
102 JI/ 11/
102 107" 1 10

E. [MeV] —
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B-decay probability

For the electron spectrum one obtains:

1
Wri(e)de = o |Mfi|2F(Z, g)e-ye2 —1-(g —€)%de
where B contains only natural constants and ¢ as well as g, are in units of the electron mass m,c?
e =E,/myc? g0 = Eg/m,c?
The decay probability is obtained by integrating over the electron energy

€o
EO 1
A= Wy (E,) dE, = i |Mﬁ|2 j F(Z,&) e-yJe?2—1"(gg— ) de
0
0

with £(Z, &g) = fOSOF(Z, g)re-Ve2 —1-(gg —&)?de

f(Z, 80) X 83
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Sargent diagram

0
T\
4 -
min
s 2 —
L_ 1 hr
—4
2 I— I day / -
g _g S logA=a+b - [0gEg
Ux/ / ]
/ with different a, b for light,
. Hl—}f medium and heavy nuclei
oRaD
0.1 McV 0.5MeV 1 MeV 3 MeV
10 | = | 2%

1 0 1
log E bl —_—

The higher the energy of the fastest electron, the larger the decay constant
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B-decay probability

For the electron spectrum one obtains:

1
Wri(e)de = o |Mfi|2F(Z, g)e-ye2 —1-(g —€)%de
where B contains only natural constants and ¢ as well as g, are in units of the electron mass m,c?
e =E,/myc? g0 = Eg/m,c?
The decay probability is obtained by integrating over the electron energy

€o
EO 1
A= Wy (E,) dE, = i |Mfi|2 j F(Z,&) e-yJe?2—1"(gg— ) de
0
0

with £(Z, &g) = fOSOF(Z, g)re-Ve2 —1-(gg —&)?de

2 _ |Myi|” B - In2
|2

T B

A f(Z, &) or f(Z, &) - Ty =

| My

Typically one obtains very large numbers, therefore log ft-values.
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B-decay: log ft - values

2
logf Ty, = log(B - In2) — log|Mﬁ|
The size of log ft values are very different. It depends on the nuclear matrix element and the selection
rule which determine the decay.

One distinguishes super-allowed, allowed, unique- and multiple-forbidden decays by means of the
selection rules for momentum (1) and parity ().

MeV JT MeV J"
T +
O I 2,982 i 2.908 XY
B 2.704 3 2.771 3
: > 8-\ 2 ' 2
@-0-O-O ® 0 OO0 2.640 1 2.715 2t (8M
+
0000 00800 2391 % 2359 i
L 2 Je%e L J Jole e P - ¥
| . _ {
¢ ¢t 4 b ¢+t
p n p N . ;
_ _ 0.440 3 0.451 :
mirror nuclei 0 3t 0 3+
3 2
iiNa 12Me
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Classification of B-decay transitions

L,
/EB IiZI f+|_ ‘|‘S 77T = (—1)Lﬂ

L / \
0 ™
Lﬂ Iﬂ (ﬂ+)+I v(v) ﬂ Sp- (ﬂ+)+st7(v):{1 Wor M
L;=n defines the degree of forbiddenness (1)
allowed forbidden
when L,=n=0and mr;=+1 when L ;=n>0 and/or ;= -1
Al =[1-1,]=0,1
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Classification of B-decay transitions

(77 =+1)
Fermi Gamow-Teller
0* 0*
: AN
0* p 1+ P
Al =|l-1,]=0 Al =[1-1,|=1
L,=0 S,=0T L,=0 S,=11Tor
o+ mixed Fermi & Gamow-Teller
Eg
2" Al =[I-1]=0 120
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Classification of B-decay transitions

Type of transition Order of Al 4T
forbiddenness
Allowed 0,+1 +1
1 F2 -1
Forbidden unique 2 +3 +1
3 +4 -1
4 T +1
1 0, 1 -1
Forbidden 2 F2 +1
3 +3 -1
4 +4 +1
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Nuclear structure is important

First forbidden = 5 < log ff <10

T,,, =3.8x1010 y

7-
176 0.9% log ft =20

71 LU 8+

v

998 keV

logﬁ =19 99.19%\ 401 keV
6+

large angular momentum 597 keV
re-orientation 307 keV
K-forbidden decay |
© 4 290 keV
j=R 202 keV
* | 4 kev
‘ 884 keV |
] 0+ 176
K~0 - HF
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Kurie plot

Counting rate as a function of electron momentum:

N(pe)~F(Z,€) - pé - (g9 — €)?

Npe) _
Kurie-plot: F(Ze) pz ® (& — &)

30 I I T T | T E T

/M :
o2 Fz, B2 Kurie Plot -~

Ho3He+e +Ve
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Kurie plot and neutrino mass

m, < 3 eV/c2 (c.f. m, = 0.511 MeV/c?)

J N(pe)
>
Pe (& ) Ho3Here +v,

.05

E. (KeV)
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