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Combining Eqs. (6.10), (6.11) and (6.12)

ﬂ =2 .2 dBU
dr Ty o (6.13)
Integrating with respect to 1, for ¢ varying from 0 to ¢, and B varying from 0 to B, we get
¢ =2mr¢ B, (6.14)

This equatim? must be satisfied during the entire accelerating period, if the electrons have to be in
the same orbit.
If B’ is the average magnetic field over the whole area of the orbit, then

Total magnetic flux 6=l (6.15)
Comparing Eqgs. (6.14) and (6.15), we get
1
By=28 (6.16)

his is known as betatron condition.

6.8.4 Average Energy per Orbit

The total flux ¢ varies as @, sin ar so the average kinctic energy gained per orbit E’ in the first-
quarter of the cycle, i.e.
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is given by the integral of the product of electron charge and induced e.m.f. over this time span.

Mathematically, it is written as

/2
) J'i(sinwr)dr

720 dr
= 2em
o = 20 (6.17)
.3
Now éo = 273 By
So, the average energy gained in one orbit is £’ = 4ewrg By. (6.18)
6.8.5 Calculation of Final Energy of Electrons
Distance travelled by the electron in 7/4 seconds = Velocity x time = Z—” 6.19)
o

where v is the velocity of the electron, which is fairly close to velocity of light.

Distance travelled by the electron in one orbit= 27zr,.
Total distance travelled by the electron

Distance travelled by the electron in one orbit

Number of orbits that electron makes =




image8.png
Number of orbits N =

dwr, (620)
Combining Eqs. (6.18) and (6.20),
Total energy = veryBy

(6.21
As an illustration, we will discuss how betatron produces electrons with high energy.

Suppose electrons with energy 70 keV are introduced in the doughnut. The correspondin
speed of the electrons comes out to be = 2 x 10'° cm/s. The radius of the orbit is 50 cm ang ifth%

electromagnet is powered by an ac frequency of 60 Hz and magnetic field at the orbit ig
1 T, let us calculate:

1. Total distance travelled in % seconds.

Number of orbits.
Average energy per orbit.
Total energy.

& B

1. Total distance travelled in % seconds: Using Eq. (6.19)

2x10°7
2X2T XV
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Distance

2x10"
2x2 %60
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=833x% 10" cm
=833x10°m
2. Number of orbits: Using Eq. (6.20)

2x108

Number of orbits = ———————
AX2XTXVXT

_ 2% 10°
4x2xwx60x%x0.5
=2.65 x 10° orbits
3. Average energy per orbit: Using Eq. (6.18)
Average energy per orbit =4 x 1.6 x 1079 x 2 x 7x vx 0.5 x |
=4x1.6x 10" x2xmx60x0.5 %1
=6.03x 107 J=375¢eV

4. Total energy: Using Eq. (6.21)
Total energy = veryB,
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=2x108x1.6%10"%05x |
=1.6x1071"7J
=100 MeV
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6.9 SYNCHROCYCLOTRONS OR FREQUENCY MODULATED CYCLOTRONS L—

A synchrocyclotron is‘si.mI.le acyclotron with the accelerating supply frequency decreasing as the
particles become relativistic and begin to lag behind. Although in principle they can be scaled up
to any energy they are not built any more as the synchrotron is a more versatile machine at high
energies.

6.9.1 Principle

Synchrocyclotron is based on the principle that loss of resonance at high velocities, where there
is an appreciable increase in the mass of the particle due to relativistic effects, can be compensated
by decreasing the applied ac oscillating frequency.

6.9.2 Construction

The basic design of a synchrocyclotron is similar to that of a cyclotron. As shown in Figure 6.9,
a synchrocyelotron consists of a single dee rather than two dees as in a conventional (low energy)
cyclotron. Fixed magnetic field is applied with the help of pole pieces of an electromagnet, in a
plane perpendicular to the plane of dee. The frequency of oscillating electric field applied is made
to decrease continuously instead of keeping it constant so as to maintain the resonance with ion
frequency. One terminal of the oscillating electric potential varying periodically is applied to the
dee and the other terminal is earthed. The protons or deuterons to be accelerated are made to move
in circles of increasing radii. The acceleration of particles takes place as they enter or leave the dee
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The first synchrocyclotron built was at Berkeley, USA. It had magnets with pole piece
diameter of 184 inches. In this synchrocyclotron, frequency of the oscillator was varied from
36 MHz to 18 MHz. Thirty-six megahertz was the initial frequency when the protons were moving
with non-relativistic velocity and as they gained energy, the frequency was slowly reduced to
18 MHz. At this stage, protons would have gained maximum energy. This change in the frequency
was done about 64 times per second. The magnetic field of the magnets is about 2.3 tesla. This
accelerator was capable to accelerate protons to 740 MeV.

However, if we compare the output of cyclotron with that of synchrocyclotron, there is a
difference. In a cyclotron, the flow of accelerated ions is regarded as continuous, although it
actually consists of a series of pulses corresponding to each cycle of the oscillating potential. For
a frequency of 20 MHz, there would be 20 million pulses of ions that reach the target per second.
In the synchrocyclotron, however, a pulse of fons is carried from the ion source at the centre to the
periphery of the dee as the frequency of the oscillating potential is decreased from its initial value
(36 MHz) to the final value (18 MHz). The frequency then returns to its original high value
(36 MHz) and another pulse of the ions is carried from the ion source to the periphery and so on.
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The rate at which ion pulses are produced depends on the repetition rate of the frequency. This rate
generally varies from 60 to 1000 per second, which means that at the target 60 to 1000 PUISE§ of
ions will be reaching the target per second. Because of this reason, the average value of the jop
current is very low in these accelerators.
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Figure 6.9 A schematic diagram of synchrocyclotron.

6.9.3 Theory

The frequency of revolution or angular frequency @, of the ions is

_ Bq _ Bgqc’
cT T T 2
m mc

where mc? is the total energy of the ions which includes the kinetic energy 7 and the rest mass
energy moc>. Therefore,
ch‘z

w. =
T + mye?

Now wc=27rf0rf=ﬂ
: 2

Here fis taken as the frequency of ac oscillator as it is in phase with the frequency of revolution
of ions.
Bgc?

270(T + myc?)

(6.22)
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This frequency will have maximum value when 7'~ 0, or

£oo= ch2
Y 2 (6.23)
and will have minimum value when T ~ Ty, or
Bac?
Jooin = _(]C—’)_
27 (Tiax + Mpc”)
Solving these two equations for Tpae WE get
Sonax = Jin Bgc”
Ty = 2= fuin BaC (6.24)

Joaxfuin 27 <

6.9.4 Advantages

1. It is capable of accelerating positively charged particles to very high energies.
Normally, low power (~15 kW) oscillators are needed in these accelerators as a source

of ac potential.
With one dee, the electrical and mechanical design become simple.
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6.9.5 Limitation
1. The output beam current is very low around fraction of microamperes or even lower than

that.
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6.8 BETATRON

It is an accelerator for accelerating electrons or beta particles. There are definite problems
associated with accelerating electrons by Van de Graaff and Cyclotron accelerators. The former
machine could accelerate electrons up to a few MeV, while in case of latter machine relativistic
effect becomes prominent. D.W. Kerst in 1940 built a new accelerator called betatron, which
could accelerate electrons up to 250 MeV.

6.8.1 Principle

This machine uses the concept of electromagnetic induction as the accelerating force. It employs
time varying magnetic field, which gives rise to induced electric field on the electrons moving in
a fixed circular orbit and these electrons are accelerated. Here electrons move in a circular orbit
of fixed radius. The rate of increase of magnetic flux (¢) is very slow compared to the frequency

with which electrons are orbiting. In each orbit electrons are accelerated.

6.8.2 Construction

It consists of a doughnut-shaped chamber as shown in Figure 6.8, which is placed between the
pole pieces of an electromagnet. The chamber is highly evacuated and the electrons with certain
kinetic energy are injected into a circular orbit by an electron gun. By application of suitable
electric and magnetic fields, electrons are forced to move in a constant radius orbit as shown by
Lo oreo o6 & When they attain full energy, they are deflected with the help of magnetic
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electromagnet is powered by an alternating current. The inner layer of the chamber is coated with
S 1o A f cilver to avoid surface charge accumulation.
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Figure 6.8 Schematic diagram of constant radius of electron orbits in a doughnut shaped betatrop,
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6.8.3 Working

The electrons are injected in the doughnut of the betatron during the first-quarter of a cycle in
which magnetic field linking electron orbit is rising. Now to have electrons in a fixed orbit of
radius ro, a relation between the magnetic field at the orbit B and the total magnetic flux ¢has to
be derived.

An ac current having a frequency in the range 60~100 Hz powers the electromagnets. This
generates a slow-varying field at the electron orbit of fixed radius.

The momentum of the electron p = ryeB,

he fi 0 = i(p)—i(reB)—re@
The force acting on the electron = e g eI = e (6.10)

Induced e.m.f. (€) in the electron orbit is equal to work done by the unit charge in going
around the orbit of radius ry, i.e.
£= cﬁf -dl

where L is the electric field which accelerates the electrons and from Faraday’s laws ¢ s given by
rate of change of magnetic flux.

E=2mrok = @ (6.11)
dt
The force on the electron is
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dt

(6.12)




