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INTRODUCTION 

The synohrotron1•2• 3 ia a machine for accelerating eleotrona 

to very high energies at a nearly constant orbit radius. From the time 

the electron is injected until 1 t reaches an energy of two million elecstron 

volts the machine opeJ"atea ea a betatJ"on4•5•6• 7• After this time a radio 

frequency voltage is applied to the speo1al accelerating resonator and .. 
the action ia that of a synchrotron propel". 

In order to insure that the electrons describe the desired 

orbits it is essential that the condi tiona of the magnetic field be known 

and further, that some of them satisfy particular relations during operation. 

Considerable effort wu expended to develop equipment capable 

of giving the desired info:nnation quickly and aoc~rately and to outline 

procedures for the application of the proper corrections. 

Original investigations ot the problem were made by Or. \lilson 

Powell and Dr. Arnold Clark. Their results were extended end applied by 

Carroll JIUls and H. F. Kaiser in conjunotlon with members of the Electrical 

end Mechanical Engineering Departments. The author was assigned to the 

project in February 194'7. The baokr,round of the problem was obtained from 

consultations l'lith Carroll Mills,. who was then working on other projects. 

Later problema ware discussed with Dr. 1iilson Powell under whose direction 

all of the magnetic design work was carried out. During the succeeding 

months experimental work was done using model magnets and a correlated 

procedure for the adjustment outlined. Equipm&nt designed prior to the 

author '• assignment was modified to oonf'onn with these later experimental 

results and other neoesaary testing components end equipments were 

designed and built. 

1,2,3,4,5,6,7 • 
.All numeral supers·cripts refer to the item numbers listed 

in the bibliography. 



PHYSICAL DESCRIPTION 

The University ot Oal ifomia synchrotron installation coneiatJJ 

ot the magnet and vacuum chamber, vacuum pumps, ignitron pulsing otrouite. 

oopaoitor bank, injector system, radio frequency system, and control desk. 

The physical layout 1s shown in P'ig. 1. The magnet and vacuum ohember e.re 

shown in more detaU in Fig. 2. Tho outside dimensions of t~e magnet are 

92 1nohes wide, 98 inches high &nd 184 inches long and it is composed of' 

66 slabs of' .014 in. lominated high dlicon tranatonner grade steel, lB 

!'lux bare of .002 1n. laminated steel as shown in Fig. 3, and two annular 

pole face assemblies separated by two plastic rings which fit snugly against 

I 
the sides of the pole tips. The vacuum chamber is a tuaed quartz donut 

of elliptical cross uction with major and minor axes approximately 5 l/4 in. 

end 2 l/2 in. respect1wly. This chamber contains an electron gun for 

injecting the electrons, an r-f' resonator section whereby the electrons 

ore accelerated to their final e~rgy, and a target for collecting the 

electrons. This paper describes the experiments done to m~a.sure the field 

in this region and the requirement& for adjusting this field. The vacuum 

pump and various auxiliary equipment an located near the magnet. Figures 

4 through 10 show some of the details of the 11ystem. 

The magnet 1s flanked on two sides by a wall of concrete block& 

four feet 1n thickness for protection of personnel against radiation during 

operation. The other two sidoe face on a hill and valley respectively and 

require no other protection. The ignitron pulsing circuit, the resonating 

capacitors, and the general control panel from which all operations are 

controlled are located outside the shielding. 

The excitation of the magnet oonaiate of one sixty cycle pulse 

of current or one thirty oycle pulse of current recurring at any desired 

rate up to about aix per second. Fig. l2B shows the aotual field variation 
~ 

with time. The entire wave exoept for the small sections in the center 
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and at eaoh end is approximately sixty oycles*a.nd these small sections, 

which oan be con~idered as J'Ortior..s of a ~nty cycle wave of the same 

amplitude, are the periods during which the ~tatron aoaeleration conditions 

are satisfied. ' The pulses f!nt f~rmed by two ignitrons firing one.-hal.f 

cycle e.pa.rt in time end connected e.s shown in Fir,. U. Each pair of' 

igni trons connects the mar,net w1ndi.ngs to the oapaoi tor hmlk to form one-halt 

of the excitation cycle. When the oe:pacitor bank is charged. to 16 Kv, 

a large ,oyl't"ent flov1s sinusoidally at the resonant frequency of the cirouit 

in the.·direotion pemitted by the ignitron l!hich is firing at that time. 

Fig.·· l.2J{ shO\l'ffl the rate. of change of field. The departure of the magnetic 

field from a true sine wnve is due to the saturation of the flwc ban 
' i 

and a. reaul te.nt ohenge in the effective 1nduota.l'l.ce of the oirou1 t during 

the period when they are not saturated • . , 
f,; 

·' 
I 

Sbme of the ohe.racterisi tee of the system are: 

! Peak Voltage 

.Peek Current 

~nductance of magnet winding 

G:apaoi tence 

Power dhsipated per cycle 
I , 

Total Peak Flux 

Pt!lak: Induction Field 

Q 

Electron Orbit radius 

16150 volts 

4900 amperes 

8.?6 x 10•3 henries 

805 ~:farads 

6.28 k. •• 

2.68 x 108 mt'l.XIMlle 

10000 .geus s 

105 

100 centimeters 

To minimize the vibration due to the meohanioel forces involftd 

with suoh large rates of change of current, the magnet is mounted on a 

block of conerete whioh is insulated from tho building foundation by shock: 

absorbent pads. 

A.outaway view of the synchrotron 16 shawn in Fig. lS. 

*This paper will deal exclusively with the sixty cycle case. 
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MAGNETIC F ,IELD REQUIREMh"llTS 

,A. General 

No attempt will be made here to develop tho theory of the 

synchrotron. References 2 and 3 elaborate these theoretical aspects. 

There are, however, a few basic requirements whioh must be met practically 

in order to insure efficient operation ot the machine. The obvious first 

steps in the meeting of these requirements are careful design, meticulous 

manufacture of components and accurate physical positioning of these 

component&. Beyond these precautions, oorreoti ve measures must be applied 

on the basis of moasurements made after the assembly of the magnet. 

B. Field Requirements 

The required conditions for proper operation of the magnetic 

field are, in very gonoral termsa 

• 

1. The magnetic field* must be identical within certain limits 

for all points o.t a given radius on the electron orbit at eny 

given time during tt~ operational cycle. 

2. The variation of the magnetic field with radius must satisfy 

the theoretical relntion, B • B
0 

(rc/r)n, where B
0 

is the field 

at the one meter orbit radius, r 
0 

• 

• 
s. The theoretical relation ~ • 2 frr 0 

2 B
0 

must be so.tis.t'iod 
0 • 

during the betatron acceleration to riod, where <\>, is the time 

rate of change of flux inside the orbit and ao is the time rate 

of change of the field at the orbit radius, r
0

• 

Condition ( l) requires that variations of the instantaneous 

magnitude of' the field with aailauth at a constant radius be less than some . ' 

It should be noted that in the literature the symbols B and H and the terms 
"field intensity" and "induction field" are used rather loosely when referring 
to phenomena in media where the pormea.bility is unity, i.e., where the 
magnitudes of the two quantities are the aame. In this paper the terma 
•tnduotion fieldu and "field" will be used aynonomoualy to refer to B and 
n field intena i ty" will refer to R. 
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maximum allowable value. These oan be interpreted e.s phase ve.ria.tion.e as 

illustx<ated in Fig. 14. Examine two points at tho s~:"J.JM radii looa.ted 1n 

different portiona of tho magnet. nue to the lack of OO!llplete oiroul&r 

symmetry 1n the magnet the rates of change of field ar. different at those 

two points and due to eddy our rents. remanence effects. and other non-

uniformities in th~ magnetic structure the magnitudes of tho fields at these 

points differ at any given tinlt!h This phase difference oe.n be expressed 

as tho difference in time for whioh the fields et tho two points reach a 

certain value. From a knowledge of this time and the rates of change of 

field it is possible to determine the difforonoo between tho two f1eldo 

at e. given time. It was more convenient to measure the timt.t phase d1fforenoe 

than tho actual difference in fields. In Fig. 14 we say that for a !'ield 

of one gauss 6t • tB ,;. t.A • S micro-aeoonds 1s the phe.ae error between 

points A and B. A graph of At va. azimuthal p-osition at a oonatant radius 

is called a phase plot. One 360 degree phase plot is tho fundamental period 

of a recurrent we:veform which may have an infinite number of he.nnonios. 

The fundamental roquirementa given in the theory state only the 

effeot of various hamonioa in the phasing of the azimuthal field without 

estGblishing a definite' criterion for the maximum allowable deviation fr~ 

a perfectly phaeed field. The effeot of the harmonics is given bya 
00 

x • Z: ~ cos c.e e + 1 "' "'r1 R •1 ~ 2+n-l 
(l} 

' 
• the order of the h.armonio ( the fundamental is one 

revolution at the orbit radius). 

x • the deviation from the instantaneous orbit. 

r 1• the radius of the instantaneous orbit. 

'b • ~~/B, where 6B~ is the )Jlrudmum deviation from the. 

11\agll!!tic induction,. B, of the R th he.rmonio~ 

9 • the engule.r distance around the orbit. 

a • the phase of the ~th hannonio. 

·.·\ 
',\ 
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A criterion osn be established by assuming the ~rst possible 

condition for addition of the harmonica in the above equation. Thia wUl 

occur when cos (.Re + R..a) • 1 fo't' 0 < .2. < o4 • It is not diff'ioul t to a \Ill the 

right hand side of equation ( 1) by means of. e. Fou't'ier analysis or the phase 

plot and the re•ul t obtained will be an upper bound of the actual perturbation. 

Only a few terms or the series need be taken since the factor l/(~2 + n-1) 

decreases quite rapidly. A maximum value of .05 was set for x/r1 which 

allowed a five oentime.er variation in the orbit radius. An additional 

arbitrary limit of one gauss ~ set tor the maximum variation. regardless 

ot the order of the har,monio. 

Phasing variations. when expressed in tenus ot time. are inde• 

pendent of the operating voltage to a first order of approximation fn our 

maohine. This was not expected to be the case because the phasing variation& 

are made up of two components one of which is not theoretically a linear 

t'unction of operating voltage. These two components are the variations due 

to eddy currents in the yob and those due to remanenoe. 

Appendix A outlines the mechanism or the eddy current effects end 

indicates that the change in field 4B
8 

from suoh currents is proportional 

• 
to B. the rate of ohange of field • 

• AB
8 

• K
1
B (2) 

and the corresponding time: ~Be B 
Ate • T • Klj• Kl {3) 

Remanence ia not theoretically a linear function of the operating 

voltage although it does depend on the magnetic hietory. .t.s the iron tende 

toward saturation the remanent induction. a.., ~creases leas than proportion­

ally. In general the remanent phase variation: 

6 Hz. • t( q, max) 

At ~ f(<Pmax~ 
~r·qs• ;' 

.. 

(4) 

(5) 



If t( <f> max) = '2 ~ max 
K2 t\> max 

Atr • o :~ 

For a particular geanetry <\> • Ks ~ max, then. 

"t K2 ~max 
u r • K$ ~ m~ • K4 

(6) 

(7) 

For operation on the first half of the magn~tio cycle in our machine 

ths remanence is essentially ~ero,. This is caused by the deme.gnet.izing efteot 

of s damped transient oscillation set up in a o1rcu1t oonsistinr, of the me~t 

inductance and str~ capacity of the pulsing circuit at the cutoff time ot 

the second ignitron. 

For operation on the second half of the magnetic cycle the remansnce, 

r~·, proves experimentally to be independent of the operatine; voltage over 

the range or usual operation. 

This condition is indicated in Eqs. (6) and (7). Combining (3) 

and {7} 
{8) 

Then, for a given geometry the phase lags expressed in terms of time are 

1.ndependent of the operating voltar,e. The rate of' change of field at the 

time of in.jeotion, when the mo.gnet is exoited to its m.ax:i.mum fi.eld of 10,000 

gauss, is l.•H causs per mioroaeoond. Then, in terms of time, our arbitrary 

limit of one noauas corresoonds to~ • l.i!l • .1 micro-second. 
b • ~ 

n • '· 

The reb.tion set forth in section 2 above provides the desired 

magnetic fooussi.ng of the electron beam. Rearranging the equfAtionc 

Brn • B r n (~) 
0 0 

Pifferenth.ting with respeot to r: 

rndR + BnrP-1dr • 0 

dD dr 
a•·n-;-

In incremental terms this b~oomes: 

AB Ar a•-n-r 

(10) 

(11) 

(12) 

Interpretation; of this equation shows that if the electron experiences 
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a change of radius .D.r from soml!t stable orbit radius r it will experience 

a change :f field AB which tends to return it to the radius r. Quantitatively 

it is seen that again the most oritioal point for Gatisfying this equation 

is at; the electron injection tim&. Choosing D..r • 5 em. as a practical 

o.l1owable variation from the stable orbit radius, r • 100 om., and With 

n ... 2/s* we get ~B/ti = .oss. At ti • 10000 gauss AB • 330 gauss. At the 

injection time when B • 8 gauss, llll • .26 gauss. The latter requirement is 

quite stringent. Practically it was met by shaping the contour of the pole 

faoe to achieve the proper variation over about four inches in radius which 

was enough to more th~ include the predicted variations in orbital radiua3 

during acceleration.- . 
To achieve the third requirement listed above. (namely that i • 

21T'r 
0 

2u 
0

) e. .series ,of eighteen tlwc bars, one to bridge vertically between 

each pair of central slabs were installed as ahown in Figs. 2. 3, and lS. 

These bars Gha.nge the effective inductance of the magnet for s. period of 

about roo mi'Grosecond& after the zero field point end et this time are allowed 

to saturate. They v.-ere de&igrted to aarry a.pproxintately two-thirds of the 

flux inside thiD orbit during the time before saturation. 'l"his satisfies the 

above equation for e. long enough period of time to dlow tt1e ell!)etrons 'to 

reach 2 million elsctron volts. At this energy the electrons have reached 

98 percent the velocity of light end the radio frequency acceleration fB 

started. 

The magnetic circuits fonn a rather complex ~stGm and their 

qu.nntitative anelysis was done largely through the use of mod1.tle. In the 

following paragraphs a few qua1itat1ve analyses of the general operation of 

the magnetic structure will he made • 

• n was ohr;HJen as 2/3 for theoretical reasons beyond the scope or this paper. 

3see Bibliography 



To explain tho waveforms indicated in Fig. 12, consider the total · 

magnetic flux,~ T as given bye• 

<j>T • ~g • ~f • WAFAB [at+ art] 
and its time rate of change: 

·~T • •tg .·~r 
where 4> • accelerating r,ep flux 

g 

~t • flux bur flux 

~ • reluctance of the accelerating gap circuit. 
g 

(R.t • reluctance of tl1e1 flux bar circuit 

The variational inductance o.f the circuit is give.n by' 

(13) 

(14} 

d.~T "tlT 
4 4> 'f dt \f' 

L • x~· x-d-r.:r-· KT (15) 
dt where I a the excitation current 

From this point on all L's will refer to variational inductanoe. The circuit 

will have same value of inductance• ~· during the betatron period when the 

flux bars are not saturated, end after the time when they saturate it will 

have some other value of inductance. L
8

, for the synchrotron portion of the 

aooeleratinr, oyclo. This is a result of the decrease in•¢T which 1s due to 

the increase of the flux bar circuit rsluot«U'loo• ~' at the time of saturation 

of' the flux bars. {This change ie not instante.neous as the flux bars do not 

saturate instantaneously.) .After the flux bars saturate, equations (13) and 

{14) beoomer 
¢T • ¢g• const 

• ¢T • •¢g 
(16) 

(17) 

Beoe.use the sys tom 18 resonant a ohange in I. is accompanied by a change in 

freqw.moy end a proportional change in l. It is seen f'rom equation ( 15) 

that for e given L f.l ehange in f occasions a change i.n·~T. In our system 

there is n changtt in both L end f. In more quantitative terms, the oonstante 

of the oiroui t are csuoh that a 

(18) 

All subscripts refer to Fig. 15. 



The currents corresponding to t~ese inductances will he 1 

• Is 
Ie •-a 

end the rates or change of flux will be: 

• <t> ~B • •4>TS 

-15-

(19) 

{20) 

Equation ( 19) indicates that the rate of change of our rent during the betatron 

acceleration period will be one-third that of thm synchrotron aooeleration 

period. This same relation exists between the rate of obant=:e of field in the 

gap during the two periods. This is shown in Fig. l2B. Fig. l2A 1a tho 

differential of l2D and is the wavefonn obtained across tho terminals of' a 

coil placed in the field. Mathematically it is expressed by tho equation, 

E •-A ~· Equation (20) is a result of the relation, E • i~T' where E is the 

capacitor voltage which oennot change instantaneously. 

There are two different types of magnetic circuit, one in whioh 

a flux bar directly shunts a top end bottom slab and the other in which there 

1s no flux bar. This assymmetry, ah01m in Fig. 2, results in a rate of change 

of field which is non-unifonn with uimuth.. Slab numbers 1 through 5 are 

of the first type and numbers 6 through B are of the sooond type. Each circuit 

is actually slightly different because of the circular pole face geometry, 

but for purposes of explanation they will be treated only by type. In the 

analysis of the idealized magnetic oirouite. their equivalent electrical 

oirouite shown in Figs. 15 end 16 will be utilized. The aooelerating gap 

will be treated as u uniform air gap end approximate values assigned to all 

other air gaps for ease of computation. A further approximation neglects 

tho fringing flux and the reluctance of the iron. The use of the equivalent 

oircui t presumes an enalogy between the equa\i ons c 

. (21) 

and 
R • IR (22) 
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then: 

Fig. 

Then: 

•16-

Mfi!F is analogous toE 

~is ane.logous to I 

<R.is analogous ton 

Consider the first 'type or magnetic circuit as idoa.lhed in 

l5(A) • ~"'rom the equivalent circuit or Fig. l5(B)I 

E'l' • I ~ • ( 11 + I2 )1\r 

ET • I [2 RJ+ Il [2 Rb + 2 R0 + RJ (28) 

E • I [2 RJ+ I [2 Rt(t)J (24) 
T 2 

where e Rf( t) is variable with time. For purposes of expl,nati on 

Rr will be considered to have only two values, RtB during 

the betatron oondi tion and infinity e.t'ter the flux bar 

sattiration. 

(25) 

Now consider the second type of magnetic oircui t 88 1d.oalized in 

Fig. 16(A). From the equivalent oirouit of Fig. lS(D)t 

ET • I'R.r 

• I' [ 2 Ra + 2 Ra + 2 R0 + RJ 

• E tAB + 2 It Ra (26) 

{27) 

As a aonsequonoe of the resistance, Ra, a portion of tho potential 

drop appears in the return path. The proportion of E.r appearing across 2Ra 

can be computed in a rough fashion by calculating the ratio of the reluotenoee 

from. their ph;>-'Bioal dimensions*. The r-tfo of tho resistances in the equivalent 

circuit will have the sem.o valuo. For the oiroui t of l<,ig. 1.5 the proportion 

or Er e.ppearing e.oroas 2R
6 

for the branch through which the current I
1 

flows 

•The usual dt!t.f'in1t1on for reluctance ia(R • ftr who~e .Q. h the length of' the 
gap and A is the oroas sectional ~•· 'l'h• approximate values tor the 
various gaps are given on Fig$. 15 and 16. 



S~ilarly for the branch through which the current I2 flows: 

~ • Ig{2R11) 

ET ~(2R4 + 2Rfg) 

( 2 X l/16)­
l30 

•( 2 X~!! 1 + 

•l'l-

'!'he totnl proportion of ET will be the awn of these two quantities or essentially 

ll peroent. 

A similar analysis for the circuit of Fig. 16 yields the raeultc 

-. 
In this case there is only one branch to consider because there is no shunt 

flux bar circuit. 

These rough results show a differenoe of about 10 percent 1n the 

potential at AB. Returning to tho magnetic circuit :m1s can be interpreted 

as a difference of 10 percent in the ~U?AB available across A-B for the two 

different types of circuit. This results in a 10 percent difference in 

the rate of ohenge of field between the Ea.st-'lrtfest and North .. south axes. The 

measured difference in these raws of change was 11 percent as shown on. Fig. 36 • 

.. 



BASIC METHODS OF INVEST!GJl.'!'ION 

A. General 

In order to satisfy tho above requirements it was necesa.ary that 

detailed and accurate investigations of the field oonditione be made with 

a minimum or time and effort. OUtlined below e.re the basic J.t'lethods used. 

for the various investigations and the corrections used to attain the 

final field. 

B. Methods for Investigation 

1. Search Coil 1~asuremente 

One of the basic methods of obtaining data on the charnoter1atioa 

of the time varying mar)letio field was through the uso of searoh coils. 

These are simply coils of wi~ with an accurately known effective area 

f'or linkage by me.gnetic flux. In general. if suoh a coil is plaood in 
I 

an alternating magnetic field whose amplitude ia described bv B • B f(t). 
~ max 

then the voltage appearing at tho terminals of the coil will be: 

E -..A dB x 10-8 --AB df(t)x 10•8 (28) d't max~ 

A • offeotive area of tho eoi.l 

This is the !\mdam.cnte.l relationship from. which stems the usefulness ot 

search coils in the measuremsnts described subsequently. 

a. Maximum field meosur<tmonte. 

One application of such a ooil was in the meas.ul"fJm6nt of the 

maximum field. It is noted that if equation (28) is integrated with respect 

to time a function proportional to the total change in n 1s obtained. Thitt 

integration cen be carried out olectrioally as disouseed in appendix B and 
the rosultant voltage displa.yed on a cno•. The waveforms obtained tor our 

·magnetic field are shown in Fig. 12. 

b. Comparison of two fielda. 

A second application of search coils wu 1n the comparison of 

111
Tho abbreviation CRO will be used throughout for Cathode :Ray Oscillosoooe. 



two f'ielda. If two i<ietnt1eal sesroh. coils are plo.oed in identical time 

varying fields and their outputs placed in series opposing and integrated* 

the resultant signal m.ll be zero. More goner&lly if the coils have antes 

A
2
> A

1 
end A

2 
is plaood on e. goniometer in some fixed reference field e.ncl 

A1 ie free to move in the field to be analyzed, than an aocut"ate method 

of measuring small differences 1n field J'llagnitudes 1s providedf. It tho 

coils e.re placed, one over the other, and the goniometer coil rotated frQm 

its maximum effective area position until the resultant signal is zero, 

then 
A1B1 • A2ooe 8 B2 

but Bl • Bz 

hence Al • A2oos eR 

and for any other point of the field 

n1 ooa Q ____ ,.. 
B2 cos QR 

Since A1 and ~ and eR are known the rntio a2,/B1 can be obts.inod for all 

points in the desired z-egion ond hence if one absolute value of B 1a obtained 

for ~v one of these points, all points oan be directly deduce~. Appendix 

C elaborates thin method. 

o. Betatron condition measurements. 

A third application of ss6rch coils W8s in the investigation ot 

the betatron acceleration condition. A8 previously stated the condition 

whioh \'!lUSt be sntisfiatd is •4>
0 

• 2'ltr 0 
2fJ

0
• This is most eu1ly accomplished 

• by comparing two vol te.ges. oru't of which is proportional to B0 and the other 

proportional to ·~. SU6h vcrltages are obtainable by using a searob ocil 

on the orbit and. a single turn of wirs coincident With the orbit. The former 

;·.ll4nthematioally this is the sane as integrating each voltage sepaY,tsly 
and bucking tb$ resultant outputs because, for continuous functions, 

J ( e.+b)dt •:f a dt + J b clt. The method mnt1onod e.bow eliminatea the 
#difficulty of constructing ~dentioal integrators. 

See Appendix B. 
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hes a voltage proportional to the rate of chnnge of field in the gep 

and the latter a voltage proportional to the rate of ohmge of the fluX: 

enclosed. Appendix D elaborates these relations and indicates that during 

the betatron period the two voltages are rctlated by a constent: 

}"'10 

211' r 2 
0 

(29) 

Then if the single turn orbit coil voltage is attenuated {it being the larger 
\ 

• 
or the two voltages) by this constant nnd placed in series opposing with 

the search ooil voltage a resultaut voltage of zero should be obtained when 

the conditions are sntisf1ed. 

a. Peaking strip measurements 

A second basic method for obteining data was by means of peeking 

strips. Because. of ths very· low f'ield strength required to saturate a 

strip of per.malloy (approximately .1 oersted), a co1l or wire wound around 

suoh a strip will havo a voltage pulse induced in it BS the field variation 

goes through the zero field point.* If two such peaking strips are placed 

in the magnet at points where the magnetic f'iolds do not pass through zero 

field s.t th~ same instant, the phase difference between tbeae two points 

' 
may be measured directly be applying both to tha vertical deflection plates 

of a synchrosoope w.i th s. sui t&bh sweep speed. This method may be extended 

to field strengths other than B • 0 by biasing tho peaking strip coils 

with a. direot current from en external source. This superimposes a d-o 

magnetic field on tho time vo.ryi.ng field due to the Ru1e:;net. The output 

pulse will then ooaur when the 1nstentrmoous algebraic sum of the two 

fields is zero. '!'his procedure allowa a direct measurement, in time, ot 

ph!I.Se differences around the orbit and this may be converted to magnet1o 

field whoQ. tho !"ate of chango of field of the magnet is known. 

* See Appendix E. 



PRELIMINARY INVESTIGATIONS AND OBSERVATIONS 

The design or .the magnet and e.osoo1ated oomponenta atfeoting 

the me.&netio field lri.ll not be dealt with in .detail. However, a summary 

of the important investigations ie presented below. 

A. D. o. Model Tests 

The design of the magnet yoke and pole pieces was determined 

on d•o modele. Initial measurements were made on a crude preliminary model 

as shown 1n Fig. 17, whioh wea soon replaced by en aoourate 1/B-soale , 

model. This was Model A shown in Fig. 18. Several diff'erent pole fa.oe 

geometries wore investigated in this model and on the basis of the data 

obtained Model B, also 1/8-aoale, was built. The geometry or Model B wae 

that used 1n the final magnet. It 18 shown 1n Fig. 19. Several further 

pole tace variations were required before the desired oanb1nat1on waa 

aohieved. The object or this painstaking end rather tedious development 

was to get the maximum volume of useful tie ld with e. minimum volumo of 

iron. This was desirable as 1t reduced the amount of iron, the required 

magnet111ng ourren~ end the kva rating of the oapaoitors eirnulteneoWJly. 

The final tull aoale pole face ge~metry selected is shown in 

Fig. 6 and the field variation with radius 11 plotted in Fig. 20. The 

model data was checked with ,a fUll scale assembly and found to be valid. 

B. A. o. Models and Tests 

1. Preliminary Model 

The first a-o model was built for continuous operation with 

sixty oyole excitation end had two hypersil iron coree as shown in Fig. 21. 

This magnet was used for some prelimine.l"'; qualitative observations. 

2. Model AOR-l 1/2 

The above model was replaced by Model ACR-1 1/2 wb1oh had tour 

laminated hypera1l corea as shown 1n Fig. 22. The laminations were bonded 
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PRELIMINARY MODEL (D. G.} 

FIG. 17 

MODEL A 

(D . G.) · 

FIG. 18 
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MODEL 8 {D.C.) 

(IN BACK OF LARGE CLAMP) 

FIG. 19 
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FIG. 21 
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lTith redwt cement. which "¥!aS ohosen from Bt.mJ:ples of .se-wral difftH-ent, 

bonding materials on the basis of oompa.ratiw teats. It is intereati.n& 

to note that only two of the va.rioos samples tested failed to break down 

m.echenioally when the magnet was puls-ed. This model could be operate-d 

continuously or pulsed by e. oireuit similar to the ono us~ in · the final 

synchrotron. A number of investigations wel"e made on this rnodel including 

the effect of eddy currents in tho dee structure• on the magnetic field 

at the orbit and the ofteot o£ the copper foil lining of the pl~stic rin~. 

Also studied was the effeoti vene-n of equalizing coils in obtaining phase 

lags.# This wns done by winding a coil around one ot the four hyperail 

cores of the magnet and connecting e. reeistanoe e.oroaa the coil terminals 

to control the induced curr&nt. i'he resulta indicated that phase lags of 

rather large values may be obtained without difficulty and that the area 

of influenE}e of the coil was markedly larger than the segnent around 

which it ia wound. The l atter effect was not nearly so pronounced in the 

full scale magnet. 

:S. Model AC·l/2 

This was a 1/$ scale model of a l/8 section of the full scale 

ma.ohine and was fabricated !Yom tho seme iron a11d with the sa.tne techniques. 

Its excitation source was also similar to that of the t\111 seale machine 

which allowed observations of its behavior under pulsed operation. The 

model and power supply are s r•own in Figs . 23 and 24. On this model the 

design of the flux ,bars wns completed and tMI betatron condition studied 

in some detail to postulate methods for ~proving the critical early stages 

* The original design of the synchrotron cnlled for a copper dee structure 
for applying tho r.f . voltage whioh wns inside the plastic ri.ngs used ae 
the walls of the vacuum chamber. The effect of eddy currents in theso 
does waa en important problem in this system. 

Jl See Appendix F. 
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of acceleration between the injeot.ion and the r.f. turn on times. A 

sUlllr.lary of the pre~Ucted and verified results of this study is given below. 

a. Flux bar study. 

A atudy of the flux bare~ particularly their. action in increasing 

the flux through the orbit; decreasing the rate of chnnge of field on the 

orbit and change in the e.ffeotiv~ inductance of the magnet. 

b. D-0 Flux bar biau~. 

A d-o bias fiel.d induoed in the flux bars moves the betatron 

oondi ti on with respeot to the magnetic cycle. This can be accomplished 

by a single turn loop around the flux bars in which a direct current is 
' 

circulated. The bias field will be proportional to the current flowing. 

e. Search coil design.* 

Considerable time was spent in d6sig,ni.ng a search coil of small 

physical size capable of producing a large enough voltage to be efficiently 

integr s.te'd• The particular coils designed at this time were quite satisfactory 

in the model but due to different transient conditions in the full scale 

maohine had to be modified with slightly loss rigorGua deme.nds . 

d. Peaking strip desigD• 

Peaking strips of various forms have been used for other 

applications and in other similar machines~ though not in so refined a 

form.l0 ·Their function in tho !'lCtual operation of the synchrotron is to 

trigger the electron injector and the r-f oscillator at tho proper absolute 

vsJ.ue of magnetic field independent of elly time scale. A second important 

application~ already mentioned, is in the d•tennination of small phase 

dif'f•renoes in the azimuthal f'ield. The preliminary observations on, and 

the design of', the test peaking strips was done with the model magnet and 

. ~ 

It was at this time that the author joired , tl1o p_ro.j~R'Y·· "' 

lO See bibliography. 
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with the experh.noe c;ained. a suitable design v1as found !'or the operating 

trigger strips which were much longer than the model magnet gap . The test 

' peaking strips could be only S/8 inches long in order to fit i n the model 

magnet gap. The requirements of the output si gne.l was tht..t it have e. very 

fast rate of rise and as large a voltage output M possible. .Among the 

problema encountered in designing a practical strip wae the one of winding 

tho wire on the pe~alloy core. The voltage output is1 

z.;P •-N ~ x lo-a 

N • number of turne in the oo11. 

~p • flux in the permalloy. 

There is also a seoond voltage induced in tho ooil: 

dB -a 
EB -A dt x 10 

(SO) 

(31) 

A • effeotive area of the ooil for magn.etio f'l~. 

B • m·agmtic intiuetion field outside of th ~.rmalloy 

but threading the ooil. 

This l atter volta~e is undesirable and unless E
8
<.< Ep the identity of the 

peaking strip pulse may not be well defined end the rise time will be too 

great. The area. A, was minimhed by using very small wire ( 42 B & s gauge} 

for the winding and further by the use of a maohine whel"eby the winding wa.a 

placed directly on the permalloy core with a minimum possible are enclosed. 

By thes·e techniques it was possible to wind 500 turns of' wire with a negligibl• 

effeotivo area. 

The peaking strips showed the following general oharaoteristicn s 

(1) The pulse amplitude ino r eaaes with inoreasing N. 

(2) The pnlse amplitude increases with increasing erose-s-ection 

of pe nnalloy. 

(3) The pt!lse width decreMes with increasing length of 

permalloy .core. 



(4) '!'he pulse width increases with increasing cross•-Beotion 

area .• 

(5) The pulse width decreases if the ~oil is p laced in a region 

near the center of the permalloy and is $hort oanpnred 

to the leogtl1 of the P"rmalloy. 

It would appear that (2) and ( 4) are in opposition. however. the eff'oot 

of ( 4) ia due to eddy currents whioh can be materially reduced by tr~ use 

of l~inated oores. (3) and (5) are somewhat similar effects having to 

do with the fact that the leakage f'lux noar the center ie reduced by 

increasing the length of the permalloy and the rate of ohe.nge of flu.JC 1s 

a maximum whore the loak8Jl;e is a minimum. 

The final design is shown in f'ig. 26 end ita output signal Ill 

viewed on a synohrosoope is shown in Fig. 26. The oore consists of two 

laminations of .001 x .010 inch permalloy insulated by a glyptal film. 

The re111J of ris-e of the &teepe-st portion of the leading edge is flbout .5 

volts per- micr'O'"'second. No jitter is detectable on a .one micro-second per 

inch sweep on the aynohrosoope. The eoi.l has 500 turns of 42 B & S gauge 

wire. 

In the full scale machine the design was varied by making the 

permalloy core one inch long (for the reasons put forth in (5) above) and 

separating the lwninations with cellulose tape. Dif.fioulty is enoountered 

in uaing narrow widths of perma).loy because they are not available commercially c 

and .shearing after heat treatment inevitably leads to a decrease in the 

effective permeability. Rour,h oaloulati ons indicate that for a .010 inch 

width tho effective permeability is approximately 1000 which is about 

2 pereen·t of that f-or the commercial permalloy f'rom which the strips w.re 

_ cut. This includes tho effect o.r stray capacity and the loading or· the 

peaking strip coil which are not easily distinguishable. 



PEAKING ST Rr P AND MOUNT 

FIG. 25 

PEAKING STRIP OUTPUT VOLTAGE WAVEFORM 
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.. 
· Exporim.ents to determine tho effect of rotating the psaldng 

strip in the field show t.he.t its vertical positioning is critical only 

to nbou t 10 degrees of a.ro. For angles of inclination of the e.xis of 

tho oore with respect to the field lines great~r thma 10 degroes & shirt 

in time pbf.ase is noted due to eddy currents in tho pe.rme.lloy. 



EQUIPMENT 

A. General 

As a result ot calculations . experiu.nts and general design 

procedure, considerable equipment was assembled to au@Fent and facilitate 

the investigations e.nd adjustments desorl bed above. This equipment was 

in many respects similar for the se'Parnte tests and it wes desirable to 

coordinate the various te s ts so that they oould bo made e.s nearly simultene­

ous o.a possible. The equipment was r oughly divided between two looe.tiona. 

The first was in the field proper or near it and consisted of the probing 

e:nd pickup devices end associated equ1pm"Bnt. The second location1 contained 

the enalyzing and controlling equipment and was located about t wenty :fe-et 

f rom the magnet. 

B. Field Equipm&nt 

Tho pickup equipment in the .field has been described previously. 

To obtain the single turn orbit loop and e.dequat~ means for positioning 

the search ooils and peaking strip coils as requized. a temporary traok 

structure made entirely of textolite was built. One of the probl~ms of 

precise magnetic measurements is to obtain data without affecting tho fiold 

locally with the pickup devices • This is particularly tru~ of time varying 

magnetic field measurements because in any conducting material introduced 

in the field eddy currents wi 11 be induced# whi oh in turn cause phase lags 

locally. Such local variations, even though small, could seriously affect 

the accuracy of meas urements becaus-e we Wl!re interested in variations of 

~ fsw tenths of e gauss . For this reason the enti~ supporting and position­

ing syStem was fabricated from non-macnetio non-conducting materials. 

principally textolite. The tr-ack structure, shown in Fig . 27, was assembled 

inside the vacuum chamber before the top section of the magnet yoke we.a 

installed und removed &ftor the test& were compl6'ted before the quart& 

donut was installed. 



The traok aasombly consisted of a fixed track which supported 

a.nd positioned accurately a mobile ring . 'file ring oould be rotated by 

means of a bolt i.n e. V-groove. Tho traok and the ring were each cauposed 

of' ·stxteen identical sections conneoted together in a oirolo by junction 

plates. The .fixed trr.ok was positioned by seaondt>..ry support which vo~ere 

in turn olrunped by a primary support which bolted directly to the porta 

of the vaouum obamber . Tho se-pare.te oomponents of the system are shown 

in Fig. 28 . Acoure.te positioning of th~ traok was obtained by radial and 

vertical adjustment of the seooncla:ry supports . For ease of operation of 

th mobile ring on the track. two "waye• wel"e milled onto the horhontal 

surface and i'orty-aigbt wheels instal l ed to bo ar on the inner vertical 

surfaoe of the rinr; as shown in Fig . 27 . The axtreme radius was marked 

in 1/4 inoh intervals for loouting any azimuthal position aoouretely. A 

V•groov<e was milled in the central vertical sul"face for the single turn 

orbit loop . The searoh coils and peoking strips were mounted on the track 

with plastic screwa. 'l'he leads of' eaoh of these coils was a twisted pair 

of fine wire sheo.thed in transflox tubing and olamped securely to the ring • . 

These twisted pairs poss•d out through a designa-ted port end were ommeoted 

to coaxial cable plugs for final distribution. Besides this mobile equipment · 

there were four permanent peaking strips for use as tri ggers and a reference 

ooil goniometer mount shown in P'ig . 30. The system is shown diagrammatically 

in Fig. 29 • 

0. Interconnections 

The inte reonneet1ons between the synchrotron poai ti on and the 

remote operating position ooll81tted of a series of oouial cablee. the 

systems being otherwise independent • 

• 
D. .Analyzing Equipment 

The equipment at the analyzing pod ti on was for the most pert 



A 

ALL MATERIAL 

IS TEXT O LITE 

·- -B EAR ING WHEELS 

.L_ 
\ 

) 
/ 

ORB IT COIL GRCJ VE 

2 ~ 
4 

SECTIO N AA 

- J UN CT IO N 

S E CTIO N B B 

SECTION OF TRACK 

df~ SECONDARY SUPPORT 

~~ JUNCTI O N PLATE S 

~ 

~\ 
~ ~ 

ASSEMBLY 

FIEL D MEASUR ING TRACK 

FIG. 27 



I. FIXED TRACK 

2 . MOBILE RING 
3. RING JUNCTION PLATE 
4. TRACK JUNCTION PLATE AND PLASTIC SCREW 
5 .PEAKING STRIP HOLDER 
6 . SEARCH COIL HOLDER (OBSOLETE) 
7. S E ARCH CO I L ( 0 B S 0 L E T E ) 
S .TWISTED PAIR CONDUCTORS 
9.TRACK SUPPORT IN R.F. DEE (OBSOLETE) 

IO .TRACK SUPPORT (USED AT ALL SUPPORT POINTS) 
II. FIXED PEAKING STRIP MOUNT 
12. JUNCTION PANEL FOR COAXIAL CABLES AND 

TWISTED PAIRS 

FIG . 28 

oz 403 



I 
63-

2 

F'IXED COIL 
IN SERIES 
WITH 
VERNIER 

PEAKING 
STRIP COIL 

D 
FIX ED 

I 
190-

2 

PEAKING 
STRIPS 

GONIOMETE 
COIL -~ TWISTED PAIRS 

COAXIAL CABLES-­
TO ANALYZING B 
POSITION 

Fl ELD MEASURING EQUIPMENT 

FIG. 29 

I 
• ') 7, • < . 



PROTRACTOR ; 

COILS IN 
SERIES IN 
AIDING '...._ 

~ 
L=:J 

GONIOMETER 

FIG. 30 

LARGE COIL 



standard cathode ray osoUlosoopes and synohrosoopes. The following 

list details tho types of CRO and auxiliary analyging equipme~t used. 

Du Mont Type 208 osoilloscops modified for \lSO with an external 

trigger. 

Du Mont Typo 248 synohrosoopo o 

TS-28/UPN radar synchroscope. 

Furzehill T:~ l684D osoilloscope.with d•c amplifiers. 

Amplifier-Integrator Unit (see Fig. Sl}o 

Orbit coil attonuator (see Fig. 35A}. 

Peaking strip bias' supply. 

The use of 1-hoso vario\18 instl'l1ltlenta will be detail•d in a lat•r 

~oct ion. 

• 
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ADJUSTMENT PROGEDORE 

A. General 

The be.e1.o m&thods to be applied to the field meaaurements han 

already been set forth in an earlier section end 1 t remains to malat an 

' explicit account of tho appliofltion of these methods to the ttdjustment o.t 

the magnetic field in the Berkeley Synchrotron. 

Tho magnet is so designed that the top portion of the yoke ia 

e. sincgle unit vmioh is set in plaae as tbe last at.p of the uaembly. It 

was predicted. and experience has corroborated. that the removal f.Uld re• 

placement of the top yoke could be accomplished to an aoour.oy wbioh would 

not ma't$rially affect the magnetic field eondi towt • This allowed the 

install&tion of the field measuring track and associated equipment iD. 

the magnet gap without the quartz donut in positiont After the mee.sunments 

were completed the top yob was lifted .off • the field measuring equipment 

removsd. and the quart& donut installed. 

In measuring time varying magnetic fields oonsiditrable care must 

be taken in the physical ge~etry of the eleotri~al circuite eo as to 

minimize voltages induoed by the magnetic field which might alter th& 

results obtained. Particular oe.re must be taken to see that no loops wh1oh 

may be threaded by flux are allowed. For this reason twisted pair eonduotore 

were used exolusively in and near tho magnet gap and coaxial cables 1n all 

other oirouita. Also only one r,round point \'f88 used 1n eny partioular eirouit 

to avoid possible flux linking loops. Some elementary tests were run on 

the model magnet to check the effectiveness of the system designed and 

no difficulty was anticipated or encountered. 

B. Maximum i'ield Msesurements 

No direct adjustment was provided for the a&~thal variation 

of the maximum induction field but an investigation we.s made and the results 



are plotted ill Fig. 32. Two systems of bucking coils Y~ere plaoed on the 

orbit, one for the goniometer at e. f'iad a.d.m.utbal position and the other 

on the mobile ring. The goniometer system was me.de up of two coils, one 

having en area about a pe recnt less than the search ooil on the ring end 

the other about 14 paroont of tb.is area. The large one was mounted ~md.er 

the track on the same vertical axis as tha small one. The small. one was 

m.otinted on the goniometer shaft. This allowed a vernier adjustment of a 

little more than ! 5 percent of the field at the goniometer position. As 

indicated in Fig. 32 the maximum deviation of the field is about 1.3 percent 

from the average. This was not considered to be outside the e.llowab\• 

tolere.noes. All of the coils used were made of a single layer of' 29 B & S 

gauge .Formvar covered magnet wire wound on carefully machined eanvaa 

bekolite forma. The e.roes were oeloulated from the phyaioal ge.O!IMJtry. 

Tho output voltages of these two systems of' coils were oo~ted in 

series bucking, integrated end presented on the Du Mont Typca 208 CRO 

triggered in aynohrohism with the magnet. The circuit is shown in Fig. 3S. 

Using tho preamplifier in the Amplifier-Integrator unit(F'ig. 31) to obtain 

very high amplification• tho goniomctor was rotated until the trace was 

most neurly e. straight horizontal line near zero field. A complete cancel• 

lation of voltage.s for the entire cycle cannot be achieved practically 

because of the variation in the phase and the rate of chsnge of' field with 

azimuth. A zero point for the gon~ometer wu osta.blisMd by presenting 

only the voltage of the small coil on the ORO and rotating it until a 

voltage minimum was obtdned. The reference eero point was exa.otly 90 clegreea 

from this position. The angle through whioh the goniometer was rotated 

from its zero position in order that the t~ coils enclose the same number 

of' flux lines waa read e.oourately from the vernier protractor. This data 

was obtained for eaeh tenvinoh increment of azimuth around tho orbit. 

The effective area of the eoniometer coil was calculated fr(IJl the angle 
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through which the small coil was rotated. By normalizing separate reading 

to the point Where the search coil and gonio~ter coila had coincident 

vertical axes e. plot of releti ve maximmn induction wae obtained. In orcler 

to calibrate t hie curve _on an absolute scale, a aingle coil we.a uaed at 

the goniometer position, its output integrated and calibrated as set forth 

in Appendix B. From this value end the relative data taken -..vith the two 

seta of coils the abeolute field for all the points ~ obtained. The 

deviations of these points from the average value are plotted in Fig. 52. 

0. Betatron Aooe lerati on Condition Meaeurementa 

The theoretical betatron condition which must be satisfied 1a 

•"' • 2'il' r 2 B as previously notsd. To r.ohieve this condition the reluctance 't'o o o 

of the magnetic circuit in the flux bar path must be suitably altered so 

that each f1ux bar shunts the proper proportion of the flux down through 

the Ottnter of the orbit. this was done by shimming the flux bare out hom 

the yoke slabs the proper amount 88 determined by v18ual examination ot 

tbe betatron condition on a ORO. 

A further adjustment of the position of the betatron period 

with re~;peot to the zero field point we.s obtained by the use of a d.o. 

bias ooil wound around.the fl-ux bars as shown in Fig. 34. The circuit used 

for examination of the betatron condition is shown 1n Fig. 35A. A typical 
I 

CRO pattern obtained when the proper oondi tion is satisfied is shO\'II'l in 

Fig. 35B. The particular choice of the Furzehill CRO with direct coupled 

mnplU'iers was made to insure that the base line of the trace was tho 

point of zero voltage aoroes the input tenninala •, In RO coupled emplitiera 

this is not necessarily true beoauae of the charging of the coupling 

capacitors. Another advantage of the Fur~ehill CRO 1& its ability to 

display without distortion a very small portion ot the total vertical 

swing of the input signal. This ia illustrated by the fact that Fig. 32 
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shows only about five percont of' the input signal on the uOr&$n. In 

order to view the pe.ttorn on a triggerod sweep an external SVRtep deriv•d 

from tho Du Mont Type 248 CRO Will$ pla.ocd on tho horizontal input terminal4• 

The orhi t coil attonuat.or oonsttmt. as derived in Appendix D. 1u 

X • Aeo • 1864.4 
2fr r 

0 
'Z , 21l" X 100i 

•• 0302 

where r 0 • 100 om 

.A
80 

• 1864.4 am2 

This value was not in e. convenient r~Znge for use lttth a General Radio Type 

654A Decade Voltage Divider end t'urther, the applied voltage of nearly 

800 volts exoeedsd the ratinc of the Divider. To avoid these difficulties 

a carefUlly oelibrated resistance of 90,000 ohms we..s inserted as shown in 

F1g. 35A. This mo.de the Decade Box see one-tenth of the orbit ooil volte.ge 

(the Decade Divider has a consttmt input S .• dance) and its new reading 

.f'or the proper o ond i t1 one was .302 • 

The procedure for dotennining the existing flux condition at 

any time was to move the search coil by ten inoh inorements around the 

track, adjust the attenuator tmtil a pattern e.s shown in F1.g. 35B was 

• obt1ained, and re-oord the nttenuator setting. The flux aotine; on an orbital 

electron would be the average of these readings. Fig. 36 is a plot of tho .. 
admutha_l variation. For each set or reedings a flux bar adjustment waa 

made. If the average setting was t.oo high, the oentral flux was too 101'1 

and the flux barB were moved closer to the yoke .. thus decreesing the air 

gap.. 1!11 the flux bnr gaps were maintained equal except at the four oornera 

where there were meohe.nioe.l obstructions which made this impossible. The 

find gaps were .eo inchtOJs for. the corner flux bars and .66 inches tor the 

other .fourteen flux baM • 

The probable length of the betatron a.oooleration period was also 

investigated and found to be approxtmately fifty mioro-aeoonds it a 

Olle peroont variation of the betatron flux from the theoretical velue is 
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allowed. This value was estimat&d on the basis of thsoretioc.l considerations 

os n reasonable value of allowod varie.tion beyond 'Which there was a good 

probability that the electrons would be thrawn into the vacuum oham.ber wel1a. 

On the basis of later experience with the elotron beem this value was found 

to be more nearly three peroent. 

D. Phase Adjustments in the Azimuthal Magnetic Field 

Two independent :roothods for e.djustnu;nt of the a.zirm1thal phase 

1v~,-re provided in the magnet construction both etaploying the Btt~W basic 

principle which is elaborated in J,ppondix F. A ooe.rse adjustment was obtained 

f'rom a f1 ve turn ooil wound around ecl.oh separate slab in the North and .. 
South ends of the mar,netio return path as shown on Fig. 2. Fig. 31 is a 

picture showing some or these ooU.e. The te:rmine.ls for each of these coils 

were brought out tc, sepn~te variable reabtanoes. As indicated in Appendix 

F if ourrent i8 allowed to flow 1n such a coil the flux in its area of 

influence will be delayed by e.n smount proporti onnl to the ampere turns 

of the coil. This allows an adjustment to be made br delaying all the 

slabs to the one W'.i th the greatest inherent lag. 

A more refined adjus'tlnent of the phasing was obtained by the UH 

of a series of' radial 'Wires. spaood one-half 1noh apart. and located between 

the pole base wedges and the pole faoe wedges ae sboan on Fig. 2. Both 

ends of each o.f ·these 1020 wires were brought to terminal boxes in such 

a manner that interconnections could bo made to form correcting loops of 

nearly any desired area. In order to make the sys tern IilOre versatile a 

series of variaoa,. by mans o.f which a voltage of oi ther polarity oould be 

applied to the radial wire componsating circuits, were connected ae shown 

in Fig. 38. In order to conserve power, to attain greater adjustment 

rang& with small var1no ratings and to increase the stability of Operation 

these yariaos were energited from the pulsed magnet excitation voltage. 

This was accomplished by placinr; two single turn loops around tho magnet 
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exci tetion coil tanks, one e.bove the p;ap and one below the gap.. These 

loops a.otod exactly o.s the secondary v.rindings on a transfo~r and their' 

output voltages were furthor transformed to a usable level li..'1d fed into 

the ve.riaos as shown in Fig. sa. By adjusting the magnitude and polarity 

of the voltage output from the variacs the phasing may be- adjusted o-ver a 

wide ranee leading or laggin~ as required to obtain a "flat" ( unj formly 

phaa~ed ) fie 1 d. 

The merusurem.ents. were made with a pe~king strip mouated on the 

moblle ring with its output pulse presented on a aynohroscope with a writing 

' ~peed of four m.icr()ooaeconds por inoh. The synohrosoope was triggered by a. 

fixed pes.king strip biased to trigger at a suitable time previous to the 

earliest zero field time in the magnet. The time between an arbitrar,y 

reference point on the swsep and the zero field time for one lnoh inoremente 

of simuth mts noorded. plotted as shcrwn in Fir;. S9A, end analyzed. On 

the basis of this analysis a new adjustment was made and the oyele repeated. 

The e.otual adjustment procedure proved to be fairly simple. The phase plot 

with no compensation ts shown in Fir,. 39Aalong with the plot for the final 

compensation. The initial step was to delay the North and South ends of 

the magnet in order to remove the obvious second harmonic.· 'l'ben the fine 

adjWI'tments were made with the radial wires. Identioal adjustments were 

made in the radial wire circuits above and below the c;ap. A single variac 

was used to !'!ted 8 complete qu!ldrant or the map;net. 'l'he orbit is 255 inches 

in circumference and w1 th e. wire every one-half 1noh the total number of 

wires nbo\re the gap is 510. There are the same number below- the gap. The 

total number or wires finally used was only a few percent of this ns is seen 

in Fige 40 whioh shows the actual connections in the magnet. Also shown 

on the die.grBm e.re too quadrant coils for variations in the second hermonic. 

The important field variation is that near the time or injection for at 

this time the variation is the lnr~st percentage of the total f'ield .• 

'·· 
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Investigttti on showed the.t the second harmonio component of the azimuthal 

field ohant;ed with peaking strip bias as a r&sult of the dii".ferenoe in 

the rate of change of field Mtrmen the north-south and oast .. west e.xes of 

the magnet aa indicated in Fie;. 36. For this· renson the field was compensated 

et the predicted injection field of eight &auss. the quadrant coila were 

used as a vornier adjustraent of the diff~H·enoe between actual and predicted 

injection points. 

Booause of ·the difficulties with stc~rtia.g transients it was 

.found desirft.ble to plaoc a d•o magnetic ·bins field on the entire magnet 

so that the ~ero field point occurred about fifteen micro-seconds later 

than with the unbiassed oondi tion. This required about 100 ampere-turns 

and was accomplished by using 8 turns around the outside of the excitation 

coil tank. l'he current was about 12 amperea for satisfactory operation. 

Original designs called for operation on the second half cycle 

which would have avoided this difficulty but investigation revealed a 

remana.nce e:f'feot which increaaea the amplitude and nUIIl.b&r of phasing 

variations by en order of mar,nitude compared to the first half eyole 

operation. Figs. 39.A and 39B show the phase plots !'or the two types of 

operation. It is interesting to note that 1 t was only by chenoe that the 

rapid variations of 'f'ig. 39B were identified as a remaneno~ effect rather 

than an edd;: current effect. At e. time when only the north-half of the 

flux bars were installed a phase plot was m.ade and found to have essentially 

the serua pattern as for all the i'.lux bars in plaoe. If the effect were 

due to eddy currents there should have been less violent variations on 

the South sido 11 where the flux bars were missing. because ~ in these slabs 

~ to~ was less than 'Y in the North side end eddy currents are proportional 'i' 

(orB as shown in Appendix A). This left only the possibility of ~anence. 

To verify tltia the maohine was operated at 30 cycles. If the effeet were 

eddy eurrents all the variations should be the same ~ for 60 oyole ·operation 
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when expressed in terms of time as indi.onted in equation (3). Ho-wever, if 

the off'ect were reme11enc-e tho vnriatioru;_ should be double their 60 oyole 

vdues 8.6 indi.cated by equation ( 5) because .<f> ao II! 2 (p30 for 8 given ° ct> max. 

By this test the effect was definitoly identified as remanenoe.-

It is seen in Fig. S9A that the remanence variations a.ro esaentially 

zero. 'i'his is the result of the transient oscillfltion shown in .Fig. l2A 

wt1ieh demagnetizes the magnet. This oscillation is set up in a circuit 

consisting of' the magnet inductance and the stray Cf!.pacity of the e.:x:oitation 

circuit. It is seen from F'ig. 39A that the maximum excursion of the field 

after com~nsation is approximately .6 micro-second. It is obvious that 

the first three harmonics are of very small amplitude and above this value 

of~ in equation (1) the attenuation factor boo~s so grant th~t the 

sumJ:aati on is not seriously affected. It vrns not rel t th&t the accuraoy ot 

the mtusurem6tnts or the labor involved justified a Fourier a.no.lyeia .• 

.. 



COJlCLUSION 

It is important to note that the above adjustments were made 

on tl·J9 bosis of estimated requirements m ioh were in every oa.se as stringent 

as it W'I7R believed possible to aohieve in practice. Little was known 

about the $xaot requirements of magnetic fields for this t)~$ of particle 

aaoelerator end the theory is trague about absolute ari teria. 

With this in mind it was not too surpriaing to find, after 

obtaining an electron beam s.ooelere.ted for a number of revolutions, that 

the requirements are actually considerably less rigorous than our design 

requirements. 

The finnl operating compensation consists simply of the radial 

wire circuits connected in eight equal portions above and below the orbit. 

Such en e.rrang8!nent ofootent coila allow_s control of tho i\mdarnents.l and 

lQWSr harmonica. '!'hie ie in ay,reement with Equation (l} which applies to . 

first order effoots. This first order thoor:r for stable electron orbits 

appef:\1"s to be adequate • It we.s believed that rapid variations in the 

-
azimuthal field mir,ht introduce second order perturbations in the orbits 

suf'ficiontly large to be troublesome. In actual practice the machine was 

operated using the first quarter cycle and the third quarter c~role as 

accelerating periods. No appreciable difference in output was noted in 

epi t4l of the .fact that the 3rd quarter cycle hos a large number of rapid 

vnrb.ti ons wi t.h high ernpli tudes in the azimuthal field. The first order 

corrections were found to be extremely important tmd required a very high 

acou:raoy of adjustment. 

In the early part of December, 1948, an electron beam of e.pproxi-

mately 300 mO'V' was obtained, and using a uranium. target. gam:;:ta rays havo 

been produced and detected by a number of different method$ inoluding zeus 

meters, photomultipliers, cloud ch!ll!nbers. and ionizfltion chambers. Mosona 

have definitely been identified in nuclear plate exposures e.nd many experl• 
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menta e.re possible at present. M.uoh adjustment and development work on 

the operation of the maohine will be necessary to nchiove the optimum 

performon~. 

I would like to express my prof'ound thanks to Dr. V;ilson Powell. 

Dr. E. M. MoM:illanJI Mr. ~arvin Me.rtin and tho entire synchrotron staff tor 

their private interost ond suge;estions. It was indeed a pleasul"t} to work 

for and wj_th suoh e. group. 

This work was performed under the au•pices of the Atomio Energy 

Oommisaion. 
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APPF~NDIX A 

JmDY Ctrr:RENTS 

In time varying magnetic circuits loss currents are sst up 

within the iron duo to its conductivity. Such a current can be expressed 

in terms of the rate of change of flux enclosed in a given loop. These 

loss currents can be limited by lnnd.nating the iron. ConsidEtr a single 

lamination sa shown in Fig. 41. In order to simplify the caloulationc 

1. fi.ssume a>)> b. This will invariably be the case 

for good design. 

2. neglect end effects by assuming ths height of the 

lanination infinite. (Justification for this approxi• 

mation will bo mo.de later.} 

3. l•ssume uniform flux density over the x•y face of the 

lruninetion. 

4. Assume that the flux enters along the z direction 

(normal to the x-y plene). 

Faraday's induction law 

§ ~· di •- fr£ja • nds (32) 

where & • e ~ectr1c gradient 

B • magnetic induction 

From {2) we can assume the electric gradient has only a y-cO:n.ponent tmd 

is uniform. Very near the ends this would not be exactly true but in view 

of (1) thoy wlll contributo little to the total field. If we designate 

the $leotrio e;radiont e.t some distance x from tho origin as & and the 
X 

total voltage around the oirouit as 
~2 

E,. • i~ ely 

X 

·[-~/ 
•x 



a 

dx 

SAMPLE LAMINATION FOR 

EDDY CURRENT ANALYS rS 

FIG. 41 
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·Ex • • ~[2u:BJ 
• - 2~ x 10•8 volta 

The element of current, by ohms law, will be: 

then: 

For x • ~ 

E 
di • .2 

X Rx 

R • .fl. (" {:2ij • 2af 
x dA od.x "(i((',t 

• 
dl • -2ax B • • exdx B 10-a 

X !ap f X 

~· 
-

where f • resistivity in ohm - em 

ob2 • -a 
Ieddy ·~ D X 10 

• K A x 10•8 amperes 

The field arising from the ourr&nt dlx will bei 

dR • 41T'( d! ) • -4\f'oxd~ 
X X lOg~ 

(33) 

(34) 

{35) 

(36) 

Tbe average value of magnetic :field intensity per centimeter of length ot 

path will bo • ~~M.l 

0 

b/2 . 

f • (4:1T'ox)\ 
2ax)(B)\ 

109
p dx 

0 
Hav•-----

Ac abo 

(37) 

For a typical lamination in tho synchrotron 

b • .014 in. • .0365 em. 

.. B ~ 1.4 x 106 gauss/sec • 

· -·rr( .osss)2 1.4 x 106 
II ·-----"'------av 3 X 150 X 10•6 X lo9 

~ -.0123 oersteds/em 



Eddy currents and their resultunt out of phase fields aro 

troublesome from a magnetic t'ield standpoint only l'W"hen they aro not 

un.iform throughout the magnetic struotur&. Non·un~formities cause phase 

· variations. Su.oh non-uniformities are due primarily to vt~.riahlo interlami• 

nation reeistenoos which allow currents to flow from on~ lem:i.nation to 

another. 

From a design stendpoi.nt eddy currents o.re importout because 

they represent a power los.s. If we use the power represented by Equation 

(33): 2 
dPx -= 1/2( dix>max. Rx 

• l/2[(o2x2(~tcB..oxl2) (:;:j] 
acx2dx • ~ 

• f (BmaxJ 

Then the total power loat in a slab of thickness b isc 

b/2 
p _ ( aob3 • 2 
d • 2j_ dPx • ""1"r (Bmex) 

0 

(38) 

Equation (38) shows clearly the importance of thin laninations to limit 

eddy current power losses. 



P..PPENDIX B 

ME.ASUR.F.MEN'l' OF THE MAGNETIC INDUC\'ION FIELD 

,. A change 1.n magnetic induction field oa.n be mea.suMd by means ot 

a search coil if the induced voltnge in the coil is integrated. The induced 

vol tar,e is: 
dB -a 

E •-A ""'1t X 10 (39) 

E • induced e.m.r. in the coil. 

A a effective area. of the coil in(cm.2) 

B ea magnetic induction in gauss. 

If the field goes from an initial value B1 o.t time t 1 to some final value 

1
1;2 

B2 • Bl • f x 10+8 E(t)dt (40) 

tl 
Then if we can obtain the integral of the •.m.f. from on electrical circuit 

the change in n can be illeeaured. Such an integral oan be obtained by 

using an RC integra~r ~ shown in Fig. 42 a 

SEARCH 
COIL 

E(t) • 

R 

Fig. 42 

INTEGRATOR 

iR + E (t) • R dQ + Q B . lt C 

Q • oh~r,• on co.paoi tor C. 

l• (41) 

.... 



0• • 
r 

(42) 

Case I The Magnetic Field V$ri&tion. 

B( t) is not of a form which lends itself to integration matbe• 

mo.tically and further oomplioet:t ons urise from the exponentials. "L'Ve require 

e form: 
t 

EB • .s._ • ..!../E(t)dt C RC 
0 

(43) 

In order to epp!'oech ( 43) pr&ctionlly it is neoesss.ry to deterrr.ine the 

constant b = 1/RC in such a way that the exponential terms in (42) have 

a ner;ligible offeot during the per-1 od of time that we nre interested in 

t2-tl 
e~emining. This oan be done by letting -nc • ~ o. .A.ssum0 Q0 • 0 at 

Then a • o and (42) becomes: 

~ t2(t2) -Ref ·.··to 
Q • 

0 R ·• &( t) dt 

0 

(44) 

The magnetic field Y,Oes through its cyole in 1/60 • .015 seconds. Then 

if we set e. limit of variation of' l peroent on tw varttAtion of the exponential 

term durine this intcrvtll of timo: 

The eooond oxponontial. 

~ 
~ 

016 RO ;: .!.;or • 1.6 ssoonds 

e cannot be treated in so direct a manner since 

it is under the intsr:ral sigu but by using the~ IOOBn value thttorem for 

integrals a 

Q = (45) 



Then it aan be said that the integration performed by a network v~th the 

constants evaluated above will always b8 bet~r than indi<HLted by the way· 

the:.r were clerived beom.use t~C )(t2 - t~/RC. Unrutr these conditions: 

Cnse II. A sinusoidal variation o~ E(t). 

E(t) • E
0 

sinwt 
... 

'l'hen in the steady state condition a solution of {41) is possiblec 

Then 

Q • Qo sin(wt_- e) 

tan 8 • ROW 

Ev(t) 

Eo 
Qo • Tw 

Q Eo 
.. 0 • 'Rt1W sin~t- e) 

for RCw :>> l 

Eo 
Ev(t)~ RC w ooe wt 

(46) 

(47) 

(48) 

(49) 

(50) 

Let RC • 2 and GV • 21rx 60 • 377 • then tan 9• 754 end e ~ 89° 55' and the 

integration is exact to within 5 minutes or arc. 

Field Calibration. 

Eqa. (46} and (50) provide e. means of calibrating the field change B2 • ~. 

If we present EB(t) from ('-6) on a CRO end set the vertical displacement 

from zero field to maxL11um f'ield to some convenient amplitude then we can 

place a ainuaiodal voltage Ev(t) end adjust ita amplitude to exactly the 

s sme value. 'i'hen we have : 
E3(t)rru.u:., Ev(t)max: 

/

t2 E 
E(t)dt • -;3 

0 

(51) 

in whioh E0 oan be measured aoourat.ely Btld w is known. 

then from equation ( 40) B
2 

_ Bl • :~ x 10+8 (52) 

whore nll the quantities on the right he.nd side are known and hence the 

diff'erttnoe in f'leld is dot8rmined. 
r 



APPENDIX C 

mE MEASUREMEnT OF SMALL DIFFERBNCI<.:S IN INDUCTION FIELD 

WITH SEJI.RCH COILS 

If there is a difference in the magnitude of the magnetic field at 

two points within a given time varying magnetic field region, it oan be 

measured by bucking the outputs of two searoh coils located at different 

points in the field. 

The resultant voltage obtained from two such coils will be the 

vector difference of the two separate voltages. Assuming the voltages to 

be very nearly in phase t 

E • [Al Bl • ~ B~J <lj~t) x 10-8 

wherea E • resultant voltage 

tV • angular frequency of the magnetio field 

B1 • maximum field for coil #1 

B2 • maximum field for coil #2 

A
1 

• effeoti ve area of coil fl 

~ • effeothe are a of coil f}2 

f(t) • magnetic field variation with time 

(53) 

Oonsider the conditions that exist in the actual test setup where 

A1 ia free to move in the field and ~ is stationary at some reference point 

in the field. "2 oonsU~a of two coils, A
3 

fixed, and .A
4 

free to rotate 

about an axis perpendicular to the field. In general Aa + A• -;1 A
1

• If 9 ia 

the angle of rotation ot A
4 

from its maximum effective area thenz 

E • LAlBl- B2 (~ + A4 008 6 >] 1t) X 10-8 (54) 

• K ~it) x lo-8 

Thia oe.n be inteerated as set forth. in Appendix B, in order to obtain a 

voltage EB proportional to the change in field. 



The most accurate adjustment which oe.n be made with such a ayatem 

is that for E8 • o. For this cases 

A
1

B
1 

• B
2 

(A
3 

+ A
4 

ooa 8) (55) 

If we denote the field at any general point, n, in the region by B
11 

and 

the angular rotation of ~ wbioh satisfies Eq. (55) J;Jy en I 

A1~ • B2 (A3 + A4 cos ~) (56) 

Oonsl:er the oue where ~ is at the same ge01111ttrioal position as Aa• 
then B

11
·• a2• Denoting this angle of rotation by eRa 

A1 • ~3 + A4 ooa 9R 

Snbstituting thia into equation (55)a 

(A3 + A4 cos~} Bn • B2 (A3 + A4,i ooa8
11

) 

!ln A3 + A.4 ooa en 
l3'2 • As + I 4 oos 9R 

(57) 

(58} 

(59) 

The right hand side of this equation is ocmpletely determined for any 

poa i tion, n. and hence. Bn is known ae a r at1o w1 th B2 and a relative field 

plot such as that shown in Fig. 32 is possible. This data om be obtrd.ned 

to a much higher degree of accuracy than is poeaible using a single coil. 

To illustrate compare the two oases. It is quite feasible to read a CRO 

trace to .05 inohea. Using a single coil tho maximum possible sensitivity 

would be about four inches for 10000 gauss. The possible error in thi& 

cue is about 1.25 percent. Using the method outlined above.the sensitivity 

oan be increased, using en external amplifier. to five gauss por inoh. 

This corresponds to .0025 percent error. The discrepancy 1o not quite so 

great as thie would ind1oate beoause there ia alao a traction of a percent 

error in the reading of the angle. 



.APPENDIX D 

Tlm A'rrENU.ATOR CONSTAN'l' FOR TUB BETATRON ORBIT OOIL 

Given a aingl~ turn orbit coil and a search coil of effective 

electrical area .A• it ia desired to match the two voltages from these coila 

to determine the f'ullfilment of' the betatron condition • . 
~ • 2'0'~ H 

0 0 

Nl • E x 108 
'f oo 

• 
A H • E x 108 

so 0 80 

wherea H • field intenaity at the orbit 
0 

r • tadiue or the orbit 
0 

E00 • orbit oo1l voltage 

E80 • se~oh coil voltage 

{60) 

(61) 

(62) 

.A
80 

• effective electrical area of the search ooil 

N • one turn 

then 

and 

2 
2tr r

0 
Soc • I Esc 

80 
(6S) 

Esc Atlo 
K • w- • ! • attenuation ratio ( 64) 

.r.ooc 21r r 
0 

• 



A?PENDIX E 

PEAKING STRIPS 

i 

Given a. coil of N turns of wire wound around a strip of permalloy 

of crGss-seotional area, J,. If placed i.n a mag,natic field with rate of 

dt ohango of flux, lit , a voltage will be induced: 

X (65) 

where E is the e.m.r. gene~ated by ohanging !'lux in permalloy. 

but 

where B • magnetic induction in the permalloy 

!1 • magnetic intensi.ty in the permalloy 

~ • permoability~ so.ooo 

(66) 

However, the perm.e.lloy saturate~ near U • .1 oersted and for all 

values of H greater than this the effeotiV& value of ~ is 1. This means 

that E is present for o. very shor•t tim& while H goes fr001 -.1 oersted to 

+.l oersted u indio&ted in Fig. 43. 

-.2 -.1 0 .1 o2 
H 

Fig. 43 

IDEAL PEAKING STRIP VOLTAGE 



Assuming H • II f'(t) • ll sin ll)t equation ( 66) becomes: max max J 

E • - N .A1J. Bmax coe wt x 10•8 

~ • •HI 41-~w x to·S 

If • num.be r of turns on ooi 1 

A • area or pe~alloy 

Hmax • maximum magnetic intensity 

-so-

(67) 

w • 21Yf' • enp.:ulfU" frequency ot field variation 

~ • s.verage permea.biUty of permalloy 

~ 50,000 (~ax • 1001 000) 

.. 



ANALYSIS OF A LOOP !ROUND A 'l'IME Vt.RYING FLUX 

Exani.ne a region throughout \'lhioh there exists a time varying 

flux' 
~ 1 • ~l mu sin tUt (68) 

If a coil of N turns is placed around this region aa indicated tn'Fig. 44 

a voltage E1 will be induoeda 

E1 • - H ~ x lo-s volts 

• - N~ax.~.x 10•8 oos wt 

(69) 

If a resistance R is plaoed aoross the terminals of the coil, a ourrent t 1 

will flow and t 
(70) 

will produce a flllX ~2 in the region enclosed anda 

N~ 2 • Lil x 108 

4> 2 • ~ Kl oos c..Jt X 108 

-L~ 1 maxw 
• R 

Then the total flux ~ within the r~r,ion iu 
t 

~ t • ~1 + <\>2 

oosw t 

~ wL 
• "'l ma.x(ainwt - R cos u>t) 

(71) 

(72) 

(73) 

It e. generator is added a.s shown in Fig. 45 with a voltar,o, E, proportional 
g 

• 1
1 

will flows 

I I • El + E.l 
:1 R .. 

E •KE 
g 2 l 

K B + E El (~ + l) • 2 l l 
{74) I1 • • 

R R 



R 

R 
~~ 
:~ 
~ 

~~ . 

®® ® ® 
( r, E, ®09 ® ® 

09® 0 Q9 

CONDUCTING LOOP ENCLOSING 

A TIME VARYING FLUX 

FIG. 44 

CONDUCTING LOOP WITH EXTERNAL 

GENERATOR 

FIG. 45 

/ / 
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' the oonstant K2 depending on the polarity end magnitude of Eg• 

It ~> 0 a phase lag is aoocmplished of greater magnitude than 

for the case where no generator is present. If ~<. 0 the phase le.g introduced 

by the current r1 is opposed and if the magnitude of Eg~ E
1 

the phase in 

the region leads the phase it woulrl h8'9'e if no closed loop were present. 

In the llCtual oase the induced voltage E1 and the generator voltage Eg were 

not identical functions of time. Thh wae not serious beoause the interval 

in which the adjustments 'W!Sl"& oritioo.l was only e. few micro-seconds long 

and the curves were suf!'ioiently m.atohed du:ring this time. The aotunl 

waveform for E1 is ahown in Fig. 12.A and Eg is essenti. ally a cosine function 

of the sams fundernentd frequency, 60 cycles. 

I 
I 

\ 
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