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ABSTRACT 

The trajectories of protons deflected by the pulsed electrostatic de

flector in the present 184-inch synchrocyclotron (maximum proton energy 

of 340 Mev) are studied by using a differential analyzer. 

Particles successfully ejected from the cyclotron field into the mag

netic channel have large radial oscillations and enter the deflecting system 

at a phase that keeps them in its electric field over the deflector 1 s length 

of 120°. 

This type of deflector is not deemed suitable for use in the 184-inch 

synchrocyclotron when it is modified to a higher maximum proton energy. 
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INTRODUCTION 

\' .. : A study of many deflecting systems for the 184-inch synchrocyclotron 

was undertaken to show their feasibilities in the modified machine where the 

deflection problems are more diffiCult because of the higher magnetic field 

and energy of the particles at ejection radii. The modification of the 184-

inch synchrocyclotron will change its maximum from 340 Mev protons in 

a field of 14, 250 gauss to 670 Mev protons in a field of 20. 600 gauss. 

The use of a pulsed electrostatic deflector is contemplated on the 

basis that it is a successful means of deflecting a portion of the circulating 

beam in the present operation of the 184-inch synchrocyclotron. It is neces

sary to consider the electrical and mechanical modifications required for 

use at the higher energy to establish the design requirements. An improve

ment in the fraction of the circulating beam deflected is required. 

An extrapolation of the present system for the higher energies and 

a detailed analysis of particle trajectories in the present arrangement has 

been made. The results serve as a guide to improvements in the configu

ration of the electrodes and to other changes which will result in an increase 

in the deflected beam. 

DESCRIPTION OF THE SYSTEM
1 

The present system of deflection consists of two sets of bars placed 

adjacent to the median plane and curving inward with the greatest radius 

at 81-1/4 inches and the final radius 120° later at 77-3/4 inches. These bars 



UCRL-Z037 

have the cross section shown in Fig. l. The beam circulates between them 

until it has expanded to 81-1/4 inches when the voltage of about ZOO kv is sud

denly applied in about 0.1 IJ.Sec. · The particles then are deflected inwardly un

til they have travelled through th~· deflect:r or arrived at its end 1Z0° later. 

This perturba'ltion causes the particles to be farthest outside their initial 

orbit about 3.:::.,)
0 after the start of the deflector. The greatest difference 

between the orbits is about 7 em. At this p:>int a magnetic channel is placed 

to enable the particles to leave the strong field of the cyclotron. 

For protons, the energy at entrance to the deflector is 340 Mev and 

the magnetic field is 14.v Z50 gauss. An electric field of ZOO kv counteracts 

about lZ percent of the magnetic force on the ions. The motion of the particle 

in the radial direction is given by the Kerst-Serber equations2 

wn 2 = 11 - n\w z 
lr \ j 0 

where w0 is the angular frequency of rotation, n is defined by the term 
r I H 

n = - H ~ Z , and p = r - r , where r is the equilibrium radius, £. p is the r o o 
electric ~ield in the radial direction and wp is the angular frequency of radial 

oscillations. 

The term E._ p is zero prior to the pulse and after the p:trticle leaves 

the deflector. The rise time of the pulse is about the time of one revolution 

of the particles so that on one turn they are undeviated and the next they are 

deflected, This deflecti.oJ?- process then destroys the beam and the small 

fraction, 0. 005, is accepted into the channel. 

The motion in the axial direction is governed by the equation2 

2 2 
where w2 = n w

0 
and t z is the electrical field in the axial direction. w

2 
is the angular frequency of axial oscillations. The axial perturbation of the 

particles is much smaller in magnitude than the radial perturbation. 

Particles off the median plane, and thus closer to the deflecting bars, 

are expected to have a greater deflection owing to the stronger radial field 

near the bars. 
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TH~ PRESENT DEFLECTOR FOR USE AT THE INCREASED ENERGY 
I. . • . 

An estimate of t:Q.e voltage requirements for the 184-inch synchrocy

clotronpulsed electrostatic deflector may be made on the supposition that 

the system required will be very similar to the present one. 

The ris·e time of the pulse will have to be shortened because of the 

higher rotational frequency. The requirement is an increase from 10 per

cent to 90 percent of the maximum in o'. 05 IJ.Sec. 

Equation 4, reference 1, gives the radial motions of the particle in 

the region beyond the deflector. 

where t
1 

is the free radial oscillation amplitude and a
1 

its phase at the start 

of t~e defl~cto~ which is at t = ~. The .defl.ector ends at t = \• 
2 

wp is the 

rad1al os~l.llatlon angular veloc1ty and 1s g1ven by wp = (1 - n) / w
0

• 

The term ~ 
2 

is given by e €.. 
2 

= 0 
2 

mwp 
and determines. the motion due to the field €... To compne the present re-

q~irement with the future requirements it is only necessary to require that 

o 2 remain constant. Thus 

eE 
2 

E. . 1 

where the 1 stands for the present conditions and the 2 for the future values. 

thus 

m 
m = o 

(1 - 132)1/2 

w 
0 

eH 
::: --'

me and wp 



Values for the cyclotron 

Protons 

Deuterons 

·For protons 

131 

0.66 

0.52 

H1 = 14, 250 

E. = 200 kv 
E.l = (20. 6)2 

2 {14. 25}2 

£ 0,583 ~ 
z= 2 • 1 X 0.741;..1 

= 1. 66 e.l 

For deuterons 

f-2 = 2 ' 1 X 0 ~ B ~ E.l 

= 2. 02 £1 

0.812 0.740 

0.571 0.856 

H
2 

='zop 6oo 

n ~ r.l. z}l/z 
. ~-'2 

(l _ f3
1
Z)l/2 €.. 1 
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(1 _ 
132

2)1/z 

0.583 

0.820 

Thus the voltage requirement for th.e modified use is twice what is presently 

required. 

Furthermore, the magnetic channel problem is considerably more 

difficult since the saturation of iron at 20 kilogauss almost precludes an ef

fective channel and certainly increases the thickness of the iron required 

between the synchronous orbit and the exit port. 

ANALYSIS OF PARTICLE TRAJECTORIES IN THE PRESENT DEFLECTOR 

The nature of the motion of p~uticles during and after their passage 

through the present deflector and their dependence upon the initial conditions 

at entry into the deflector is of interest for several reasons. Firstly, an 

improvement in the efficiency of the present deflector depends upon this 
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information; secondly, the feasibility of operation in the higher energy cyclo

tron may be established; and thirdly, the optimum geometrical arrangement 

and limitations can be determined. 

The method of analysis of the trajectories involved the measurement 

of the electric fields in the deflector and the solution of the Kerst-Serber 

equations using these inputs in the proper interval of the particle orbit. 

The measurement of th(;l electric fields was accomplished by a poten

tial measurement of the field from a cross section of the deflecting bars 

scaled up by a factor of five. The electrodes were painted with conducting 

silver paint on a piece of semi..,conducting paper and measurements of the 

potential were made on points of a uniform grid covering a region of sym

metry. The field gradients for both the radial and axial directions were then 

· calculated from the potential measurements. 

· The field data were Ifotted and used as the input for the different~al 

analyzer. The equations o:£ motion in the radial and axial direction are: 

d2 
+ (1 - n) w 

2 eEp _e. p = 
dt

2 0 m 

and d 2t 
+nw 2z 

eEz 

"'7" =----
dt 0 m 

For solution with the analyzer, it is desirable to eliminate the time variable 

by using the fact that d/dt =(d/d9){d9/dt)and dS/dt ~ w , thus d/dt :=:: w d/d9. 
. 0 0 

Similarly d2 /dt2 :: w 
2 d 2 /d9 2 . Th,is approximation introduces an error but 0 . 

since the ratio of the change in radius to the synchronous radius is a maxi-

mum of 5/206 and is both outward and inward. the net error is well within 

the accuracy of the analyzer and the ability to place data by hand into the an

alyzer. The equations become: 

d2p 

de2 + (1 - n)p = 

eEz 

eEp 
2 

w m 
0 

2 w m 
0 

During the deflection process the energy of the particle is not changed 

and thus m is a constant in the interval of interest. The value of n is placed 

into the machine by a cu:tve of n as a function of radius as obtained from the 

magnetic measurem.ents on the 184-inch synchrocyclotron. 
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While these two equations are not coupled, as they would be if higher 

order terms were included, the common input of n and the dependence of the 

field on radial ~nd axial disJiacement. Ep. = Ep (p, Z) and E 2 = E 2 (p, Z); 

makes their simultaneous solution'necessary and accurate to a good approxi

mation. 

The deflector bars do not maintain a constant radius but are displaced 

inward 8. 9 em in 120°. This displacement is simulated in the analyzer by 

subtracting the disfiacement as a function of angle from the J:8.rticle radius 

to give the particle position relative to the deflecting bars. A particle which 

moves in radially as it goes through the deflector at the same rate. the de

flector is displaced inwardly and has no motion relative to the deflector fields. 

The drive on the input table on the analyzer stands still. For any other motion 

by the :IRrticle the relative motion of it to the deflection bars is seen by the 

input operator. The deflector disfiacement is put in by an analyze'r operator 

by following a curve of displacement vs. angle, 

puts: 

This problem has· these four inputs: 

(a) Ep {p. Z} V.s. p - D 

(b} Ez (p, Z} vs. p - D 

(c) n (p) vs. p 

(d) Displacement. D vs. Q 

The analyzer solv~s the equations simultaneously and plots two out-

(a) p vs. e 
{b) Zvs. 9 

The initial conditions were for the particle position 180° ahead of the 

deflector entrance. This enabled a check of the analyzer during the solution 

of the curves before the deflections and a m.eans of obtaining various entrance 

conditions into the deflector. 

The radial fields, Ep, were not particularly sensitive to displacement 

off the axis. The input field was about 16 percent higher adjacent to the bars 

than at the median plane,* This means an additional perturbation to JE.rticles 

* The diagram of the pars, Fig. 1, is correct, but an error in the orientation 
as shown in Reference la upon which the potential measurements were based, 
leads to solutions of orbits from fields slightly different from those actually 
existing. The orbits are only affected to the second order since the smaller 
radial fields were corrected by a longer time of action. The impulse to 
the particle is very nearly the same. The f~gure of 16 percent is increased 
to 25 percent. The conclusions remain the same because of the smallness 
of the effect. 
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in this region compared to the median plane particles but this does not seem 

to be a dominant factor in the success of the deflecting systemo Prior to 

this analysis, this variation of field with axial position was thought to be an 

important limitation of the deflectors. So much so, that the deflected par

ticles were supposed only to come from ~he regions near the bars o 

The axial field, Ez• varies greatly with axial position~ being zero 

at the median plane. The maximum axial field component is weaker than 

the maximum radial component by a factor of about 1/3. The axial situation 

is further improved by the fact that the restoring force depends directly on 

the magnitude of the axial displacement and thus compensates the increased 

field off the axis. In the region of the deflector the axial displacement is 

limited by the bars, and this sets a limit on acceptable particleso 

'The curves in Figs. 2 and 3 show the p:trticle trajectories as a function 

of the initial conditions and the deflecting process 0 During the initial trials, 

a deflector voltage of 400 kv was used in the analysis. This simplified the 

; search for the desired particle trajectories. Trajectories 1 and 2 of Fig. 2 

show the effect of the deflector by comparing the particle trajectory with and 

· without the deflecting pulse. 

Trajectories 3 and 4, Qf Fig. 2, show the effect of axial position in 

the deflector. Particle no. 3 was closer to the upper bar than particle no. 4 

which was close to the median plane during the deflection pulse. The slight 

increase in deflection of no. 3 over no. 4 is due to the slightly higher radial 

field near the bars. 

Figure 3 shows the trajectories when the deflection pulse is 200 kilo

volts, as it is in the present 184-inch cyclotron. These particles have various 

initial conditions which place their entry into the deflector over the range 

bf interest in radial extent, angle of entry and amplitude of radial oscillation. 

The success of deflection depends directly upon length of time in the 

deflector which is determined principally by the amount of radial oscillation 

and the angle of entry. Trajectory no. 6 indicates the optimum conditions. 

In this case the initial amount of radial osciallation was large and entry angle 

was ideal.. No. 5 represents nearly the same amplitude of initial radial os

cillation but the angle of entry is sufficiently different to cause relatively 

poor deflection. The cases 7, 8, 9, and 10 represent varying degrees of 

success. 

The axial position at the entrance to the deflector is very nearly the 

same for all particles in Fig. 3. 
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Messrs. John Killeen and Roy Haddock and the other members of 

the differential analyzer group contributed greatly to these results. 

CONCLUSIONS 

The results of the calculation of the required deflecting voltage for 

the p.1lsed electrostatic deflector in the modified 184-inch syn,chrocyclotron 

and the relative ineffectiveness of the present deflecting voltage in the present 

machine indicate that this type of deflector is not ~;~uited for use in the modi

fied cyclotron. 

The analysis of trajectories and their dependence up~m the conditions 

of entry into the deflector shows that the particles successfully deflected 

are those which have initially large radial oscillations and enter the deflector 

with such a radial os.cillation phase as to travel inward with the de~ector 

and thus b'c) influ,mced over the entire length c>f the deflector. The electro-

--=static deflector docs not counteract the magnetic forces enough to allow a 
~ 

particle to be captured for the length of travel through the deflector. 

An electrostatic field of twice the present value would greatly improve 

the intensity of the deflected beam in the present machine. 

The large radial oscillation required for successful deflection is1 in 

part) self diminating through particles of large radial oscillation striking 

pcrtions of the magnetic channel or shims and by axial blowup._ 

No simple changes in the cross section of the bars will result in a 

substantial improvement of the deflected beam intensity. 



-11 ... UCRL-2037 

REFERENCES 

1. W. Powell, L. Henrich, Q. Kerns, D. Sewell, R. Thornton,(a) MDDC-
1560, (b) RSI 19, 506 (1948). 

2. D. W. Kerst, R. Serber, Phys. Rev. 60, 47 (1941}. 

Information Division 
12-4-52 bw 



-lZ-

r---1''-1 

mB 
MEDIAN PLAN.;....E --· --+ CYCL~TRON CENTER 

1,3/8" 

m 1t~ 
H 

FIGURE 1 

MU-4503 



-13-

NOVEMBER 19,1952 400 KV. 
11 MEDIAN PLANE 

10 10 NOVEMBER 19,1952 ~~400 KV. 

il 
~r 

0 5 

LOWER BAR UPPER BAR 

0 _, 
-2 -1 -14 -12 -10 -· -6 -2 10 

(CURVES DATED NQV.t9,1952,400KV.,#1,2,3,4) 

INITIAL CONDITIONS 

#1 #2 #3 #4 

z -0.2 -0.2 -0-2 0 

~1 +0.2 +0-2 +0.2 0 

e +2.0 +2.0 +4.0 +4.0 

e' +1.5 +1.5 +1.5 +1.5 

v 400KV. NO INPUT 400 KV. 400 KV. 

FIGURE 2 
MU-4504 



-12 -10 -8 -6 -4 -2 0 
flN CM. 

~ 

~1 

p 

p' 

v 

{CURVES 

#5 

-0.2 

+0-2 

+4.0 

+1.5 

200KV. 

10 

"' z 
4 

lO 

~ 5 

"' 

-14-

-LOWER BAR 

DATED NOVEMBER 19, 1952 200 KV., #5,6,7, 8, 9,10} 

INITIAL CONDITIONS 

#6 #7 #8 #9 #10 

-0.3 -0.3 -0.3 -0.3 -0.3 

+0.3 +0.3 +0.3 +0.3 +0.3 

+3.0 +1.0 +1.0 0 +2.0 

+3.0 +3.0 +2.0 +3.0 +1.0 

200KV. 200KV. 200KV. 200KV. 200KV. 

FIGURE 3 

-UPPER BAR 

i IN CM. 

MU-4505 




