3 Charged Particle Motion in a Magnetic Field

When you have completed the ‘ Particle Annihilation’ section and read all the text (especially
section 2.2), click the Next button in the Particle Annihilation text window to move onto the
next section. Or select ‘Motion in amagnetic field’ from the Options menu. Either way the

text window for ‘Motion in amagnetic field’ will appear.

Aim: toidentify different charged particle-antiparticle pairs, by studying their trajectoriesin a
magnetic field.

Click the Graphics button in the text window to display the graphics window as shown in
Figure 3.1. Asexplained in the previous section we are now looking at a circular cross-
sectional view of the point where the collisions take place, at the LEP accelerator at CERN,
which we have labelled as the xy-plane. The incident electron and positron beams travel along
the axis of the accelerator, i.e. into and out-of the screen; they meet and annihilate in the
centre of thisview, at the origin of the x, y axes. In the real accelerator thisview is several

meters across; see scale at the bottom of the graphics viewport.

Click the Fire button in the graphics window. This causes an annihilation as indicated by the
POW! and two charged particles are created. Their trgjectories (dashed lines) are curved by
the uniform magnetic field applied along the z axis, i.e. coming out-of the screen towards you!

(see Figure 3.1 and Figure 2.7).

Scroll bars, positioned at the bottom of the graphics window, allow the Incident beam energy
(E) and the Magnetic field strength (B) to be changed and set, prior to firing. The allowed
rangesare E = 11050 GeV; B=1t05 Teda The computer selects, at random, from four

charged particle pairs, shown below with their rest masses

1) muon+, muon- (nt, nT) = 0.106 GeV/c?
2) pion+, pion- (p*, p°) = 0.140 GeV/c?
3) kaon+, kaon- (K*, K-) = 0.494 GeV/c?
4) proton-antiproton (p, p) =0.938 GeV/c?
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Hence, each firing sequence can result in a different charged particle pair being formed. The
particles are colour coded; it is your task to identify them by determining their rest masses and
comparing your answer with the ‘book’ values, given above. To see how this is done we must
first discuss which units to use and study the relativistic equation connecting total energy and

momentum.

=-| Lancaster Particle Physics B4l ‘E
Options Help

Motion in a Magnetic Field Charged Particle Motion in a Magnetic Field
> Theze graphicz show the trajectories
that different charged paricle-antipatice
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randomly by the computer, are: 1) g+, p-
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= Click the Graphics button and then the
Firebutton to seethis.

= Use the scroll bars to seled a lowheam +
energy andfor a large magnetic field i
strength.  Click Fire and notice that the !
partide track s are nowwmore curved. !

4| = Click the Radiug button and, using the !

o | mouse, messure the radius of curvature d
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Repeat and obtain a mean. !
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particdes - see Help for the 'book’ values. i . i -h$_ ey ) ;
> Enter your choice of particle (1-41in the
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[ ]
]
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gtrength [T): 1

| Exit |< Back || Next > | | Graphics | Fire || Badius i |i| Incident beam
energy [Ge¥]: 1

Figure 3.1 *A typical firing sequence’
The charged particles experience a force given by equation 3.1
F =BQv (3.1)

because B and v lie in perpendicular directions this force will cause the particlesto travel in

circular trajectories. Hence, for circular motion, equation 3.1 gives

mass~ centripetal acceleration = centripetal force

2
mV—: BQv

r
\' mv=BQr
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o p=BQr (units Kg.m.s") (3.2

where p is the particle momentum and r is the radius of curvature of its trajectory. Therefore
if we know B and Q we need only determiner in order to calculate the particle’s momentum.
However, in order to get a useful answer we need to convert the momentum, at present in

m.k.s units to GeV/c units.

The unit of Q is Coulombs (C), BisTeda(T) and r ismeters (m). If we multiply both sides of
equation 3.2 by the speed of light, ¢ = 3" 10° ms *, then the units are now in Joules because:
[Momentum = Speed] = [Energy]

pc=BQrc (units: Joules (J))
One electronvolt, 1eV =1.6" 10" J
or, expressed another way, 1 J= (1/1.6" 10 ®)eV.
Therefore the units of the equation, above, can be converted to eV asfollows

oc = BQrc

“16 109 (units: Electronvolts (eV))

but Q isequal to the charge on the particle moving in the magnetic field. For thisexercise Q is

equal to the charge on one electron or proton = 1.6x10 *° C. Therefore the equation above

reduces to
pc=Brc (units: eV)
by substituting in the value for ¢, on the right hand side, we get
pc=Br3” 10°® (units: eV)
or, because 1GeV = 1" 10° eV
pc =0.3Br (units: GeV)

Finally, by expressing the unitsin terms of ¢ we obtain:

p=03Br (units: GeV/c) (3.3)

(Note: Even though we have derived this formula using classical mechanicsit is also valid for
the HEP case, provided we use the relativistic momentum, p=gmgn)
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Hence the units of momentum are GeV/c, B till has units of Teda, r of meters. Asa

summary:
1) Energy has units GeV

2) Momentum GeV/c

3) Mass GeV/c?

(These are very convenient units in which to measure energy, mass and momentum when
working with particles of very light mass accelerated to very high energies. For example, itis
much easier to remember that the rest mass of the proton is roughly 1 GeV/c?, than it isto
remember that its valueis 1.67° 10°%" Kg )

Y ou should use equation 3.3 to determine the momentum of your particle by making
measurements of its radius of curvature and by using the value of B set by you, prior to firing,
with the scroll bar in the graphics window (see Figure 3.1). Making radius measurementsis
covered in section 3.1, below; for the present we will continue with the calculation to

determine the particle rest mass.

When you have calculated your particle’s momentum you can use the important relativistic

relation connecting total energy and momentum, to calculate its rest mass

E? = p?c® +mic’ (3.4)

where E isthe total energy of the particle (kinetic plus rest energy) and my is the rest mass.
We can see that for a particle at rest (p = 0) this equation reduces to the familiar, E = moc2 :

Because energy is conserved, the total energy before annihilation equals the total energy after
annihilation. In our case, before annihilation, the electron and positron each have an energy
equal to the beam energy, therefore the total energy of the system is twice this amount. After
annihilation, when a particle-antiparticle pair are formed, each particle takes half of the
available energy: equal to the original beam energy. Therefore in equation 3.4, E = Incident
beam energy. This can be set by you, prior to firing, using the scroll bar in the graphics

window (see Figure 3.1).

We now know both the energy and momentum of each particle in the charged particle pair.

Equation 3.4 can be rearranged to determine their rest masses
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1
m, =—+E? - p*c? (3.5)

Lets do an example:
If the Incident beam energy was set at 1 GeV, put E = 1 GeV

If your radius measurements give p = 0.873 GeV/c, put pc = 0.873 GeV

then m, =+/12 - 0.873% GeV / c?

m, = 0.488GeV / ¢?

Thisisvery close to the mass of akaon (K*, K-), see the table on page 16. By repeating the

measurement you could confirm this - see section 3.1 ‘Making Radius measurements'.
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3.1 Making Radius measurements

click the button in order to start Radius measurements.

M easurements are made by positioning the mouse pointer on a particle track and clicking the
left-hand mouse button; a circle will be drawn at this point and its centre co-ordinates stored
by the computer. Repeat this procedure three times to display three circles. The computer
will then display, in a data box, the radius of curvature (in meters) of acircle which lies
through these three points (remember three points uniquely define acircle). If you have
chosen your points carefully they should lie, equally spaced, on the particle track and the
displayed radius value should correspond to the radius of the particle track (see Figure 3.2b).

It is up to you to position the Radius circles correctly, poor positioning will result in an
inaccurate value for r making it difficult, if not impossible, to determine the particle’s rest

mass. Figure 3.2a shows poor circle placement and Figure 3.2b shows the correct placement.

=-| Lancaster Particle Physics B4l ‘E
Options Help

Motion in a Magnetic Field Charged Particle Motion in a Magnetic Field
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Figure 3.2a Poor circle placement
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Motion in a Magnetic Field Charged Particle Motion in a Magnetic Field
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Figure 3.2b Correct circle placement.

There are two ERROR! dialogue boxes that can appear when you are placing your Radius
points. If your points are too close together then an error box appears, as shown in Figure
3.3a, telling you to try again, this time spacing your points evenly along the track to obtain a
more accurate value for your radius. If you have chosen alarge incident beam energy then the
particle tracks can often appear as straight lines and your points may liein aline, giving an
infinite radius of curvature! If this happens an error box will appear, as shown in Figure 3.3b,
advising you to try again on a new particle track, this time with alower beam energy and/or a
larger magnetic field strength. Either way this should produce atrack that is more curved -
can you see why? Increasing the magnetic field increases the force which pushes the charged
particlesinto a circular path. Reducing the beam energy reduces the new particles linear

momentum and so, according to equation 3.3, the radius of curvature is reduced.
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= Lancaster Particle Physics | "’I m
Options Help

Motion in a Magnetic Field Charged Particle Motion in a Magnetic Field
> Theze graphicz show the trajectories
that different charged paricle-antipatice
pairz follow in the xy-plane, under the
influence of a uniform magnetic field
directed along the positive z axs -ie. out
of the screenl  The four pairs, chosen
randomly by the computer, are: 1) g+, p-
(muons), 21 n+, SR i

(kaons) and 41 P2 '='| Errar!
= Click the Graphic I:I
Eirebutton to seeth ® Y'ou have placed your points too close together.
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Figure 3.3a Error boxes

Even when you have placed your points correctly, it is still advisable to repest the
measurements on the same particle track, in order to obtain a mean radius for the same
incident beam energy and magnetic field settings. To start a new measurement, position and

click the mouse a fourth time, thiswill then become the first point of a new Radius

measurement and the previous points will be erased automatically. Select a further two points,
so that you again have three circles, and the new radius value will be displayed in the data box.

Make a note of your r values each time and calculate a mean.

Hints: generally, to obtain the best results select: Incident beam energy (E) = 1GeV, Magnetic
field strength (B) = (1 or 2) T and take three or more Radius measurements on the same
particle track. Asdiscussed aboveif E istoo large the radiusistoo large, whileif B istoo
large the radius will be too small making radius measurements, in both instances, inaccurate.
With practice you will find suitable settings which result in reliable particle identification from

their rest masses.
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Figure 3.3b Error boxes

Warning: Those particles with smaller rest masses will be difficult to determine, because their
rest mass energy (my ¢*) is much less than their kinetic energy even at the lowest beam energy
of 1 GeV. Interms of equation 3.5 this means there is very little difference between the two
terms in the square root, and the momentum must be determined very accurately in order to

obtain ameaningful answer: i.e. if m¢ comes out negative you are not positioning your cursor

accurately enough.

To seeif you have correctly identified the particle, from your rest mass calculations, enter the
corresponding number (1 to 4 from the list on page 16) of your choice of particle into the data
box containing the flashing cursor and press return. This will cause the name of the correct
particle to be displayed (in red) in the Answer box. For comparison, the program will also
convert your particle number into the corresponding particle name, as shown in Figure 3.4.
Note: if you enter an invalid entry such as a character, instead of a number, then an ERROR!
dialogue box will appear. Alternatively, if you enter a number outside the 1 to 4 range or one

that is not an integer then two separate TYPING ERROR! dialogue boxes will appear. Click
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the OK button to clear the dialogue boxes. Thiswill also cause the data box to clear, after

which you can enter your choice of particle.

(Note: the data entry box, for your choice of particle, is only enabled after you have taken
your three Radius measurements. The Answer will only be displayed after you have
determined a type of particle and entered, correctly, its corresponding integer number into the
data box and pressed return.)
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Figure 3.4

3.2 Summary of calculation

Step 1. Select your E and B settings to produce atrack which is easy to measure.

Step 2: Take three or more Radius measurements on the same particle track and obtain a

mean value.

Step 3: Substitute your mean radius measurement into equation 3.3 and determine the

momentum of your particle.

Step 4: Substitute your momentum value into equation 3.5 and obtain the particle rest mass.
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