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INTRODUCTION

15243 34 o machine for eccelerating elsctrons

Th§ syx';ahratron
to very high enorgiea at a nearly constent orbit redius. From the time
the electron is injected until it reaches an energy of two million electron
volts the mechins operates es e vetatron?s 84657, After this time a radio
frequency voltage is applied to the spsoiel scoelerating resonator and
the aotign is thet of & synchrotron proper.

in order to insure that the electrons describe the desired
orbits it is essential that the conditions of the magnetic field be lnown
and further, that some of them satisfy partiocular relations during operstion.

Considerable effort &as expended to develop equipment capable
of giving the desired infomation quickly snd aocnrataly'and to outline
procedures for the spplication of the proper correctiéns.

Original investigations of the problem were mede by Dr. Wilson
Powell and Dr. Arnold Clarke. Their results were extendsd snd applied by
Carroll Mills and He Fo Keiser in conjunction with members of the Electrical
and Mechanical Enginesring Departments. The author was assigned to the
aprojeot in February 1947. The baokgroénd of the problem was obbeined from
consultations with Carroll Mills, who was then working on other projects.
Leter problems were discussed with Dr. Wilson Powell under whose diyrection
all of the magnetic design work was carried out. During the suocoediﬁg
months experimental work was done using model magnets and 2 correleted
procedure for the edjustment outlined. Equipment designed prior to the
suthor 's essignment wes modified to conform with these later experimental
regults and other necessary testing componsnts and egquipments were

designed end built.

1,2,3,4,0,6,74 .
All numeral superscripts refer to the item numbers listed

in the bibliography.



PHYSICAL DESCRIPTIOR

The University of Ualifomias synchrotron installetion consistis
of the megnet and vacuum chamber, wvacuum pumpe, ignitron pulsing cirocuits,
sepacitor benk, injector system, radio frequency system, end control desk.
The physical layout is shown in Fige 1. The magnet and vacuum chember ere
shovm in more detail in Fige 2. The outeide dimensions of the magnet are
92 4nches wide, 28 inches high and 184 inoches long and it is ocomposed of
66 slabs of .0l4 in., lomineated high silicon transformer grade steel, 18
flux bars of .002 in. laminated steel es shown in Fig. 3, and two annular
| pole face assemblies separeated by two plastic rings which fit snugly against
the sides of the pole tips. The vacuum chember is & fuzed quarts donut
of elliptical coross section with major end minor eaxes approximetsly § L/@ ine
end 2 1/2 in. respsctively. This chsmber contains an electron gun for
injeoting the eleaotrons, an r-f resonator section whereby the oleotrons
are sccelsraeted to their final energy, and a target for collecting the
eloctrons. This peper describes the experiments done to measure the field
in'thia regien eand the requirements for edjusting this fields The vecuunm
pump and various auxilisry equipment are located near the megnet. Figures
4 through 10 show soms of the details of the system.

The megnet is flenked on two sides by a wall of conerete blocks
four feet in thickness for protection of personnel against radistion during
operation. 'Tho other two sides face on a hill end valley respectively end
require no other protection, The ignitron pulsing cirouit, the resonating
ospeeitors, and the general control panel from which sll operations are
sontrolled are located outsids the shielding.

The excitation of the magnet consists of one sixty cycle pulse
of current or one thirty oyele pulge of current recurring at any desired
rate up to about 8ix per second. Fige 12B shows the sctual field variation

with tims. The entire wave ékuept for the smell sections in the oenter
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‘end at each end is sprroximetely sixty cycles®and these small sections,
which can be considered as portions of e twenty cycle wave of the same
emplitude, ars tﬁe periods during which the bhetatron acceleration conditions
are satisfled.j’?ha pulses sré formed hy two ignitrons firing one~half
cyclé epart in time end connected es shown in Fipg. li. Each pair of
ignitrons connects the magnet windings to the capecitor benk to form one-helf
of the exciﬁétion syele, %When the oepacitor baﬁk is éharged to 16 Kv,

& large/;qrront flows sinugoidally at the resonant frequsnoy of the cirocuit
in the?direat&on permitted by the ignitron which is firing et that time.
Fig. 125" shows the rete. of ch;nge of field, The departure of the megnetic
‘field gfoqha true sine wave ia-duo to the gaturation of the flux bers

and a‘fesu}tant chenge in the effective inductence of the oircult during
thouperiédiwhen they are not satureted,

'

Some of the cheracterisitcs of the system nre:

f Peuk Voltage 16180 volts

. Peek Curreat 4900 emperes
Inductence of megnet winding 8476 x 105 henries
éapacitancé 806 pe=fareds
Pgwer dissipated per cycle | 628 ke Wo
Total Peak Plux - . 2.68 x 108 nexwells
Pesk Induection Field 10000 gauss
Q 105
Electron Orbit redius ' 100 centimsters

To minimize the vibration due to the mechaniceal forces involved
with such lerge rates of change of curront, the magnet is mounted on & .
biock of concrete whioh is insulated from'the building foundetion by ghock
gbgorbent pads.

A outeway view of the synchrotron is ghown in Fig. 13.
- v

“This peaper will deal exclusively with the sixty cycle case.



REACTOR

RECTIFIER

~ITVTY—

—

W o1 -506 O—WWW

www—©o
, PENTODE
IGNITRONS

— [

CURRENT
LIMITERS

FIG. 1i

CURRENT

DIVIDING
REACTORS BLEEDER
—AWWW—
I
"
CAPACITOR
: BANK
805 MICRO-
W GL - 506°—www FARADS
PENTODE
WO GNITRONS MW
N

IGNITRON MAGNET PULSING GIRCUIT

MAGNET
WINDING
(32 TURNS
IN SERIES-
PARALLEL)

-
:
_

-—

TRANSIENT
SUPPRESSOR

13528 -1



-

N
|
]

BETATRON
FLUX CONDITION

|

/

-

- — — —

|

. Il
60SECOND l

VOLTAGE WAVE FORM

| IWITH FLUX BARS IN POSITION

|

N'ACCELERATING| GAP

Ll FIG. 12 A |
P o
150 wek ERonos ]~ ,
POINT OF
IK/WGMTRON |

U

COMMUTATION

APPROX. 200 GAUSS
ILFLUX BARS SATURATE

MAGNETIC FIELD VARIATION IN ACCELERATING GAP
WITH FLUX BARS IN POSITION

FIG. 128B

| | :

MAGNETIC FIELD VARIATION ACCELERATING GAP

WITH NO FLUX BARS IN POSITION

FIG.

12C

(EXAGGERATED)



UPPER YOKE SLABS

FLUX BAR

POLE BASE RING

POLE FACE RING

— BEAM

a
) —
g =2 D
lUN
(@) a o
o o
Z
& SN
= -
= o
— '
O«
E w5
o YL o
X O
Eg
T\,,r

LOWER YOKE SLABS

SN

\ A
\%%Wmm

\1
\ J

LEN

1
o
-
<
-
o
n
w
1
w
14

/////II
xWO =
/ i

R. F-OSCILLATOR

ELECTRON

ORBIT

YOKE CLAMP

CUTAWAY VIEW OF SYNGHROTRON

13

FIG.

olf

[

0Z

: 4
. T . T o T e T i T i T o T o e T e TP T o T S o i T e T e T i T - i I, 1



aFe

MAGNETIC FIELD REQUIREMENTS

Aes General

No attempt will be made here to develop the th§ory.of the
synchrotron. References 2 and 3 elaborate these theoretical aspects.
There are, however, e few basic requirements which must bs met practicelly
in order to insure efficient operation of the mechins. The obvious firat
stepes in the meeting of these requirsments are careful design, meticulous
manufaoture of compénonts end acourste physical positioning of these
components. Beyond tiege preceutions, corrective meesures must be epplied

on the bagis of measursments made after the esgembly of the magnet,

Be Field Requirements

The required conditions for proper operation of the megnestie
fisld are, in very goneral terms:
1. The megnetic fisld® must be identical within certain limite
for all points at & given radius on the elsctron orbit at eny
given time during ths operational cycls,
2. The veriation of the magnetic field with radius must satisfy
the theoretiosl relation, B = By (r /r)?, where B  is the fisld
at the one meter orbit redius, r..
5. The theorstical relation é;- 2Mrr 2 B, nust be satisfied
‘during the betatron acceleration poriod, whore &% is the time
rate of chenge of flux inside the orbit end B is the time rate
of chenge of the field at the orbit radius, Ty

Condition (1) requires that varistions of the inmstantaneous

magnitude of the field with aslisuth et & constent radius be lees then some

*It should be noted that in ths literaturs the symbols B and H and the terms
“field intensity” end "induction field" are used rather loosely when referring
to phenomena in media where the permaability is unity, i.e., where the
magnitudes of the two quantities sre the seme. In this paper the terms
"{nduction field" and "field" will be used synonomously to refer to B and
" field intensity" will refer to H.
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méximum elloweble velus. These oan be interpreted es phase variations es
§{llustrated in Fig, 14. Exemine two points at the same radii located in
differen: portions of the magnet. Due to the lack of camplete ciro@lar
symastry in the magnet the rates of changes of field are different at these
two points and due to eddy currents, remanence effscts, end other non-
uniformities in the magnetioc structure the magnitudes of the fields at these
points differ at any given time. This phase differsnce can be expressed
8s the difference in time for which the fields et the two pointe roach a
eertain value. From a lnowledge of this time snd the rates of change of
field it is posaiblé to determine the difference betwosn the two fields
at e given time. It was more convenient to measure tho time phase difference
than the actuasl difference in fields. In Fige 14 wo gay that for a field
of ons gauss At = tB - tA = 3 micro-seconds is the phase error hetween
points A emd Be A graph of At vs. azimuthal position at a constent redius
~i:;z called & phese plot; One 360 degree phase plot is the fundemental period
of & recurrent waveform which may have an infinite number of hermonies.

The fundamental requirements given in the theory state only the
offact of various harmonios in the phasing of the azimuthal field without
osteblishing a definite oriterion for the maximum allowable deviation from

a porfectly phaged field. The effect of the harmonics is given bys

| .;;-f_;l ST oo (20 La) (1)
vhera 1 ® the order of the harmonio ( the fundamental is one
revolution at the orbit redius).
n = 2/3, defined by B/B = (rc/r)n.
x = the deviation from the instantaneous orbit.
ry® the radius of the instentaneous orbit.

b= AI&/B, where ABp is the maximum deviation from the

megnotic induction, B, of the { ®h pormonis.
6 = the engular distance around the orbit.

@ = the phase of the {*M hamonie.
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A oriterion cen be esteblished by assuming the worst possible
sondition for addition of the hermonics in the above equation. This will
oocur when cos(fe ¢ La) = 1 for 0<R< o¢. It is not difficult to sum the
right hend side of equetion (1) by means of e Fourier enalysis of the phase
plot and the result obtained will be em upper bound of the actual perturbation.
Only & few terms of ths series need be tekon since the facter ].‘/(12 + n=1)
docresses quite repidly. A maximum velus of .06 was set for x/r, which
ellowed a five centimeyer varistion in the orbit radius. An additionel
erbitrary limit of one. gauss was set for the meximum variation, regardless
~ of the order of the hermonic.

Phasing varistions, when expressed in terms of time, are inde-
pendent of the opersting veltage to a ﬂfst order of spproximetion fn our
machine, ‘This wes not expected to bé the cage because the phesing variations
are mads up of two components one of which is not theorstically a linear
function of operating voltage., These two components are the variations due
to eddy currents in the yoke and those dus to remensnoce,

Appendix A outlines the mechanism of the eddy current sffeots and
indi cates that the chenge in field 4B, from such currents is proportional

L
to B, the rate of ohange of field.

Afi° - KJ.B (2)
and the corresponding time: AB, 1;

Remenence is not theoretically a linear function of the cpersting
voltege although it does dopend on the magnetic history., As the iron tends
toward saturetion the remanent induction, Bro inoresses less then proportion-

ally. In gsnerel the remanent phese variation:

LB, = £(¢ max) | (&)
Atr " A;r . f(¢;ax) (5)



if f(cbmax) = K, Cpmex ‘
k2 & max
At (8)
o &
For a particular geometry (» = KS Q max, then,

For opesration on the first half of the megnetic oycle in our mechins
_ths remensnce is essentielly zero, This is caused by the dsmegnetizing effect
of s domped transient ossillation set up in a ¢ircult consisting of the megnet
inductance and stxa& capaaifzy of the pulsing cireuit et the cutoff time of

the second ignitron.
For operation on the second half of the megnetic cycle the remanence,
Bes proves experimentslly to be independent of the operating veltage over

the range of ugual operation.

This ocondition is indiosted in Eqs. (6) end (7). Combining (3)

and {7)

. 8
At =8t + A% =K + K =K (8)

Then, for & given geometry the phase lags expressed in terms of time are
independsnt of the opersting voltage. The rete of chenge of field at the

time of injection, when the magnet is exoited to its maximum field of 10,000

L4

gauss, is l.4l reuss per microsecond. Then, in terms of time, our arbitrary
AB 1

limit of one gauss oorresponds to T *TIY e ,7 miero-gecond.
The reletion set forth in section 2 above provides the desired
megnetic focussing of ths slectron tesm. Rearrenging the equations

Il n
Br' « B r (9)

Differentiating with respect to r:

248 + Bar®lar = 0 (10)
‘%13 = an -‘:-!: : (11)
In incremental terms this b=oomes:
AB r
To=F az)

Interpretetion: of this equaetion shows that if the electron oxperianma
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a chengs of radius Ar from some stsble orbit radius r it will experience

& ohenge 6f field AB which tends to return it to the radius r. Quantitatively
it ie seen that again the mest criticel point for sstisfying this equation

is at the electron injection time. Choosing Ar = 5 cm. 88 a practical
ollowable veriction from the stable 0rhit.radiqs. r = 100 om,, snd with

n = 2/5" we gat AL/5 = «0383. At 5 = 10000 geuss AB = 330 gausse At the
injection time when 5 = 8 geuss, AB = .26 gsuss. The latter reguirement is
guite stringent. Praotieal;y %4 was met by shaping the contour of the pele
face to achieve the proper veriation over sbout four inches in radius whioh

was enough to more than include the predicted veriations in orbitel radiuss
during acceleration.

To achisve the third rpquirément listed above, (namely that é%-
21Yr02B°) 8 series of eighteen flux bars, one to bridge verticelly between
eoch paif of central slabs were insteslled as shown in Figs. 2, 3, end 13,
These bars change the effective inductence of the magnet for e period of
sbout 300 mierosecends efter the zero field point and et this time are aellowed
to saturate. They were designed to carry approximstely two-thirds of the
flux inside the §rhit during the time before saturation. This satisfies the
above squation for a long enough period of tims to allow the elsctrons %o
rosch 2 million electron volts. At this energy the electrons have resched
98 percent the veloocity of light and the radio frequency acceleration js
startad.

The megnetio circuits form a rather complex gysbtem aend their
quantitative enelysig wes done lergely through the use-of modelse In the
following paregraphs & few gualitative analyses of the general operation of

the magnetic structure will be made.

E
n was chosen ss 2/5 for theoretioal reasons beyond the seope of this paper,

3 See Bibliogrephy
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To‘axplain the waveforms indicated in Fige 12, consider the total -

megnetic flux,4>T as given by:”*

q"r - Q’g ’(bf ..MFM [@\L’@L} (13)

-4 f
and its time rate of change:

.q"r "'q\‘g *.qbr ’ | (14?
where <Pg = pooslerating gep flux
¢? & flux bar flux
G\g = raluoctance of ﬁhe ecoelerating gep oircuit
(Rf = reluctance of the flux Yar cirouit

The variational induotence of th;)eircuit ig given by:
d

T .
| ad , 3 ¢
Lk =k—gr— =85~
' a€ where I = the excitation current

From this point on a1l L's will refer to variational inductance. The cirouit
will have some valus of inductence, Lys during the betatren period when the
flux bars are not saturated, end after the time when they seaturate it will
have some other value of inductance, LS' for the synchrotroa portion of the
scoelerating cycle, This is a result of the decresse in?bk which is due to
the incresse of the flux bar oirouit reluctence, G?f, at the tims of saturation
of the flux barse (This change is not instantangousras the flux bars do not
saturate instenteneously.) After the flux bars seturate, oquetions (13) and

(14) become:
¢§ - dg* const (18)

‘¢T - d)g (17)
Because the system is resoneant a change in L is acoompenied by & change in
frequenoy and a proportionsal change in t. 1t is seen from equetion (15)
that for s given L & change in I occasions a change in]br. In our eysten
there is & change in hoth L and 1. In more quentitative terms, the constante
of the cirouit are such that:

b 4
All subsoripts refer to Fig. 15.
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The currents corresponding to these inductances will be,

I5

IB .ﬂ—-s—- (19)
snd the rates of chenge of flux will be,

¢za “ ¢’Ts ‘ C (20)

Bguetion (19) indicates that the rate of change of surrent during the betetron
acceleration period will bhe onQ-third thet of the synchrotron acoesleration
‘period. This ssme reletion exists Letween the rate of change of field in the
gep during the two periods. This 15 shown in Fig. 12B. Pige 12A is the
differential of 12R end is the waveforn obtainsd ecross the terminaslsof s
coil) placed in the field. Methematicelly it is expressed by the equstion,
B C-Awgg. Equation (20) is a result of the relation, E = Kﬂ%, where E 4s the
ospacitor voltage which cennmot change instantensously.

Therﬁ are two different types of magnetic circuit, one in whioch
a8 flux bar directly shunts & top and bottom glab end the other in which there
is no flux bar. This assymmetry, showm in Pige. 2, results in s rate of change
of field which is non-uniform with azimuth. Slab nunbers 1 through 5 are
of the first type and numbers 6 through 8 are ef the second types. Each oircuit
is ectually slightly different because of the cirocular pole face gecmetry,
but for purposes of explanatien they will be treated only by type. In the
snalysis of the idealized magnetic oircuits, their equivealent electrical
eircuits shown in Figs. 15 end 16 will be utilized. The acoslerating gep
will be treated es a.uniform air gep end approximate values assigned to all
other air gaps for ease of computation, A further spproximation neglects
the fringing flux end the reluctance of the iron. The use of the equivalent
¢ircuit presumes an anslogy bhetween the equasions:
wr o GR (21)

and
E = IR {(22)
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then: MMF is analogous to B
4) is analogous to I
QR is analoéous to R
Considsr the first type of magnetic oircuit as idealized in
Fige 16(A)s From the equivalent oircuit of Figs 15(B):
By ® IR, =(I, +I,)R

'I[ZRa]OIlgﬁb*ZRc-ORg (28)

‘_at‘i

E wrfzr 01[211 t] 24
. | ot T [2 R0 (24)
E =2IR +E
p TEIR T EG
where: Rf(b) is variable with time. For purposes of explpnation

Rf will be considered ¢o have only two valuss, RfB during

the betatron condition and infinity after the flux bar
setursation.

Then: EAB = ET - g(xl + Iz )n‘l _ : (25)

Now consider the second type of magnetic cirouit ss idesliczed in

Fige 16(A)s Prom the equivalent ocircuit of Fige 18(B)s

Ey ® I'RT
nI’[Z R, * 2 %*230034
=E'yp+2I'R, (26)
B'yp = Ep ~ 2 I'R, (27)

As a consequonce of the resistance, R,, a portion efl the potential
drop appears in the return path. The proportien of Eyp appsaring across 2Ra
¢an be computed in a rough fashion by calculeting the ratio of the reluctances
from their physical dimensions®s. The ratio of the resistances in the equivalent
eircuit will have the seme value. For the circuit of Fig; 15 the proportion

of Eq eppearing across ZHa for the branch through which the current I1 flows

*The ugual definition for rsluctance ia@ - % where q is the length of the
gep end A is the oross sestional area. The" aepproximate veluss for the
various geps are given on Fige#. 16 and 16,
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iss By L,(2R)) (fgtgakéig)

—— _ 3%
E L, (28 02R,ﬂ+;z)(2x1/16 ijle “g‘g/.i) 1/

Similerly for the brench through which the current I2 flowss

. Ip(zRy) ()
-f:z }I:(ii;: + .ZR ('i x /18 g—#}

=~ 11%
T

The totel proportion of E, will be the sum of these two quentities or essentially

11 porcant..

A similar snalysis for the circuit of Fige. 16 yields the result:

Ep' 1' zn.;) (i{ﬂ#s‘)

T ) (R TR

In this case there is only one brench to consider because thers is no shunt

2%

flux ber circuit.

These rough results show a difference of about 10 psrcent in the
potential at AB. Returning to the megnetic cirouit ?ﬁis can be interpreted
es a difference of lo‘porcantvin the MMF,p available across A~B for the two
differsnt types of cirecuit., Thig results in e 10 percent difference in
the rate of chengs of field hetween the East-West end Horth~South exes. The

msasured differsnce in these rates of change was 1l percent es shown on Fig. 36.
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BASIC METIODS OF INVESTIGATION

A. General

In ordsr to satisfy ths above requirements it was necessary that
deteiled and accurate invastigacions of the field oonditions be made with
a minimum of timé snd effortse Outlined below esre the basic methods used.
for the various investigations and the corrections used to attain the

final field.
«

Bs Methods for Investigsetion
l. Seerch Coil Heasurements

One of the besio methods of obtaining deta on the charscteristios
of the'tima varying magnetioc field was through the use of search coils.
These are simply coils of wire with an accurstely known affoo@iva aree
for linksge by megnetic flux. In genersl, if euoh/a coil is placed in
an alternating megnetic field whose amplitude is desoribed by B = Bmaxf(t),
then the voltage appearing at the terminals of the coil will de:

E @i %{. x 1078 =~ap_ Efa.g’:)x 1078 (28)
A = offective area of the coil
This Ss the fundementel relationship from which stems the usefulness of
gserch coils in the maasureménts described subseguently,
a. Maximum field mesasuromonts.

One application of such e oo0il was in the msasurement of the
meximun field. It is noted that if oquation (28) is integrated with respect
to Yime a function proportionsl to the total chenge in B is obtained. Thise
iﬁtegration cen be carried out electrically as disoussed in eppendix B snd
the resultant voltage displayed on e CRO*, The waveforms obtained for our

‘magnetic fisld ere shown in Fig. 12.
be Comparison of two fiolds.

A second application of sesrch oolls wes in the compsarison of

The abbreviation CRO will be used throughout for Cathode Rev Cgcilloscopsd.
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two fields. If two identical sesrch coils are plsced in identical time
verying fields and their outputs pleced in series opposing and intograbed*
the resultent signal will be zero. More gorerelly if the coils have areas

2 1 2
A is free to move in the field to be amnelyzed, thsn an accurate methed

A,> A, end A_ is placed on a goniometer in some fixed refercnce fisld and

of meesuring smell differences in rield magnitudes is provided¥, If the
coile are placed, one over the other, and the goniomster coil rotated from

its meximum effective aeres position until the resultent signal is zero,

then
ﬂlBl - Agooa @ 82
)
buat 81 - Bz
hence Al o Azocs BH

and for eny other point of the field

El cos @
v XY eanam e
Bz co§ OR

Since A1 and.A2 and BE are known the ratio Bz/E1 cén be obteined for ell
points in the desired region end hence if one absoiute velue of B is obtained
for sny ons of these points, all points oen be directly deducetl, Appendix
C elaborates this methed.
Gs DBetatron condition measurements.

A third spplication of search ooils was in the investigation of
the betatron ecoeleration condition. As previocusly stated the condition
which must be satisfied is '¢°~ mozﬁo. This is most easily mccomplished
by comparing two volteges, one of which is proportional to éo snd the other
proportional to‘31. Such volteges are obteinable Ly using e search coil
on the orbit and a einglé turn of wire coincident with the orbit. The former

, _
i'baai:hexmai:.icmlily thie is the sene ae integrating eech voltage separiitely

and bucking the resultant outputs because, for continuous functions,
J(atb)dt =S 2 dt + [ b dt. The method mentionsd above sliminates the
#difficulty of constructing identical integretors.

See Appendix B.
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hes = voltage proportional to the rete of change of field in the gep
and the latter a voltage proportional to the rate of ohange‘af the flux
enclosoé. tppendix D elsborstes these reletions and indicates that during
the betatron period the two voltaeges are related by a sonstent:

Ego Lgo
T ® K e oy 2
00 ® 21 r, (29)

Then if the sing{o turn orbit coil voltags is attenuated (it being the larger
of the two voltages) by this ;onstant and placed in eeries opposing with
the gearch ooil voltage e resultant voltage of zero should be obtained when
the conditions are sstisfled.
2. Peeking strip measurements

A second basic method for obteining dete wes by mesns of peeking
stripse. DBecause of the very.low field strength required to saturate a
strip of permsalloy (epproximately «1 oersted), a coil of wire wound eround
such a atrip will have a voltage pulse induced in it as the field variaetion
goes through the zero field point.* If twoe such peaking strips are placed
in the magnet at points whers the magnetic fields do not pass through gzero
field st the game instant, the phase difference betweon these two points
may be meesured direcitly bs applying both to the vertical defloction plates
of a synchroscope with a suitable sweep speed. This msthod may be extended
to field strengths other than B = 0 by biseing the peaking strip coils
with a dirsct current from an external source. This superimposes a d-¢
negnatio field on the time verving field due to the mspnet. The output
pulse will then ococur when the instentaneoous elpgebraic sum of the two
fields is zsro. This péocedur& allows a direct msesurement, in time, of
phase differences arouﬁd the orbit and thies mey be oonverﬁed to magnetio

[ 4

field when the rate of change of field of the megnet is knowne

*see Appendix E.
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PRELIMINARY INVESTIGATIONS AND OBSERVATIORS

The design of the magnet and esssociated components affeoting
the magnetioc field will not be deelt with in detail. However, a summary

of the ifmportent investigations is presentsd below,.

As D, C. ¥Model Teste

The design of the megnet yoks and pole pleces was determined
on d-c models. Initisl measurements were made on & orude preliminary model
es shown in Fig. 17, whioh was aooxi repleced by an acourste 1/8-gcale -
model, This wes Model A shown in Fig; 18, Several different pole face
geometries wore investigated in this model and on the basis of the data
obtaeined Model B, elgo 1/8-scale, was built. 'l‘.he geometry of Model B was
thet used in the finel magnet. It is shown in Fig. 19. Several further
pole fece variations were required before the desired combinstion was
achieveds The objeot of this paminstaking end rather tediocus development
- wag to get the maximum volume of useful field with a minimum volume of
irons This was desirsble as it reduced the emount of iron, the required
magnetising current and the kve rating of the oapaoitors simultaneouély.

The final full scale pole face geometry selected is shown in
Fige 6 and the field varistion with redius is plotted in Fige 20. The

model data wes checked with a full soals assembly end found to be valid.

Be A. C. Models end To;ts .
l. Preliminary Model
The first a~c model wes built for continuous operstion with
sixty oyole excitation end had two hyporéil iron cores as shown in Fig. 21.
This magnet was used for some preliminary qualitative observations.
2. Model ACR-1 1/2
The ebove model was replaced by Model ACR-1 1/2 which had four

lsminated hypersil cores as shown in Fig. 22, The laminations were bonded
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MODEL B (D.C.)
(IN BACK OF LARGE CLAMP)
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with redux cement, which was chosen from semples of several different
bonding materiels on the basis of comparative tests. It is interesting
to note that only two of the various seamples testsd failed to breek down
mechenicelly when the magnet was pulsed. This model could be operated
continuougly or pulsed by e circuit gimiler to the one used in the final
synchrotron. A number of investigetions were made on this model 1nclud1ng‘
the effect of eddy currents in the dee structures on the magnetic field
at the orbit end the effect of the copper foil lining of the plestic ringse.
Alse studied was the effectiveness ‘of equalizing ooils in obteining phase
lags.# This was done by winding a ocoil eround one of the four hypersil
coros of the magnet and connecting a resistance across the coil terminals
to control the induced current. The results indicated that phsse lags of
rather large valuss may be obtained without difficulty and that th;s area
of influence of the coil was markedly larger than the segment around
which it is wound. The latter effect was not nearly so pronounced in the
full scale magnet.
3. lodel AC-1/2

This was a 1/8 scale model of a 1/8 section of the full scale
machine end was fabricated from the seme iron and with the sams techniques.
Its excitation source was &lso similar to that of the full scale machine
which allowed observations of its behevior under pulsed operation., The
model and power supply are siown in Figse 2% and 24. On this nmodel the
design of the flux bars wag completed and the betatron sondition sﬁudied

in some detail to postulate methods for improving the critical early stages

‘Tho original design of the synchrotron celled for a copper dee structure
for applying the r.f. voltage which was inside %the plastic rings used as
the walls of the vecuum chember., The effect of eddy currents in these
dses was en important problem in this system.

#

>Seo Appendix F,
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of sgceleration betwsen the injection end the r.f. turn on times. A
summary of the predicted and verified results of this study is given below.
se Flux bar study.

A study of the flux bars, particularly their sction in inoreasing
the flux through the orbit; decreasing the rate of change of field on the
orbit and change in the effective inductance of the megnet.

be D=C Flux ber bisas.

A d-c bims fileld induced in the flux bars moves the betatron
condition with respsct to the magnetic cycle. This cen be accomplished
by & single turn loop eround the flux bars in which a direct current is
circulateds The bias field will be proportional to the current {lowing,.

¢e Search coil design.”

Considerable tims wes spent in designing a saarc%: coil of smell
physicgl size cepable of producing a large enough voltage to be efficiently
integrated. The particular coils designed st this time were quite satisfactory
in the model but due to different transient conditions in the full scale
machine had to be modified with slightly less rigorous demendse.

d. Peaking strip design.

Peaking strips of various forms have been used for other
epplicetions and in other aimilér machines, though not in so refined a
form.lo Their function in the actusl operation of the synchrotron is teo
trigper the electron injector and the r-f oscilletor at the proper ebsolute
valus of magnetic field independent of eny time scale., A second importent
application, slready mentioned, is in the determination of small phase
differences in the azimuthal field. The preliminary observations on, and

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

* ‘ -
It wes at this time that the suthor joired the project..

10800 bibliography.
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with the experionce gained, a suitable design wes found for the operating
trigper strips which were much longer than the model magnet gep. The test
peaking strips oould be only 3/8 inehes long in order to fit in the moéol
magnet gape. The requirements of the output signel was thuat it have & very
fast rate of rise snd aslarge a voltage output as possible, Among the
problems encountered in designing s practical strip wes the ons of winding

the wire on the permalloy core. The voltage output iss

Ep w= .gé’. x 108 (80)

N = number of turns in the coil.
¢p = flux in the permalloye.
There is also a second voltage induced in the ooil;

Bp ==A 5 x 1078 (31)

A = affective area of the coil for magnetic flux.
B = megnetic induction field outside of the pérmalloy
but threading the coil,
This latter voltape is undesirsble and unless EB<< Ep the identity of the
peeking strip pulse may not Le well defined and the rise time will be too
great. The eres, %, wes minimized by using very small wire (42 B & S gauge)
for the winding and further by the use of a machine whereby the winding was
pleced directly on the permalioy core with a minirum possible are enclosed.
By these techniques it wes possible to wind 500 turns of wire with & negligible
effective area,
The pesking strips showed the following general cherscteristiocs:
(1) The pulse amplitude inoresses with inoreasing N,
(2) The pulse amplitude inoreases with incressing oross-section
of permelloy.
(3) The pulse width decreases with increesing length of

permalloy core.
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(4) The pulse width inoreases with increasing cross-section
Bres.

(6) The pulse width decremses if the coil is placed in a region
near the center of the permalley and is short compared
to the length of the permalloye

It would appear that (2) end (4) are in opposition, however, the effect
of (4) is due to eddy currents whioh can be materially reduced by the use
of lemineted cores. (3) end (5) are somewhet similar effects heving to
do with the fact that the leekage flux near the center is reduced by
increesing the length of the pemmalloy snd the rate of chenge of flux is
a maximum where the leskege is a minimum.

The final desipn is shown in Fipgs. 26 and its output signel es
viewed on a synchroscope is shown in Fig. 26. The core consists of two
leminations of .00l x ,010 inch permalloy insulsated by & glyptel film.

The refp of rise of the steepest portion of the leading edge is sbout 5
volts per micro-second. No jitter is detectable on a one micro-second per
inch sweep on the synchroscope. The ¢oil has 500 turns of 42 B & § geuge
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 laminations with'colluloso tepe, Difficulty is sncountered
in using narrow widths of permalloy because they are not aveilable commercielly ¢
and sheering after heat trestment inevitebly leads to e decreass in the
effective permeability. Rough celceulations indicate that for a .010 inch
width the effective permeability is approximately 1000 which is aebout
2 percent of that for the commercial permalloy from which the strips were
cute This includes the effect of stray capacity and the loading of the

peaking strip ooil which are not easily distinguishable,.
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PEAKING STR!P AND MOUNT
FIG. 25

PEAKING STRIP OUTPUT VOLTAGE WAVEFORM
2 MICRO-SECOND MARKERS , AMPLITUDE=3.6 VOLTS

FIG. 26 : 0Z 402
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- Exporiments to determine the effect of rotating the pesking
strip in the field show that its vertical positioning is critical only
to aboutllo degrees of arce For angles of inclination of the exis of
the core with respect to the field lines greater then 10 degrees a shift

in time phese is noted due to eddy ocurrente in the psmmalloy.

\
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BQUIPHMENT
£+ General
As =2 result of cseloulations, experiments and genersl design
prooedure, oonsidersble equipment was sssembled to sugment eand fecilitate
the investigations and adjustments described asbove. This squipment was
in many respects similar for the separate tests and it wes desirsble to
coordinate the various tests so that they could be mede &s nearly simultene-
ous as possible. The equipment was roughly divided betwesen two locetions.
The first wes in the field proper or near it and consisted of the probing
end pickup devices and mssoclated equipment. The second location.oﬁntainod
the mmalyzing and controlling equipment and wes located alout twenty feet

from the megnet.

Bs Field Eguipment

The pickup equipment in the field has been described previouslye
To obtain the single turn orbit loop and adequate means for positioning
the ssarch ooils and peaking strip coils as required, & temporary track
structure made entirely of textolite was built., One of the problems of
precise magnetic measurements is to obtain date without affeeting the field
locally with the pickup devices. This is perticularly true of time verying
magnetic field measurements because in any conducting materiel introduced
in the field eddy currents will be induced, which in turn cause phase lags
locally., Such local varistions, even though small, could seriously affect
the accuracy of measurements because we were interested in varistions of
a few tenths of e geusse. For this recson the entire supporting and position-
ing system wes fabricsted from non-megnetic non-conduocting meteriels,
principelly textolite. The track structure, shown in Fig. 27, was assembled
ineide the vecuum cheamber before the top section of the megnet yoke wes
1nst§11ed and removed sfter the tests wsre completed befors the quartz

donut wes installed.
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The track sssembly consisted of a fixed track which supported
and positioned accurately e mobile ring. The ring could be rotated by
meens of a belt in a Vegroove, The track and the ring were esach composed
of sixteen identicel seotions connscted together in m cirele by junction
plates. The fixed track was positioned by secondery supnorts which were
in turn clamped by a primery support which bolted directly to the ports
of the vacuum chembers The separaete components of the system are shown
in Pipe. 28. Acourete positioning of the track was obtained by redial end
vertical adjustment of the secondary supportse. For ease of operation of
the mobile ring on the track, two "ways"™ were milled onte the horizontal
surface and forty-eight wheels inateslled to Lesar on the inner vertical
surface of the ring es shown in Pig. 27, The extreme radius was merked
in 1/4 inoh intervals for loocuting eny szimuthal position aoourétcly. A
V-groove was milled in t he central vertiocel surface for the single turn
orbit loops The search coils and peaking strips were mounted on the track
with plastic screws. The leads of each of these coils was & twisted peir
of fine wire sheathed in tremnsflex tubing and clamped securely to the ring.
These twisted pairs passed out through & designated port and wers connected
to coexial cable plugs for finel distribution. Desides this mobile equipment
there were four permanent peaking strips for use as triggers end e reference
¢oll goniometer mount shown in Fige. 30. The system is shown diegrammatically

in Fige 294

Ce. Interconnections
The interconnections between the synohrotron position and the
remote operating position consisted of a series of coexial cables, the

systems being otherwise independent.

ot
De Analyzing Equipment

The equipment at the enalyzing position wes for the most part
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2. MOBILE RING
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stenderd cathods ray oscilloscopes and synchroscopsg. The following
list details the types of CRO and suxiliery snelyzing equipment used.
Du Mont Type 208 oscilloscops modified for use with an external
trigpoer. |
Du mont‘Typo 248 synchroscope. ‘
TS-28/UPY radar synchroscope.
Furzehill Type 1684D oseilloscops.with d-¢ amplifiers.
Amplifier~Intsgrator Unit (see Fig. 31).
Orbit coil attenuator (see Fig. 354).
Peaking strip biaé'supply.
The use of thess verious instruments will be detailed in a later

Qgction.
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50
ADJUSTHERT PROCEDURE

Ae. Genoral

The besioe msthods to be applied to the field messurements have -
already ‘l;een sot forth in an earlisr section end 1t remains to make an |
explicit eccount of the application of these methods to the adjustment of
the megnetic field in the Berkeley Synchrotron.

The megnet is so designed that the top portion of the yoke is
e single unit which 18 set in pleos as the last step of the esaembly. It
was predieted, and experience hea corroborated, that the removal and re=
plagement of the top yoke could bve accamplished to an‘ acouracy whioh would
not materielly affect the magnetic fisld oonditoms. This allowed the
installation of the field measuring track and sssociated equipment in
the magnet gap without the quartz domut in positiony After the meesurements
wore completed the top yoke was lifted off, the field measuring eqnipmonﬁ
removed, and the quartz donut instaelled.

In msasuring time verying magnetic fislds comsidersble care must
be teken in the physiocal geometry of the elsctrical circuits so as to
minimize voltages induced by the magnetic field which might alter ths
results obteined. Particular care must be teken to gee that no loops which
mey be threaded by flux are slloweds For this reeson twisted psir condustors
were used exsclusively in and near tho magnet gsp and coaxial cavleg in all
other sirouits. Also only onme pround point was used in wvny particular cirouit
to avoid posaible flux linking loopss Some elemsntery tests were run on

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

no diffioulty wes snticipated or encountered.

Be Heximum Field Measurements
Ho direct adjustment wes provided for the azimuthel veriation

of the maximuin induction field but en investigation was made and the results
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are plotted in Fig. 32.v Two systems of buoking coils wers placed on the
orbit, one for the goniometer at e fixed ezimuthsl position and the other
on the mobile ring. The goniamete} systen wné mede up of two coils, one
having en area sbout 8 percent less thsn the search coil on the ring and
the other about 14 porcent of this area., Ths larges one was mounted under
the treck on the seme verticel axis as the emall one. The small one was
motunted on the goniometsr shaft. This allowsd & vernier adjustment of a
little more than & 5 percent of the field at the goniomster position. As
indicated in Fig. 32 the maximum deviation of the fﬁold is about le3 percent
from the aversge. This wa; not considered to be outside the sllowable
tolerances. All of the colls used were made of a single laysr of 28 B & S
gauge .Formver covered magnet wire wound on cerefully mechined canves
bakelite forma. The arses were ocelculated from the physical geometry.

The output voltages of these two systoms of colils were connected im

geries buoking, intsgrated end presentsed on the Du Mont Type 208 CRO
triggered in synchrohism with the magnet. The circuit is ehown in Fig. 33.
Using the preemplifier in the Amplifier-Integrstor unit{Fig. 31) to obtain
very high emplificstion, the goniometer was rotated until the trace wes
most nearly e stiraight horizental line near zero fields A complete cancel-
lation of volteges for the entire cycle cannot be achisved precticsally
becauge of the varietion in the phaese and the rate of change of field with
azimuthe A zero point for the gohfometer wes established by presenting
only the voltage of the small coil on the 8RO and rotating it until a
voltege minimum wes obteined. The reference gero point was exsctly 90 dogrecs
from this positions The angle through which the goniometer was roteted
from its zero positioh in order that the two coils enclose the same number
of flux lines wees read eccurately from the vernier protractore. This deta
wes obtainsd for esch ten’inch increment of aszimuth around the orbit,.

The effective erea of the goniometer coil was calculated from the angle
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through which the small coil was rotated. By normalizing seperate resding
£o the point where the search coil and goniometer ceils had colnoident
vertical eaxes & plot of relative meximum induotion wee obtained. In order
to calibrate this ocurve on an sbsolute scale, e single coil was used et
the goniometer position, its oﬁtput integrated and calibrated as set forth
in Appendix Be From this velus and the releative data taken with the two
sots of coilas the ebsolute field for all the points wes obtained. The

deviations of these points from the average value are plotted in Fig. 524

Cs Beteatron Acceleration Condition Measurements
The theoretical betetron condition which must be satisfied is
‘&o ® 2¢rr§ ﬁo as previously notsd. Toehieve this condition the reluctance
of the magnetio cireouit in the flux bar peth must be sultably sltered xo
thet each flux bar shunts the proper proportion of the flux dewn through
the center of the orbit. This was done by shimming the flux bers out from
the yoke slebs the proper emount es determined by visual exsmination of
the betatron condition on aJQRO‘
A further aéjuatmcnt of the position of the betatron period
with respeot to the zero fiesld point was obtained by the use of a d.o.
bies coil wound around the flux bere as shown in Fige. 34. The circuit used
for exemination of the betatron condition is shown in Fige. 35A. A typicel
CRO pattern obteined when the proper condition is satisfisd i; shown in
Fige 36Be The particuler choice of the Furzehill CRO with direct coupled
qmplifiera wag made to insure that the base line of the trace was the
point of cero voltage éoross-the input terminels. In RC coupled emplifiers
"this is not necessarily trus because of the cherging of the ooupling
cepacitors. Anothor adventage of the Furzehill CRO is its ebility to
display without distortion a very small portion of the total verticael

swing of ths input signale This is Sllustrated by the fact that Fig. 32
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shows only about five percent of the imput signal on the seresns In

»

order to view the pattern on & triggerod swesp an externsal sweep derived
from the Du Mont Type 248 CRO was placod on the horizembal input terminalse
The orbit coil attenustor constant, as derived in Appendix D, ies

Ago 1864 .4

211’xz'°E 2 x 1055‘

= 0302

where r, = 100 om
B o = 186444 am?

This velus was not in & convenient renge for use with a General Redio Type
'654A Decade Voltage Divider and further, the applied voltage of nearly
200 vplts excesdod the rating of the Divider. To avoid these difficulties
& carefully calibratea‘ resistance of 80,000 chms wes inserted as showm in
Pig. 35A. This made the Decade Box see one~-tenth of the orbit coil voltege
(the Decade Divider has a constent input impedance) end its new reeding
for the proper conditions was o302

The procedure for detemining the existing flux condition at
any time was to move the seareh coil by ten inch increments aeround {he
track, adjust the attenuator until e pattern es shown in Pig. 35B wes
cbtained, and record the attenuator setting. The flux asting on an' orvital
slectron would be the average of these reedings. Fige 86 is a plot of the
azimu‘;m}. varietion. For each set of reedings & flux bar sdjustment was
made, If the éverage setting wes too high, the central flux wes too low
and the flux bars were moeved closer to the yoke, thus decresging the air
gepe 41l the flux bar gnps wvore mainteined equal except at the f@r sorners
where there were mechanicel obstructions which mads this impossible. The
finel gaps were .80 inehss for the corner flux bars and .86 inches for the
other fourteen flux barse

The probable lngth of the betatron sccaleration period wee aiso
investigated and found to be spproximately fifty mioro-seconds if a

one percent veriation of the betatron flux from the theoreticel vealue is
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ellowed. This value was estimated on the basis of thsoreticsl congiderations
as & reasonable value of sllowed veristion beyond which there was a good
probebility that the electrons would be thrown into the vecuum chember wells,
On the basis of laster experience with the olotron beesm this value was found

to be more nesrly three percent,

Des Phese Adjustrments in the Azimuthal Magnetic Field

Iwo independent metheds for edjustment of the azimuthal phase
wore provided in the magnet construction both employing the same besic
principle which is elaborlated in Appendix P.» A coerse adjustment was obtained
from aﬁﬁw turn ocoil v}ound around each separate slab int he North and
South ende of the megnetic return peth as shown on Fige 2. PFige 37 48 &
pisture shoring some of these colls. The terminals for each of these coils
were brought out tv sepurate varisble resistances. As indicated in Appendix
F if current is allowed to flow in such a coil the flux in its ares of
influence will be dslayed by en asmount proportional to the empere turns
of the coile This allows an adjustment to be made by delaying all the
slabs to the one with the greatest inherent lag.

A more rbfine-d ad justment of the phsesing wes ;:bta.inad by the use
of a sories of radisl wirgss. spassd one-helf imh‘ spart, and located betwesen
the pole base wedges and the pole face mdges ag ghown on Fige 2. Both
ends of each of these 1020 wires were brought to terminel boxes in such
e nenner that interconneetions could be mede to form oormﬁting loope of
nearly any desired ares. In order to mske the system more vorsatile a
series of verieos, by moans of which a voltege of either polsrity could be
applied to the radisl wire compensating circuits, were conncoted as .ehovm
in Fig. 38. 1In order to conserve power, to sttain greater adjustment
renge with small veriac ratings and to increase the stebility of operation
these variece wore energiced from the pulsed magnet excitation voltage.

This was accomplished by plecing two single turn loops sround tho magnet

4
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excitetion coil tanks, one ebove the pap and one below the gep. These
loops asotod exsctly aé the secondary windings on & trensformsr end their
output voltages were furthor t(ransformed to a usable level and fed into
the verisos as shown in Fige $58. Byladjusting the magnitude and polarity
of the voltege output from the variscs the phasing may be adjusted oﬁar -
wide ranpe leading or lagging as recuired to obtein e "fiat" (uniformly
phased ) field.

The messuremente were made with e peeking strip mounted on the
mobile ring with its cutput pulse presented on a synchroscope with a writing
speed of four micro~seconds por inchs. The synchroscope was triggered‘by a
fixed pesking strip bissed to trigger at = suitable time previous to the
earliest soro field time in the magnet. The time botween an srbitrary
reference point on the sweep end the zero field time for one imch inoremente
of szimuth was reocorded, plotted es shown in Fip. 394, end amalyzede On.
the baesis of this azialyais a now adjustment wes mede and the oycle repsated.
The actual adjustment procedure proved to be fairly simple. The phasge plot
with no oompeuaatioh ig shown in Pig. 3%Aalong with the plot for the final
compensations The initial step was to delay the North and South ends of
the magnet in order to remove the oltwious second harmonic. Then the fine
ad justments were mede with the radial wires. Identical edjustments were
made in the radial wire circuits ebove end below the gepe A gingle variec
was used to feed s complets quadrant of the magnet, The orbit is 255 inches
in circumference and with a Qirﬁ every one-half inch the total number of
wires above the gap is S510. There are the ssme nmumber below the gape. The
total numbér of wires finslly used was only a few percent of this as is seen
in Fige 40 whioh shows the actual connections in the megnet. Also shown
on the diagrmn ere the quadrant coils for variations in the second hermonic.

The impertent field veriation is that nesr the time of injection for at

this time the veristion is the lerpgest percentege of the total field.
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Investigation showed thet the second harmonio componént of the azimuthal
fisld chenged with pesaking strip bims as a resuli of ﬁhe difference in
the rate of change of field between the north-south and cast-weet exes of
the magnet as indicated in Fige 36. For this resson the {ield was compensated
et the predictsd injection field of eight geusse. The quadraent ooils ﬁerb
used as a vernier sdjustument of the difference between actual and predicted
injection points.
Beonuse of tho difficulties with stertimg trensisnts it wes
found desirable to plsoe & d-¢ magneﬁio tieg field on the entire maghet
so that the zero field point scourred about fifteen micro-seconds later
than with the unbiassed condition. This required about 100 empere-turns
end was accomplished by using 8 turne around the outside of the exoitation
enil tank. The current wes about 12 amperes for setisfsotory operatione. -
Original designs oalled for opesration on the second hsalf oycle
which would have avoided thi; difficulty but investigeticn revesled 2
renanence ef'fact which increeses the amplitude snd number of phasing
variations by en order of magnitude compered to the first half cycle
operations. Figs. 394 end 398 show the phage plots for the two types of
operatione It is interesting to note that it was only by chence thet the
raepid variations of Fige 398 were identified ss a remsnence effect rather
then an eddv current effect, At & time when only the north-half of the
flux bars were installed a phese plet was made and found to have ess&ntiallj
' the seme pattern es for all the flux bars in plece., If the effect ware
dus to eddy currents thers should heve been less violent varistions on
the South side, where the flux bars were missing, bocause a> in these slebs
wes less thmuib in the North side and eddy currents are propertional to 2b'
(or B es shown in Appendix A). This left only the possibility of remanence.
To verify this the machine was operated st 30 cycles. If the effect were

eddy currents all the veristions should be the same ss for 60 oycle operation
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vhen expressed in terms of time as indicated in equation (3). However, if
the offect wers remenence tho‘variatiena should be double their 60 sycle
values as indiested by equation (5) because Ebso ® 2?»50 for = givenqu max,
By this test the effect waug definitsly identified esg remanence..

it is soen in Fige 39A thot the remanence variations are ecsentially
geroe This is the result of the transient oseillation showm in Pige 12A
which demagnetizes the magnet. This osciliation is set up in a circuit
oonsisting of the magnet inductence and the stray especity of the excitatien
eircuit. It is seen from Fige. 39A that the maximum excursion of the field
after compensation is spproximately <6 micre-second. I{ is obvious that
the first thres ﬁarmonica are of very small emplitude and ebove this value
of £ in equation (1) the sttenuation factor becomss so great that the
sumnetion is not seriously effectede. It wes not felt that the accuracy of

the measurements or the labor involved justified & Fourier analysis.
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CONCLUSION

It is importent to note that the above adjustments were nade
on the bagis of estimated requirsments vhich were in svery cess ag stringent
es it wgg bolieved possible to achieve in practice., Little was imown
about the éxect requirsments of magnetic fields for this type of particle
acoelerator and the theory is vague ebout absolute criteris.

With this in mind it was not too surprising to find, after
obtaining en electron bemm eccelerated for e number of revolutions, thet
. the requirements sre actuslly considersbly leas rigorous than our design
requirsments. .

The finel operating compensation consists simply of the radial
wire circuits oonna?tad in eight equal portiona sbove and below the orbit.
Such en arrangement ofootent coils ellows control of the fundamentsl and
lower harmonics. This is in agreemsnt with Equation {1} which epplies to
first order offects. This first order theory for staeble electron orbits
appsars to bs edeguate. It was believed that repid veriations in the
azimuthal field mipht introduce second order perturbations in the orbite
sufficiently lerge to bs troublesome. In actusal préotioa the machine was
operaked using the first guertsr oycle and the third'quartur cyole aé
sccelerating periodss No apprecisble difference in ocutput was noted in
spite of the fact thet the 3rd quarter oyele has a large number of repid
varistions with high emplitudes in the sgimuthel field., The firet order
corrections were found to be extremely importent end reguired s vafy high
accureacy of adjustment. ‘

| In the early psrt of uécembar, 1348, an electron beem of epproxi~
mately 300 mev wes obtained, end using =« urenium target, gemma reys have
been produced and detected by a number of different methods including zeus
msters, photomultipliers, cloud chembers, asnd loniszation chambars. Mesons

heve definitely been identified in nuclear plate exposures end meny experie=
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ments are possibie at present. Much adjustment snd development work on
the operation of the maechine will bs necessery Yo achieve ths optimum
parformence.

I would like %o express my profound thanks to Dre Wilson Powsll,
Dre Eo Mo McMillan, Mr, Mervin Mertin end the entire synchrotron gtaff for
their private interost mnd sugpestions. It was indeed & pleasure to work

for snd with such 2 group.

This work was performed under the auspices of the Atomio Energy
Commissione.



AFPENDIX A
EDDY CURRENTS

In time varying megnetic circuits loss currents are set up
within the iron dus to its conductivity. Such & current can he expressed
in terms of the rate of chaenge of flux enclosed in & given loop. These

loss currents can be limited by lmminating the iron. Consider e single

~ lemination aa shown in Pig., 4l. In order to simplify the caloulation:

l. Lssume a>>>b. This will invariaebly be the cese
for good design.

2. MNeglect end offects by assuming the height of the
lemSination infinite. (Justification for this appfoxi-
mation will be made later.)

3. Assume uniferm flux density over the x-y face of the
lomination. |

4, Assume that the {lux enters slonpg the z direction
(nrormel to the x-y plane).

Faraday's induction law
f&'dﬂt--%gfﬂ-nds l (32)
where & = eleotric gradient
B = magnetic induction

From (2) we can assums the electric gradient hes only a y-»odmbonen{; and
is uniforms Very near the ends this would not be exesctly true but in view
of (1) they will contribute little to the total fisld. If we designste
the elsciric gradient at some distance x from tho origin as 8x and the

total voltage around the circuit as E.:
2
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'Ex. 2 - %:E[Zaxli]

c = 2axB x 1078 volts

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

E
= X
a1,

x
o L. ef2a) _ 2P
% odx cdx

~2ex 3 . oxdx » -3
de-WH- "'F-'—'Bxlo

odx

(33)

where £ = resistivity in ohm = cm

then: -
I .= *-mtz'g'g“— x 10~8 superes (34)

For x = b

-x 8z 108 smperes ' (35)
The field arising from the current dI, will be:

- _-4ﬁoxdx
L 41‘((de) -'—i-ag;:— (36)

The everage velue of magnetic field intensity per centimeter of length of

path will bs:
4'n’cx
A_an )
- ﬂsz
m oersteds ‘ (37)

For a typical lemination in the synchrotron
b » 014 in. = 0355 cm.
P =~ 150 x 10~° ohm-om.

B~ 1.4 x 10% gauss/asc.

s - (+0365)2 1.4 x 106
i 3 x 150 x 108 x 10°

= =,0123 oorsteda/cﬁ
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Eddy currents and their resultent out of phase fields sre
troublesome from e magnetic field standpoint only when they are not
uniform throughout the magnetic struoture., Non~uniformities ceuse phese

-varistions. Such non-unifommities are due primsrily to varishle interlami-
nation resistences which allow currents to flow from one lemination to
snother.

From & design stendpoint eddy currents ere important because

they represent e power loss. If we use the power represented by Equation

dPy = 1/2(ar.) . R
2,6 2
_ 0222(ax)" (Bmax) (zw)]
1/2 [ P ) odx :
ecx2dx o ?
- P ( Bpax

Then the total power lost in & dlab of thiclkness b is:
v/2
3 .
b ach” e 2
' Pd - idpx = =5~ (Buax) (28)

Bquation (88) shows clesrly the importance of thin leminations to limit

eddy current power loszses.
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APPENDIX B

MEASUREMENT OF THE MAGHETIC INDUCTIOR FIELD
- VA change in magnetic induotion fisld can be measursd by meens of
e ssarch coil 4f the induced volteage in the coil ig integrated. The induced

voltege is: 4B -8
E ==p -5»; x 10 (39)

E = induced e.m.fe in the coil,
A = effective ares of the ocoil inflom.?)
B e magnoti# induction in geuss.
If the field poes from en initiel value B1 at time ¢, to some final value

st time &, then: &

2

- 1 w?j[
B, = B =% x 10 E(t)dt (40)

Y

Then if we can cbtain the integrel of the e.m.f. from an electrical eircuit

By

the change in B ocan be meesured. Such en integrsl ocen be obtained by

using en RC integretor ee shown in Fige. 42:

SEARCH
cOotL
L
ia"’ ‘
INTEGRATOR _
; a
B(6) = iR + Ex(t) = R 33 +§. : (41)

Q = charge on eapacitor C.
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This is & differentisl equation with solutions of the form:

b(to=t,) “2
Q = as~P(t2"ty) ~—°«-—-—-§-—-—-’=—/ 2 E(t)dt (42)

Cese I The Megpetic Field Veristion.
E(t) is not of s form which lends itself to integration mathee

matically end further complications urise from the exponentials. We require
e forms Q 1 ¢
EB © e = ol E(t)dt (43)

0

In order to epproech (43) prscticelly it is necesssry to determine the

congtant b = 1/RC in such & wey that the exponential terms in (42) have

a nepligible effect during the period of time thet we are interested in
' to=t

exanininge This can bs done by letting "iﬁ'ﬁ}" —> 0. Assume G, = O &%

t =t =0s Then o =o and (42) becomes: v ,

t tZ(f.g
Q= ..z‘,é.??.. Y B(t)dt (44)
[+]

The megnetic field soes through its eyole in 1/60 = ,015 seconds. Then
if wo set a lhﬁit of verietion of 1 percent on the wvaristion of the exponential
term during this intervsl of time:
t,
T, <99

@

t2
- e[ (,99) ® =01

RC 2z _‘036 = 1.6 seconds
2

The second exponontial, ® = gcannot be trested in so direct = manner since

it ie under the integral sign but by us-ing the mzen velue theorem for

intogralss - t2 t' %2 o1 fz
, W, @ NI - )
Q= 22 . n(t)at = . B(£)db (45)
0 . [4]

whaoye 0< ¢! <t2
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Then it cen be said that the integration performed By e network with the

constants avaluéted above will always be better then indicated by the way

they ware dorived besause t,/RC D(ty - t9/RC. Under these conditions:
%2

Eg(t)= ‘PliC’ E(%)dt (48)
[+]

Case II. A sihusoidal variastion of E(t).
E(t) = E, sinwt (47)
Then in the stesdy state condition a solution of (41 is possible:

Q = q sin(wt - 6)

Q¥
E
Then - Eg(t) = .%- © o sinft - 6) (49)

for BCw>> 1

B
[s]
Ev(t)~m~ cog wt (50)
Let RC = 2 end w= 2x 60 = 377, then tan O= 754 end © =~ 89° 55' snd the

integration is exact to within 5 minutes of arce

Field Calibration.

Eqs. (46) end (50) provide a means of calibrating the field change By = By.
If we present Ep(t) from (46) §n a CRO end set the vertical displacement
from zero field to meximum field to som® convenient amplitude then we 'cnﬁ ’
place a sinusiodal voltage Ev(t) end adjust its emplitude to exactly the

same wvalue. Then we have:
Bp(t)nax © Ey(t)nax

2 Eq (61)
E(t)dt = =
. [+
in which E, oan be measured accurately emnd w is kuowm.
' E
Then from equation (40) By = By = A:) x 10%8 (52)

whore all the qudntitioa on the right hand side are known and hence the

difference in fleld is determinoed.
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APPENDIX C

THE MEASUREMENT OF SMALL DIFFEREBNCES IN INDUCTION FIELD

WITH SEARCH COILS

If there is a difference in the megnitude of the magnetic field et
two points within a given time varying magnetic field region, it ocen be
measured by bucking the outputs of two searoh coils located et different
points in the field.

The resultant voltaege obtained from ¢wo such coile will be the
veotor difference of the two separate voltages. Aesuming the voltages to
be very nesrly in phase:

E = [Al By = A, sz -ﬂgéﬁl x 1078 (53)
where: E = resultent voltagse
W = gngular frequency of the magnstic field
Bl = maximum field for soil #1
B, = maximum field for coil #2
A, = effective area of coil #1
A, = effective aree of coil #2
£(t) = magnetio field varietion with time
‘Qonsider the conditions that exist in the actual test setup where
A, is free to move in the field and Az is stationary et some reference point
in the field. Ay oonsists of two coils, As fixed, and A4 free to rotate
about an axis perpendicular to the fields In general Ag + A">A1. If 6 s
the angle of rotation of A4 from its maximum effective area then:
Ew= {A]_Bl- By (Ag + Ay 0086 )]%t‘)' x 1078 (84)

ar(e)
R

- X . x 10~8

This ocen be integrated as set forth in Appendix B, in order to obtain a

voltage Eg proportional to the chenge in field.
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The most scourste sdjustment which can be made with such a system
is that for EB s 0, For this case:

AB, = B, (A3 + b, cos o) (55)

If we denote the field at any general point, n, in the region by Bn and
the anguler rotation of A, which satisfies Eq. (55) by ens
AyB, = By (Ag + A4 002 ©) (56)
Consider the cese whers Al is at the same geometricsel position as Aa.,
4
then B, = Bye Denoting this sangle of rotation by'ehz

1 8 Ta R
Shbstituting this into equation (55):

A, ®= A +A o086 (87)

(A3 * A, OOBQR) B, = By (As + Ay oasen) ' (s8)

Bt s, -
82 AS + A4 Q08 GR )

The right haend side of this squetion 1s oompletely detoamined for any
position, n, snd hence B, is known as a ratio with- By end a reletive field
plot sueh ag thet shown in Flige 32 is possibles This date ¢en be obteined
%o & much highef depgree of amocurscy than is possible using & single coil.
To illustrate compare the two cases, It is quite feasible to read & CRO
trace to 06 inches. Using a single oocil the meximum ;»oaaiblo sensitivity
would be ebout four inches for 10000 geuss. The possible error in this
case is ebout 1.25 percent. Using the method outlined above,the sensitivity
can be inoreased, using en external emplifier, to five gauss per inoh.
This corresponds to .0025 percent error. The disorepancy is not quite so
grest ss this would indicate beosuse there is also a fraction of a percent

orror in the reading of the angle.
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APPENDIX D

THE ATTENUATOR CONSTANT FOR THE BETATRON ORBIT OOIL

Given a single turn orbit ooil and a search ceil of effective
electricel arsa A, it is desired to match the two voltages from thege coils

to determine the fullfilment of the betatron condition.

¢ eme?m (80)
L] - 8 i "
N=E  x 10 ‘ (81)
: 8
A H, =E  x10 : (62)

where: Ho = field intensity et the orbit

ro » radiug of the orbis¢
E, o ® orbit ooil voltage
Esé = gearch coil voltage
Aso = effective ®laotrical ares of the search ooil
¥ = one turn
2
A zwro
then Eoc ﬁ'—E;;— Eac (63)
E
and K= EFO » .l = attenuetion ratio (64)

2
oc 2Trr°

[
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APPEHDIX B
PEAKING STRIPS

A
Given a ooil of X turns of wire wound sround a strip of permelloy
of cross~sectional area, f. If placed in & magnetic fisld with rate of

change of flux, %% s & voltage will be induced:

E--N%x)ﬂ's % (88)
where E is the s.n.f. generated by changing flux in permslloy. |
vut ¢ = 4B = nE
whore B = magnetic induction in the permelloy

H = magnetic intensity in the permslloy
b = perméability =~ 50,000

Then
EH-KM%;‘:IO"B | (86)

However, the permelloy seturates near H » .1 ocersted end for all
valuss of H grester them this the effective velue of w 4s l. This meens
thet E iz present for e very short time while H goes from =.1 osrsted to

+.1 oersted es indleated in Fig. 43.

‘02 "ol 0 01 02

IDEAL PEAKING STRIP VOLTAGE
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rsouming H = I £(t) = I ax sin th squation (68) besomes:

E =« N A Hp,, cos 0% X 1078
Brax ™ =8 A Hpo o x 1078 | (87)
N = number of turns on coil
A = area of permslloy
Hoax ® Meximum magnetie intensity
w e 27 » anpular frequency of field variation
U » average permeability of permalloy

% 50,000 (u; .. = 100,000)
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APPEXDIX F
ARALYSIS OF; A LOOF fROUND A TIME VARYING FLUX

Exemine a region throughout which there exists a time varying

flux: ’ ¢1 .¢

If e coil of N turns is pleced eround this reglon as indicated in Fig. 44

1 max 8in©t (e8)

a voltege El will be induced:

E, = - Ng-.g x 108 velts
© - N%Mgohx 10*8 oo8 wt

® K. sin(wt *‘%:) (e9)

1
If & resistance R is placed ecross the terminals of the coil, & current Il

will flow and: Ey

11~§—=§lﬂm(w*“§) (70)

This current, L» will produce & flux ¢2 in the region enclosed and:

Nq»z = LI, x 108 (73)
$, - % 8
2 ° W Kl cogwt x 10
‘L¢ 1 max™ .
- R cogw b (72)
Then the totel flux (bt within the reglon is:
¢t * ¢1 * 4’2
- ¢1 m(sinu)t -u-%'- cos wt) (78)

If a generator is added es shown in Fig. 45 with a voltage, Eg‘ proportional

to El’ 8 noew ourrent I; will flow:

By + E
I" 1 g
1 R

L
E =
: g KZEI

v BB CE B (K e)
I. = »
1 R R

(74)
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the constart Kz depending on the polarity end megnitude of Eg'
If K2> 0 a phase lag is accomplighed of greater magnitude than
for the case where no generator is present, If K2< 0 the phese lag introduced
by the current ;1 is opposed and if the magnitude of Eg> El the phase in
the region leads the phase it would have 1f no closed loop were present.
In the actual oese the induced voitage El and the generator voltage E g were
not identiosl functions of time. This was not serious because ths interval
in which the adjustments were oritical was only a few micro~seconds long
and the curves were sufficiently matched during this time. The actual

waveform for El ig shown in Fige. 124 and E_ is essontially a cosine function

&
of the sams fundementel frequency, 60 ovoles.
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