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Radiation Laboratory, University of California 
(' 

May 17, 1949 

ABSTRACT 

The'operation of the 184" synchro-syclotron is reviewed in terms of the 

theory as developed by Bohm and Foldyo, Certain relevant data on the properties 

of the magnet and rotating condenser are also presented. 
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.. L. R.Henrich~· D~CQ Sewell, J. Vale 
Radi~tion Laboratory, University of California 

May 17, 1949 

Introduction 

The general theory of the operation of a frequency modulated cyclotron -- or 

synchro-cyclotron -- has been discussed in earlier papers by Bohm and F~ldyl,2 

1 D. Bohm and L. Foldy, Phys.Rev. 70, 249;,1946~ "The Theory· ofSthe'Synchrotron," 
Herein after referred to as paper A. Equations and figures from this paper 
will be referred to as (A-X orA-Fig. X), respectively. 

2 D. Bohm and L. Foldy, Physo Rev.1Z, 649; .1947.(" !'Theory ofr>bhe~'sym:ihro.,;Cyclotroil." 
Referred to as paper B. ' 

among others. The purpose of the present paper is to present in more detail 

than previously reported3 such operational data for 184" Berkeley synchro-cyclo-

3 W. M. Brobeck, E.O. Lawrence, Ko R. MacKenzie, E. M. MqMillan, R. Serber, 
Do C. Sewell, K. M. Simpson, and Ro L. Thornton, PhysoRev. 171,449'~ ,1947.) 

tron as might be of interest. It is also intended to interpret the performance 

of the machine in terms Of the theory. We mention first general characteristics of 

the machine and then investigate the operation when certain conditions are varied. 

2. Normal Acceleration of Ions. 

The final design of the 18411 magnet determines such things as the energy of 

the ion as a function of the radius, r, while the design of the rotating conden-

seraffects the mean rate of energy gain per turn. Since these and other related 

quantities will be needed in subsequent discussions of the performance of the 

machine, the expressions for these,quantities are given below. The actual values 

for the machine are later tabulated (Table 2) or graphed (Fig. I). 

a. H(r)(Hc - where H(r) is the value of the magnetic field in th,e median plane 

and perpendicular to it as a function of the radius tr); and Hc is the 

value of the field at the center of the machine. 
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1 

2 

where Mo'is the rest mass of the ion, c is the velocity of light, Ze is the 

charge on the ion, e is the unit electric charge, and v is the velocity of 

d. 

eo 

the ion. 

E (r) = J Eo 2 - the total energy of the ion, including the rest 
1 = (!i 

energy (Eo) • 

. ·w. = ZeW, where w is the angular frequency of rotation of the 
M.c 

. ion,and M the total mass of the ion. 
2 . 

f. ~ = 1 + l~n ~ A necessary physical quantity (See A-16) 

2 
K := 1+ b,£... . an alternative expression of K valid in a parabolic 

w2 

magnetic field (See B~5) where h expresses the rate of decrease of the 

3 

4 

5 

6 

magnetic field with radius, Le., H = Hc (1 - hr2/2) 0 7 

The above quantities depend on the shape of the magnetic field. In addition 
\ 

there are the quantities which depend on the physical characteristics of the 

rotating condenser that modulates the fre~uency~of the dee voltage.4 These may 

4 For the design of the frequency modulation equipment see 

F. H. Schmidt, Rev. Sci. Instr. 17, 301, 19460 

K. R. MacKenzie, F. H. Schmidt, J. R. Woodyard, and L. f. Wouters,Rev. Sci. 
Instr. 20, 126, 1949. 

be expressed as a function of the phase ~ of the rotating condenser, where we let 

21T'C represent the phase angle of the condenser and t(, = 0 when the oscillation 

is at maximum frequency. 

g. Ws ( rc) = the angular frequency of the oscillator. The subscript li de.notes the 

angular frequency the ion must have if it is t~be locked into the synchro-

nous orbit at a fixed phase angle with no oscillations about this phase 
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angle 0 

vill = the ratio of the actual maximum dee voltage across the gap to the mean 
V 

value during a modulation cycle. 

d in Ws i. ~ g a quantity used, in computing mean energy gain per revolution. 
dtf; 

The last three quantities have been exp,ressed as a function of 1, 0 However, the 

angular frequency of the ion is determined by the expression for uJ given in (e) 

and depends on the magnetic field. For an ion to be in the synchronous orbit at 

any time its frequency must also be w s' This condition provides a unique corre-

lation between the phase of the oscillator and the radius of an ion in the syn-

chronous orbit 0 We accordingly denote the radius, energy, and angular frequency 

of such a synchronous particle by r s' Es and wso' This correlation also permits 

us to express ~ and ~ d ,In Ws as a function of radius. 
V dtC 

An ion will stay at the synchronous frequency only if it gains energy at the 

proper rate 0 Thi,s may be expressed using A-15 by 

, dE Egd vJ s 
~=--- --
dt Kws dt 

CEs dc.J s ---
K tVs d'( 8 

where t is the timeo To express the energy gain in terms of the rate of' frequency 

modulation we have let ry; = ct where C is the number of frequency modulation 

cycles per secondo Multiply by the period of a revolution~ 2~, to get the 

energy gain per turn for the synchronous orbit, 6.Es; so that 

The change in radius per turn will be given by A-14 

Now the phase angle, ¢s~ for acceleration in the synchronous orbit is given by 

• 

9 

lO 

eV sm!flJs:: .6Eso Due to the change in L\Es and in V during the acceleration period 
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the phase angle will change during the accelerationo The magnitude-of the varia~ 

tion in sin ¢s maybe determined from the equation; 

- d. V' eV sin l"s:: v:AEs 0 11 

30 Oscillations about. the Synchronous Orbit. 

The motion of a particle on the synchrorious orbit is described by the ex-

pressions in the preceding section. Actually, few, if any, particles follow this 

orbit precisely •. There are deviations from the orbit due to the fact that ions 

are not injected at the correct frequency corresponding to the central magnetic 

f~eld, also due to the fact that ions are not inj~cted at the synchronous phase 

angle ¢s but of necessity near a phase angle of 900 (See B~Appo I). These causes 

will result in phase -oscillations of the, radius, energy and phase angle (See 

paper A). 

The angular frequency of phase oscillation (A-2l) is given approximately for 

small oscillations by 

¢ 
)
1/2 

wph = (e V K cos s Ws 
21TES . 

2"t!' The period of thl.s oscillation will be Tph: 
wph 

The amplitude of the energy oscillation will be (A-19), 

where 

U (¢) = = cos -¢ = ¢ sin ¢s 

and ¢m is the maximum value of ~o 

The amplitude ot radial phase oscillation will be given using A-14. 

12 

1.3·. 

14 

15 

6.r ph. =rs LlEph 16 
(l-n) p ~ Es 

~ 

There will also be additional radial oscill~tions ~- due, for example, to 

. --'-innomog-en-eit-ie's-in-the-magnetic-~f-ield----whi-ch-wi-l-l-be--ca.-l-led "free-I'adial-oscil~ __ _ 

lations 0 " 

. \ ' 

There w~ll also be free vertical oscillations -- i.e. -- oscillations 
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perpendicular to the median plan§ of the magnet gap, --denoted by a z ~ coordin-

ate =~ due originally to the ions start'ing their orbits at positions displaced, 

from the median planeo 

The general equations of motion of the ion may be obtained from the Hamil-

tonian 

( e) 2 (P9' e )2 ( )2}1/2 Pr - ~~, .,... r ~. -a ~e + Pz = ~ .Az 

where 1. = (AT' AS' Az )' is the vector potential in cylindrical coordinates and ~ 

is11he accelerating potential, and p.= (Pr; pg, pz) are the canonical momenta. 

The investigation of the free vertical and radial oscillations near any specified 

radius, r09 mayoe carried out while neglecting the accelerating dee voltageo 

The mass may be taken as constant b The' magnetic field may be taken as a function 

of rand z only, where z is the distance from the median plane. In this case it 

is -possible to set Ar= Az =' 0 and retain, only Ag = A (r, z). The equations of 

motion of the ion about a certain equilibrium orbit of 'radius, r o , under these 

conditions can be written to the first approximation as 

g,2( .1r) - (l~n) 2 LJr, 
dt2 - Wo 

'd2z _ 2, 
- n Wo z, 

dt2 -

17 

18 

where t:J.r (= r = ro) is the deviation from t'he equilibrium orbit, CUo is the 

anguiar frequency in the equilibrium orbit and!! is the value of n for the e,qui= 

librium orbit 0 The free radial oscillations will have the ,angular frequency wr 

= "';l=n GUo and the vertical oscillations will have the angular frequencywz == , 

Vn \.tJoo The vertical motion will be stable only for n "> 0 and the radial motion 

will be stable, only for n ' (1. 'At n = 1 there will be resonance between the 

periods of rotation and vertical oscillation, so in this region the vertical 

amplitude could build up due to resonance effects -- in the same manner as the 

radial amplitudes could build up at n = 0 0 Hence, for a stable orbit 0 < n < 1. 

It follows that both cur and t.Uz are smaller or slower than wOo Consequently, 
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while the ion is performing one revolution, it will not complete a fRee radial 

or vertical oscillation. The result will be that the azimuthal position in the 

machine at which the ion has a maximum radial displacement will precess. The 

precessional period for radial oscillations will be 

T _ 21T' 1 
pr - UJ 1- v'l~n' 

o 

and precessional angular frequency will be 

wpr = Wo {l - v'l-n} 

The change in mean radius during a precessional period will be given by 

A _ 1 rs ~E 
orpr - 2 I-v l -n (l-n)(!Js Es 

4. Operation under Normal Conditions. 

lSa 

19 

19a 

Typical operating conditions (e.g., magnetic field, tank pressure; etc:) are 

given in Appendix To . Unless other~ise mentioned the discussion a.nd data refer to 

operation with deuterons. The deuteron beam current received on an internal 

target as a function of the radius is plotted in Fig. 2. The minor variations ~ 
• 

the ion measurements between 25 ·and 70 inches presuml1bly are not significant and 

probably arise due to the method of reading the current. The factors that cause 

decrease of beam intensity (neglecting the effects at the maximum radius reached) 

are effective primarily at the small raqii. These are (1) gas scatt~ring .which 

is unimportant at higher energies; (2) return of ions to center which takes 

place primarily during the first phase oscillation so that most of these ions 

never get beyond a radius of about 10 inches; (3) loss of beam because of the 

increase of the synchronous phase angle so that ions can no longer be retained 

in stable orbits. (This occurs primarily before a radius of 20 inches is reached); 

(4) loss of beam at.small radii due to inadequate vertical focusing. Since the 

probe cannot go closer to the center than about 20 inches the curve obtained 

(which starts at a radius of 25 inches) would not be expected to show any consid-

erable change in beam intensity during acceleration. 
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Originally it was expected that the beam could be accelerated to the radius 

at which n :;. 1, where the motion becomes radially unstableo Actually, however, 

most of the beam disappears at a radius of about 8105 inches 0 Copper probes in 

the shape of a C (See Fig 0 3a) ~= with the open end of the C toward the center of 

the tank were placed in the path of the beam to find out what happened to the' 

beam 0 Radioautographs were made of these probes {See Figo 3b)0 They show that 

beam is received in the back part of the C at a radius of 75 inches 0 The radio= 

autograph at the 82 inch radius shows most of the beam hitting on the top of the 

Co' The lack of 'symmetry for top and bottom is probably due to not centering the 

probe in the surface of symmetry of the bearn o This surface is determined as the 

surface about which the vertical oscillations of the ions take placeo The loss 

of the beam could be considered as due to this surface being displacedo However 9 

densitometer measurements of probe radioautographs at r = 75 inches indicate that 

the surface of symmetry is displaced upwards only one=half inch while at r = 80-1/2, 

81=3/4, and 82=1/4 inches this surface":,;i-s~.;y~ry close to the median plane of the 

magnet gapo The radioautograph at 83 inches shows all of the beam hitting the 

top or pottom of the C probe before the 83 inch radius i:'3 reached and none hitting 

at 83 inches 0 It was also observed that there was a "hot" spot on the dee at 

about this radius .where presumably the amplitude of vertical oscillations in= 

creases sufficiently to cause the ions to hit the deeo The hot spot was on the 

top of the dee due to the fact that the surface of symmetry is about one=half 

inch above the median plane of the magnet gap while the dee is centered in the gap. 

5ao Coupling at n : 0 020 

It appears that the coupling between free radial and vertical oscillations 

at n ::; 002 (r :. 8102 linches) and the coupling between yertical oscillations' and 

azimuthal inhomogeneities at n =0025 (r = 8107 inches) is adequate to cause 

. this loss of bearno 

The amplitude, ~rj of the free radial oscillations is not known accurately 
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but it is probably of the order on the average of one or two inches 0 The ampli= 

tude~ AZ9 of vertical oscillation is probably less than, one in'cho However~ if 

all the energy, of radial oscillation were fed into the vertical oscillation, the 

" -new amplitude of vertical oscillation y Ai z' would be 

" (w ')2 
ADZ: \ A~ + \w: A~ 20 

At n =: Oo2~ (Wr/W z ) = 20 Hence, if Ar ~ 1 inch , and the energy in the radial 

oscillation were fed into the vertical oscill~tion, the amplitude ADZ would be at 

least' 2 incheso Now the surface of symmetry at this radius is about one-half 

inch above the median plane of the magnet gapo The vertical clearance in the dee 

is 5 inches so that the distance from the surface of symmetry to the dee will be 

only 2 ,incheso Hence, all ions with AT> 1 inch would b~ intercepted by the dee 

if this process went ono 

The extent to which this process goes on may be roughly calculated in two 

steps 0 We may first calculate th~ extent of coupling between the 'two modes of 

oscillation as followso Let r = X"o(l-+ p), z = ro sand 'C = wot where Wo is 

the angular, frequency of rotation at the radius in questiono (Note that 't' as 

used in this section is not the same 1> as used to denote period of frequency 

modulationo) Then the Hamiltonian, neglecting the accelerating voltage, may be . 

written in the foliowing form 

where p is the orbitEd angular momentum for the equilib;rium orbito The 0( 

f-r2_o 2I:iiJ represents the coupling coefficient 0 Transforming to action and 
\H or2)ro " 

angle variables the Hamiltonian is averaged over the short term oscillations 

leaving only the long term oscillation- due to the coupling termo It is found 

then that the duration of the coupling period, 't J== 10 eo, the period of the 

long term oscillation in which period the amplitude of the z oscillation will 
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change from its minimum value to a maximum value and back to its minimum value 

again -- can be represented roughly by 'LJ -;;: 2n- 008r o 0 For cJ. = 604 and Ar = 1 
, ex. Ar 

inch the coupling period is 'tJ ;: 2iT 0 10, Leo, the time it takes the ion to 

perform 10 revohltions, and during this coupling period at some ,time most of 

energy of radial oscillation will be in the vertical oscillationo Hence, if the 

durat'ion of the coupling is as large as 1:J , w.ecanexpect aconsider~ble varia-

tion in the amplitude of Az • Actually, when there is a considerable change in 

Ar , or Az this method of solution is not accurate. However, if the method indi~' 

cates large changes, it is an indication of possible dang~pointso 

Now actually as the ion increases its radius the value of n slowly increaseso 

Whether much energy transfer takes place will depend on the length of time that 

the ion is close to resonance 0' An estimate of the effective period of resonance 
... . 

can be obtained as follows: let n = noT c::r f where no is the value of n at the 

resonance. Then substitute this expression for n in the uncoupled equations of 

motion, 17 and 18, and obtain the solutions for the uncoupled equation in ro' s 0 

'Taking these as the solutions of the homogeneous equations we have to solve the 

non-homogeneous coupled equations 

and 

d2z: 
dt2 

The method of variation of parameters is used with the above approximate solu~ 

tions. The variable coefficient in the solution then cObtains a term of large 

22 

23 

amplitude which is a Fresnel integral. The time taken t~ go from the minimum to 

the maximum value ,of this integral gives an approximation to the effective reson­

ance period, 1GR -- i.eo; an approximation to the time during which the coupling 

may be considered effective as the particle passes through the resonance value 

n = 0 0 20 It is found that 
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The criterion may now be adopted that if 'tR> I{;J most of. the energy of radial 

oscillation will be transferred to vertical oscillation at least once as the ion 

goes through the resonance. Similarly, if a machine is being constructed and we" 

wish to decide what physica~ cond~tion must be met to have incomplete energy 

transfer for n := 002, the condition would be approximately that 'CR (1:"J; Leo, 

we obtain the condition that 

26 

Calculation of 'r;' R for the 184tt synchro-cyclotron with Es = 2070 Mev and 

AEs ::: 6 Kev gives '"CR = 217' 0 100, Leo, the passage through the resonance takes 

about 100 revolutionso Hence, we can'expect almost complete energy transfer and 

so can expect that ions with amplitude of radial oscillation, Ar , greater than 1 

inch will be lost near the n = 002 radius due to striking the deeo 

Now we have discussed above an experiment in which C shaped probes were used 

to detect the beam. In these experiments it was found that some of the beam 

struck the central part of the probe placed at a radius of 82 inches, but that 

none struck the central part of a probe placed at a radius ,of 8.3 inches 0 [In 

view of the data discussed in §15 as to the true center of rotation \of the ions, 

we should probably correct these to 82.2 inches and 8.3.2 inches' from the actual 

center of rotation of the ions 0] Ions which strike in. the central region of the 

probe may belong in one of two groupso If Ar < 1 inch we may ~xpect the ions to 

be accelerated past the radius at which n = 0 0 2 without striking the dee. (The 

possible loss of these ions will be discussed below.) loris with Ar> 1 can be 

expected to get to a radial distance greater than where n ::: 0 0 2 during part of 

their orbit, since the resonant coupling is effective where the average value of 

n during a revolution is 002. Calculation of the average value of n indicates 

that if Ar > 2-1/2 inches~ the ion should get to a radius of 8.3 inches; if Ar> 

5 inches the ion should get to a radius of 8.3-1/2 inches. Hence, we may conclude 
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that in the 184" ions with 1 inch (AI' ( 5 in.ches may indeed be lost by coupling 

near the radi)ls where n::;:O • .2,and not show upon the central part of a probe 

placed at a radius of 83-1/2 incheso 

It is possible' by using (26) to determine a limit for a to insure that, 

coupling be unimportant at n ::i 002. For the 184" synchro=cyclotron letting ~E = 
6 Kev and Ar = f- ~nch it is found that the coupling coefficient (= a) should be 

less than 00140 Actually, it is about 604. Hence, if this is the reason for 

losing the beam at n = 00 2, it would be rather difficult to correct the field in 

this case as th~s means determinmg (=1. o2~}. so that it is, less than 000002/ 
. .. H or )r:ro 

in0 2 which means very high accuracy in machine construction and field measure-

mentso The physical process can be seen as followso When -CX is large the 

strength of the vertical forces increases rapidly with radius since the field 

lines are more curved at the larger radiio Hence, when an ion is at large radii 

duerto a radial oscillation, it will experience large vertical forceso At smaller 

radii the vertical force.s will be weakero With a suitable phase relation then it 

can be seen that the ion can have its vertical amplitude built up by the strong 

forces at large radii which are not counterbalanced by forces of similar strength 

at .small radii. 

In the case of the 37" synchro-cyclotron, with the same value of AI' and 6.E 

= 5 Kev, at the radius where n = 002, (-0:) again Should be less than 00140 The. 

actual value seems to be smaller than this. Radioautographs of C shaped probes' 

show that the beam does not blow up in the 3711 synchr'o~cyclotron at the radius 

where n =0 0 .2 (ro = 16 inches) but that actually a considerable amount of the 

be~ does reach the radius where n = I. The difference between the two machines may 

JOI6 due to tile fact that the rate of decrease of the field is changing rapidly for 

the 184" synchro-cyc1otroD near this radius. This is not true in the case of the 

37" synchro=cyc1otroDo 
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The coupling here would be between the vertical oscillation and azimuthal 

inhomogeneities in'the magnetic field, the ion performing two revolutions for 

each vertical oscillation. A term of the form z cos Q would give coupling at 
-e 

It is possible to deveiop Hr; the radial componeht of H, in a series 

,such that we can have 

Hr= zHz n (1+ h cos G) 
r '. 

where h is a small quantity. We then must investigate the solution of 

d2z e 2 -- = -- r G Hr= - ~ 0 n (1 + h cos Q) Z 

dt2 Mc 

Letting wodt::: dQ, Q = 2¢, n = 0.25 the equation becomes 

2 
~ +- (1 + h cos 2 ¢) z = O' 
d¢2 

27 

28 

29 

which is a. form of Hill's equation. An approximate solution can be obtained in 

tbe following form 

30 

where t (~) is a periodic function •. Hence z will change by a factor ~ when. 

Q = 2 Tr ( 13:!...) . 31 . V2h 

'Investigation Of the available data on the field of tpe 184" magnet indicates 

,that it is ,possible that' such an, inhomogeneity exists near n -= 0025 with h of the 

order of 0005. Hence, we ,may expect that in a period of 24 revolutions, ions 

could increase the amplitude of their vertical oscillation by a, factor e. 

The resonance time in this case is found to be 

32 

Letting LJ.Es = 5 Ke'v, a. = 00 0015 r2 it is found that ';R = 2 7T(104) •. Hence, the 

effective resonance time is sufficiently long to permit a considerable increase 

in the amplitude of vertical oscillation. Only particles with an initial Az «1 '\ 
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inch could be expected to get through this resonan.ce in the 184" synchro-cyclo­

tron. Hence, this coupling ,could be expected to account for the loss of pract:iGal-

,1y,;aJ;l, of the beam that, ,might have gotten past the n=:O ~2 resonance. 

There is insufficient data on the 37" magnet to investigate the effect of 

this coupling for that magnet. The effective resonance time, ~R' is quite a bit 

shorter ~- only 27 revolutions. Radioautographs of a C shaped pro~edo indicate 

that there is some blowing up of the beam at r = 18 inches near where n = 0.25. 

Investigation of the resonance at n = 0.1 indicates that it is not dangerous. 

As we go to higher order resonances the coupling is probably much weaker so that 

the coupling period becomes longer. Hence, these resonances are probably unim-

portant. 

5cQ Coupling at n = 0.1. 

The coupling here would be'between the vertical and radial oscillations with 

tonian (21) 

Assuming a median plane of symmetry, the coupling term in the Hamil­

would be of the f.crm r~ w~ J..l2 6 p2 t;6" where p. 2 6 -;: "6'"1 n (H
r7 

a 7~\ 
, ' , 'boO'o orlro 

_ (1..7 
_ --. Actually, jJ. 2,6 will contain other terms but unless the lower deriva-

6.6! 

tives are extremely large,' this will be the important one to consider. We then 

find for the condition 'eR > 1iJ that we must have 

648Q r06 > a 7 V2 ",2~ • 
, A2 4 '''' AE rAz ~ s 

8 
n.. ~2 ' 

Assuming Ar = 2 inches, Az = 1 inch, ro = 0 inches, I"" = 5.7 jLlEs = 10 Kev, 

we find that the seventh derivative of (H/Ho) should be less than .1000/inch7 • 

Magnetic field measurements at each inch of radius might be used to estimate what 

the actual situation is by replacing derivatives by differences. However, the 

~agnetic measureine'1t~'n.'~t good enough to give really significant values for 

the seventh difference. Even so, it appears that there is a large safety factor 

at this frequency. 
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6. Variation of Ion Current with Voltage. 

The maximum obtainable ion current as a function of dee voltage is plotte~ 

j.n Fig. 40 All other conditlons -- such as condenser speed, etc. -- were adjusted 

at each voltage to give the maximum current. The slope of the line between 9 and 

17.5 kv indicates that the current varies as the third power of the voltage. As' 

pointed out in the paper by Richardson, et al,5 there are many factors that 

5 J. Reginald Richardson, Byron T. Wright,E. J. Lofgren, and Bernard Peters, 
Phys. Rev • .u, 424, 1948. 

influence the variation of current with voltage: such as 

70 

10 Source current. The ion current that can be pulled out of the source 

will depend on the accelerating dee voltage and might be expected to 

vary as V 3/2 0 

20 Loss of ions due to collision decreases with increasing ion energy. 

Hence, if the ion has a shorter path at low energies there will be less 

collision losso' With higher dee y.oltages the path length before a given 

energy 1s attained will be shorter. 

:30 The catching efficiency also varies with dee voltage. The equation B-10 

indicates for a fix~d phase angle the efficiency will vary as Vl / 20 

Actually, the more detailed considerations of what ions are oaught in 

phase stable orbits indicate that the ion current variation is even more 

sensitive to the voltage. This is related to the fact that with higher 

voltages the ions caught in phase stable orbits will reach larger radii 

in the first phase oscillation. 

Variation of Ion Current with Condenser Speed. 

The ion current obtainable for fixed dee voltages but varying condenser 

speeds is plotted ~nFigo 6. The figur-; is in terms of I/Imax vs.C/Cmax , where 
-;. I,: 

Imax is the maximum ion current for the given voltage and Cmax is the condenser 

speed at which the beam disappears. This variation of C is equivalent to varying 
. I. . 

the synchronous phase angle. 
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The second paper by Bohm and Foldy gives a curve (B-Fig. 2) which represents 

the capture efficiency as a function of sYnchronous phase angle. However, this 

does not represent the above experimental data for the 18411 synchro-cyclotron too 

well. This is primarily due to the fact that during a frequency moduiation cycle 

of the· 184" synchro-cyclotron the value of sin ¢s varies by a considerable amount. 

The increase of ¢s from its value during the first phase oscillation to its value . 
at the maximum (near r = .35 inches) means that the range of ¢m' the maximum value 

o 

of¢ during the phase oscillation, in stable orbits will shrink. Hence j although 
o 

the ¢m for a given ion may have been in a stable range during the first phase . 
oscillation', it may be that at the maximum ¢s the ¢m is no longer stable. If we 

know the maximum value of ¢s during the fm cycle, we can determine what range of . . 
¢m will be stable at that ¢s' Since ¢m will ,not remain constant during the cycle . . 
it is necessary to be able to connect t?e yalu~ of ¢m at r = 35 inches (¢mf) with 
. 0 • 0 

the value of ¢m in the first phase oscillation (¢ms)' (In the following the 

second subscript .§ denotes the value of the quantity ~t the start in the first 

phase oscillation and the subscript i the final value -- or the value at r = .35 . 
inches.) An approximate relation between these two values of ¢m may be obtained 

as follows. 

We know that during adiabatic changes the action integral as g,iven in (A), 

J = f I ~ d ¢ is invariant under such changes, where I = Esl w ~ K 

and 

or 

¢2 = ¢~ t- eV w~ [cos ¢'+ (¢ - 11'/2). sin ¢s] 
1TEo ' 

.3.3 

.34 

We shall assume that the change in ¢ on goi~g from the first phase oscillation to . 
the situation where r = .35 inches is adiabatic. Now ¢ varies between upper and 

lower limits and we assum~ that a crude approximation to the evaluation of J may 
o 0 

be obtained by setting ¢ = ¢m sin' 4Jph t (See A-22). 
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35 

O ... ,?- ,~ 
Hence, we asswne for this approximation that IJ2ifil/.:...)ph is constant in time. Now 

o 

we are interested in the limiting ¢m retained when r = 35 inches. This will be 

for ¢m = 11 - ¢s. Hence 

°2 eVw~K [ ] ¢ =" 2 cos ¢ ~ cos ¢s + (¢ + ¢s - 11) sin ¢s 0 

lTMc 
36 

o 

Since ~ has its maximum value at ¢ =¢s; we have 

~~,f= f :':f [cos ¢s+ (¢s - 11'/2) sin ¢S})f" ~ e;:c~ Fl (1r/2'¢S~f' 37 

where " 

Fl (¢01 ¢s) = [cos ¢o+ cos ~s + (¢o + ¢s = 11) sin ¢sJ 

The value of ¢:2 at the start should be ~i ven by' (B-6) 

• O 2 eV.w 2K [ ~ ¢2 = ¢o + "~ cos ¢ - cos ¢o + (¢ -¢o) sin, ¢s , 
1tMc 

38 

39 

. . 0 0 

where¢o is the phase angle at the start of the acceleration and ¢o is value of ¢ 

at this angleo It is shown in B that the effective starting phase, pJ, for all 

ions is 7r/2o Hence, setting ¢ = ¢s to get ¢m~' we have 

Using (35),(37), and (40) we thenhave 

¢2 = [WPh) 
ms r I S 

't I ) O
2 

:-;-'""" ¢m f ' 
""""ph f ' 

or 

40 

41 

¢2= "(LJPh) (~) _[2eVW;K Fl (1'1/2, ¢s)T _[eVuJ~K Fl (11/2, ¢s~s 0 42 
0, sIs l.\J ph f 1T Mc 'J f 1T Mc2 j 

SubstitUiting for I,: cv ph we get 

liMe ¢2" = 2 (" 2) . 
eVw~K so,s 
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This will give the limiting stable ¢o which can start in the first phase oscilla'"' 

tion and just be retained when r : 35 inches. For small phase angles this may 

give a greater range of phase stability than is given by B-8. Hence, the limit-. 
ing ¢o is determined by the smaller of the two quantities either B-8 or 43 above, 

since the first one indicates ions that can be retained at small radii and the 

latter indicates those that can be retained at larger radii. 

The calculation of ¢~s depends on the value of certain quantities in the 

first phase oscillation. ' Now K varies considerably in the first few inches. "A 
o 

reasonable value to take seems to be that at the 'radius where ¢ goes from posi-. 
tive values to negative values since only those where ¢ becomes negative will be . 
retained. We are interested in ions whose initial ¢o is near the maximum posi-

tive value. A rougl). calculation indicates that for ¢ss <'rr/4 a reasoriable value 

of r ~ 10 inches. On this basis a capture efficiency curve Ll (f) was computed 

and plotted against, the maximum phase angle an ion might have in its orbit (See . 
Fig. 5) where the relation between,the total range of ¢o that may be captured 

into permanently stable orbits and Ll (p) is given by 

• 
~ws = (¢o) tbt:al 43a 

It will be noted that 'this capture efficiency drops to zero befor~ sin ¢sf = 1. 

This is due to the fact that all ions captured start off with a certain minimum 

amount of phase 'oscillation =- since they start at a phase ¢o - Tr/2 Which is 

different from ¢ss. As ¢sf - -cr/2 the rangE? of phase stability: decr-easesrapidli . 
toward zero. Hence, ions start with a ¢o which may be stable when the ¢s for the 

ion is small at the start of the orbit -- but then as ¢s increases as the radius . 
increases, the ¢ falls outside of the range of stability. This ~apture curve is 

compare~ with experimental data in Fig. 6. The scales have been expanded so that the 

curves bec~me zero at the same abscissa. There is good agreement in the general 

shape of the curves. 
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An expressi9n for the efficiency is given in B=90 With the changes in 

notation introduced in this paper and using 37 the efficiency, E., will be 'given 

now by 

6. w s 1 
E. = ---- = ----

~ldc..Jsl· 
c dt 

·ldl n u..J s 
d'C 

l1w s = ~ 02Ll(p) 

·V~ din Ws ----
d'{; 

44 

The opt imum va1}le o~ L1 (f ) ,.... 00490 

and K ~ 2010, so that 

At the start of acceleration =1047 

45 

If V = 32 kv, E. = 0000230 ' 

Some experimental data on the acceptance time is given in Figo 70 This 

data was obtained by pulsing the arc for 2 ~s and then measuring the ion current 

received on a probe at a radius of 75'10 The figure shows the ion curren~ received 

when the arc was pulsed at different times in the frequency modulation cycleo A 

reasonable explanation of this curve would seem tq ~e the followingo Ions are 

(created at the time the arc is pulsedo These ions can persist in the central 

region of the machine for a certain length of time, possibly undergoing radial 

phase oscillations 0 If during this persistence time, t~e accelerating frequency 

comes into the range for acceleration into stable orbits, a certain fraction will 

be accelerated 0 If not, the ions are presumably lost to the top or bottom of the 

t~ko Hence, the maximum length of arc pulse which can create ions that can be 

accelerated into stable orbits will be the sum of the persistence time plus the 

time that the frequency is in the range for acceleration into stable orbitso 

·This latter time is what has been called the "acceptance" time in these papers o 

The data in Fig 0 7 indicates a persistence time of· about 60 p.s (from t = 20 I"'- s to 

t ';;: 82 ~s) and an acceptance time of a~Gut/40}-"-S (from t == 82 fS to t = 122 /-A-s) 0 

The observed 11 efficiency" will be the ratio of the "acceptance time'.' to the 
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length of the cycle ~- so in this case where the cycle is 1/80 of a second, 

E. = (40t--t 6)/(1/80 sec.) = .0032 which is in reasonable agreement with the effi­

ciency computed above. [The integrated current comes out to be 10 05 t--ta. This Js 

also in fair agreement with the total current normally receivedJ 

9. Efficiency as a Function of Rate of Frequency Modulation. 

;he efficiency depends, as is indicated in (44), on the rate of frequency 

modulation during the first phase oscillation •. It also depends on which ions 

caught in the first phase oscillation can be retained in'stable orbits. The 

maximum frequency of the oscillator in the 184" synchro-cyclotron under normal 

operation is 12.61 megacycles, (See Fig. 1). The frequency for catching deuterons 

is 11.47 megacycles for Hc ~ 15,000 gauss. Hence, the frequency is changing 

fairly rapidly in the first phase ;oscillation. By making an appropriate adjust-

ment it was possible to have the maximum frequency in the fm cycle only 11.63 mc so 

,that the rate of frequency modulation was much slower during the first cycle. 

Hence, this factor would indicate a considerable increase in efficiency. The 

effect of this change in I d 1 ~'Cu.Js 1 is to start ions off with a small phase 

angle, ¢s' and subsequently introduce a large change in it. But the function 

Ll (p ) will be small for very small values of f (= sin ¢). Thus the gain from 

other factors will be offset to some extent. 

Data is not available to investigate thoroughly this effect. However, 

rough calculations indicate that the efficiency probably should be increased 

somewh'at, say 20 percent in one of the cases investigated. The experimental 

data gave values of increase in efficiency ranging from o percent to 17 per~ent. 

10 0 Tank Pressure. 

The 184" cyclotron dee will not hold voltage if the pressure in the tank is 

much above 2 x 10-5 mm Hg. On the other hand the normal operating tank pressures 

are in the neighborhood of 1 x 10~5 mm Hg. Hence, it has.not been possible be-

cause of this.limited range to obtain much satisfactory experimental data on the 

variation of ion current with tank pressure. 
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Electrostatic focusing in cyclotrons has been considered by Rose6 and Wilson.7 

6 M. E. Rose, Phys. Rev. '~, 392, 1937. 

7 R. R. Wilson, Phys. Rev. U' 408, 1937. 

It is due to the vertical components of the electric field near the dee gap. The 

formula derived by Rose is valid at larger radii, where the ion crosses the 

accelerating gap in a relatively short time. If the acceleration is averaged 

over one period of rotation, the mean acceleration is given by 

~ =. _ eV w z cos ¢ . 
( 

2 J 2 

dt2 4 it (E-Eb) 
46 

This expression breaks down for E - Eo ~ 0, i.e., at small radii, since here the 

ion spends most or all of' its time in the accelerating region. For very small 

radii we can assume that the ion is in an electrostatic field uniform in· the 

median plane. If there are two dees or a dee and a dummy dee so that the vertical 

component of the electrostatic field will be symmetrical about the center of the 

gap and zero at the center, an approximate formula for the electrostatic focusing 

in the- central region is 

47 

where x is measured in the median plane perpendicular to ~ center line between 

the dees. The derivative may be evaluated ~n two cases from the potential dis-
~ - , 

tribution given in Wilson's paper. 

Now it has been pointed out before that the effective value of ¢ near the 

beginn"1ng of the orbit is ¢o ';: 900
• Also, most of the ions that are caught have 

o 

¢> 0 at the start. Hence, ¢ > IT/2 in the early part of the acceleration and 

we can expect a defocusing electrostatic force for most of the ions with which 

we" are concerned. 

A magnetic focusing force is the only force that can be used to counteract 
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this defocusing force. The magnitude of the magnetic focusing force is given by 

(18). The value of n at the center is zero. Hence, to introduce magnetic focus-

ing as rapidly as possible small cones of mild steel were put in the, central part 

of the magnet on the pole faces. At first cones with base diameter 4 inches and 

1-7/8 inches high were used, later cones with base diameter 6 inches were used. 

With the cones in place the field is essentially constant to the 1 inch 

radius, then falls offabout linearly with radius, however with th~ cones removed 

the field is constant to the 8 inch radius then falls o~ linearlyo With these 

cones removed, the ion current received on an internal target at the 80 inch 

radius is approximately 10 percent of the ion current obtainable with the cones 

in placeo It, therefore, seems very desirable that such cones be used to produce 

vertical magnetic focusing at as small a radius as possible. 

12. Oscilloscope Data. 

It has been possible to examin~ the structute of the individual beam pulses 

that are received once each_ frequency modulation cycle, usipg a synchroscope and 

taking photographs of the oscilloscope pattern. Time markers were superposed on 

,the beam pattern to permit determinati~n of time intervals. Typical photographs 

are given in Figo~9o A schematic picture is given in Fig. 8 == with the nota-

tion which is to be used ,below. Data obtained from such photographs are given in 

Table 3~ 

The ions as they are accelerated oscillate in various fashions about a 

synchronous orbit of steadily increasing radius. The time it takes for the ions 

to reach the probe radius is called the "time of flight." The time of flight to 

any specified radius can be computed by determining when the oscillator frequency 

corresponds to the natural frequency of rotation at the, specified radius. This 

computed time in all cases lies within or close to the limits tli t 2 ., The cases 

where it lies outside the limits are understandable in terms of the 'arc being 

pulsed at a. slightly too early time so -that ions are not accelerated immediately 

but must stay for a short time in 'the central region of the machine before 
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The .actual motion. of the ions which affect these oscilloscope patterns can be 

broken down into three componentso 

10 Expansion of the synchronous radius. 

20 Phase oscillations about this radius .. 

30 Free radial oscillations about this radiuso 

The most noticeable thing about the pictures is the series of small pulses that 

occur every 7 -13 microseconds, depending on the radius, The separati.on time, t 3 , 

of these pulses agrees well with the precessional period, Tpr (Eqn l8a) •. This 

precessional period will be apparent only for ions which have a free radial os-

cillationo The fact that the ions strike the probe in bunches =- not continuously 

-- indicates that ?li~'~"'~;O'$ .. ~~.~:\ the azimuthal angles at which the various ions'. 

have their maximum radial displacement are not distributed at random but are 

grouped together to a certain extent. Such a radial oscillation might be built 

up due to some sort of an azimuthal inhomogeneity: at small radii where n :: 0, by 

the dee bias used, etc. If n = 0 we call expect that .the aniplitude of such 08cil- . 

lations can be built up; for when n = 0 displacements or forces acting at a 

certain azimuthal angle in the machine will be cumulative for successiverevolu-. 

t ions; however, when n > 0, the azimuthal angle of maximum displacement will 

precess around the machine so these successive displacements will come at differ-

ent parts of the orbit and hence will not be cumulative 0 Some such condition 

appears to exist in this machineo The ions receive some radial displacement in 

a definite direction at the start of their acceleration so that the azimuthal 

angles of maximum displacement are pretty well bunched together in the early part 
, 

of the accelerationo Calculation indicates that such a bunching could persist 

for several phase oscillations. 

If the envelope of the small peaks is drawn, two broad peaks may be seen on 

some photographso The time separation of these peaks, t4' agrees well with the 

period' of phase oscillation, Tph (See Eqn 13). The fact that these are separated ,. 



, 

UCRL-353 
Page 26 

by the full period Tph' must mean that ions that strike the probe in the 'early 

group have an amplitude of free radial oscillation which is about as large as or 

larger than the amount that the radius increases in a period of pha.se oscillation. 

It was also observed while making these oscilloscope pictures if the arc 

pulse was moved so that the arc was pulsed very late that these ions were received 

at the probe at a somewhat earlier time than the ions which start just before them. 

This effect probably is to be interpreted in the following manner. Ions that 

start late will have large phase oscillations. Hence, for most probe positions 

these late ions will be expected to strike the probe earlier than ions with 

smaller phase oscillationso 

13. Width of Beam on Probe. 

When the ions strike the probe they will not be scraped off by the very 

edge of the probe, but will hit at various small distances in on the probe due 

to the combined effect of radial oscillation and precession. For radii where 

there are a large number of revolutions in a precessional period an approximate 

analytical formula can be obtained to give the maximum width, h, in on the probe 

at which ions will strike, 

bmax = Ar {Sin £92 • sin 21T f(l-f) + cos' f92 [cos 21Tf(1=f) = ~} 48 

where Ar is the amplitude of free radial oscillation, f = yr:r:n-and 

cos fG2 = 1 _ 6..rpr 

Ar 
49 

A maximum value of Llrpr may be obtained using (19a) and an energy gain per turn 

LiE = eV, the maximtim possible increase in energy per turn. To get the distribu-

tion of the ions on the probe an energy gain per turn of LlE =eV sin ¢s is more 

representative if the precessional period is a considerable fraction of the period 

of phase ,oscillation. (The relation (48) is. valid only if f1rpr/Ar < < 1) 0 A 
. l 

first approximation to the solution of (48) indicates roughly the following 

dependance of hmax on n, Ar , and ~rp as 
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Values of hmax based on this formula for r = 20 inches ~ 40 inches and 70 inches 

and with both assumptions as to 6. E(wi~h V = 40 kv) are given in the following 

table. The yalue of hmax for r = 81 inches (was. determined, by a more detailed, 

study of tge orbits. 
I 

Table 10 Max~um Width for Ions to Hit on Probe 

(all distances in inches) 

r llrpr* hmax 6rpr** hmax 

Ar == pI Ar :=! 3" Ar = 5" At: :=. 1" Ar = 3" Ar --

20 1056 --- 0010" 0 0 1,3" --- --- ---
~~ 

50 

5" 

40 0033 0006 .12 .16 1.1 ~-= 0023 0030" 

70 0012 0008 014 .18 004 0,,14 0.25 "0 32 A 9, ' 

81 0.03 0.06' .08 --- 0.1 0.11 0.~6 ---
* based on b.. E = eV sin ¢s ** based on AE = 40Kev 

Various experiments have been performed to determine the distribution of the 

beam on the probe. In one ~xperiment'a lead probe was inserted into the beam at 
, 

a radius of 81 inches. Thin slices also were taken off the leading edge of the 

probe and specific ,activi~y counts w,ere made. The number of counts at various 

distances is shown inFig. 10. The activity is almost all confined to h ( 0.16 

inch =- only about 5 percent of the measured activity shown on the curve having 
, . 

a greater ho The counts for h) 0020 inch can' probably be attributed to ions 

which pass through the edge of the probe and then are scattered, or lose energy 

and pre'cess with a large Ar • 
I 

14. Amplitude of Free Radial and Vertical Oscillation. 

A method of !iccurately determi~ing the amplitudes of radial oscillation has 
. I 
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not been foundo Tllere are various things which might give some indication, of it. ' 

The radioautographs of the C shaped probes indicate an upper limit on it of maybe, , 

/ 5 inches o The oscilloscope data indicates th8:t AI" may. be of the order of 3 inches 

for a considerable fraction of the ionso The specific probe activity as a function 

of the distances from the ieaciing edge seems :to indicate somewhat,the same thing. , 

However ~ none of these data are very precise.' 

The amplitude of vertical oscillation is somewhat easier to observe by 

making an analysis of the distribution ,of activit-y, onsp3cial probes~ e.g'., a grid., 

of fine wires 0 R~dioautographs' of theSe wire probes indicate th~t the amplitude 

cif vertical oscillation is of the order of three-quarters of an inch. 

150 Displacement of the Center of Rotation of the Ions fr>om the Center of the 

Magnet~" 

The poeition of the center o~ rotation wa.s determined in two ways • The 

first method was based on magnetic field measurementso The vertical field 

strength was measured as a function of azimuthal angle forvarfous radiio The 

field measurements could then be analyzed to give 

H,z(r~.Q) = Hz(r) [1+ L hi(r) cos (Q+ 6:1;)J 51 

If we then let ~ be the displacement of the center of rotation, using only the 

first order,harmonic~ the value of ~ will be given by 

52 

The direction of displacement is indicated by ,~l which is found to' be about 1050 

away from the probe positiono The magnitude of the displacement is a.bout 006 

inch- 'at r = 10 inches and, increases to about 0 0 8 inch', at r=60 incheso After 

60 inches it \increases somewhat due to, the increase in hl(r) 0 However, as soon as 

n starts to increase rapidly _~ drops and is about 0 0 2 inch from 81 to 82 inches. 

This center was also determined by means of two extra non~current reading 

probes 0, The results of these meas~~ments agree well with _t~e results as calcu-

lated from the magnetic measurements. 

If the energy of the ions is going to be determined from the radius of 

rotation,this effect should be taken into ac~ounto 
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_10. The magnetic field is 15,000 guass at the center of the gap. 

2. The dee voltage .(average over the cycle) is 20 kv on the dee or a total 

maximum possibi~energy,gain perturn of 40 kv 0 

3. Ad.c. bias voltage of 1 kv negative wit~ respect to ground is applied 

to the dee. 

4. A dummy dee is used which is held at gr'oundo 

5. The rf is modulated 100 times per second. This is accomplished by a 

variable capacitor which is rotated. at 250 r.p.m. The .capacitor has 24 

teetbso~' that it then gives 25~o 24 = 100 cycles per second. The total 

frequency range is from 12.6 to 9 0 0 me~acycles. 

60 The pressure in the main vacuum tank and in the rotating capacitor tank 

is about 10~5 mm Hg • 

. 70 The arc voltage of 150 volts. is applied for 100 mi6roseconds during 

each rf modulation cycle. The arc current during this 100 p- sec. pulse 

is about ;20 amps. 

Information Division 
md 5/20/49 
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Fig. la Deuteron Energy, Magnetic Field and n as a Function of the Radius 

'lb Variation of Modulation Frequency and Applied Voltage with .'l'ime 

.2 Ion Current· as Function of Radius 

3aDiagram Showing C Shaped Probe in 184" 

3b Radioautographs of Beam Taken withC Shaped Probe (Taken at Radii 75 
Inche.s,82 Inches, 83 Inches) 

4 Ion·Current as a Function of the Dee Voltage 

5 Theoretical Efficiency for C~:mstantDee Voltage and Varying Condenser 
Speed 

6 Variation of Ion Current with Condenser Speed (or Sy~chronous Phase 
Angle) 

7 Ion Current Received as a Function of Arc Pulse Position 

8 Schematic Drawing of Oscilloscope Pattern 

9 Oscilloscope Pictures. Radius 25 Inches, 34 Inche~, 45 Inches 
I 

10 Width of Beam on Probe 
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Table 2. Data on 184" Synchro~yclotrono Deuteron Energy, etc. 

r I H(r) : n K 1 I E~Eo I 11.010=0 d..i nws I nEs (J.OOl. + 
(inches) I Ii? -p 1 (Mev) l sec o d'C k~v\J I V 

I 6 "6 o 1.0000 1000000 037 ! 0 11104 5 I 1043 307 00955 
--'-- ---f-··- -~-'--l--'--- .- -------.- -------- --~-------r-----. -------- .. --- - ----- -- .. --' 

5 09981 0.0026 3083 108407 008 1110439 ~ 1.45 6.2 .960 

~-~: -~~:::=~::~i~-:~~ -~~~!-t~:~~~~ I-~:---i -~:: I ::~ 
~_I:mJ~.-oU~J 1.7~=_69.66_J1~~~1.:~= J1.49 :j-l4.0-~ 

25 1 .9883 i .014 1 1•66 ! 45.21 i 21.0 :110206 I 1.49 ! 15.2 I .990 

--30---i--~ 9856-T-=-016-ri~-53r-3i.87-·t 30.-i i 110122 -T 1049 : 16.7 ·----l- 1:062 

7---; -: 98291:-020 ! 1.49 i 23.79--r 41•1-1 11.027 -11.46--t-i7: 01 i:6u. 
I-------+-------r--··-----+-· . '--'---r- , . i - ! . I ---

-~~--i·. ~~:: t-~ ~~:~::~ I :::;-+ :::: I::::: i: :::-+ :::~ -I ::~~ ---
, i ' I I! 

_. ____ .. _L __ •. _. ____ .. _. __ ... _ .. -. - .. -.. .•. i -'--.- .. --'-'-1- .. --------------r--.-r,----- r. / .. --.- ... "-"-'.-.- - .... _L __ .. -... -.. -... -.. -.-

50 : .0/732 i .032 I 1041 I 12040 I 8004 110.0699 i 1032 I 17.1 I 1.058 
! ~ I . +---- ... -- ..... --!- -.-.... -.-.. --l-·-··-- .. ·-··-·--·---··---·l----- -... ·--·--··-· .. ·-··-1-----·---------+-·------·· 

55 i .9698, 0040 i 1.44 10.50 i 9602 110.576 j 1.25 ! 16.2 I 1.070 
----.-.- -" .. -.. --.--.-- -i' -.......- .'.-' . - -L . - i -- ..... . .... ---... -J. -.- ---. --'''-T- ----.-.. --- -. --' .. -- -··--.. --·------t-·- --.--... --.------. ---r--·----- '-.-.-

60 ! .9658! .055 f 1.52 9.037 i 113.2 /10.442 i 1.15 I 14-04 '1 1.086 
r----------+------.---.. -----·------L --- r-·--·-·---I· .. ----·-·-,-----------1·--------·· .. --- [.-.--._.-.- -.. - -"---'1"'-'--" .... -- -.- .-. 

65 '! 09614! 0055 i 1.46 7.912 ! 127.9 i 10.319 i 1.07 14.2 I 1.097 
+---------'·i-···· ______ . ___ i ___ .. -'--1- - -. -- ----- ---"I" --------1---- -··---!--------I ----------.-~-+---- ..... -

70 : .9576 I .051 i 1.38 70007 i 15000. i 10.166 : 0.97 ! 14.0 I 1.110 . 
-t-------i!-----.~-l }. -.-r---.--~ ~ 1 .~_L__-__ . __ l.---------.--.-.-

75 ! .9540 i .057 11.38 6.272 ; 170.0 110.028 i 0.87 II 12.9 I' 1.122 
I 'I ': I 

.---~!---.- -1-----___ 1_ ---- ------- ---- -!- .-------l----- ------.-I--------~------- 1- ------
76 :.9533; .056 ; 1.36 60144 ! 174.1 : 10.001 i 0.85 _ 12.8 I 10125 

r--n--i-· 9526[ .057 i 1.36 ::~~±78.5 i 9.0/72 i .83+_12.5 11.l28 

78 i 09519! .066 11.41 5.893 118206 i 9.945 I .82 12.0 I 1.129 

:: r~~~~r;~:_b __ --!::;I:~1 :~:I;~===l!::~:~;: 
_~_ ~948~176 2.19 I 5.575 i ~94.71 9.848 i o76_n_~:~ ___ J--=~-~:.5. 

82 . 094561 .292 3.27 i 5_~~86 1_198.~ I 9.804 ~-r-- 4.7 11.138 

83 .9413 i .424 5.00 i 5.423 i 201.1 i 90747 'I .70 --- I 1.140 , I I . [, 

- 1.1 i -L __ -+! ----+-----+__ -----+----~~I-
~--- _ ·~iT~9i4-r)·67 L 5.3721203.3 i 9.672 i .65 I" --- __ ._1 ___ 1.~2_ 
85 0.921911.080! ---- f 5.393 1202.4 9.540 I 0.64 . --- ! 1.145 

* He = 15~000 gauss (4 inch cones in center) 
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Table 3. Oscilloscope Pattern Data 
(Dee Voltage -= 19 kv) 

itl 't5 Arc I C t2 Time of No. t3 
Pulse Flight of 
Dura-

I Pips. I 

tion 
-' 
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( I-l a) 

i 

I }La sec. f-'-s /-Ls foLs /-Ls 
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5 92 156 192 158 .: 36 _ .. 41 12
•
0 

___ L_. 

5 92 235 294 256 ; 59 7. 9.8 . !' 

5 92 450 535 473 1 85 12 7.7 
1 

I , 
I 

50 92- 112 166 158 ! 41 4 13.1 
! 
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I 

8 1001 
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I 

12 702 
----

I , 
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-- ------ -----1- . 
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I 
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i , 

34" I 5 
! 
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I ! 
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