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DESIGN OF AN ELECTROSTATIC DEFLECTOR
FOR THE ION BEAM OF THE
OREGON STATE COLLEGE CYCLOTRON

INTRODUCTION

Particle accelerators may be either: (1) devices in which the
particle receives all of its energy in a single acceleration through
a large potential difference, as in the case of the X-ray tube, or
(2) devices in which the particle gains its energy in repeated
accelerations through a series of small potential differences. The
highest energy particles are attained by the second methed and the
cyclotron is the preeminent machine of this type.

The cyclotron is a prolific source of high energy ions that
have found numerous uses in the production of radiecisotopes and
scientific investigation. The cyclotron was developed by Ernest 0.
Lawrence (13, pp. 19-35) of the University of California beginning in
1930, who won the Nobel prize in 1939 for his work in this field.

The high velocities of the particles in the cyclotron are
attained by accelerations through a relatively small potential a
number of times, rather than just once through a high potential.

The problem of high voltage insulation therefore is eliminated since
the voltages used need not be excessive. Between the poles of a
large electromagnet is located a vacuum chamber containing the tweo
semi-circular, flat, hollow electrodes. These electrodes are called
dees from their resemblance to the letter D. Positively charged ions

are formed in the center of the vacuum chamber between the dees.



“hen one electrode is pesitively charged and the other electreode is
negatively charged, the ion will be accelerated toward the negative
electrode. After the ion passes inside the hollow electrode it is no
longer affected by the electric field. However, the ion is always
acted upon by the magnetic field which causes it to move in a circular
path. After the particle has completed a half circle it is again
between the two electredes. If the half period of the alternating
radio frequency petential applied to the dees is the same as the time
necessary for the ion to travel this half circlc1 » the pelarity of the
dees will have changed so that the particle is again approaching a
negative electrode, and hence is accelerated to a higher velocity.

The positive ion path will now have a larger radius as it follows its
cireular path in the magnetic field. This process will continue. The
ion will gain in veloeity every time it crosses the gap between the
dees, and will spiral outward with an ever-inecreasing radius of curva-
ture. If the average voltage between the dees is 75,000 volts when
the ion erosses the gap 100 times (in 50 revelutions), the ion's velo-
city will be as if it had fallen through a single potential difference
of 7,500,000 volts. The dees are enclosed in a vacuum chamber so that
the ion may travel without ceolliding with other atoms. For deuterons
for the polarity of the accelerating voltage to change every time the
ion cresses the gap, the aceelerating potential must have a frequency
of about 10,500,000 eycles per second, at a magnetic induction of
14,000 gauss. Excellent descriptions of the cyclotron have been

! The angular frequency of an ion in a constant magnetic field is
constant.
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glven by Fremlin and Gooden (L, pp. 295-348), by Livingston (17, pp.
128-147 and 18, pp. 269-315) and by Mann (20, pp. 125-136, and 21).

To make the maximum use of the intense beam of energetic ions,
it may be possible to use an internal target?. Since a 7.5 Mev
(million electron volt) beam may concentrate as much as L, 000 watts
of power on an area only a few millimeters square, internal target
materials must be limited to those non-volatile substances possessing
a high heat conductivity so that they are capable of being adequately
cooled by a water cooled rotating suppert. There are many problems
involved with the use of internal targets because of the high
intensity of the beam.

The beam may be brought outside the cyclotron through a thin
metal foil window where, due to the natural spreading of the beam,

a less intense beam is available. Targets that must be cooled by a
gtream of inert gas because of their poor heat conductivity may now
be irradiated. Liquids and gases, and materials which may spatter or
otherwise contaminate the vacuum chamber may be also used as targets
with an external beam. An external beam may be used in experiments
requiring a linear beam, or the absence of the strong magnetic field
in the region of the cyclotron. Twenty to thirty per cent of the
positive ions may be deflected from their circular path in the
magnetic field onto an external target by means of an electric field
perpendicular to the Lorentz magnetic force. This electric field is
produced by a mechanism called the "deflector".

2 Probe currents of 12 Mev deuterons as large as 1 milliampere have
been observed in the MIT cyclotron (17, p. 129).
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It is the purpose of this thesis to propose a design of an
electrostatic deflector for the Oregon State College cyclotron.

There are two general classes of electrostatic deflectors:

(1) devices on which the applied voltage is D.C. (Direct Current)
only, and (2) devices on which the deflecting potential is a sum of
the instantaneous R.F. (Radio Frequency) voltage on the dee and the
constant D.C. voltage applied.

The D.C. deflector, illustrated in Figure 1, allows complete
control over the deflecting potential that is independent of the
phase of the circulating ions. Also no capacitance is added to the
dee system by the deflector. This is important so that a large part
of the R.F. power input to the dees will not be lost through the
deflector and so that it will not unbalance the tuned eircuit of the
dee R.F, power supply in systems using a master oscillator where this
may be important. Installations where a D.C. deflector was employed
have been the first University of Califeornia cyclotron described by
Lawrence and Livingston (13, pp. 19-35), the MIT cyclotron described
by Livingston (17, pp. 128-147), and the Birmingham University
cyclotron deseribed by Fremlin and Gooden (L, pp. 307-309).

However, there are many disadvantages with a D.C. deflector.
Extremely high potentials are required to pull the ions away from the
magnetic field which tends to hold them in a circular path. Because
it is necessary to shield the D.C. deflector from the R.F. power
supply to the dees, the deflector support must be run through the dee
stem. Mechanical ad justment of the deflector, which may be internally



located in one of the dees in some installations, is therefore
difficult.

Many recent cyclotron designs are using the R.F. deflector,
which eliminates some of the problems associated with the D.C.
deflector. The R.F. deflector utilizes the high R.F. potentials
existing on the dees to deflect the ion beam. In situations where
this potential is insufficient to deflect the beam as desired the
difference between the average deflecting field from the dee voltage
and the necessary deflecting field, may be supplied by a relatively
low D.C. potential.

The R.F. deflector is a strip of metal extending over an arc of
60 to 90 degrees that forms one side of the deflecting channel. The
edge of the dee is built out with a strip of metal to form the other
side of the deflector chamnel. (Refer to Figure 2.) The channel is
the region throughwhich the ions pass and in which the electrostatic
field is formed. At the entrance to the channel there is a strip of
metal in the edge of the dee called the septum.

The use of the instantaneous voltage on the dee to produce a
deflecting field is possible by connecting the deflector through a
large condenser to ground. Adjustment of the deflecting field may be
made simply by altering the deflector spacing, and by varying the
potential applied to the deflector; this is an important advantage of
the R.F. deflector as compared to the D.C. deflector.

Installations not using a self-excited oscillator for the dee

power supply may compensate for the capacitance of the deflector,
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8
that may unbalance the R.F. tank cireuit, by the addition of a strip
of metal with the same capacitance as the deflector to the other dee.
The use of an R.F. deflector requires more power input to the dees
than a machine of similar size with a D.C. deflecter.



CHANNEL wIDTH CONSIDERATIONS

The force on an ion of mass m, with charge q, moving with
veloeity v in a plane perpendicular to a uniform magnetic field will
be perpendicular te the ion's direction and to the magnetic induection
B. Therefare, the force cannot change the magnitude of the velocity,
but only its direction and will be a centripetal force that produces
a motion in a circular path of radius R. This can be written in
gaussian units by dividing electremagnetic terms containing q by ¢,
which has the magnitude of the veloeity of light, thus

(1) W oo
R e

As the ion is being acecelerated, it will trace out a spiral path.
Every time the ion gains velocity as it makes a revolution in the
machine, the radius of its path will inerease by an increment dR. As
a group of these ions is nearing the exit radius (the radius at which
the ions are withdrawn from the ecyclotron through the deflector
channel) they will follow a path not unlike the groeves on a phono-
graph record (see Figure 5); ions in adjacent orbits differ in both
energy by an amount dW and radius by an amount dR. The width of the
ion beam is camparable to the distance between turns dR and the
entrance to the deflector channel should be comparable in width teo
the width of the beam.

The quantity dR can be evaluated using equation (1) and a know-
ledge of exit radius values of the quantities invelved in the final
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form of dR. Writing equation (1) again

2
o -

and multiplying both sides by R/v, the momentum p of the ion is
obtained as

(2) p-w-%n--

The kinetic energy W can be expressed, using the momentum, as

3

2 2 2.9
(3) w-%-BﬁrR

To find the separation between the last ion path and the next to the
last ion path, equation (3) is differentiated with respect to R,
obtaining

() aw-%&é-‘-‘f (L)

Dividing equation (L) by equation (3),

_ 3 In the case of deuterons at an energy of 7.5 Mev the classical
formula used here results in an error of only 0.19 per cent (as
compared with the correct relativistic formula).
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Multiplying equation (5) by R/2, dR is found to be propertional to the
ratio of the change in energy of the ion during the last revelution
dW, to the total energy W, and proportional to the exit radius, or

(6) dn-%fn.

The maximum value possible for dR can be obtained by assuming
that the ions cross the gap between the dees when the potential
difference is the maximum applied, or 100,000 volts. Since they
cross the gap twice in one revolution, the value of dW will be
0.2 Mev., If the total energy of the ions at a radius of 16 inches
(in a magnetic field of 14,000 gauss) is 7.5 Mev, dR would be

(7) ar -g—'f-?%!m (16 inches),

- 00213 inch.

Thus, if the separation between the septum and the deflector is
0.21 inch, a beam of the maximum width expected at the exit radius
could enter the deflectar.

Actually there are other considerations that enter into the
evaluation of the deflector spacing. At the 16 inch radius, the ions
cross the gap between the dees when the potential difference is much
less than 100,000 volts (the ions are said to be out of "phase" with
the dee supply voltage). This condition will be discussed in more
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detail in the next section; however, it is sufficient to note at this
time that this condition of the ions being out of phase will not
cause the value that was determined to be the maximum separation
between ion orbits to be larger than the calculated value.

A second consideration is the realization that the ions at the
16 inch radius will probably not all have the same energy. If at a
given instant the R.F. voltage on the dees is not constant along the
edge, or if the magnetic field has azimuthal variation, the center
about which the positive ions move may itself move along a line or a
curve. Just how much this will affect the energy distribution in the
deflected beam will have to be determined when the cyclotron is in
operation. However, the spread in the energy of the 21 Mev emergent
beam from the cyclotron of the University of Washington is approx-
imately one Mev as reported by Harlow (6, p. 39). It may be possible
for ions with quite a spread in energy to enter the channel with a
0.21 inch separation at the septum, but due to the fact that this
beam will spread, the channel will have to be wider at its exit than
where the ions pass the septum edge.

The spreading of the beam, because of the inhomogeniety of
energy in the beam entering the channel, is the result of ions with
different energies traveling with different radii in the magnetic
field. The ions with a higher energy will travel in a straighter
path. Another cause of the beam spreading in the channel is that the
magnetic field is falling off rapidly in the region of the deflector,

s0 that the ions in the outer part of the finite exit beam are in a
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lesser field than those ions on the inside and therefore the outer
ions will travel in a straighter path.

Information from descriptions of the spreading of deflector
channels in other cyclotrons indicates that for a deflector extending
over an arec of 60 degrees, the spacing at the exit should be approx~
imately twice the spacing at the septum, and for a deflector
subtending 90 degrees, this should be increased to about three times
the spacing at the septum. This observation is supported by the
recommendation made by Kruger, et al,, (11, p. 335). A method of
finding a funetion describing the changing deflector spacing similar
to that shown by Neher (2L, p. 28) will now be given.

The ions will follow approximately a eircular path while
traveling through the channel, a fact that will be confirmed after
the path of the ions through the channel and out of the vacuum
chamber is plotted. This will allow the deflector to have the shape
of a segment of a cirecle, which is convenient to construct. A def=-
lector channel spreading at the exit to twice the channel width at
the septum may be considered as being bounded by two arcs of circles
of slightly different radii (Figure 3). S, the deflector spacing,
will be a function of a. The construction in Figure 3 is for the
purpose of determining the funetion f(a).

Let the distance between the centers of the two circles with

centers at O and O, be represented by a, so that

(8) rzz-az'ﬁ(r.‘ +S)z-2a(r1 + 8) cos B



FIGURE 3.

DIAGRAM USED TO DETERMINE CHANNEL SPACING FUNCTION
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Expanding the second term on the right hand side of the equation and
also notieing that cos P is equivalent to cos (180 - a) which in turn
is equal to - cos q,
2 2

(9) rl=a trie2r

2
0 S +8 +2ar1coaa

1

+2aScos a

Using the quadratic formula, equation (9) can be solved for S,

(10) S == (r, +acos a) ¥ —\/rzz-.zd_ncz

Since the radii inveolved are much larger than the distance a, the
distance between the centers of the circles, a good approximation
can be made by disregarding the term containing a® underneath the
radical aign.h Using the solution with the plus sign, S can be

expressed as
(11) S=r,-r,-acosa
For example the values in equation (11) of a, r,y, and r, for the case

of the 60 degree deflector with a channel spreading from 0.21 inch at
the septum to 0.42 inch at the exit, can be evaluated by considering

b This amounts to an error of less than 1/4 of one per cent.
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a1 =0 31 =0, 21"

Gz = 60. 82 - o.hzu
Substituting these values in equation (11) and rearranging the
results slightly,

(12) Ty =Ty = 0.,21" + a

r = 0,L42" + a/2

2 = M
Solving the equations in (12) the value of a is determined as 0.42
inch, and r, -, is 0.63 inch. Substituting these values in

equation (11),
(13) 8 =0.,63 « 0.42 cos o, (inches)

the function S representing the variation of the deflector spacing,
is determined. If different deflecter spacings are used, a new
function deseribing the changing deflector width may be determined by
substituting the new values in (11) and following the same procedure.
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Below, the deflector is divided into 10 degree segments and the
channel width S is tabulated for each 10 degree segment.

a S (em.)
0 0.534
10 «559
20 610
30 686
4O 813
50 915
60 1.068
70 1.237
80 1.417
90 1.602
Table 1

CHANNEL SPACING
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THE DEFLECTING FIELD

Ion deflection is largely dependent upon the instantaneous value
of the R.F, voltage on the dee when the ion is entering the channel.
The R.F. component of the deflecting field at that time is dependent
upon the phase of the ion. The phase of the ion describes the
difference between the time the accelerating voltage on the dee is at
its maximum value and the time the ion crosses the center of the dee
gapn.5 It determines the fraction of the dee voltage that is
available to the ion for energy gain as the ion crosses the acceler-
ating gap between the dees.

The phase of the ion varies as the ion is accelerated to its
final energy and will result in the ions arriving at the target in
pulses. To show that the phase angle will vary it is necessary to
examine equation (1). Rewriting it here for convenience,

2
(1) Z- =2z,

both sides of the equation are divided by mv, obtaining

=3

5 An ion crossing the dee gap when the voltage on the dees is at its
maximum value will have a phase angle of 90 degrees. An ion with a
phase angle of 180 degrees will undergo no acceleration as it crosses
between the dees, and with a phase angle of 181 degrees the ion will
undergo deceleration.
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The angular velocity o with which the ion travels in its erbit in the
eyclotron is equal to v/R. Thus

It is apparent that the ion will travel with an angular velocity
determined by the instantaneous values of the terms in the right
hand side of the equation for w. In the previous section it was
observed that the relativistic change in mass at the deuteron energy
of 7.5 Mev was negligible so that the term q/m will be substantially
constant. However, the magnetic field in the cyclotron is not
strictly constant. From the center of the field out to the exit
radius, the magnetic field decreases by 2 to 3 per cent. Thus the ion
will travel with a slightly greater angular velocity at the center of
- the eyclotron than it will at the edge (2, p. 60).

On the other hand, the dee voltage frequency is very nearly
constant, being determined by the inductance and capacitance of the
dee system. The result of this is that the angular frequency of the
ion will not be in phase with the voltage applied to the dee at all
times. At the entrance to the channel the ion will lag behind in
phase with the dee voltage, (i.e. have a phase angle greater than
90 degrees). Harlow (6, p. 26) estimates that the maximum phase
angle for the ion beam of the University of Washington cyclotron is
about 170 degrees. Neher (2L, p. 8) reported in a letter to Kruger
that a maximum phase angle of 170 degrees had been measured in the
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pre-1949 60-inch eyclotron at the University of California, for an
ion pulse extending over an arc of 4O degrees. (The mean ion is
located in the pertion of the ion pulse containing the maximum number
of ions. In a beam with a pulse of ions covering a 40 degree arc,
and with a maximum phase angle of 170 degrees, the mean ion will have
a phase angle of 150 degrees.)

The phase of the ion is important in its deflection from
another consideration. Ions with large phase angles up to 175 degrees
will be deflected more because they are in a slightly higher average
deflecting field. Ions with smaller phase angles will be deflected
less. For this reason, ions with phase angles between 150 and 175
degrees will have to have less energy to pass through the channel
than ions with phase angles less than 150 degrees. In contradiction
to this fact is that, those ions with higher energies will travel
around the ecyclotron more times than ions with less energy, and so
they will have a larger phase angle. The result of this is that the
deflector will exhibit the effect shown by mass spectrometers, i.e.
the deflector will be selective to energy. For this reason, the
energy distribution of the ions at the target due to phase should
be small.

Figure 4 is a section of the vacuum chamber and dees at the
median plane. The ion beam, in leaving the cyclotron, must pass
through the two points: (1) the entrance to the deflecter channel,
and (2) the point previously determined for the ion beam to leave

the vacuum chamber.
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The choice of the first point, the entrance to the channel, is
dependent wpon the following considerations: (a) limitations imposed
upon the placement of the entrance to the channel because of the
connection of the dee stem to the dee, and (b) the voltage desired
on the deflector, which depends upon the azimuthal location of the
deflector. The construction of the dees may limit the position of
the entrance to the channel to an angle greater than 80 or 90 degrees
past the dee edge.

The azimuthal location of the deflector can be varied to change
the average voltage on the deflector. The maximum voltage on the
deflector occurs, for an ion with a phase angle of 170 degrees, when
the ion is 100 degrees past the dee edge. For an ion with a phase
angle of 150 degrees, the maximum voltage on the deflector will occur
when the ion has traveled 120 degrees past the dee gap. To obtain
the maximum deflecting field from the voltage applied to the dees, the
entrance of the channel should be located at the position of the mean
ion when the dee voltage is maximum.

Inspection of Figure L will indicate that the ion beam must
leave the vacuum chamber at a point as near to the corner as
convenient so that use may be made of the maximum available space
between the beam and the magnetizing-coil coeling-air duct for
equipment. The deflecting field must be strong enough to pull the
ions out to this peint.

When the ion enters the channel, it is affected by the force

from the magnetic field. The effect of the electrostatic force on
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the ion is that the radius of the path of the ion is increased.
Instantaneously the ion has not had time to move along its new path
so that its new radius must be along the line of the ion path's
radius before it entered the deflector, i.e. its new radius must pass
through the center of curvature of the old path. If the electrostatic
deflecting field was constant the ion would move aleng the are
deseribed by the new radius. However, the voltage on the deflector
changes as the ion passes along its length, so that the force on the
ion is not constant; also, the ion now moves through a deereasing
magnetic field. Tﬁo radius of curvature is therefore continually
changing and it is necessary to campute the radius of curvature at
successive intervals throughout the channel. The determination of
the field necessary to bring the ion out of the ecyelotron will now be
discussed, and the computation of the path of the ion from the
cyclotron will be done in the next section.

When the ion enters the deflecting channel, it feels an electric
force Eq, as well as the magnetic force upon it. If this force is in
the plane of motion, the cyclotron equation (1) is modified to include
this additional force. The equation of motion becomes the Lorentz

equation,
(1) Bav/e - Bq =mv’/R, ,

where R.' is the instantaneous radius of the ion as it enters the
channel. Now it will be necessary to distinguish between the radius R
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that occurs as a variable, e.g. equation (1), the exit radius R o 2
constant that is the distance from the entrance of the deflector to

theeentororthocyclotronumt,andtharadﬁk 2, 3...,

IL’, which are the instantaneous radii of the mean ion at points,
differing by an arc of 10 degrees within the channel.
From equation (1k)

(1% E=1 [E?'iﬁ] :

This may be rewritten in terms of the kinetic energy of the ion W,
by letting

(16) oW = my?
and substituting for v in equation (15),
an v= Y& .

Making this substitution,

(18) £=1 [Bq -\/_ -&]

The kinetic energy of the ion at any radius, R, is given in equation
(3). At the exit radius R, the kinetic energy is found to be
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2 2,2
BqRo

(19) V=Pl
2me

where Bo is the magnetic induction at the deflector entrance. E can

be expressed in exit radius conditions as

2 2 2.2
_ BB q°R B q°R
(20) E-l[ *] 0_02 0]’

q ezn me R1

2 o2
- E-nnoqnon1-n° qR, .

11110

This may be reduced to a simpler form by dividing both numerator and
denominator by

(22) BoeqR R,

1

obtaining,

(23) E= .




Evaluating equation (23) at the entrance to the deflector (B = Bo),

R B2qR
(24) E'["R‘q] °:° .

1 me

For deuterons with a kinetic energy of 7.5 Mev:

m= 3,34 x 1072 gram,
e = 3 x 10'0 centimeters per secend,
Bo = 13,870 gauss,

qQ= h.ﬁ X 10-10

stat coulomb
Ro = 16 inches,

and E will be in electrostatic volts per centimeter.

(25) E= [1 -%é] (13,870)2 (4.8 x 107'%) (16) (2.5)

2
U (.34 x 102 (3 x 10'9)

(26) E = [1 - %?] lgk (statvolts per centimeter).

The direction of R1 is already known since R,,

curvature as the ion enters the deflector, will be along the line

the radius of



27
of the pre-entrance radius. The magnitude of R.' can be estimated
roughly from the scale diagram in Figure 5. Placing the pivot peint
of a compass m'the line of R1 at such a point that the peneil will
swing through the entrance to the deflector chamnel and the point of
the ion exit from the vacuum chamber, the distance is measured
between the deflector entrance and the pivot peint with a scale.

This value of R, in equation (26) will give the approximate magnitude

1
of the deflecting field necessary to start the ion on its path from
the cyclotron.

Table (2) has been tabulated listing the approximate static
deflecting field necessary to deflect the mean ion at various phase
angles for different positions of the entrance to the deflector
channel. The estimated instantaneous radius of the mean ion as it
enters the deflector and the D.C. voltage necessary to preduce the
electrostatic deflecting field is also listed. Since the radius of
the ion as it enters the channel is estimated by considering the
total ion path instead of just the path in the channel, the resulting
values for the D.C. bias may be considerably higher than the actual
value. The purpose of the table is to serve as a rough guide to use
in the process of "sighting in" the deflector. The values in the

table may be larger than needed by 10,000 volts.
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phase
angle

degrees

160°

150°

140*

deflector
entrance

degrees

70°
80

70°
80

70°

3 3

ion
radius

inches

20.8
21.3
22.2

20.8
21.3
22,2

20.8
21.3
22.2

Table 2

deflecting
field

atvolts
(et

298
m
348

298

n

298
m

APPROXIMATE VALUES OF THE RADIUS OF CURVATURE
OF THE ION PATH AT THE ENTRANCE TO THE CHANNEL

29

deflector
bias

volts

7,400
6,800
7,800

13,600
11,700
12,500

20, 700
17,900
17,400
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The deflecting field E, will be a function E(9,t) of the angular
distance moved in the deflector chamnel ©, for a deflector channel of
varying width, and of t for a time dependent veltage on the dees.
The deflecting veltage is composed of the voltage on the dee
Vv, sin (st # # = n), and the D.C. bias voltage V,,, added to make wp
the difference between the instantaneous dee voltage and the voltage

required to produce E. The defieeting voltage V is thus
(27) V=Vp, +V_ sin (ot + § - n)

where © is the angular frequency of the dee voltage and t is the
time spent in the deflector. The time dependence may be eliminated
since

(28) wt =0,

® is the angle past the center of the dee gap, and @ is the phase
angle of the ion. The deflecting field is

VDc-l-Yos.ln(B*-ﬁ-u)
300 §

(29) E=

and S is the deflector chammel width function from equation (14) with
a replaced by (8 - n/2), and converted to centimeters. Similar
forms of the deflecting field are given in (6, p. 28) and (24, p. 18).
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The value of the D.C. voltage on the deflector is determined by

establishing the deflecting field E, necessary to remove the ion from
the vacuum chamber from Table 2, or with equation (26). With a given
ion phase @, and a given angle O, substitutions may be made in
equation (29), and the value of V,, necessary to produce E determined
when 70 = 50,000 volts.
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CALCULATION OF THE PATH OF THE ION

The Lorentz equation (1)) deseribes the forces acting on an ion
in the deflector chamnel. Rewriting it here for convenience,

(30) mvz/fti = Bqv/e - qE .

The calculation of the path of the ion involves the instantaneous ion
path radius Ri’ not the distance R from the center of the cyclotron
magnet, which may not even lie along the same line. Because the
forces on the ion in the channel are continuously changing, an exact
plot of the ion path cannot be made and approximations are appropriate.
It is convenient to divide the path in 10 degree segments, and compute
for each segment an Ri from the information gained from evaluating the
instantaneous radius of the previous segment. The error involved here
is small and will be discussed in detail later. As large a change of
the instantaneous radius as 5% will result in a change in the path of
the ion, with respect to the center of the cyclotron, of only a
fraction of a per cent.

The steps necessary to obtain equation (23)

B R ) B2qR
(31) E= [!:-gf] - =

m?

were described in the previous section. Solving for R,, and using the

calculation for the constant term from equation (26),
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R
(32) R, = -
i %—-axw“‘m

A step by step computation for each segment of the deflector may
be made using this formula. An instantaneous radius is computed for
each segment and thereby, a plot can be made of the path of the ions
from the cyelotron.

The values of B to use in equation (32) are obtained from the two
graphs in Figures 6 and 7.6 The first graph covers the range of the
radius in which the deflector is located, and in which the value of
the magnetic induction may be determined quite accurately. The second
graph contains the data plotted on the first graph on a smaller scale
and is extrapolated over the region from 19 inches to 22 inches.

(No data has been taken for this region yet.) The extrapolation in
this region was made by taking the tangent to the curve at the radius
for which the last measurement of the magnetic induction was made.
This extrapolation gives the maximum magnetic induction for the
cyclotron magnet that can be expected for this range of the radius.
It can be compared with the complete plots of magnetic fields in the
notes obtained by Gallop (5, pp. 5, 4O, 52) and the plot of the
University of California 60 inch cyclotron magnet (24, p. 14). The
values of the magnetic induction obtained in the region of the

é The information for these graphs was obtained from the data taken
from the measurements made on the cyclotron magnet by D. B, Nicodemus
and D, J. Bates.
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extrapolation allow the computation of the approximate path of the
ion from the vacuum chamber. This approximation is fairly accurate
since the results from using the probable values for the magnetic
induction instead of the extrapolated values has very little effect
in changing the radius of curvature in this range. The error
involved from using the extrapolated values will be that the ion beam
will be brought out slightly further than calculated. This may be
corrected experimentally when the eyelotron is in operation by
decreasing the value of the D.C. bias applied to the deflector.

The values of (8 x 10'h E) used in equation (32) for the
following calculations are listed in Table 3. These are computed
from equation (29) at 10 degree intervals in the deflecter channel.
Given a value of §, and locating the deflector entrance at 70, 80, or
90 degrees past the gap between the dees, a value of VDG can be
determined from Table 2. The values of E are then determined, starting
at the entrance and using the value of S for this position from
Table 1, and continuing the computation every ten degrees along the
length of the deflector.
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VALUES OF 8 x 10~ E

: - ’ 4
degrees 8 x10" E degrees 8 x10™E
90 0.266 80 0.191
100 0.271 90 0.206
110 0.258 100 0.205
120 0.233 110 0.191
130 0.194 120 0.164
140 0.166 130 0.143
150 0.133 140 0.117
For path pleotted in For path plotted in
Figures 8, 13 Figure 9

X deg:ee- 8 x 1074 & J deg:oen 8 x 10“h E

90 0.316 80 0.2
100 0.319 90 0.27
110 0.302 100 0.258
120 0.299 110 0.233
130 0.227 120 0.194
140 0.195 130 0.165
150 0.181 140 0.133

For path plotted in For path plotted in

Figure 10 Figure 11

Table 3
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= degrees 8 x 10'1‘ E

90 0.320
100 0.310
110 0.281
120 0.240
130 0.191
140 0.155
150 0.162

For path plotted in
Figure 12

Table 3 (Continued)
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The procedure used to plot the path of an ion, with a phase
angle of 150 degrees and entering the channel 90 degrees past the dee
gap, will now be followed. In Table 2, the approximate value of the
D,C, bias needed to bring the ion beam cut at a point just south of
the supporting post is listed as 12,500 volts. A bias of slightly
less than this of 10,000 volts will be added to a deflector extending
over an arc of 60 degrees.

On the scale drawing of the dees and vacwum chamber, (Figure 8)

the center of the cyelotron magnet is located, and the arc from the
entrance of the channel to the exit from the vacuum chamber is
divided into 10 degree segments. (In Figure 8, these 10 degree
divisions are denoted by small circles just above the ion path.)
From the graph in Figure 6 the values of B are obtained; from Table 3,
values of 8 x ‘lO"]'l E are obtained. Since the definition of B is the
value of the magnetic induction at the exit radius, the initial value
of B/B is 1. These values in equation (32) give

16,00
(33) R, =025

(34) R, = 21.8 inches

A point along a line through the entrance to the channel and the
center of the cyclotron, (line A-A! in Figure 8) is located a distance
R1 or 21.8 inches from the path of the ion as it enters the chamnel.
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A 10 degree arc is constructed about this point starting at the
entrance to the deflector channel. The distance R (from the center
of the cyelotron magnet out to the ion path) is measured at the end
of the first 10 degree segment, i.e. 10 degrees past the entrance to
the channel. This value of R is used in the graph in Figure 6 to
determine the value of the magnetic induetion at the lecation of the
ion path. In Table 3 the value of E at 100 degrees is obtained.
Substituting these values in equation (32),

(35) n? -W:
(36) R2 = 22,0 inches .

The center of the next 10 degree arc is located at a point
22,0 inches from the ion path, along a line through the end of the
first segment (the 100 degree division) and its center of curvature
(peint B). (This is along line B-B'! in Figure 8.) After constructing
this arc, the distance R is measured from the center of the magnet to
the ion path at the 110 degree division. The value of B from
Figure 6 and the value of E listed for 110 degrees in Table 3 are

put in equation (32) to obtain

(37) Ry '—'5339‘2.;— s
%:m - 0-258
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FIGURE 8,
CONSTRUCTION OF THE ION PATH
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(38) Ry = gogap' 0%y

(39) 33 = 21.6 inches .

The same process used above is used to determine the location of the
center of the next 10 degree arc.

At 120 degrees, the distance from the ion path to the center of
the cyclotron (R) was measured as 16.6 inches. The value for B
determined from Figure 6 is 13,660 Gauss, which gives a B/Bo ratio of
0.985. Substituting this ratio and the value from Table 3 at 120
degrees of 0.233, in equation (32) gives

16.00

(ko) By, = 53m8 - 0.23 -

(k1) Ry = 21.3 inches.

A point 21.3 inches is measured back from the ion path at the 120
degree mark along line D-D', This is the center of curvature of the
segment of the ion path from 120 degrees to 130 degrees.

The values for the radii of curvature of the ion in the rest of
the channel have been computed and are listed in Table 4. The
procedure used to find them is the same as used to find the radii
above,
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Outside the deflector channel, the path of the ion may be
plotted further. The value of R measured at 160 degrees is 19.1
inches. This gives a value for B as read from the extrapolated
portion of the curve in Figure 7, of 10,900 gauss, and a B/B° ratio
of 0.787. Now, since there is no deflecting field, the term
involving E in equation (32) drops out leaving

16.00

(k2) Ry =7mo9g7

(43) Rg = 20.3 inches .

The procedure used in locating the center of cwurvature is the
same as above, and should be followed until the ion is out of the
vacuum chamber,

Figure 9 shows the construction lines fer plotting the path
of an ion whose phua.:l.a 150 degrees. No D.C, voltage is needed to
bring the beam out of the vacuum chamber when the entrance of the
channel is at 80 degrees past the dee gap. The segments of the path
between 90 degrees and 120 degrees have the same radius of cwrvature
as do the two segments between 120 degrees and 140 degrees.

The ion path that has been plotted will clesely approximate the
exact path the ion will follow in the channel. Errors occuring in
the computation of the first two or three radii of curvature will
have a greater effect on the results than the same error made at the

end of the deflector. However, the use of moderate care in making
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FIGURE 9.
CONSTRUCTION OF THE ION PATH
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the computations will assure results accurate enough for all practical
applications. Even relatively large errors in the components of
equation (32) have little effect on the magnitude of the radius of
curvature, and hence the path of the ion. Evidence of this may be
seen in the caleulation of the approximate center of curvature for
the deflector,

In the construction of the sides of the defleecting channel, it
would be more convenient to bend the deflector, on one side of the
deflecting channel, and the back side of the dee on the other side,
to the shape of a segment of a circle, than to a segment of the
spiral path of the ion. It will now be shown that the path of the
ion closely approximates a segment of a circle in the 60 degree are
of the deflecting channel, so the circular approximation will be
quite accurate.

In Figure 10, the radial lines intersecting the ion path at 90,
110, 130, and 150 degrees have been marked as A, B, C, and D respec-
tively. Perpendicular bisectors of cords intersecting the ion path
at A-C and B.D are constructed. The point at which these twe
bisectors intersect is the mean center of curvature for the path of
the ion in the deflecting channel. To avolid confusion in the
deseription of this caleulation, the bisectors have been labeled
E<E' and F-F!, their point of intersection being designated by O.

An example of how much lee~way there is in locating the center
of curvature for the radii, R1, 112, RB « s o3 R.’, and therefore, how
comparatively large an error may be introduced in the magnitude of
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these radii without affecting the path of the ion, may be seen by
passing the pencil of a compass with its pivet point located at 0,
through A, B, C, and D. In the plots made, the trace of the pencil
cannot be distinguished from the path of the ion except for a few
degrees where the separation is very slight. Therefore, the path
of the ion in the deflector may be approximated by a segment of a
eircle.

In Figure 11 the center of curvature of the ion path is shown.
Labeled A!'-D! and A".D" respectively are the edges of the deflector
and the back side of the dee that farm the deflecting channel. The
distance between A'-A" and D'-D" is the spacing at the entrance and
exit to the deflector channel as determined from Table 1. The center
of curvature of the deflector may be determined by finding a position
to locate the pivot point of a compass so that the pencil will swing
through A' and D', The center of curvature for the other side of the
deflecting channel may be located by finding a peint to locate the
pivot of the compass so that the pencil will pass through A" and D",
The center of curvature of the ion path is shown in Figure 11 as O,
the center of curvature of the deflector is shown as 0!, and the
center of the back side of the dee is O",



FIGURE 11,
PLOT OF THE ION PATH
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FIGURE 13.
FINAL DEFLECTOR GECMETRY
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CONCLUSION

The results obtained from calculating the path of ions with
various phases through a chammel beginning at either 80 or 90 degrees
past the dee gap with different potentials on the deflector are
listed in Table 4. Their respective plots may be found in
Figures 8 through 12.

In Figures 10, 11, and 12, the effect of varying the phase,
location of the channel entrance and D.C., bias while holding the
point of exit from the vacuum chamber comparatively constant may be
noted. (The ions whose paths are shown in Figures 10, 11, and 12
have been deflected more than would be required, so that a lesser
D.C. blas potential may be applied to the deflector.) In Figures
8, 9, and 10 the effect of varying the bias voltage and location of
the channel entrance on the exit of the beam from the vacuum chamber
for an ion of constant phase is shown. The deflection produced by
the average deflecting field which may be obtained from Table 3 may
be checked for each plot. However, it will be noted that the
deflecting fields for paths shown in Figures 10, 11, and 12 are
essentially the same while there is quite a difference between the
fields for the paths in Figures 8, 9, and 10,

Calculations here are necessarily of a preliminary nature
preceding measurement of the phase of the ions when the machine is in
operation. The magnetic field should be measured to larger radii and
the values for lesser radil checked with those previously taken to
determine any change, which if observed, may affect the future
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operation of the machine., Since the geometry has been determined by
making use of certain assumptions, e.g. the energy and direction of
the ions at the channel entrance, these should be measured experi-
mentally.

It appears, however, from the information available at this
time about the Oregon State College cyclotron and the deflectors
already in use for other fixed frequency cyclotrons, that the final
deflector geometry may be approximately that shown in Figure 13, with
10,000 volts bias applied to the deflector. %hile an ion beam as
shown in Figure 9 has been brought out from the eyclotron without
any bias applied to the deflector, the range obtainable in adjusting
the electrostatic field by moving the deflector in and out may not be
sufficient to bring the maximum ion beam current possible out to the
target. For this reason, a deflector with 10,000 volts D.C. bias
applied and a channel starting at 90 degrees past the dee gap has
been suggested. (This is assuming that the phase of the mean ien
will be about 150 degrees.) The suggested channel entrance and exit
widths are 0.21 and 0.42 inch respectively. The average centers of
curvature for the ion path, the deflecteor, and the built out side of
the dee, have been located in Figure 13 as O, O' and 0" respectively.

¥hile the problem of deflecting 7.5 Mev deuterons has been
discussed, it may easily be extended to the deflection of alpha
particles, since they have approximately the same g/m ratie. Protons
would be expected to be deflected more in the same field since their
q/m ratio is about half that for the deuteron case. However, these



VALUES FOR THE COMPUTATIONS USED IN PLOTTING THE ION PATHS

Path
Plotted
in Figures
8 and 13

Path
Plotted in

Figure 9

g = 150° ch = 10,000 Volts ® - 90° . 150°
BER!
Ri 8 R B(R) .
inches degrees Inches Gauss -
21.8 90 16.0 13,870 1.000
27.0 100 16.0 13,870 1.000
21.6 110 16.2 13,820 0.998
21.3 120 16.6 13,660 0.985
20.1 130 17.0 13,440  0.970
21.0 140 17.7 12,850 0.927
21.6 150 18.3 12,120 0.875
20.3 160 19.1 10, 900 0,787
2.6 170 20.0 9,000 0.650
30.6 180 20.9 7,250  0.523
g = 150° VDC-O & - 80° - 140°
B(R
Ri Gl R B(R) -é:l
inches degrees inches Gauss -
19.8 80 16.0 13,870 1.000
20.2 90 16.0 13,870 1.000
20.2 100 16.15 13,800 0.998
20,2 110 16.4 13,660 0.986
19.6 120 16.7 13,610 0.983
19.6 130 17.2 13, 300 0.960
19.8 140 17.7 12,850 0.927
18.1 150 18.2 12, 260 0.885
20,0 160 18.9 11,100 0.802
21.3 170 19.4 10, 4,00 0.750
26.7 180 20.1 8, 300 0.600
36.8 190 21.0 6,000 0.435

Table L
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=150° V= 20,000 Velts © - 90° - 150°

Piotied in Ry . . B(R) Egil
Figure 10 2
inches degrees inches Gauss o

23.4 90 16.0 13,870 1.000

23.5 100 16.0 13,870 1.000

23.1 110 16.3 13,780 0.995

23.4 120 16.7 13,610 0.983

22.0 130 17.3 13,230 0.955

22.3 140 17.9 12,640 0.913

21.5 150 18.6 11,720 0,846

22.7 160 19.5 9,750 0,705

30.L 170 20.5 7,300 0.526

L9.3 180 21.8 4,500 0,325

#=160° V,, =10,000 Volts 6 - 80° - 1L40°

Pattd. Ry v A B(R) gél_t)_
Figure 11 2
inches degrees inches Gauss ——

22.0 80 16.0 13,870 1.000

21.8 90 16.1 13,840 0.999

20.2 100 16.35 13,760 0.994

19.9 110 16.6 13,660 0,985

20.6 120 17.0 13,450 0.970

20.6 130 17.5 13,060 0,943

21.3 140 18.2 12,260 0,885

20,0 150 18.9 11,100 0.802

24,0 160 19.7 7,100 0.513

31.2 170 20.6 4,500 0,315

Table ) (Continued)



@ =170° Vpo = 15,000 Volts, © - 90° - 150°

%ﬁ’ém in R, e R B(R) EP
Figure 12 )
inches  degrees inches Gauss -~

90 16.0 13,869 1.000

100 - 161 13,840 0.999

110 16.3 13,780 0.995

120 16.65 13,635 0.984

130 17.20 13,304 0,960

140 17.8 12,760 0,920

150 18.6 11,720 0.846

160 19.4 10,400 0.750

170 20.3 7,250 0.523

180 21.5 5,500 0.396

Table L4 (Continued)



may be deflected with the same geometiry, approximately, by some
combination of a decreased blas voltage and a wider spacing in

the channel. In any case, experiment will be more valuable than
theory in determining exactly the final deflection conditions.
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