P HYS 488

P articles in Matter u This lecture, Basics :

˘ Cross section, e.g. Ruthe rford scattering.

u Muons passing through matte r:

˘ Mean free path.

˘ Multiple Coulomb scattering.

˘ Energy loss formula.

u Next Lecture, Partic le phys ics detectors

˘ Tracking detectors

˘ Electro ma gne tic calorimeters

» A simple shower model

˘ Hadronic calorimete rs

˘ Muon a nd ne utrino detection u Why use Monte Carlo progra ms ?

u Some re fe rences.

Cross section u Diffe re ntia l cross section is the ave ra ge number ofinc ide nt pa rtic les scattered into d W per unit flux per target partic le :

u Tota l cross section for all a ngles :

Target

Unit area

Flux F

d W scat

d ( E, ) 1 dN

.

d F d

s W

=

W W d

( E ) d .

d

s s = W

W

ò

Rutherford scattering u For a spinless partic le, charge scattering off nuc le us with atomic number Z:

u Some questions :

˘ What is total R uthe rford scattering cross section?

˘ Why does it ha ve this va lue ?

˘ Why is the total cross section less tha n the above va lue for partic les passing through materia l?

( ) 2 2 2 2

0

2 2 2 4

2

z Z e 4 d

.

d 4p c sin q

pe s

=

W b

z e ,

Muon travelling through matter u Can interact electroma gnetica lly with nuc le ii .

˘ How ofte n (R uthe rford scattering)?

˘ What happe ns?

u Can interact electroma gnetica lly with atomic e lectrons.

˘ How ofte n?

˘ What happe ns?

P rob. of scattering off nucleii in slab u Thin s lab, n scattering ce ntres per unit vol :

u Prob. ofinte raction for each muon is total ^ area~ ofscattering ce ntres divided by area ofslab:

u No. scattered

n Adx n dx.

A

s

= s scat

N Nn dx. = s

Area A

Thickness dx

N inc ide nt partic les

N scat

partic les scattered

Cross section s

Mean free path u Cha nge in number ofbea m partic les in depth dx is give n by:

u For large depths u Where the mea n free path

scat

dN N Nn dx dN

Nn .

dx

= - = - s

= - s

[ ]

[ ]

0

0

dN n dx

N

N N exp n x

N exp x .

= - s

= - s

= - l

1

.

n

l = s

Mean free path cont.

u Do we ha ve to worry about e ffects of

Ruthe rford scattering?

u Typica l va lue of l ?

u We do have to worry!

A

23

23 3

no. of nucleii N n volume A

6 10 2 for carbon 10 cm .

12

-

r

= =

´ ´

» =

8 2

16 2

7

23 16

atomic area (10 cm)

10 cm .

1 1

10 cm.

n 10 10

-

-

-

-

s » » p

» l = » = s ´

Multiple Coulomb scattering u Effect on direction ofscattering off ma ny nuc le ii (a nd atomic e lectrons ).

u In pla ne u Centra l limit theore m: q p distribution is ga uss ia n (large non - ga ussia n ta ils !).

u Width ( s

) give n by:

p xi

. q = q å

0

0 0

13.6 MeV x x

z 1 0.038 ln .

cp X X é ù æ ö

q = + ê ú ç ÷ b è ø ë û q

x1 q

p qp

z x dN/dqp

Multiple Coulomb scattering cont.

u That is, the distribution ofa ngles q

p is :

u Radiation le ngth (mea n distance over

whic h high e ne rgy electron bea mloses

all but 1/e ofits energy):

u Beware units !

˘ Calc ulated us ing above formula, X 0 is

in units ofg c m - 2 .

˘ Ifneed X

0 as true le ngth, divide by

dens ity ofmate ria l, e.g. for iron:

X 0 = 13.8 g c m - 2 , r = 7.9 g c m - 2 Þ

X

0

= 1.8 cm.

2

p

p 2

0 0

1 1

exp d .

2 2 æ ö q

- q ç ÷ ç ÷ q pq è ø

( )

2

0

716.4 g cm A

X .

Z Z 1 ln 287 Z

-

=

é ù + ë û

Multiple Coulomb scattering cont.

u (Sma ll a ngle ) scattering in y pla ne

indepe ndent ofscattering in x pla ne.

u Width ofdistribution ofspace scattering

angle

u Centra l limit theore m does n´t apply to

rare la rge angle scatters (c.f. Ge iger a nd

Marsden’s observations ), so above does

not describe occasiona l large a ngle

scatters !

u Exerc ise

Use MathCad to plot distribution of

space scattering a ngles of1 GeV muon

afte r it has tra ve lled through 1 c mof

iron.

2 2 2 2

s 0 x 0 y 0

2 . q = q + q = q

Energyloss formula

u Calc ulate energy lost in collis ions with

atomic e lectrons :

u Impulse to electron (mo me ntum

cha nge):

u Ass ume p F dt F t . = = ò

2

2

0 ze 2r

F and t .

4 r c

= =

pe b

Nuc le us e - r (impact para meter)

E ¢

Energy loss formula cont.

u Ifv ~ c, latera l Coulomb force inc reased

by factor g , dista nce Lore ntz contracted

so:

u Energy ofe lectron is thus :

u See energy loss to nuc le ii ins ignifica nt !

u Expressing (1) in terms ofr a nd

diffe re ntiating:

2

2

0 ze r

p .

2 r c g

»

pe gb

2 2 4

2 2 2 2 2

e 0 e p z e

E (1)

2m 8 r c m

¢ = »

p e b

2 4

2

2 2 2 2

0 e

2 4

2 2 2 2 2

0 e z e

r

8 m c E

z e dE

r dr ( 2)

E 16 m c

=

¢ p e b

¢

=

¢ p e b

Energy loss formula cont.

u Prob. offinding a n electron with impact

para mete r between r and r + dr in

dista nce dx :

u Putting r dr from (2) into this gives

probability ofcollis ion with tra ns fer of

energy betwee n

to atomic e lectron:

u Rewrite us ing:

u

A

N

dP Z 2 r dr dx.

A r

= p

E and E dE

¢ ¢ ¢ +

2 4

A

2 2 2 2 2

0 e z e ZN dE

dE dx dx.

A E 8 m c

¢ p r

¢ F »

¢ p e b

2

13

e 2

0 e e

r 2.8 10 cm.

4 m c

- = = ´

pe

2 2

2 A e

e 2 2

2 ZN z m c dE

dE dx r dx (3)

A E

¢ p r

¢ F »

¢ b

Energy loss formula cont.

u Useful result:

u Energy loss to electrons from (3):

u Minimum e nergy ~ a vera ge ionization

potentia l:

u Maximum e ne rgy is ma x that can be

tra ns ferred to electron in collis ion:

2 1 2 A

e

2 ZN Z

r 0.307 g cm .

A A

- p

=

max

min

max

min

E

E

E 2 2

2 A e

e 2

E dE

E dE

dx

2 ZN z m c dE

r .

A E

¢

¢

¢

¢

¢ ¢ - » F

¢ p r

»

¢ b ò

ò

min

E I 13.5 eV Z.

¢» » ´

2 2 2

max e

E 2m c .

¢» b g

Energy loss formula cont.

u Putting this a ll together:

u Correct and more complete ^ Bethe -

Bloc h~ formula in Ha ndout.

u Useful approximation:

u Exerc ise

Using the above approxima tion write a

method to calc ulate the energy loss per

unit le ngth ofa muon tra ve lling through

iron. Compare the results you get with

those plotted in the handout; think about

the units !

2 2 2 2 2

2 A e e

e 2 dE 2 ZN z m c 2m c

r ln .

dx A I é ù p r b g

- » ê ú b ë û

2 2 2 2

2 e

2 dE Z z 2m c

0.307 ln .

dx A I æ ö é ù b g

- » r - b ç ÷ ê ú b ë û è ø