PHL424: Rutherford scattering
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PHLA424: Rutherford scattering

1909: Rutherford, Geiger and Marsden studied in Manchester
the scattering of a-particles on thin gold foils.

Aim: from the angular distribution of the scattered
a-particles they wanted to gain information on
the structure of the scattering center.

m Experimental set-up: Ra-source with E,; (o) = 4.78 MeV
i ) thin Au-foils (Z = 79, d = 2000 atomic layers)
Bt st — detection of scattered a‘s with ZnS scintillator
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Rutherford scattering

The Scattering of o and p Particles by Matter and the Structure of the Atom

E. Rutherford, F.R.S.*
Philosophical Magazine
Series 6, vol. 21
May 1911, p. 669-688

669

§ 1. It is well known that the o and the B particles suffer deflexions from their rectilinear paths by encounters
with atoms of matter. This scattering 1s far more marked for the B than for the o particle on account of the much
smaller momentum and energy of the former particle. There seems to be no doubt that such swiftly moving
Geiger and Marsden's particles pass through the atoms in their path, and that the deflexions observed are due to the strong electric
data points field traversed within the atomic system. It has generally been supposed that the scattering of a pencil of o or B
rays in passing through a thin plate of matter is the result of a multitude of small scatterings by the atoms of
matter traversed. The observations, however, of Geiger and Marsden®* on the scattering of o rays indicate that
Theoretical scattering some of the o particles, about 1 in 20,000 were turned through an average angle of 90 degrees in passing though
of one point charge a layer of gold-foil about 0.00004 em. thick, which was equivalent in stopping-power of the o particle to 1.6
off another millimetres of air. Geiger*** showed later that the most probable angle of deflexion for a pencil of o particles
being deflected through 90 degrees is vanishingly small. In addition. it will be seen later that the distribution of
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Rutherford scattering

Kinematic of elastic scattered a-particles
=) energy and momentum conservation

a-particles on electrons (Thomson model)

Me ~ 1074

my only small scattering angles 6 ~ 0°

max. momentum transfer Ap ~ 10-4-p;

a-particles on Au-nuclei (Rutherford model)

max. momentum transfer Ap ~ 2-p;
O | scattering angles up to 0 ax ~ 180°
(backscattered a-particles)

Myy-197 c
ma

m, = 4 GeV/c? m, = 0.511 MeV/c? May.197 = 197 GeV/c?
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Elastic scattering

In an elastic process

incoming particle:
projectile g atbh—a+b’

the same particles are present both before and after the scattering,
I.e. the initial and the final state are identical (including quantum

target nucleus
g numbers) up to momenta and energy.

The target b remains in its ground state, absorbing merely the recoil momentum and hence changing its kinetic
energy.

The scattering angle and the energy of the projectile a and the recoil energy and energy of the target b are
unambiguously correlated.

scattered outgoing particle a’

Pa Pa i = Pa — Pa
. q = Par — Pa
beam particle a scattering angle 0
Dq  targetnucleus b Pa
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Rutherford scattering

. . -7 - e? _ . L
In the repulsive Coulomb potential V(r)~z— the a-particle experiences a momentum change Aq = py — p;
r

0
Ag=2-m-v-sin— =2 .
E p;=m-v
to 1 z-Z-e?
Aq=fFAq-dt=j yPe— -cos¢ - dt
—0o0 0
anaular momentum: 7 dp A j(n—e)/Z 1 zZe? p 1 zZe? , 0
:L=" 9 = v-bh = . — " COS . — . * COS —
) rxmeplE b= g 1 _(m—-0)24mME V" D cos¢ - d¢ dmey v b 2
LV relation between impact parameter b
. ® and scattering angle 0:
position ! ) 0 1 z-7Z-e2 1
. 400 - = 4mey m-vZ b
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Rutherford scattering

Impact parameter:

b=a-cot—==2
2

distance of closest approach:
=z -2 D=a-[sin‘1ec—m+1]

2

orbital angular momentum:

Oem

?=kyw b=n-cot
n-cot—

half distance of closest approach
in a head-on collision (6,,=180°):

072 : Z1Z2 A1 + A2
= RS2 )
lab 2

asymptotic wave number:

A
koo = 0219 —2—- [A "Tiap  [fm~1]
A+ A,
Sommerfeld parameter: y
N=ke-a=0157-2,Z, |—
Tiap

. . o
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Cross section

The cross section gives the probability of a reaction between the two colliding particles

d

Consider an idealized experiment: A D
Va \‘ : /
= we bombard the target with a monoenergetic beam of - .'/
point-like particles a with a velocity v,. . :
= athin target of thickness d and a total area A with N, : '
scattering centers b and with a particle density n,,. - .#\\\H
= each target particle has a cross-sectional area &, which | f R
we have to find by experiment! . .1:\1“
/‘.\\h_l —
D, =n,4v, Ny, =n,Ad

— Some beam particles are scattered by the scattering centers of the target, i.e. they are deflected from their
original trajectory. The frequency of this process is a measure of the cross section area of the scattered
particles o,
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Rutherford cross section

¢ Particles from the ring defined by the impact parameter b and b+db scatter between angle 6 and §+d6

. . . do
]-Zn-b-db=]-2n-Sln9-E
rsin 0
do b |db
dQ  sin6 |dé
. 7
Impact parameter: b =a- cot—
. 2
ring area: 2zb db
6 .8 6 0
‘d_b =E__smilsmf_ws?'COS?:E 1
] 2 sinzg 2 sinzg
solid angle: 27[ Sil’]@ de do cos% 1 a
2 _ .. . .
dQ sin% Z'COS%'Sin% 2-sin2§
_ _ do a* 0
an atomic nucleus exist - sin >
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Elastic scattering and nuclear radius

~ IHe +23%Pb

Fixed scattering angle,
range ﬂ‘f EIEF-‘]EI i The scatiered intensity departs
P . from the Rutharford scattering
ﬂﬂr”[,'if ENErgres. formula at about 27.5 Mal/
< Fixed E 1021
~  datector g
- s .
- =1
& 60\ =%
@ N 75
= ) _
Scattering £3
angle £ E
m o
Lead target g5 10 r
208
a2 Pb Alpha energy
in MaV/
1 L II II 1 L
15 20 25 30 35 40
0., = 60°, E, = 30 MeV
— R, = 12.0 [fm]
Rint = RHe + pr + 3fm
D=a- [sin‘lgc—m+ 1]
2
_ 072 " lez . Al + AZ
T T Ay fml
R.M. Eisenberg and C.E. Porter, Rev. Mod. Phys. 33, 190 (1961)
. . _ o
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Elastic scattering and nuclear radius

209 + 40, Nuclear interaction radius: (distance of closest approach)
286 MeV

6
Rp+=D=a- [sin‘1%+ 1]

O] —e Bt

* R C.+C+ 4492 tle [Fm]
iy — + + 449 — ——— m
S tnt = =p Tt 6.35
D
R Ci=Ri-(1—-R7?) [fml R =128-4"°-076+08-47"% [fm]
i o EXPERIMENT
B — OPTICAL MODEL
Ol =V= 48.0 |
-W=839
e Nuclear density distributions at the nuclear interaction radius
——FRESNEL ] 0 T T T T T
\ . \| 32403 fm]
\ \ 05p C, S(ira)
1 | ] L AN i
o 0 0 e 70t E 021~ 209;, 405,
Be.m. (deq) po 01 C: 662 fm
a Cy= 350 fm
005p a 055 fm
91/4 = 600 —> Rint = 134 [fm] i
002 ‘ ) .
— {y =152 [h] 0 2 4 6 8 10 12 u
r(fm)

J.R. Birkelund et al., Phys.Rev.C13 (1976), 133
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