PHL424: a-decay

Why a-decay occurs?

The mass excess (in MeV/c?) of “He and its near neighbors

IN,Z—> | 0 1 2 3 4

0 - 7.289 - - -
1 8.071 13.136 14.931 25320 37.996
2 - 14950 2425 11679 18.374
3 - 25928 11.386 14.086 15.769
4 - 36.834 17594 14.908 4.942

Compared to its low-A neighbors in the chart of nuclides, “He is bound very strongly.

Think classically, occasionally 2 protons and 2 neutrons appear
together at the edge of a nucleus, with outward pointing momentum,
and bang against the Coulomb barrier.
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The energetics of a-decay

The o-decay process is determined by the rest mass difference
of the initial state and final state.

Q=m(4,Z2) —m(A—4,Z—-2)—m(3He)

Q = BE(A—4,7 — 2) + B,(28.3 MeV) — BE(A, Z)

The Q-value of a reaction or of a decay indicates if it happens spontaneously or if additional
energy is needed.

'—/ﬁl ﬂ Mass data:

I'—.[;i% el Oitp://nuclear.lu.se/database/masses/

Mass (1u=931.478MeV/c?):
226.0254u — 222.0176u + 4.0026u
energy gain: 4.87 MeV

Binding energy [M(A,Z) - Z-M(*H) - N-M(*n)] :
-1731.610 MeV — -1708.184 MeV - 28.296 MeV
energy gain: 4.87 MeV

Mass excess [M(A,Z) - A] :
23.662 MeV — 16.367 MeV + 2.425 MeV
energy gain: 4.87 MeV
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The Q-value and the kinetic energy of a-particles

What is the a-energy for the system 281;1 PO — 2815

Mass data:
http://nuclear.lu.se/database/masses/

BE(214Po) = 1666.0 MeV
BE(219Ph) = 1645.6 MeV
BE(“He) = 28.3MeV

Q,=7.83 MeV
. Mg
momentum conservation:  my vy =mg Ve = Uy =_—'Ug
N
energy conservation: Qu = Ef, + EX,
m
= TN ) vl%l + Eltcxin
2
my Mg a
=M. .24 EQ
2 m? in
Mg
= m_N “Egin + Exin
my + my my 210
=—E% - EX = -—=7.83MeV - — = 7.68 MeV
mN kin kin Qa my + mey 214

For a typical a-emitter, the recoil energy is ~100-150 keV.
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Energy differences of atomic masses:
Q=m(4,2) —m(A—4,Z—-2)—m(5He)
Q=BE(A—4,Z—-2)+ B,(28.3 MeV) —BE(A,Z)

The Q-value of the decay is the available energy which is distributed as kinetical energy
between the two participating particles. Since the mother and daughter nucleus have fixed
masses, the a-particles are mono-energetic.

Tracks of a-particles (?**Po — 21%Pb + o) in a
cloud chamber.

The constant length of the tracks shows that the a-
particles are mono-energetic (E,=7.7 MeV)
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a-decay systematics: Geiger-Nuttall law
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a-decay schemes / spectra
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Proton and neutrons are bound with up to 7 MeV and can not escape out of the nucleus.
The emission of a bound system is more probable because of the additional binding energy
E, =28.3 MeV.

The Coulomb barrier of the nucleus prevents the
a-particles from escaping. The energy needed is
generally in the range of about 20-25 MeV.

v _2-(Z-2)-e* 2-82-1.44MeV fm
c r B 11.25 fm

=21 MeV

- 2
Classically, the a-particle is reflected on the Coulomb e Eor(r> )= 1436
barrier when E, <V, but quantum mechanics allows s dneg -1
the penetration through the Coulomb potential via the =
mechanism of tunneling. e

1 P
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Quantum tunneling and a-decay

classical treatment quantum treatment

Energy Energy

_~Potential energy of
alpha particle
Alpha particle cannot

(classically)
enter (classically) B W
""" D‘ “T 77 S ¥ Kinetic energy of

alpha particle

R ' Ro

Alpha particle

Cannol escape Wave function of

alpha particle
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Quantum tunneling

alpha decay of Poloniun-212 (7—81) A . Voo
. I . C
zéfﬂ 120 E\ /\ [\ / \\“““\Vf\vf\vf
I —_—~ TAVAY _
G

Distance between centers (fermis)

o _ general Ansatz for the solutions inarea A, B, C
Intrinsic a-wave function ‘leaks' out

AC.: v +k2-Px)=0;, k?=2-m-E/h?
time independent Schrodinger equation: B: P'(x)+k? - ¥Yx)=0; k'?=2-m-(E-V,)/h?
n? 02

————=Y() + V() - P(x) = E-¥(x)

W(x) =A;-e'*¥ 4 A, e7lkx
2m dx?

Y(x) =Cy-et** + ¢, e7tkx

© O P

WY(x)=B;-e"¥*+ B, e ¥*% k2=2-m-V,—E)/h
with (¥ = 1
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Quantum tunneling

The a-wave function from left will either be reflected A ":ﬂ
or transmitted through the potential. B
> Inregion C the wave is only travelling to the right Vo C
—-C,=0
2 \ /\ /\ / \\“““\ NN/
With 4 equ_aj[ions for the 5 unl_<nown§ A, A, B, B,and £ \VARVARV/
C, 4 quantities can be determined with respectto e.g. A,.
14,2 -
Reflection coefficient: _ 141 - L—»
SRRVE -4 +a
. . C11? " e . :
Transmission coefficient: T = % Ay 7RO+ Ay - et = By -7 4+ B, - e!C
1 X=-a:
a ik Aj-e ke .k A, etk =B e B, ek
C,-e'*¢ =P, .et B, . g7Ka
X= +a:

i-k-C etk =k -B - —k-B,-e7Ka

V§

T=|1
Y E- W, —E)

-1
- sinh?\2-m- (Vo — E)/h- L]

16 -E-(Vy—E)
T = : .
Vo

L
exp{—Z-\/Z-m-(VO—E)ﬁ}; E <V,

1
sinh?x = 7 (e?* +e?*)—1/2
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Quantum tunneling

Vix)

A B 4
: . . Vo C
For a simple box potential one obtains the exact
solution for transmission coefficient: \ /\ /.\ / \‘“*m__,
2-L £ \Vf\vf\vf
T(E)=exp{—\/2-m-(V0—E) T} V \/ \/
L it

- [

-d +a

In case of a more realistic potential (see below) one
has to use step functions (Ax width) as an
approximation

Xa

T(E) =exp —Zj dx (%-\/Z-m-[V(x)—E])

Xi
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a-decay systematics: Geiger-Nuttall law

% Geiger-Nuttall law: Relation between the half-life and the energy of a-particles

Ansatz for o-decay probability A [s1]:

A=S-w-P Coulomb barrier
e Sis the probability that an a-particle has been / T.
formed inside of the nucleus E’kin(MeV) 12
——————————————————————— > » 0.5s
®* @ isthe frequency of the a-particle hitting the TS| . & \ » 138d
Coulomb barrier, where the velocity v is given 5.4 \
by the kinetic energy and R is the nuclear radius 14 ------- x S » 4.5x10%
50MeV c? 0

S _ v /ma NP 3T0TMEV i

At 2R 2R 2:10fm 6 \
e P =¢2G s the probability of the tunneling ) /’
process, where G is the Gamov factor r %} nuclear potential
InA = InS — InAt — 2G(E,) /
Z Z

=b(Z)—a—=—a—
VEa Eq binding energy per nucleon in nucleus

binding energy of a-particle
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a-decay systematics: Geiger-Nuttall law
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Chart of Nuclides

1. How are the isotopes of an element arranged on the chart?

2. Nuclides with the same number of neutrons are called isotones. How are they arranged on the chart?

3. Nuclides with the same mass number are called isobars. What would be the orientation of a line
connecting an isobaric series?

4. Begin with the following radioactive parent nuclei, 235U, 238U, 244Pu, trace their decay processes and
depict the mode and direction of each decay process on the chart. What are the final stable nuclei?

Plut{JEll:ugr: #py ey PPy Fpy FPuy TPy FPu TPu Pu FPu FPu ®Pu *Pu *Pu **Pu **Pu *Pu
NE!Lfltl.lgizhlgrgI :‘BND ZIND mNp mNp mNp mNp zzsz :Jsz :z:er mNp 1:sz zauNp ”'Np JJJND HJNp mNp usz mNp JJTND zzsz u!Np MND ule mND mNp
ﬂgi:Ugrg Ty ey mey  B@yy Ay @y ay my Jsyy sy @3y oy 3y By @y @y @y @y o3my @3y @Ry =y @Ey gy g a4y

Hpg Mpg pg MSpg Mpg FWpy ¥py ¥py Tpy Tpp py ®pg Pa ®Pa ®Pa ®Pa ®'Pa ®Pa ®Pa “Pa ™Pa ®Pa ®Pa ™Pa *Pa *Pa “'Pa

*Th *¥Th **Th *'Th **Th **Th *Th *'Th *Th **Th *Th *Th “Th =Th “*Th *Th *Th *Th *Th **Th *Th *Th *Th *Th **Th *Th Thoriu

Z=90
MIipe Mo MSpL TEp. TTaL TEa TESp. Ta. Wige Biae Tl Ba. TEEp. BEp. Ta TEp. 3a. DL Bipe BEa. 3p. 3a. 1Ep. DE. a0 ;:tsigil.lm
Ipa Rg Mpa “Ra “®Ra "Ra “"Ra “Ra “Ra “Ra ©Ra ™Ra ™Ra ™Ra ™Ra “Ra ™Ra Ra Ra “'Ra Ra ™Ra “Ra Ra ;fglgllm
Iy I Ipp g Mg WSpp W Mg Mgy g Wpp 3Wpp Wpp W Bpp W Wpp dwpp pp 3pp Bp #@p @3 ;rzﬂsl';(:i“m
RN RN *PRn *Rn ™Rn “Rn ®Rn *Rn ™Rn Rn Rn ®Rn ®Rn =Rn Bn *RBn ®Rn TRn Rn *Rn *Rn *Rn ;:ggl’l
WEpp Ty Tap TIap TEay TMpg TEpg TEay ITag MEap Fspp  MWOap Wipg  Iag MEpg W Wpg Wy Wap Mpy Bmag ?:}ga;iﬂe
!pg Wpy Mpg Mpg Mpg Mpg Mpp MUpg MPg Po *Po “Po ““Po ®'Po ®Po *Po *Pa “Po “Pa “PFo ;2:;4”“'“
PR MEpE  28m: 20pm: Mgy M3 M3p:  Hep: ISy MEp I ns | H8pe 38pg 330;me 3 33dne - . Bismuth
Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi Bi *Bi Bi Bi **Bi Bi e
0 pon 20, 5 Lead
B B Pp T'Pp IYPp MPp MPp MPph YSPh Pb TPp ISPp ¥SPp =P ) )
z=82 http://people.physics.anu.edu.au/~ecs103/chart/index.php
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