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MATLAB should now be ready for you to use.

You should have the textbook(s), the scripts and the
demos/templates

Lecture/class notes — email list (sign up) will be used
for communications

Homework and “project”.

— The goal is not just to execute existing scripts but
to read and understand the script instructions.

— To that end, practice and finish by writing a
(14 : 2
project™.
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® There are 3 main topics to be covered
m First, MATLAB itself as a tool

® Second; scattering of particles, stochastic
processes and Monte Carlo methods

B Third; interaction of particles and magnetic
and electric fields. Radiation of particles,
NR and SR. Beam elements — dipoles and
quadrupoles. Simple beam design.
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® Homework assignment — due by last class

® Write a script about some topic you are working on or intersted
in:

B There are 200 examples available to you
m Use the “template2” script if you wish to get started

® The project assignment attempts to make the course work less
passive and more an active involvement in your interests.

® Use “help” and other tools like “demos”. Send us e-mail if
stumped. Note — data analysis is a good option (help dlmread,
etc.). Look at fitting examples.
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Scatterin

® Numerical integration for ODE — impact parameter.
First order RK solutions.

Tha MATLAE tool, “odadd™ iz wsad which iz 3 numerical zolver for
3 ==t of ordinary diffsromtial aguations. In thiz cass there ae fowr
unknowns, the X ad v position and the x and v valocity, which s callad
%{i) in the script. The initial conditions &= that x = -10 and v = b, the
impact paramater with initial x velogity = 3 = -f2 md initial v velocity
= 0. The mas: and kinstic snarey of the clazsical probs particla are tskan
to be agual to one.  The aguations 3= input 10 “pdad3™ ar=;

de/ bt =v_,q(2)/ dt = W1}

av /dt=v_,dw(4)/ a& =w(3)
av_ldt=(x/r}g/r")=dw(l)/ &

av ldt=(x/r)g/r")=dw(3)/ dt (LT)
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® 1/r*2 — repulsive. Note asymptotic velocity in and out
are =. Elastic scattering. No recoil. Movies!

® Run DG, “Scatt Force Law”

Trajectory of Scattering for This Force Law
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® As b — theta < since one gets futher from
the force center

Scattering Angle vs. Impact parameter
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® The relation in detail between b and theta depends on the strength
and range of the force ( compare 1/r to 1 /r*4). Scattering and
force laws...

Trajectory of Scattering for This Force Law
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¢ Small angle Rutherford angular distribution
is easily found.

do = 2nbdb= (21b/8)(db/do ) df
do 1dQ ~(b/0)db/db)

F~1/b*
dP~F(b/v),0 ~dP/P~1/b
do /dQ ~1/8°
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® Conservation of momentum and Kinetic

energy. Particle of mass m, energy T,
strikes particle at rest (M).

Vo=viIM ¥
To=1+7 (2.10)

These equations canbe solved forthe recoil veloecity asa function of
the angle of the recoiling targst, ¢

v, =2cosg/ (1+ M/ m) {2.11)
Omnce the recoll angle is chosen, the recoil velocity is solved for, and

then the scattered projectile velocity, w; follows from momentum
conservation as does the scattering angle & of the projectile.

¥ =41+1% — 21 cosd

WEn f=wsing @.12)
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® Scattering off licht and heavy targets. Run

“cm_NR scatt”

The user can vary the masses and see how the velocity partition
between recoil and projectile particles is altered when M is vared.

Scattening for 10 Fiepus-lr!a'lm Angles
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x Componant of Velocity
Figurs 2.14: Scattering of a projectileand therecoil momsntumand angls for the case of

agual target and projactile mass. Thisis a snapshot of a movis covering several scattarine
anglas.

06/15/14 UIC — MATLAB Physics

10



)

® Energy transfer and target mass

06/15/14
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® Equal masses — 90 degree opening angle. All
energy can be lost. Example - billiards

Scattering for 10 Representative Angles
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e Billiards bumpers — vs smartcar/hummer
collision — little energy lost

|1

Scattering for 10 Representative Angles
® Recall :

m K loss,e
B Scatter -Z
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® In SR particle can

decay, turning mass
into energy

® In SR = mass particle
do not have a 90
degree opening

angle.

06/15/14

There are two general cases. For the decay of a particle of mass M
mto two particles of mass m, the center of momentum, CM, quantities
are simply:

J.M.‘__ﬂ = J.H:ﬁ‘m = P.'IIE::.";._.‘ = E.'IIJ.H
£=M/2 (7.6)
The CM energy 1z sumiply the mass M particle, and the daughters of
massm share the CM energy equally. The mass M particle moves in the
lab frame with momentum P.
Inthe case of elastic scattenng, m+ M -> m+ M, the iitial state has

a target of mass M at rest and a prejectile, mass m, moving with
momentum P and energy £. The ChM in this case is:

J.H:“ =m1 _J.M: _:EJ.HE:

B =Ple+M)y_=(E+M)/M_

P'=PM/M_ )
The CM quantities for final state objects are mdicated by a *

superscrpt. In both cases, they are defined by a single “scattenng/'decay
angle”, " . Making a Lorentz transformation back to the laboratory:

P =P'sing’
P =y (P cost +5,.2) (7.8)
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e Useful to “play” with SR scattering/decay.

06/15/14

Run “sr_

PR &

Scattering for 10 Regraseniative Angles
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Figura 7.10: Scattering of aqual mas s particlas. The angle betwrsen the scattarad projectils
and thea recoiling target is lass than ninaty degress for high momentum projectiles.
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It
® In electrostatics, E for a point charge is a

sphere. In SR the field becomes a
“pancake”. Run “E_SR”

Camtour of the Elecine Field for B fom 010 0.9

E~[g(1- §1)/(1- | *sin® Y27 /o

2 = slantanesud Dol 10 Obdenal=n pont

Figure 7.13: Contours of the alectric fisld of a uniformly mowing chargs.
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® Energy transfer does not depend on particle

energy. Hence dT/dx is a constant and a
minimum at high energies. At low energies

dT/dx ~ 1/v*2.

M=bivabiyv

F=¢" |t >y’ b

AP=¢" /bvo¢ bc

AT=AP |2m=¢' /4Th" &'/ 2meh’

——— s

4 4 A4 2 a4 &8 1 @ 3 4 &

Figura 7.14 Transversafizlds of a moving charge obsarved atthe pointx=d, v=0=z. At
left the charge movaswith F = 0.1, whila at right it has velocity 5= 0935,
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Run E_Move Charge SR” - movies

E in Units of a/t?
-1 -
4
T}
w 2
'|.
QpE -
A i L i i i
R -4 -2 1} 2 4 B

Eprirne = 1§ in unis of by

Figura 7.15: A frame ofthe movia fora chargad particla with ﬁ ={1.95whanths charga

is naar tha observation point. The blus line goes from the charga, blua *, to that point,
whila the rad vactor showrs the size and direction ofthe alactrie fiald
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® A charged particle also ionizes the electrons
as it goes through matter (protons??)

® At relativistic velocities ~ all energy loss is
about the same ~ 1.5 MeV/(gm/cm?). -
using density scale, dT/dpx. A “mip”

e At lower speeds the energy loss scales as 1/p°
— note p therapy for deep cancers....

® Track a beam of muons as it traverses
material — check “stopping”
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® LLoma Linda; dT/dx ~ 1/T for NR particles.
Run “Range Energy”

Specibs lonizaton, dTids as 8 Funcien of Mabensl Temmraed
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® For acceleration parallel or perpendicular to velocity, the
radiation grows rapidly with energy and is thrown forward
along the velocity. Run “Rel Radiate”

dp, | dQ~sin 6/ (1— 5 cosfY
dp, | dQ~1/(1- BcosBY[1-sn’ 8/ (1- fcosb)Y] (7.12)

Contour of the Parallel Radiaticn for  from 010 0.6 Contowt of the Perpendeculir Radistion for B freem 010 0.6
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Figura 7.18: Parallel accalemtion angular pattarn as a function of the source velocity. Figura 7.19: Parpandiculsr accelamtion angular patternas a function ofthe soures
velocity.
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® Mip and shower — energy loss mechanisms. Run
“HF Movie e u”

B For a relativistic particle (e) radiation dominates

B For a NR particle, dT/dx dominates

Enargy distribution vs depth for 150 Ge' incident electrons

Al Enmpy distribulion vs depth for 15 Ga'' inciden! muorns
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® MC models — choose system dynamics
statistically and propagate through some
physical apparatus. Run “MC Analytic”

One solvable problem is the power law distribution of a variable x, where o is the desired
power. The range of the variablesis xmin to Xmsrand ris a random variable giving
uniformly distributed values from zero to one.

X L

jt‘*dff j * di=r T
x:ﬂ: xﬂ:

y = [_¥;+1 ﬂ:+1 .:e:+1 ]1 {a+l)
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I Exponental ana B

® Analytic solutions for exp, BW, power and
Gauss

o
"

g s 14
I e tdr/ I e Tdr=r
X

¥ -
X =—7T ]]:I_[E_:_r_:":m:'-I +r|:e_x==-'r_e—xm.?}]

e
(1—x,)"+(@/ 2y

J

Xoin

o 1 )
I - — & 15
‘. [f—xa} +(T/2y

@yip = 2005, —x,)/T
Pz = 2 —2,) /T
x=x,+T/2 tan{tan‘l (@ ) + r[tan‘l (P ) —tEﬂ_l[@’m ]]}
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® Gaussian requires 2 random number calls,
returning 2 variable choices.

A Gaussian distribution can be achieved by using two random numbers and the fact that
the joint probahility of two uncorrelated variables is the product of the probabilities. In
Eq. 1.6 the standard deviation of the Gaussianis ¢. The joint probability can have a
“radius” chosen from an exponential and an azimuthal angle chosen randomly from zero
to 27 The means of the Gaussian can simply be added to the resulting x and v values.

dP(x)dP(y)
— g—f.]ﬂ'i E—J.'i.l:l'2 dmvr_u L6
= e"'jj”ir::.-}‘::.-’qz?
_ -uld ﬂrﬂﬂrﬁ@_ oy = 3
2
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® Look at “MC Numeric” to see simple accept/reject
method.

® Look at “Euler Angles” to see the definition. A
solid like a top requires 3 variables in general.
Note the matrix multiplication and “plot3” use

® Look at “Euler” to see how to go from a frame
where the z axis is the direction of a particle
momentum to a frame where the particle moves
in the lab with spherical angles .8y

® .00k at functions “Gauss” and “PowerLaw”
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® Most distributions must be chosen from
using numerical methods. e.g. Compton
scattering

Compton Scattering Angular Distribution

pick r: = Xgp + R0G, —Xg)
pick s if r<P(x)/ P(x)__ then accept x
if »=P(x) P(x),, then reject x 100}

0—1 08 06 -04 -02 ] 0.2 0.4 0.6 0.8 1

cos(8)

Figure 1.11: Angular distribution in Compton scattering for a specific, user defined, photon energy.
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® Stochastic processes and sqrt behavior.

Multiple scattering is an example of a
stochastic process. Run “rand walk”

Distance of Walk vs Number of Steps
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Figure 2.18: The path of a random walk in x and y with 100 steps of length one taken. Figure 2.19: The radins from the starting point of a random walk with 100 steps oflength one taken.
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® When a charged particle goes through
material it scatters off the charge of the
nuclei.

® Many small angle scatters lead to a resultant,
stochastic scattering called multiple

® The characteristic length for the process is
called the ’radiation length”, Xo. The Xo
value depends strongly on the atomic
number, Z, as expected.
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® Consider a particle with momentum
components px, py, and pz and energy e

® The scattering angle for traversing a length L
of material is distributed as a Gaussian
with typical angle — no e loss assumed

), = 21MeV LI X | pf
ez m,p=yfm
® Use Gauss, rand and Euler to pick the angle
w.I.t. Particle direction and then to the lab.
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® Transformations from lab frame to/from

“CM” frame are needed — Euler angles.
Look at “Mult Scatt”

The scriptuses the functions “Gauss”, “PowerLaw”, “Mult_Scatt” and “Euler”. The first
two functions were described above and provide Gaussian distributed or power law
distributed variables. The function “Euler” transforms a momentum vector, p,from a
frame with the z axis oriented along spherical angles 3 and @ to the “laboratory” frame,
p’. where the z axis has those angles. A check for the special case where the momentum is
along the z axis, py = py = 0, vields the momentum components in the primed system which
are as expected, seen as the third column of the transformation matrix.

N~

cosfcosg —smng sinfcosg ||| Py
P, |=|cosfsing cosg sinfsing || p,
. —sin & 0 cost

1.2
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— Beam and Block
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¥ and z of Beam Particles in Material
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100

Sliders for

Beam momentum

And length of
Material. Menu
For the type
Of material.

Particle may stop

Before end of
Block.

32



® Plot of beam “spot” at start and end of a
block of material. Command line plots.
Run “Monte Muon3”

Initial Beam (x,¥) - Final Beam (x,¥)

o - K oy B m

T I

dw':"

Figure 1.15: Distributions of muonpositions in the beam at the startof the traversal ofthe iron, (left),
and after complete traversal of the iron block (right). The scales are a factor of 21 different.
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