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18.1 INTRODUCTION

This unit deals with the forces acting on a charged particle in a region where
electric and/or magnetic fields are present. In fact we have already examined
some of these forces separately. For example we have seen that a particie of
charge q and mass m, a.bbrev1ated as : particle (¢, m), placed in an electric
field E experiences a force F gE. Even a. stationary particle expenences this
force. This means the above equatlon is valid irrespective of the state of
motion of the particle. However, in the presence of a magnetic field B a
stationary particle (g, m) experiences no force. The same particle moving with
a velocity ¥ experiences a force F = ¢7 x B. In the presence of both E and B
we get the total force on the particle as

F=qE+qix B :18.1)

The above relation is known as the Lorentz equation. It gives the so called
Lorentz force known after H.A. Lorentz whose contribution to the
development of electromagnetic theory was very significant. The Lorentz
equation gives the most general form of the force on a charged particle in an
electromagnetic field. When q is in Coulombs, Ein Volts/m, B in Tesla, and
v in m/s,F is in Newtons.

Moving charged particles produce E as well as B fields. The electric field is
produced by charges irrespective of whether they are at rest or in motion with
respect to the observer. In contrast the magnetic field is produced only by
charges which are in motion with respect to the observer. Recall that a
moving charge constitutes a current which produces a B field as given by the
Biot-Savart law. In nature, wherever charged particles are in a state of motion
- e.g. in the Sun’s corona - each particle experiences the electromagnetic freld
produced by all the other particles. Thus the resulting motion can be rather
complicated.

Our ability to understand and control the m({t’iﬂi{l of charged particles using
the electromagnetic field enables us to construct devices which play a
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~ significant role in our daily life. For example the science of electronics depends

for its development on our ability to understand the motion of charged
particles inside materials of different compositions. Charged particle
accelerators which play an important role in atomic and nuclear physics, could
be built only when we were able to produce electric and magnetic fields of
suitable configurations to control the motion of these particles. The Lorentz
equation comes in the picture at each stage.

In this unit we shall start from very simple situations and build up our
understanding of the Lorentz force equation. At each stage of our study we
shall try to establish connection with practical situations.

Objectives
After going through this unit, you will be able to :

¢ Solve problems involving the motion of charged particles in an electric
field. (SAQs 2,3)

e Solve problems involving the motion of charged particles in a magnetic
field. (SAQs 4-10)

e Analyse simple situations where charged particles are moving in a region
where both E and B fields are present.(SAQs 11-17)

e Understand the basic ideas involved in some particle accelerating
machines.(SAQs 18,19)

18.2 CHARGED PARTICLE IN AN ELECTRIC
FIELD ~\ o

The force on a charged particle (¢,m) in an electric field E is F = ¢E. The
acceleration of the particle due to this so called electric force is

m

= g = (l) E (18.2)

It is the charge to mass ratio viz % that plays a role in the kinematics of such

a particle. For a given value of E, the larger the value of —:—l, greater will be
the acceleration.

For example consider an electron in an electric field of strength 4 kV/m. Its
acceleration will be
_9p_ 1.6 x 10™1°

™ W4000 =7X 1015 1’71,/-8‘2

'SAQ1:

Look up and tabulate the charge(q), mass(m) and the (q/m) ratio for the
following elementary particles : electron, positron, proton, neutron.




Let us examine the motion of a charged particle (g, m) released from rest in

an electric field E = iE. Acceleration a@= %i velocity at time ¢ after

Et qE t?
release = 5= @t = +— i t, and position at time $is z = :c(t) = ;2—5- We have

used here the boundary conditions :

v(t=0) =0 & z(t = 0) = 0. This is essentially a case of a pa,rtlcle starting
from rest and moving in a straight line with uniform acceleration. Next we
can consider a charged particle moving in a uniform electric field with an
arbitrary initial velocity. Suppose the electric field is given byE = —Ej and
the initial velocity is 7, making ar angle a with the x-axis as shown in
Fig.(18.1). Since there is no force along the z direction the z component of
the velocity remains constant. Taking the origin at the point of projection, we

get z(t) = (v, cosa)t. The uniform acceleration = J gives
m
. E . . . . .
vy(t) = (v, sina) — z_n_t' One more integration with respect to time gives

B . qEt?
y(t) = (v, sina)t pyea

7 .
lE

—y
v

X
0 7 X

Figure 18.1: Charged particle in a uniform electric field o

Eliminating ¢ between the equation for z(¢) and y(t) one can show that the
trajectory 1s a parabola. This problem is similar to that of a projectile in a
-uniform gravitational field.

SAQ 2:

In Fig.(18. l) the projectile is a proton which has initial kinetic energy 400 eV.

Angle a = 45°, while the uniform field has strength 4000 V/m. Show that the
maximum value of y is 0.05 m.

SAQ 3: ~
A particle of mass 3.3 x 10~%kg is at rest in the lab under the action of the
gravitational field and a vertical electric field of strength 50 kV/m. Show that
the charge on the particle is 4e. :
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18.3 INTERACTION WITH A MAGNETIC
FIELD

The force on a particle (g, m) moving with velocity ¥ in a region of magnetic
induction B is given by F = ¢ ¥ x B. Mathematically this force law is more
difficult to handle than the corresponding force law for electric field viz.

F = q E. We shall start our investigation of the interaction of charged
particles with a magnetic field from very simple cases.

18.3.1 The Cyclotron Frequency

The simplest case to analyse is that of a charged particle (¢, m) projected
with velocity ¥ in a plane perpendicular to a uniform field of magnetic
induction B.The trajectory is a circle in this case as shown in Fig.(18.2)
because the magnetic force F = ¢i x B provides the centripetal acceleration

required to keep the particle in a circular trajectory. Since ¥ and B are at
. R m02

right angles, we can write qyB = — or

a

mv = p = Bag (18.3)

where a is the radius of the circular trajectory. The time taken by the particle

to complete one circle is the period T and the frequency is 1/7. Thus we get

= 21r_a = -ZLm— and therefore
v Bq

_ 1 Bgq
@) 1= 7= 2em (18.4)

. ... qB .
Frequency f is independent of the speed v of the pa,rtlcle The quantity an— is

sometimes called the Cyclotron frequency of the given particle in the given

Figure 18.2: Circular field B.

trajectory of a charged w — 2£ (18 5)
particle in a plane nor- cyclotron = )
mal to a uniform mag-

netic field. SAQ 4:
Find the orbit radius of a proton of kinetic energy 12 keV describing a circular
orbit in a plane perpendicular to a uniform field B = 10~27.

Example 1 :
Consider the circular trajectory of radius 0.3 m of a 6 MeV proton in a field 5.
Calculate the radius of the path of a 12 MeV alpha particle in the same field.

Solution:
Such a problem can be solved without evaluating the field strength from the
proton data.From eq.(18.3) we get the momentum of a charged particle (¢, m)
in terms of the radius a of its circular trajectory in a plane normal to a
uniform B as p = Bag.

2 p242q2
P _ Bfdq orB2=2mK
2m  2m a?q?
since B is the same for both trajectories, we can write

Kinetic energy K =

. In the present example,
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r (%) [re [Ee OIS
orrg =1, (qa) ™, Kp—(0.3m)(2 Ve = 0.4242 m.

SAQ 5 :

A proton and a deuteron are describing a circular orbit of the same radius in
a plane normal to a uniform field B. Calculate the ratio of the proton speed to
the deuteron speed.

SAQ 6 :

A 4 Mev alpha particle is describing a circular orbit of radius 0.8 m in a plane
normal to a uniform B. What will be the orbit radius of a 8 MeV deteuron in
the a field B/8 ?

SAQ 7 : :

A singly charged oxygen ion with kinetic energy 32 MeV has an orbit radius of
8 m in a plane perpendicular to a uniform B. Calculate the kinetic energy of a
doubly charged (q = +2e) carbon ion with orbit radius 6 m in the same field.

18.3.2 Helical Trajectories

In the earlier section we discussed charged particle orbits in a plane normal to
a uniform field B. Such orbits are obtained if the'direction of the initial
velocity ©, is perpendicular to B. In general, ¥, can be at any arbitrary angle
with respect to B. In such a situation we can resolve ¥, into two components:
one parallel to B and the other perpendicular to B. We may write

¥, = 9| + ¥1. The magnetic force on the particle (¢, m) '

Lorentz Force

29
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can thus be expressed as
f:qﬁoxﬁzq[ﬁ|x§+ﬁlx§]

The first term in the square brackets is zero because the cross product of two
parallel vectors vanishes. We are left with F= qvy X B The trajectory of the
particle can be considered as a combination of the following two types of
motions :

1. A circular trajectory in a plane perpendicular to B and with speed v, .
2. A uniform translation along the direction of B with speed | -

The resultant path in a helix as shown in Fig.(18.3).

SSIVISIY

pitch

V.
@]

Figure 18.3: Helical path in a uniform magnetic field

Example 2:

A charged particle (¢, m) is projected with velocity ¥ at an angle a to uniform
field B. What will be the radius of the helical path and its pitch?

Solution: :
In this case, v = v cosa and v} = v sina. The magnetic force provides the
2 Ly

. . mv ~F

centripetal force for the circular motion. Hence Rl =gqvy B or
ina . .. . . .
R= %. Pitch is the distance travelled along the axis of the helix when
q

one revolution of circular motion is completed. Equation (18.4) gives the
period T which is independent of speed. Multiplying T by v, we get the pitch
2T mv cosa ‘
9B O
SAQ 8:
*. 24 keV alpha particle is projected at 30° to a uniform magnetic field
B =5x 1072 T. Calculate the radius R and pitch C of the helical path.




SAQ 9. Lorentz Force

At what angle a should a charged particle be projected with respect to a.
uniform field B so that .
the radius of the resulting helical path will be equal to its pitch? "

SAQ 10:

An electron with speed of 7200 m/s is projected at an angle of 60° to a
uniform B field of strength 0.24 T. What will be the total path length
travelled by the electron in 1 millisecond?

18.4 CROSSED ELECTRIC AND
MAGNETIC FIELDS

The total force on a charged particle moving in a region where E and B are
present, is given by the Lorentz Equation (18.1). It is easily seen that for
arbitrary directions of E, B and # the direction and magnitude of F will
change from point to point and an exact solution of the equations of motion
using Newton’s laws, could be very complicated. We shall therefore consider
simple cases where it is possible to solve the problem of motion of the charged

particle in a combination of E and B. y
A
18.4.1 The Velocity Filter N
Consider a combination of E = Ei and B = Bj in which a particle of charge B
+g¢ is moving with velocity ¥ = vk as shown in Fig.(18.4). It is necessary to N I
use a right-handed coordinate system in all such problems. Thusin fig.(18.4) -
the velocity vector ¥ comes out of the plane of the paper because that is the v @
direction of k£ = 3 x j- The Lorentz force on the particle is, in this case , '
> N
— — —~ A > 2. X
F=¢qF + ¢ox B=(¢E — qvB)i 0 —E’
Suppose we want the particle to move undeflected through the crossed fields.  Figure 18.4: Velocity fil-
This will happen if the Lorentz force is zero. The required condition is ter
therefore
v=Z (186)
=5 .

The above equation suggests that crossed F and F fields can act as a velocity
filter. Irrespective of the charge or mass, only those particles will pass

31
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undeviated through the fields shown in Fig.(18.4) whose speed v along the z
axis satisfies eq.(18.7).

SAQ 11:
Show that the dimensions of g are those of velocity.
SAQ 12:

In Fig.(18.4) if the velocity of the particle is reversed, will the Lorentz force be
zero?

SAQ 13 :
In Fig.(18.4) if the particles are negatively charged, will they remain
undeflected if Eq.(18.6) is satisfied ?

SAQ 14:
Calculate the "passing velocity” in Fig.(18.4) if E = 2 kV/m and B = 0.01 T.

SAQ 15 :

~ Calculate the kinetic energy of protons which can travel undeflected in the

crossed fields of (SAQ 14).

SAQ 18 :

A beam of electrons passes undeviated through a combination of crossed fields
E =15kV/m and B = 10~2T. Show that the ratio of the velocity of these
electrons to the velocity of light is 5 X 10~3. Calculate the kinetic energy of
these electrons.




18.4.2 Cycloidal Paths in Crossed Fields " Lorentz Force

As an interesting example of crossed fields, we consider the following situation
where the equations of motion are solvable. A charged particle (g, m) is
released from rest from the origin in the presence of £ = Ej and B = Bk. We
‘want to determine its trajectory.

yA\

0 N X
Figure18.5: Cycloidal path in crossed fields

The electric field cannot prowde a force perpendlcular to the xoy plane.
Similarly the force due to B is always normal to B i.e. always in the xoy
plane. The particle can never come out of the xoy plane. After release, as the
particle is accelerated along the y-axis, it acquires a velocity along the y-axis.
The magnetic force ¢7 x B then comes into play and bends the trajectory to
right as the particle acquires speed. At a certain point the velocity becomes
parallel to x-axis. The magnetic force continues to bend the trajectory until
the particle reaches the x-axis and comes to rest momentarily. After that the
same sequence repeats. Thus the trajectory is a series of curves like OMN
which is an inverted cycloid. Since the velocity of the particle is always in the
xoy plane, the most general expression for the velocity is # = iz + jy. The
Lorentz force at any instant is

F=qE+qixB=qEj+q(it+jy)x Bk
Using Newton’s II law, we get, componentwise

F,=mi=qB and F, =mj=qF - qBz
where dots represent differentiations with respect to time. In terms of the
B . . .. E .
cyclotron frequency w = _q__’ we can write £ =wy and § = 22 Ls.

m
In order to solve these coupled equations, we differentiate once more with
respect to time and obtain

d, . . F |
Ei(z) =wj=w [F - wa:]

which can be written as ﬁ(z) = —w2( Y+ — qu

d? [:z: qE’z_wz[Q.: qE]

dez " wm

or
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Representing the square brackets in the above equation by ¢, you can write
the equation in the form

&
a't';(=-w2C

This indicates that { varies simple harmonically with time and we can write
the most general solution of the above equation in the form :

(=¢- anI_T = Psin(wt) + Q cos(w t)
Using the boundary condition (¢t = 0) = 0 we get

& =vﬂ(1 — cos wt) + Psin wt
wm

Integrating with respect to time and using the boundary condition
z(t = 0) = 0 we have : '

qF . E .
= — t -_— o — " — 8.
z wzm(w sin wt) B (wt — sin wt) (18.7)

- Using similar methods, and with the boundary conditions y(t = 0) = 0 and

y(t = 0) = 0 you can easily show that
E
y= w_B(l — cos wt) (18.8)
The above equations represent an inverted cycloid as shown in Fig.(18.5).

SAQ 17 : | .
Show that the maximum value of y attained by the particle in Fig.(18.5) is

% and that the velocity of the particle at this point is % parallel to the

X-axis.

18.5 APPLICATIONS

From the discussion so far you will see that the fields £ and B can be used in
suitable configurations to carry out the following types of operations :

1. To measure the momentum and through it, the energy of a charged
particle.

2. To accelerate a charged particle to a desired energy.

3. To guide charged particles along desired trajectories.

All these operations play an important role in experimental physics and we
shall discuss some of these applications in the present section.




18.5.1 The Magnetic Spectrograph Lorents Force

For a particle (¢, m) describing a circular path of radius R in a plane

perpendicular to a uniform field B the momentum is given by p = BRq. If ¢

and B are known, a measurement of R will give us p. Thus the energy of the.

particle can be determined. This is the principle of the magnetic spectrograph

shown schematically in Fig. (18.6). In this figure, S is a source of charged -
particles - (e.g. a radioactive isotope emitting alpha particles) which are B O
collimated to emerge in a plane normal to a uniform field of induction B. ,
Depending on their kinetic energy, different groups of alpha particles describe

orbits of different radii. The position where each group strikes the line PQ can

be recorded using a photographic plate along PQ. Alternatively a series of f

particle detectors tan also be used. If the nature of the particles is known AP >.
‘ . . . - --2 R2
(e.g. alpha or beta paticles) their energies can be calculated from a
measurement of B and R. Figure 18.6: Magnetic
' ' Spectrograph

Example 3: «

In a magnetic spectrograph of the type shown in Fig.(18.6), the induction is
4 x 10737 and three groups of non-relativistic electrons are recorded to have
orbit radii of 8.5 cm, 12.0 and 13.44 cm respectively. Calculate the kinetic
energy of each group.

Solution:
Using Equation (18.3) we get the momentum of the electron in first group as
2 p2Rp2.2
p = mv = BRq and the kinetic energy as K = r _ ——}—‘L
m

_ 16 x107° x (8.5)> x 107 x (1.6)% x 10~
- 2x9.11 x 10-3

Similar calculations give the energies of the other two groups as 20 keV and
25 keV respectively.

K Joules. = 10keV.

o
18.5.2 The Cyclotron

Atoms and atomic nuclei are not directly observable. One of the methods
suitable for obtaining information about them is to bombard them with
beams of monoenergetic particles like electrons, protons, alpha particles etc.
and to observe the outcoming products of the reaction. Particle accelerators
are used to produce beams of required energies. All of these accelerators use
electromagnetic fields of different configurations to produce the desired kinds

of beams.

N2

Figure 18.7: Schematic diagram of a cyclotron

\
)
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The cyclotron is one such machine which can accelerate particles like protons,
deuterons, alpha particles etc. to energies of a few MeV. The basic principle
of this machine is the result expressed in Eq.(18.4) viz. that the time required
for a charged particle to go around its circular trajectory (in a plane normal
to a uniform B field) is independent of its energy. This idea is valid as long as
the mass of the particle is unchanged. When a particle approaches relativistic
speeds, its mass cannot be taken to be equal to the rest mass. In our
discussion we shall neglect the relativistic variation of mass. In the operation
of a cycletron, a bunch of charged particles of small energy is produced with
its velocity normal to a uniform induction B. This bunch moves in a circular
orbit of small radius. During each period the bunch receives two impulsive
kicks at diametrically opposite points of the orbit. Each kick increases its
kinetic energy by a fixed amount. Thus the kinetic energy and also the orbit
radius increase gradually in steps. When the desired energy is attained, the
bunch of particles is deflected toward the target and thus leaves the machine.
A new bunch is then taken up. Thus the machine has a pulsed operation.
Fig.(18.7) shows a schematic diagram of a cyclotron. D, and D; are two dees.
Each dee is essentially a metallic box shaped like D and height of a few inches.
The straight-edge side of each dee is open so that when put together as shown
in Fig.(18.7), the two dees form an enclosed cylindrical volume of diameter
about 1 m and height equal to the dee-height. A magnetic induction B
normal to the plane of the dees is established by an electromagnet. The dees
are insulated from each other and are connected to a radiofrequency oscillator.
The potential difference between the dees reaches a value which is twice the
amplitude of the radiofrequency voltage of the oscillator. Also it changes sign
twice in each cycle of the rf voltage. This produces an electric field between
the two straight sides of the dees which reverses its direction twice in each
cycle of the rf voltage. Consider a bunch of positive ions starting from the
center of the circle formed by the dees to describe a helical orbit of increasing
radius . The straight portion of the dees facing each other are open so that
the ions can go from one dee to the other.

At the first cross-over of the ion bunch from D; to Dy, Dy is positive with

- respect to D;. Therefore the ions get accelerated by the electric field in the

gap while crossing over. By the time the ions cross a second time (now from
D; to D,) the electric fielu i.. the gap has changed direction so that the ions
get one more accelerating p sh and the ion energy increases by one more step
This means the oscillator frequency is the same as the cyclotron frequency of
the ions in the field F. In this manner the energy of the ions increases in steps
and the resulting orbit is a spiral of increasing radius. The upper limit on the
energy is set by the maximum radius available. When this limit is reached,
the ion-bunch is deflected out of the dees, on a target outside the machine.
‘The space in which ions describe their trajectories is evacuated to minimise
collisions with gas molecules. The energized particles are drawn out of the
machine through a thin metallic foil which prevents atmospheric air from
getting into the evacuated volume of the dees.

Example 4 :

A cyclotron is to be designed to produce 20 MeV protons. If the magnet can
produce a field of 1.2 T, what should be the radius of the dees and the
frequency of the oscillator?




—olution: -
BZR2q2

Using of Eq.(18.3), we can write the kinetic energy as K = . In this

case B=1.2T ¢ = 1.6 x 107°C K = 20MeV and m = 1.67 X 10-'-’71(9
These values give R = 0.54 m.

Equation (18.4). gives, frequency = 2—1:% = 18.3M H z in this case.

SAQ 18 :

In a cyclotron the maximum orbit radius is 1.2 m and B = 1.6 T. If the dee
voltage is 40 KV. Calculate the number of crossings required to attain
maximum energy for a bunch of alpha particles.

SAQ 19:

In a magnetic spectrograph of the kind shown in Fig.(18.6) the magnetic
induction is 0.8 T. Determine the radii of the orbits of two alpha particle
groups of energy 40 keV and 90 keV.

18.6 SUMMARY

In this unit we have defined the generalized force on a charged particle in a
region where both electric and magnetic fields are present. This force is -
known as the Lorentz force. Qur objective, in this unit, is to solve some
problems involving the motion of charged particles in an electromagnetic field.
We started with simple cases of a particle starting from rest in a uniform field
E and a particle starting with some initial velocity at an arbitrary angle to
the field direction. Next we examined the case of a particle moving in a plane
normal to a uniform field B . This is the familiar situation of a circular
trajectory where the magnetic force acts as the centripetal force. It was shown
that for an arbitrary direction of the initial velocity the path of the charged
particle is a helix. The so called cyclotron frequency of a charged particle
(g,m) in a field B was shown to be weyctotron = ¢B/m.

The more interesting situation of a particle in a general electromagnetic field
was then introduced. It was shown that the tfajectory is an inverted cycloid
when E and B are perpendicular to each other and the particle starts from

rest. The working of a magnetic spectrograph and a cyclotron was discussed.

Lorentz Force
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18.7 ANSWERS TO SAQ s

Hints for solutions of Self Assessment Questions

1. In terms of the electronic charge e = 1.6 X 1071°C and the rest mass of
the electron, m = 0.9109 x 10~3°kg the relevant values are given below:

| Particle | Charge(q) | Mass(m) | q/m (C/kg)
electron . -e m —-1.74 x 10!
positron | = +e m 7 | +1.74 x 101
proton - 4e 1836m | 0.948 x 10°
neutron 0 1840m 0

2. Use energy considerations. Kinetic energy associated with the vertical

component of the initial velocity is (1/2)(400 eV) = 200 eV. Equating
4000V

€ (Ymaz — 0) with 200 eV we get ymqr = 0.05 m.

3. Using mg = qE with the given data, we get

. 10-15 . .
= 3.3 x 52( 104X 9.81 = 6.475 X 10—19 C = 4e [Charge is quantized]

P (BRq)2

4. Kinetic energy K = — = 12keV

m
Converting to Joules etc. we get R=0789m

; ) v BRq my
5. Equat 18. £ = P ( ) =2
quation (18.3) gives o ( —~ ) BRag

\/2mK

p?
6. With K = 2— and p= BRq we get R =
2m
Kd o
V V oV Ba Bd V ga
. 18 [B \/2'
This leads to Ryg = (08)\/:\/: A 3.2 m.

7. Asin SAQ 6 we can show that

Ko= Ko (1) (2)" ()" (29)] - s2x o1 = s

8. With K = mv?/2 we get the velocity of the alpha as
v = 1.075 x 10° m/s . Resolving parallel and perpendicular to the
direction of the field we obtain- v = v cos 30° = 0.9313 x 10° and
vy = v sin30° = 0.5375 x 10°.

. Thus

Radius of helix=R = ;;' = 2.231em Pitch C = v”%‘m = 24.3 em.
. mv, . 21rmv" .
9. Radius R = Be and pitch C = By Equating the two, we get the

required angle as § = tan™}(2r) = 80.96°
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11.

12

13.

14

15

16

17

18

19.

. The kinetic energy and therefore the speed of the electron does not Lorentz Force -

change when it enters the magnetic field. Thus the total distance
travelled in 1 ms is simply 7200 x 1072 = 7.2 m

N N
E—EandB—m

. Hence etc.

. If the velocity of the charged particle is along —fc, the electric force and
'the magnetic force act along the same direction. They do not cancel.

Yes.
E 2000 5 ,
. —-—=——= 1 . ’
Here B = 001 2x10° m/s
L 0.5 X m X v? .
. Kinetic energy = Wev =207 eV.
. We can write )
2
K= %mv2 = %(17102) (%) = %(511 keV) (5% 1073)" = 6.39 eV

. The boundary conditions for y are: At t = 0,y = 0 and also § = 0.
These BC’s lead to the following equations for y:

. F .
y(t) = — sin(w t) = B sin{ wt) and y = w—B(l — cos wt)

. nmw ., . .
Thus g = 0 at t = 0 and at t = — in general. When y has its maximum

value, wt = . This makes ¢n.p = ol at that instant. Also at wt =«
we get 7 = 2qE 2F
Y= om = B

_ Pmazx

2

. Using Prmar = BRmazg and Ko = om Ve get Kpar = 178 MeV.
R . . 3 m . - !
Number of crossings required to attain this maximum energy

= (178 MeV) = (80 keV) = 2225.

2 (BR 2
2an = g—zn;]—) = 40 keV gives R=7.147 cm for the 40 keV alpha group.

Similarly R=10.72 cm for the 90 keV alpha group.
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