4.7 High energy and nuclear physics

Nuclear decay

N(t) number of nuclei
}\Iudear decay N(t)= N(O)e_h (4.163) remaining after time ¢
aw .
t time
In2 ) .
Half-life and Tip=— (4.164) | #  decay constant
mean life g T}/, half-life
<T> =1/ (4.165) (T) mean lifetime
Successive decays 1 — 2 — 3 (species 3 stable)
Ni(t)=Ni(0)e™! (4.166)
) -~ N; population of species 1
At a—Aat
Nz(t) :Nz(o)e*lzl + Ni (0))”1(6 : e ) (4.167) N, population of species 2
la—/ ) § N3 population of species 3
— et —Jpe ! A1 decay constant 1—2
Ni(t)=N3(0)+ N»(0)(1 —e ™)+ Ny (0) 1+ ———"—— | | Y
3( ) 3( )+ 2( )( © )+ i )( + A — A1 Ay decay constant 2—3
(4.168)
v velocity of a particle
Geiger’s law* v’ =a(R—x) (4.169) | x distance from source
a  constant
Geiger—Nuttall , R range
I'uleg logA=b+clogR (4.170) | 5, constants for each
series o, f3, and y
“For « particles in air (empirical).
Nuclear binding energy
Liquid drop model N number of neutrons
A mass number (=N+Z2)
zZ? (N —Z)2 B semi-empirical binding energy
_ _ 2/3 _ _
B=aA—ad a°A1/3 da A +o(4) Z  number of protons
(4171) | ay  volume term (~ 15.8MeV)
+apA_3/4 7. N both even as  surface term (~18.0MeV)
<) —3/4 a.  Coulomb term (~0.72MeV)
0(A)~ apA Z, N both odd (4.172) 4y asymmetry term (~235MeV)
0 otherwise a, pairing term (~33.5MeV)
Semi-embpirical M(Z,A) atomic mass
mass forriula M(Z ,A) =/ZMy+Nm,—B (4. 173) My mass of hydrogen atom
my  neutron mass

“Coefficient values are empirical and approximate.




Nuclear collisions

- L. o(E) cross-section for a+b—c
Breit—Wigner O'(E) = kjg m (4- 1 74) k incoming wavenumber
formulad 241 g spin factor
g=——— (4.175) | E  total energy (PE + KE)
(254 +1)(2sp+1) Ey resonant energy
I  width of resonant state R
Total width I'=Tp+T. (4~ 1 76) Iy, partial width into a+b
I'.  partial width into ¢
T resonance lifetime
Resonance = E (4.177) J  total angular momentum
lifetime r ’ quantum number of R
Sap spins of a and b
g—g differential collision
o 5 cross-section
Born scattering dao _ ‘ 2u / sinK'r V() dr u reduced mass
formula® dQ W Jo Kr K =lkin—kou (see footnote)
(4.178) r radial distance
V(r) potential energy of interaction
Mott scattering formula®
5 ” 2y h (Planck constant)/2n
E — (i) CSC4 X + sec4 /4 + Acos (E Intan 5) o/r scattering potential energy
dQ 4E 2 2 Sil‘l2 é Ccos é e scattering angle
(4.179) | v closing velocity
i 2 A =2 for spin-zero particles, =—1
do (i) ? w (A=—1,0<vh)  (4.180) for spin-galf partiI():Ies
dQ 2E sin® x

“For the reaction a+b <« R — ¢ in the centre of mass frame.

bFor a central field. The Born approximation holds when the potential energy of scattering, V, is much less than
the total kinetic energy. K is the magnitude of the change in the particle’s wavevector due to scattering.

“For identical particles undergoing Coulomb scattering in the centre of mass frame. Nonidentical particles obey the
Rutherford scattering formula (page 72).

Relativistic wave equations”

Klein—Gordon _
equation , , azw P wavt.:functlon
(massive, spin (Vo—m )y = e (4.181) | m p.amCIe mass
. t time
zero particles)
Weyl equations ¥ spinor wavefunction
. 0 0 0 0 P
(massless, spin T'ﬁ =4 (o‘x(,;/’ —|—0'ya—¢ +o, a"’) (4.182) | 6, Pauli spin matrices
1/2 particles) ot X y (see page 26)
. i i2=—1
. _ (iy*ou—m)y =0 (4.183) y* Dirac matrices:
Dirac equation 906 0 0 o (1
. . A Y=
(massive, spin where ou=(—=—,—,—,— (4.184) 0 -1,
. 0t 0x 0y 0z .
1/2 particles) YI':( 0 61>
=1 =0 =0"Y=-1 (4185) —oi 0
1, n X n unit matrix

4Written in natural units, with c=h=1.



