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6.7.3 Working
s within the gap between dees D, and D,. At that particular

tive. The positive ions are accelerated towards dee D, and

it enters the dee D. As there is no clectric field inside the dees, the ions are subjected to
perpendicular magn;tic field. The perpendicular magnetic field acts on the ions and the positive
ions move in a circular path. Once inside the dee, they experience no acceleration and move with
a constant speed. After traversing the semicircular path inside the dee D, they return to the gap
between the dees. The frequency of the oscillator is adjusted in such a way that when ions reach
the gap. the dee D, becomes positive and D; becomes negative. Now the positive ions are
accelerated towards dee Dy, thus gaining in kinetic energy. The ions enter the dee Dy with higher
kinetic energy compared to the value when it was in dee Ds. In the dee Dy, they move again ina
circular path with larger radius but with constant speed. After covering the semicircle inside the
dee Dj. the ions reach the gap between the dees. At this instance again the polarity of the dees is
reversed. positive ions again experience acceleration and this process is repeated many times
(perhaps hundreds of times). Finally, when the positive ions reach the periphery of the dees after
gaining a maximum energy, it is extracted out of the dees by means of high-voltage deflecting plates.

Ton source S produces positive ion:
instance, D, is positive and D> is nega

6.7.4 Theory

Let m be the mass of the positive ions to be accelerated, ¢ is the charge on the ion. The ion moves
in a semicircle of radius r with velocity v in a perpendicular magnetic field B.

Magpetic force acting on the ion = goB
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to the ions. Therefore,

This force provides the necessary centripetal force
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According to this equation, if m, g and B remain constant, then

rs

Fecp

As positive ions gain energy, i.e. v increases, the ions move in a semicircle of larger and larger
radius. Therefore, the path of the ions is spiral in the dees.

If ¢ is the time taken by the ions to complete a semicircular path, then

j=l2m _m
20 o
where  is the angular frequency and @ = g
”
Therefore,
ar
i= 2
v
Substituting r from Eq. (6.4)
(= (6.5)
Bgq
Time T to completing a full circular path is given by
2nm

T'=2f=
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Again if m, g and B are constant, then 1, the time taken by the ion to complete the semicircular
path inside the dee. is independent of the velocity of the ion, radius of the semicircular path and
radius of dees or the size of pole pieces of the magnet. Hence, the frequency of the oscillations
required to keep the ion in phase is given by i e

0
e 6.6
T 2rm 69
where fis known as cyclotron frequency or cyclotron resonance frequency and it is the frequency
of ac oscillator also.

If R = iy I5 the radius of the last orbit from which the ions are extracted out of the dees and

Dyay s the velocity of the ions in the last orbit, then from Eq. (6.4)

R= MUpax
qB
or
BqR
Umax = —_ (67)
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Substituting vy, from Eq. (6.7)

i mqusz
B = 2
or
1 B¢*R
Emes = 2 m 63

The maximum kinetic energy acquired by the ions can also be calculated py multiplying the
charge on the ion g, the peak value of the ac voltage ¥ and the total number of circles N, completed
by the ion before it is extracted out of the dees. Therefore,

Epax = Ng7V
Substituting E, ., from Eq. (6.8)
i B R _

m

NgV

1 [2mV | 4
R=— [ N2
B g (6.9)

From Eq. (6.8), it is clear that in order to accelerate particles to higher energy, we can

or

e increase B, i.e. make magnets with higher and higher pole strength. But increasing B
beyond a certain limit is not possible as most of the materials saturate at a particular
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magnetic field.

increase R, i.e. build pole pieces of larger and larger diameter so that the particles are
extracted at larger R.

Advantages

Cyclotron is much smaller in size compared to linear accelerators.

No high voltages (like in Van de Graaff accelerator) are required. Only low-voltage ac
oscillator (10-50 kV peak value) is required.

Cyclotron can deliver tens of microamperes of current at the target.

Limitations

It has been estimated that the cost of building larger cyclotrons scales roughly as the cube
of the energy. For example, the cost of 500 MeV cyclotron is about US$ 10%. To build a
cyclotron of 5 GeV is beyond the means of most of the countries.

As the energy of ions increases, relativistic effects come into picture. Because of the
relativistic effects, mass of the ions m increases. m was assumed to be constant in
Egs. (6.4) and (6.5). Now it becomes a function of the velocity of the ions. This causes
the ions to go out of phase with the applied ac oscillations and ions instead of accelerating

may start de-accelerating. The upper limit of energy in case of protons is about
25-40 MeV.
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3. C)’Cbtmfl\l cannot be used to accelerate electrons. The rest mass energy of electrons is
yery smd (0.511 MeV); therefore, even for very low energies, mass of electrons does not
remain constant, and they go out of phase with the applied ac voltage.

It was shown that allowance could be made for the effect of the increase of mass of the ions
moving at high speed so as to keep them in phase with the oscillating potential. Two methods for
this compensation are possible.

One method is to leave the magnetic field unchanged, but to decrease the frequency of the
oscillating potential in accordance with Eq. (6.6). As the mass of the particle increases fm is kept
constant. Cyclotrons based on this principle are known as Synchrocyclotrons or Frequency
Modulated Cyclotrons.

The other method is to increase the magnetic field B in proportion to the mass, so that Bim
remains constant. Due to this, the time period ¢ in Eq. (6.5) remains unaffected, by the increase of
mass. Accelerators based on this principle are known as Sector Focusing or Azimuthally Varying
Field (AVF) Cyclotrons.
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6.7 MAGNETIC RESONANCE ACCELERATORS OR CYCLOTRONS

Because of the breakdown of electric insulation and sparking, particles cannot be accelerated to

very high energies in electrostatic accelerators like Van de Graaff or Tandem accelerators.
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Slln{lafly~ at very high energies, the length of linear accelerators becomes abnormally long (tens
of k.xlomem'es).\ In 1930 Pawrence and Livingston suggested an alternative way of accelerating
paﬁ_ldes using a magnetic ﬁelq to make the charged particles follow a spiral path of increasing
radu{s. A beam of cl.larged Qamcles makes perhaps hundreds of revolutions, through the device
and in each ferJhmOIl pamck?s receive two small energy increments until’ the particle energy
reaches the desired value. This type of accelerators were initially called magnetic resonance
accelerators but later named as Cyclotronsy In 1930, Lawrence and Livingston built the first
experimental cyclotron, which was able to accelerate protons to 80 keV using an oscillator of peak
voltage of only 2000 volts. The diameter of magnet pole pieces was 4 inch. Later on in 1932

another c‘yclotrop was built which could accelerate protons to 1.2 MeV. It had 'a magnet with po]e’
faces 11 1nche.:s in diameter. The diameter of the pole faces of the cyclotron is generally used to
describe the size of the cyclotron. For example, if the diameter of poles of a magnet of a cyclotron
is 88 inches, it would be referred as an “88-inch cyclotron™. As we will see later in this section,
larger the diameter of the pole face of the cyclotron magnet, greater would be the energy of the
accelerated particles.
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6.7.1 Principle

A positively charged particle can be accelerated to high energy with the help of an oscillating
electric field, by making the particle to cross the same electric field time and again with the use

of a strong magnetic field.

6.7.2 Construction

A cyclotron consists of two D-shaped hollow
semicircular chambers D, and D, called “Dees”
because of their shapes. These dees are placed
with their diametric edges parallel to each other
and are slightly separated from each other as
shown in Figure 6.6. These dees are connected
to the terminals of an alternating high frequency
(10-20 MHz) and high voltage with peak value
of 10-50 kV. This arrangement makes one dee
positive and other negative during one half-
cycle and vice versa in the next half-cycle: An
ion source S of positive ions, such as protons,
deuterons, a-particles, etc. is placed in the cen-

RF.
oscillator
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Figure 6.6 Cyclotron consisting of two dees
placed in magnetic field.
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tral region of the gap between the dees Dy and

D,. This entire set-up, i.e. dees, ion source, etc. are placed in a highly evacuated chamber. The
dees are completely insulated from this chamber. A uniform magnetic field is applied perpen-
dicular to the cross-sectional area of the dees by placing them between the pole faces of a large
electromagnet as shown in Figure 6.7.
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Figure 6.7 Detailed dia




