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INTRODUCTION

The Berkeley 300 Mev synchrotron was constructed under the direction
of Professor E, M, McMillan, The author was assigned to the project in
June, 1947, The probleﬁ was to develop, test, and have ready for operation
a complete radiofrequency acceleration system which could be used with a fused
silica, or quartz vacuum cheamber,

C, S, Nunan, J, V, Franck, Jack Peterson and the author were assigned
to work on the various aspects of the problem under the direction of Pro-
fessor A, Carl Helmholz, The successful solution of all the problems in-
volved in the radiofrequency system was the result of much effort and coop-
eration by all members of the group, This paper discusses mainly the phases
of the work for which the euthor had the'most responsibility: calculations of
Q, lcsses, and frequency swinging; preparation and electroplating of the quartz
resonators; Q méasurements and tegting of the vacuum seals,

The work was performed under the auspices of the Atomic Energy Commission,



B
PART I, DESIGN SPECIFICATICNS AND CALCULATIONS

Chapter 1, Description of the Synchrotron,

The symchrotron is a device for accelerating electrons to high energies
in & circular orbit, The principle of accelerating electrons in a changing
megnetic field by means of an electric field was proposed independently and
at aboﬁt the same time by E, M, McMillan<l? end V, S, Vecksler(z) as a means
of obteining high electron energies without the limitations inherent in the
type of electron accelerator then in existence, the betatron,

A complete theoretical discussion of such effects as stability, oscil=
lations, end demping, which occur in the acceleration of electrons by the
synchrotron has been given by Bohm and Foldyo(a) Brieflya synchronous "ac-
celeration® can take place in an orbit of almost constant radius when the

velocity of the electron becomes nearly that of light, The period of revo-

lution is *the circumference of the orbit divided by the welocity of light
and it is this value which determined the frequency of the accelerating

voltage to be spplied to the gap in the electron orbit, The stebility

sonditicns of the synchrotron indicate that the electron will gein

energy from this accelerating field when.the magnetic field is increased,
and lose energy to it if the magnetic field is decreased, It was shown in
reference (3) that the mesn sngular velocity of the electrons cen remain
constant, end small differences between the electron veloeity and the velo-
city of light result in a smell decrease in the radius of the orbit, The
perceﬁt of final orbit radius as a function of energy is shown for several

rvalues (assuming infinite energy is 100 percent)o
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TABLE I

Energy Percent of Final Radius

10 Mev 55 4
50 86

0 94

0 98

0 99,6

0 99,9

100 99,998

300 99,999

The cost of an a,c, magnet is roughly proportional po the product of
the magnetic field strength squared and the volume of the air gap, therefore
it is desirable to have the space in which the maximum field is established
as small as possible, It is difficult to inject at energies above 100,000
volts due to arcing across insulators, Therefore, in order to avoid a large
shift in the orbit radius, it is desirable to use other means then. synchrotron
acceleration until the electron energy is such that the meen orbit will shift
only a few percent,

In the Berkeley synchrotron this preliminary acceleration is obtained by
betatron type operation until the energy of the electrons reach 2 Mev, DBeta-
tron operation is accomplished by flux-bars which shunt é portion of the mag=-
netic flux through the electroz}z\_orbit° This flux causes an accelerating vol-

tage around the orbit which by Faraday's Law is:

v = 1078 U//ﬂﬁds | (1)
S ' :

volis:

where ¥ o=
B =.gau§s/éecond
; 2
s = area in cm

In the case of the Berkeley synchrotron, this voltage is equal to about

500 volts, When the electron energy reaches about 2 Mev, the flux-bars
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saturate and accordingly B through the orbit becomes small and no longer
contributes appreciably to the electron acceleration,
The expression relating energy, magnetic field, and orbit radius for an

electron traveling at a relativistic velocity is:

100 E
B,o = 3 (2)
where B = magnetic field intensity in gauss
o = orbit radius in meters

E = energy of electron in Mev

The nominal desigﬁ figure for beginning of saturation of iron is 10,000
gauss, Substitubting in (2), one can establish the relationship between orbit-
radius and maximum energys

E =300 . (3)

The rest energy of the meson at one time was presumed to-be about 100
Mev, end it was believed that nuclear reactions involving mesons could be
studied if electrons were accelerated to an energy more than twice this
value, Therefore when synchrofron designs were considered in several piaces
in this country and in England, it was desired that the maximum energy ob=-
tainable be of the order of 300 Mev, The Berkeley synchrotron was therefore
designed with an orbit radius of i‘meiér.

This chgice of redius meant that the frequency of the accelerating vol-
tage should be: .

velocity of light 3 x 108
circunference 2

frequency = = 4,7 megacycles per second’ (&)

In the Berkeley synchrotron, the magnetic field is excited by a charge

®This high frequency voltage is referred to as radiofrequency, and the
abbreviation r,f, will be used throughout this paper,
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which is stored on = large condenser bank, and then by meens of ignitron
"switch® tubes, discharged through the coils of the magnet, The resulting
magnetic field (neglecting the effect of the flux-bars) cen be expresseds
B = B,y sin 2m (30t) ' (5)
where B = magnetic field in gauss
t = time in ssconds

The fundamental frequency of the magnetic field is thus 30 cycles per
second,” In order that heating in the coils and the iron laminations might
be reduced, the large ignitron "switch" tubes allow a complete cycle to take
place a maximum of six times peé éeeondo

The electron energy as a function of time, assuming & B .. of 10,000

gauss and e radius of one meter, can be determined by substituting (2) in

E = 200 sin 2n (30t) (8)
where E = energy in Mev
Differentiating (6), ths rate of change of energy is:
B = 300 x 60 cos 21 (3C%) (7)
The energy gain per turn can be obﬁainéd by dividing (7) by the number

of turns per second, or frequencys

300 x 601 cos 2u (30%t) . (8)
47,7 x 108

e V in units of a million volts
Multlplylng (8) by 10” to obtein volts per turns

IV§;

v = 1180 cos 60nt (9)

Grlglnal design specifications called for the fundementel frequency to be

60 cycles per second, Operation at this frequency would increase betatror
acceleration voltage, r,f, voltage necessary, and eddy currents, It wouldalso
decrease the length of time for acceleration of the electrons to 300 Mev,



10w

Thus fhe meximum accelerating voltage is needed at the initial stage of
acceleration and is equal to 1180 volts, A convenient way of obtaining this
volt age at 47,7 megacycleé per second 1s by exciting & quarter wave coaxial
transmission line resonator with the accelerating voltege established across
8 gap at the open end of the line, Due to voltages induced by the changing
magnetic field (Equation (1) ) the metal used in the comstruction of a resona-
tor must be very thin and arrénged so there will be a minimum of.flux linkages
in order that the effects from eddy currents will be small, It is usually
necessary to make synchrotron resonators with thin strips of metal running:

perallel to the flow of r,f, current,

Chapter 2, Types of Resonators,

The magnet of the Berkeley synchrotron has an air gep which has a nominal
height of 3 3/4 inches, The effective magnetic fié}d extends over a width of
about 6 1/% inches, In the original design, rings which were the mechanical
supports for the pole tips,of the magnet were construcfed from layers of glass
cloth impregnated with permafill, a resin plastic, and these rings together
with the pole tips of the magnet formed the walls of & toroidal vacuum cham-
ber whose cross seétion dimensions were about four inches high by eight inches
wide, Helmholz, Peterson, and Franék(4) aesigned and constructed an accelera-
ting system consisting of five coaxial trensmission lines terminated in common
by a long coaxial condenser, Acceleration of the electromswas to teke place
on their entering the condenser followed by a period of drift time to allow
the r,f, field to change polarity after which acceleration again took place
upon their leaving the condenser, Becaise of the porosity of the plastic
walls of the chamber it was impossible to obtain a sufficiently good vacuum
té allow electron acceleration, and the system had to be set aside shortly

after many mechanical and electrical difficulties had been overcome,
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After the original vacuum chamber was abandoned, it was decided to con-
struct a vacuum chamber or donut from fused silica or quartz tubing, The
choice of material was dictated somewhat by manufacturing convenience, It
was thought possible that the donut might be constructed from glass; however,
no facilities were avai lable on the west coast for molding and blowing the
large irregular shapes necessary and_long delivery tiﬁe resulting from a back-
log of post war orders made it impossible.to accept bids from the large eastern
firms such as Corning glass works,

Ceramic materisls were considered as & possibility for the donut, but
shrinkage as a result of firing is likely to crack a large asymmetric piece,
so that it would have been necessary to make the donut from a large number of
very short sections which would have necessitated many vacuum seals, |

The Amersill Company agreed to manufacture the vacuum chamber from fused
quartz, Fused quartz is a very hard britﬁle substance with excellent elec-
trical properties, |

The most desireble shape from the stemdpoint of ease of manufacture and
utilization of space between the pole pieces or the magnet was a toroid with
an approximately ellipticel cross section, The verticel and horizontal eper-
ture of the vacuum chamber are dimensions ofuﬁtmost importance, The electrons
must meke meny revolutions before reaching the final'energy and residual gas
remaining in the chamber, in spiteof continuoué pumping by oil diffusion pumps,
can cause loss of electfons due to scattering to the walléo ‘Any increase in
wall thickness necessary for mechanical strength to resist the forces due to
atmospheric pressure results in a corresponding decrease in sperture and
consequent increased loss of electrons, Lloyd Smith of the Radiation Labora-
tory staff has derived an expressi on for theoretical loss of electrons in a

synchrotron due to scattering which is in simplified form:



x:u‘:‘i‘z;w

_ 358 x10t2 P p

Fraction remaining = Y = Exp
nxzAE x B x a2 (10)

orbit radiug in meters

2}

where r

3
i]

pressure in millimeters of mercury

n = magnetic field parameter
AR = energy gain per turn in glactron volts
B: = injection energy in electron volts

8 = vertical aperture in inches,

The magnetic fleld parameter n is given by the expressi on:
" To\?
H = HO(;_ (11)

where H = magnetic field strength at radius r

H

o magnetic field strength at orbit

[}

i

r orbit radius

o
r = distence to cenber of orbit
In the case of the Berkeley synchrotron the design velue of n is 2/%,
and as stated.before the radius is one meter, and the energy gain per turn is
500 volts, As a basis for design specifications it was assumed that the maxi-
mum injection voltage would he 70,000 volts and the lowest pressure obtainable
in the vacuum cheamber would be 10°% m of Hg, Given these conditions one can
rewrite (10) ‘
g - o-18.2/22 (12)
Table IT is & tabulation of yields expected with various wall thicknesses,

with the maximum theoretical yield assumed to be 100 percent for the con-

dition where all the space between the pole pieces is utilized,



TABLE II

Verticel Aperture Wall Thickness % Yield

8,75 inches 0,0 inches 100%
3,50 1/8 85
3,25 1/4 70
3,00 3/8 54
2,75 1/2 39

Later experience with synchrotron operation showed that the assumptions
regarding maximum obtaineble injection voltage and minimum pressure were
too conservative, so that the effects due to aperture reduction were negli-
gible, However, on the basis of the early assumptions, it was decided to
specify the wall thickness of the quartz sections to be 5/16 of an inch,

The first operating synchrotron was converted from a betatron by Goward
and Barnes in England(s) snd utilized a coaxial resonator completely external
to the vacuum chamber_for the r,f, accelerating electrode, This quarter-wave
resonator was air-spaced, consequently it occupied 90° of an arc around the
vacuum chember, This type of resonator uses valuable space between the pole
tips of the magnet, and, due to its length end curvature, may be somewhat

difficult to assemble,

(6)

Goward et al, have operated a synchrotron using & resonator made from
a ceramic, Faradex, which has & dielectric constant of about 80, This resona-
tor was small, its length was 90°/{e, or about 10° of arc, and it could be in-
serted or removed from the vacuum chamber through & port, This type of resona-
tor has certain advantages; however, it reduces the aperture of the vacuum
chember and specigi errangements must be made if cooling of the resonstor

is necessary,

These two types of resonators are convenient, especially where it is
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desired to increase the emergy of an existing betatron by additional synchro-
tron acceleration, In the case of large synchrotrons with a relatively small
space between the‘poie pieces of the magnet it is advisable to design the
accelerating electrode as an integral part of the vacuum chamber, thus obtaining
an sperture of maximum size,

The vacuum chember of the Berkeley synchrotron was to be over six feet in
diameter, and s complete ring would be difficult to manufacture and clumsy to
handliey therefore it was decided to meke the vacuum chamber in several sections,

one of which would be a quarter wave resonsator,

Chepter -3, Method of Construction,

Various methods have bsen suggested for constructing synchrotron resona-
tors from sections of a cermmic or glass vacuum chember, Metallic coétings
heve been epplied by such methods as gluing copper strips to the chamber,
firing on metallic coatings, and electroplating on a conducting base, It was
thought that the most satisfactory results from the standpoint of conductivity
and mechanical stability would be achieved by electroplating a section of the
vacuum chember,

It is generally considered desirable to electroplate materials used for
high frequency to a thickness of two or three skin depths in order that the
meterial will be in effeét a conductor of infinite thickness, Since the res-
nator must be used in an alternating magnetic field it is desired that the
ﬁhickﬁeSs of the plate be kept to a minimum to reduce eddy currents, The sur-

face resistivity of a thin coating of metel at high frequencies™ is:

" s
sinh 28 4 sin 23§
d

1 (13)
cosh 275 = cos 2§

R e Rs

*Remo and Whinnery, Fields and Waves in Modern Radio, p. 219,
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where R

surface resistivity of metal (ohms "per square™)
Rs = surface resisitivity for conductor infinitely thick

d = thickness of plating

0%
I

= "skin depth®" in conductor in seme units as d, (The distence

ét which_thé value of the current density is l/gkthe value

at the surface in a conductor of infinite thickness,)
Figure 1 is a plot of the function R/hs versus @/8 o

It can be seen from Figure 1 that losses increase very rapidly in areas

that ﬁigh% have less thanvl/% skin depth of plating, It is only of theoretical
interest that a layer of metal 1,6 skin depths bounded by & non-conductor
would have about 8 percent better conductivity than metal of infinite thick-
ness, since it is not possible to Hold close tolerances on plating of metal
for use at high frequencies,

The skin depth for common conductors is:

N 2.63
Silver: O =
Jfrequency
2,73 (14)

c : =
opper 5 Jfrequency

o) in inches

frequency in cycles per second
At the operating frequency of 47,7 megacycles per second the skin
depth would be about 0,0004 inch, To allow for possible variations in the
thickness of the plating it was decided to plate the resonator to a nominal
thickness of 0,003 inch, giving a conductivity essentially equivaleht to that
of an infinite thickness of metal,
Design specifications for the vacuum chamber or donut called for a ring

made of eight 45 degree quartz sections, The dielectric constant of quartz
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is about 4, so it was decided that investigations be started to determine

if one of the sections could be utilized as s qﬁarter wave resonator, A
comparigon of fused quartz with other materials indicated that dielectric
losses would be small, Table III is a 1ist of the dielectric constants and
loss Ffactors of materials used at redio frequencies, These values are likely
to change with frequency and it is advisable to check éarefﬁlly the material
under consideration for any appiication,

The thermel coefficient of expansion of quartz is about 5 x 10=7 per
degree centigrade, Since the frequency is proportional to the length of the
resonator, it might be expected that a 47 megacycle resomator would shift
frequency only sbout 25 kilocysles for & 100 C° rise in temperature, & negli-
gible smount, A glass resonator might be expected'té shift frequency up to
twenty times this amount,

The Amersill Company of New Jersey contracted to deliver the necessary
quertz sections for the donut, Before the shipment_of the sections arrived,
the Amersill Compeny was able fa.BUpply a semple section of quartz with a mean
length of about 20 inches and a wall thickness of about 5/16 inch, Preliminary
resonator studies were begun on this sample at the same time the author was

assi gned to the synchrotron project,

éhgpter 4, Resonator Qo

The exact solution of the fields that exist in & section of a toroid with
an elliptical cross section would be extremely difficult, It is necessary to
mske certain simplifying assumptions: first that the section is straight in=-
stead of curved, and second, that the cross section is circuler instead of
elliptical, with the inner and afer circumference and the wsll thickness re-

maining the same,
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TABLE If1”
Power Factor _

‘ Dielectric - (Loss Tangent) Loss Faetor
Material Constant (e/fe"). ] (e") .
Fused quartz 4,2 0,0003 © 0,0012
Pyrex glass 4,5 0,002 0,009
Steatite 6,0 0.0012 0,007
Polystyrene 2,5 0,0002 0,0005
Titenium dioxides 141 to 90 0,0002 to 0,005

* Values observed at 1 megacycle and would be somewhat higher at higher

frequencies, These values obtained from "Special Cersmic Materials®

published by the Genersl Ceremics and Steatite Corporation, Keasbey,

New Jeérsey,



At certain times of the .i‘*'of,, cycle the energy stored in the resonator
is all stored in the inductance, This occurs when the voltage at the gap is
zero and the current at the short circuit end is a m&:timmn,,"lmaxo At this
time the current distribution through the Tresonator as a function of the dis-

tance from the short circuit end is:

LU < !
I=1,,xcos ';3— _9:_ (15)
where  x = distence from short circuit end
L= length of resonator
The stored energy .(%LIZ) is then:
‘ L " x\2
Woe1/2 / L(Tax 08 5 T> dx (16)
o
where L = inductance per unit length

The average power lost in & unit length of the resonator plating is equivalent
to Iims x ,R* where R is the resistance per unit length of resonator, or more
specifically the resistance of a unit length of immer conductor plus the
resistance of a unit length of outer conductor at the frequency under con-
sideration,

The relationship between T s and I .5 at the short circuit end is:

i[rms = —I‘/infﬁ{" (17)
2 .

' The average power lost in the resonator plating is then:

Wovs = /ﬂ' R (—;\’I_I;L;‘x cos%%—) (18)
o

% . e i e s . .
rms is used as the abbreviation of root mean square,



It is convenient to consider separately the losses in plating, and the di-
electric losses, One can assign a perfomancé factor or Q to each of these
, -

losses with Qgy being the Q of a cbﬁaer plated resonator with a lossliess di-

el'e'ci{;rié,,_. and Q4 being the Q of a resonator with no ivo'sses in the conducting

surfaces, In én actual resmnstor it is'-no{: possible to measure either quantity

by itselfs however, the two are related to the total Q by the expression:
1/Q =1/Q, + 1/ (19)

The definition of Q is:

Q= WX energy stored in circuit (20)

average power loss

The copper Q cau then be written:

. /Y
wx3 /‘L (I g cos-ﬁ—£> dx
%,y . Wx Wy - ; A max 2l

o) [ (2 n13)
o \Vz

In the case of & coaxisl resonator the inductence end resistance per unit

(21)

length are a function of geometry, and, if the walls are of constant thick-
ness they do not vary with x, and therefore L end R can be teken outside the

integrels, The expression for the copper Q becomes:

QGu R - (22)

where (o= 27 x frequency
L = inductance per unit length
R = resistence per unit length,
The dielectri¢ Q can be determined by assuming the resonator has per=
fectly conducting walls, At a time when the current is zero at all places

in the repnator, the voi“bagie at the gap is & maximum, V . The voltage
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distribution through the resonator as a function of the distance from the gap

end is thens

' : T x
Vo= Vpox cO8 3 T (23)
where x = disbance from gap end

L= length of resonator
The stored energy is given in general by -%GVZ and for the case of the coaxial

weganatowliés
1 ‘ 7 x \2
"2 / ¢ (Vanx 0023 §) & (2¢)

The dielectric losses in & coaxial resnator are in the nature of shunting
currents which are in phase with the vecltage, These currents are eéual to
¥V x o™ where ¢" is the loss factor and < s 2 times the freqﬁencyo
The power dissipated due to the in-phase currents is V x I, or V2o e", For
the average power dissipated, V should be the rms and taking this info ac=
count, the average power dissipated in the dielectric iss

2

L 7.
maex mx
W - d// CLJ@W<’ cos-——-) dx (25)
‘ave = 210
o -Nva

Combining (24) and (25), teking the constent terms outside the integrals,

and cencellings

e 1 ;
2% ° loss tangent (26)

where e dielectric constent

f

e” = loss factor

i}

The effect of geometry of the resonator can be more clearly demonstrated

by writing L for coaxial transmission lines,



- SR NE LB ) (27)
L 21 \& 202 353 gt
where L= henries/heter
By = 4n/107
b = outside radius

8 = inside radius

€t = wall thickness of rescnator = b = a

R 1 1
R.sz—s <-—+—> (a)
2w a b

R is equal to:

where R = chms per unit length
R, = surface resiétivity of plating in ohms

a = inside radius

b outside radius

n

The reciprocal of R can be written in a series form:

. 2mse b 12 43 t4
IR [ —p— e — ™5 = "7k 4 0 ® 29
/ Rg (2 4 8a  16e® 32a3 > (29)

t =b = a =wall thickness.
By multipiying series (27) and (29) and Cvi, the copper Q for a resonator

of well thickness t caﬁ bé writéené

3 4
QCu = Wl (_‘_b_,_, t 5 & .E_g- + o o ) (30)
: Rg 2 12a 12a

Using the velues for copper and silver of surface fesismivity:

R |
s(copper)

2,61x 10m7 Prequency (31)

2,52 x 10™7 frequency

B

#(silver)

frequency in cycles per second

Ré in ohms (per square)



Converting from meters to inches the expressions for Qnopper and Q%ilver of

a thin ﬁalled resonator are
Q

copper = 0:384 [T t(1 -A)

Qsilvér

where A = +2/6a2
t = wall thickness in inches

= 0,394 {f (1 -A) (32)

a = effegtive inner- radius(circumference/éﬂ)

f = frequency in cycles perysecond
The term A is ﬁegligible for most resonators where the wall thickness must be
képt to & minimum, so it is possible to say that for a given frequency the Q
of a resonator is proportional to the wall thickness if diélectric losses are
neglected,

It seemed that a resonator for 47,7 megacycles with e wall thickness of

5/16 inch wéuld have such a low Q that when el 1 factors were taken into account,
operation might have been unsatisfactory, Therefore it was decided to increase
the wail_thickness of the resonator section to 7/16 inch and risk the possible
additioﬁal loss of electtons due to the reduced aperturé. By usipg the value
for the loss tangent of quartz from Table III, it is possibie to meke & com=
parisén'of quartz resonaﬁérsiunder cdnsideféfion, Table IV is a list of the
theorstical Q's and some of the Q's observed experiﬁentaiiy. The exberimentai
d's'weré much lower then theory would predict, and the factors contributing

to the additional losses are discussed later in this paper,

TABLE IV

Copper Q Dielectric Q@ Total Q Experimental Q
Semple section v
resonant at 80 mec 1080 2500 " 755 450-650
wall thickness 5/16" :
Resonator - 5/16" wall 830 2500 630 (not tested)

Resonator = 7/16" wall - 1160 2500 790  225-550




Chgptgf 50_ Voltage and Power Requirements,

As stated in the introduction, 1160 volts is the minimum voltaée that
must be supplied to the gap in the resonator in order that the electrons can
be accelerated,

Experience with the General Electric Company 70 Mev synchrotron(ej indi-
cated:that maximum output was obtained when the accelerating voltage was about
twice the minimum velue, It was believed that a satiéfactory design voltage
for the Berkeley Synchrotrén would be 5,000 peak volts at the gap, this volta%e
being sufficient even if it was decided to operate the magnet at & fundementsl
frequency of 60 instead of 30 cycles per second,

The characteristic impedance of the quartz resonator considered as a-

transmission line is & function of geometry and the dielectric constant:

. 2 N
7 =8> =,ﬂ(i-t—+i‘”—,.“) (33)
| Je = Ve ‘& 222 343
= 60t for a thin walled resonator
ye a

where e dielectric constant = 4,0 for quartz
8 = effective inner radius

b

|

effective outer radius

t = wall thickness

In the case.of the 47,7 mc resonator with 7/16 inch walls, the effective
inner radius is 2,1 inches, The characteristic impedance by (33) is then
6,2 ohnis° The input admittanée at the open end of a quafter ﬁavé resonator
is gi#en bYs |

%
- 4
i"1qz, » (34)

The average power lost at resonance is given by:
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=2 5=

W = X Y. (35)

By combining the previous equations we find that the power lost in & thin
walled resonator is:
72

v : _ % S

Ve 7 a " m a

Woye = —22X ( b + - (36)
. 2 240 x ,384 N F ve 240 % _

i

. . "
where Wg.. power in watts

% = loss factor

m <
B

o
ii

dielectric constant
& = effective inner radius in inches
+ = wall thickness in inches
Viex = meximum voltage at gap
f = freguency fn cycles per second

The sbove is & theoretical expression which would apply to most synchrotron
resonators, In actual practice there are meny factors which cause this loss
to be larger then the theoretical velue and therefore a larger amount of r.f,
power is réquired from the cscillator, and greater cooling is necessary, The
first term inside the brackets in (56) represents the losses in the plating of
the resonator, while the losses in the dielectric are proportional tc the
second term, Perhaps the most important factor is the wall thickness siﬁce
it appears as the squars in thé plating loss, and also eppears in the dielec-
tric loss,

For the Berkeley synchrotron resonator the theoretical losses at 5,000
volts at the gap are 1,350 watts in the plating and 660 watis in the dielec~
tric, or & total of about 2 kilowatts, Later tests with the resonator indi-
cated that the actusl energy to be dissipated would amount to about three
times this value if the resonater were run continuousiy, Since the accele-

ration cen take place only during the initial rise of the magnetic fiéld, or
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one qusrter of the magnet cycle, and since the pulse rate of the magnet is 6
times per second, the duty cycle is one in 20, and average power dissipated is
reduced by this factor,

 The factors which may account for the large increase in losses over the
theoretical minimum are discussed later,

Chapter 6, Feed Problems,

Feeding power into the quarter-wave resonator cean be accomplished in
several ways;ﬁ The Genersl Electric Company(sj was able to couple inductively
sufficient powef’into 2 resonator at 163 megacycles per second to obtain 1000
volts across the accelerating gap, Jack Peterson of the Rediation Laboratory

Staff in an unpublished report mentions some preliminary experiments with
both inductive and capacitive coupling to resonators and some of the dif-

ficulties that were experienced, Both methods increase in difficulty with
lower frequency and higher voltages inductive cbupling is subject to moding

difficulties, snd capacitive coupling requires a large capacity to the plating
on the inner surface of the resonator in order that high voltages will not
appear across the coupling cepacity, Both methods increase the difficulty
of shifting the frequency, These two methods have the advantege that it is
not necessary to bring metallic conductors through the vacuum chamber wall at
the feed point°

Since the design specifications of the Berkeley synchrotron called for
5000 volts at the gap and a frequency of 47,7 megacycles, it was thought ad-
visable to eouplé e coaxial transmission line from the oscillator directly
to the plating on the inner and outer surfaces of the resonator rather than
try to overcome the difficulties inherent in other methods of coupling, Design
of the coupling device is simplified if it is not necessary that the insulating
surfaces betwéen inner and cuter conductor be able to stand the total voltage

at the gap, If the transmission line from the oscillator is coupled into &
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resonator of length/a distance x from the gap, the voltage at the feed point

for 2 given gap voltage is:

. nx
VaV — A
gep cos 29 : (37)

Therefore it was decided to couple in at the 1/2 voltage point, or where

X =-§,lo Provision was made for bringing a portion of the plating on the
inner surfsce of the resonator out through a hole in the "feed bump," The
resuiting hole was closed and a vacuum seal made by soldefing in a métallized
quartz plug, -

Chapter 7, Frequenecy Swinging,

There are a sufficient number of variables in the operatiocn of a synchro-
tron so that it is not possible to say in advance what the most satisfactory
electron orbit will be from an operating standpoint, Therefore it is necessary
to provide s means of changing slightly the radioc frequency in order that the
electron orbit will be shifted as discussed.in the introdustion, This could
be done by adding capacity at the feed point; however it was desirsble to
keep metallie parts in the immediate vicinity of the magnet to & minimum,
Therefore the frequency shifting device and the r.f, oscillator had to be
placed some distance from the resonator, It was possible to couple the oscil=
lator to the resonater with a transmission-line spproximetely & half wave-
length long, To avoid the necessity of having sliding sections in the line it
was decided to shift the frequency by means of a variable condenser at the
oscilliator,

The oscillator had been used for trials of the early type of r.f, system
mentioned in the introduction, and it wes neceséary to make &)ﬁe'modifications
to the oscillator, and design & transmission line which when coupled to the

resonator would provide a load of the proper impedaice for the oscillator,
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The admittance at a coupling point on the resonator a distence x from
the gap can be expressed: Tioed =2+ JBF( N\ ), where F(A ) is a function of
wave-iengfh or frequency, ‘It cem be shown that for the resonant frequency, and

frequencies a few percent different from the resonent frequencys:

¥y eep

cos? px

¥

B = —— (38)
cos” Bx

F(A ) = tan 90A°

where Y, gep = input admittence at resonance at the gap (Eq, 29)
P = propagation constent = Zﬂ/wave-length in Quartz
x = distance to accelerating gap .
Yo = characteristic admittance (Reciprocal of Eq., 28)
A = small fractional frequency shift from resonance

F(A) is positive for aa increase in frequency,
Some typicel values of A and B can be obtained from Equations (33) and
(34), assuming & Q of 450, and that the line is coupled at the 1/2 voltage

.point on the resoﬁator, or vwhere x =-§-[0

o

= . = 0,0011 mhos
(cos® px)x 4QZ,
| | (39)
Y, |
B = =_0065 mhos

cosz Bx

The reactive term, jB tan 90A° will be transformed to different admittance
unless the coupling line has constent characteristic admittance and is exactly
1/? wave-length long, Since the electrical length of the line will change

with the frequency shift, some control must be exercised over the impedande



‘ﬁransformation so that an excessively large tuning capacity will not be re-
quired, The impedance or admittance at the oscillator can be controlled by
meking the cQupling line from two sections of line each apéroximately l/Z wave-
length long, with each section of the proper characteristic admittance, The
choice of characteristic admittance for each section of line cen be determined
by enelyzing a system consisting of a load and two sections of line as shown
schematically in Figb_z, The lines are quarter-~wave lines for the resonant
frequency and have characteristic admittances Y91 end Yoy respectively, If |
there are no losses in the line, the input sdmittence for.any line of length 1,
charaéteristic admittance Yo,.and terminated with a load Yy is:
Y, # Y, ten pL

Y. =Y - 40)
% Yy 4+ 3 Y ten pL - (

If the lines are exactly a quarter wave-length long, Bl = n/é radians or 90°
end equation (40) becomess

y 2
o -

1= YL (41)

Y

If, however, the frequency is shifted & small fraction A so that B = 90° %
A x 90° then ten BL = % cot 90A° , and this value can be used in

Equation (40),
The input admittence looking into the line Yg a quarter wave-length

from the load, position II, can then be written:
Y =A% jB ten 90A°
A % jB ten 900° F § Y, cot 90A°

Y., =% —— ,
1I1) © Ol y 5 5(a & 3B ten 90A°) cot 90 A°

A £ 3(B ten 90A° - Y5, cot 90A°)
= Yo T, + B ¥ J A cot 90A°

(42)

1
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If reasonably low impedance lines are used to couple to the resonator which is
itself & low impedance line (6,2_ohms), and if the frequency shift is assumed
small, the terms Yél cot 90A° and Ybé cot 90A° Wil be large compared to terms
which may be directly added or subtracted, Using this approximation, Eq, (41)

becomes:s
A% ] Ty, oot 90A°

Y.+ =Y
i(I1) = o1 Toy ¥ B F J A cotA9OP (43)

Since Y;(yr) is the terminating load for the line Y, it is possible to con-
sider the last section of line by substituting (43) in Eq, (40) letting
Yi(II) = YLo The input admittance for the cémpieté system is then:
. - 2 : :
Yo1 A = Yo2 cot?90A° F § cot 90A° {¥01f Yo2(Yop + B)}

Yoo(Ygy + B) = Y& cot? 90A° ¥ jA(cot 90A°) (Yo + Yyp)

Y = Ygo (44)
Agein using the approximation for small frequency shifts
Yoz A cot A90° & {Y%l + Y5o(¥op + B)}

Y3 cotAJ0° # § A (Yop + Yop)

Y. =Y (45)

02

Rationalizing Bq, (40):

2 2 2 2v2
Y Y Y4B ASYS
02 2 * f:, !
Y, = _0_2 At j ten 90A° {Yoz + + g - Y402 (Yo7 + Yoz)} (46)
¥, Yoo Yoz 01 -

If E is the r,f, voltage supplied by the oscillator, E2 multiplied by
the real term in the above expression represents the power delivered to the
resonetor, The power consumption of the resonator is fixed by considerations
given in Eq, (36), A’tube capable of suppiying this power might be designed to
operate at certain volteges, therefore it is necessary to choose the proper
ratio of characteristic admnittances or impedances of the two quarter wave sec-

tions, Voltage transformetion which occurs can then be writtens
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Yop . Zpz Voltage at tube

= = =k - (a7)
Yoo Zgy Voltage at coupling point (47)

Once the velue of k, or the voltage transformation ratio, is decided it
is possible to see what factors affect the size of capacity needed for the re-
quired frequency shift by substituting in Eq. (46), The amount of capecity
which must be added or subtracted at the osciilaéor énd of the line is then
proportional to the imeginary term of Eq, (46), The term multiplied by A% win
be small for a resonator of reasonsbly low losses and cen be neglected, Using

the value of k from Egq, (47), the susceptance which must be balenced out by a

condenser in order to shift the frequency an amount A is:

Y £ 5 ten 90° x (¥ Yoz B (48)
i(imeginary) = © J V%% 02+ g *m
» Yoo 3 .
The three terms in the parentheses, Y,s, X 7{-2—, can be thought of as the

contribution to the susceptance caused by the section of line nearest the
oscillator, the section nearest the resonator, and the resonator itself
respectively, when the frequency is shifted from the designed resonant fre-
quency, ‘

The value of B from Eq, (38') was .65 mhos, If the lines have a charac-
teristic impedance greater than 10 ohms , almost ail the susceptance which
appears when the frequency shifts is due to the resonator, |

Some typical velues for tuning condenser_' and coupling lines might be:

A_ssume voltage transformation (increase) = 4 = k

Assume frequency shift desired _ = 4 megacycles
les .
A = — 10850V 98 = 0,084
47,7 megacycles
tan 90A° = tan 7,6° = ,133
Assume Z_02 | = 50 ohms

201 S ? o . | = 2.5-vohms .



Y, = j(0,183)(,02 + ,005 + ,04)

3(,0086) mhos

oy,

i 0086 ¥

. . e . farad
Ctuning = 37 on % 47.7 x 106 oreds

29 puf

This vel ue can be obtained easily within the space and insulation limitations,
The actual resonant system was conStruct;d with a zircon impedence trans-
former whose éiéctricai length was one-eighth wave-length, or 45 electrical
degreés, and a characteristic impedance, 201 of 3,6 ohms, The remainder of
the transmission line has an impedmce 202 of 15,2 ohms,. If»can be shown by
means of the transmission line formulae that the section of the transmission

line must have an electrical length in degrees given by:

Zoz
ten § = -—= tan © (49)
%01
where Zgy = characteristic impedance of section nearest resonator (trans-

forming section)
Zgys = characteristic impedance of coupling line

@ = electrical length in degrees of transforming section

=
"

electricel length of coupling line in degrees,
The length of coupling line required would then be about 103 electrical
degrees, or .29 wave-lengths, The voltage transforming ability of a section

which is less then a quarter wave long is given by:

28
k= 5 sin © + cos © (50)
ZOl-
where ® = length of transfomming section in degrees

Zo1 and Zgs as above,
The expected value of k from the values given above was 3,6, It was found in
operation that due to the fact that the transformer section had to be dis-

placed siightly from the quartz section and the effect of the coupling loop
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-in the line, not as large a voltage transformatioﬁ was obtained as expected,
Also, considersbly more change in capacity was necessary to Fhiff the fre-
quency then would have been the case if quarter wave couplinéé%ectidns had been
used, -However, the tuning system perfommed quite satisfactorily over the de-
sired“funing rahge, end voltages aveilable at the tube and the accelerating gap
were within specified'limitso A schematic diagram of the coupling line, oscil-
lator, and modulating equipment now in use at the Berkeley synchrotron is shown

in Figure 3,

Chapter‘S,' Eddy Current Fields,

The chenging megnetic field induces & voltage in the metallic plating of
the resonator which causes eddy currents to flow, These currents are pro-
portional to the rate of change of magnetic field, énd cause magnetic fields
which are greatest whgﬁ the main magnetic field is low, The eadylcurrents élso
ceuse I2R losses in the plating and add to the heat that must be dissipated'as
a result of the r.f, losses,

‘These out-of-phase fields can be sufficiently large to prevent the'elec-
trons from traveling in ; stable orbit at the low fields whichéoccur at the
time of injection. |

To reduce the eddy current fields it is necessary to apply the plating
to the walls of the resonator‘in as thin a coating as is allowed from r,f,
consideréﬁions, end to minimize the voltege loops perpendicular td the mag-
netic fiéld‘by Scribing or applying the plating in the form of strips, If the
strips are parallel to the direction of flow of the r.f, currents the conditions
for resonsnce will not be seriously affected,

C. Se Nunan(s) has calculated that 7/16 inch strips can be used if the

plating thickness is 0,003 inch, Reference (9) discusses the calculations in
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deteil end gives results of eddy current field tests on actual resonators,

Chepter 9, R,F, Losses in Iron,

In synchrotrons which use resonators operating with r,f, fields in close
proximity to the laminated iron of the magnet, & decrease in the Q of the resona-
tor after installation has been noted, This phenomenon increases after the res-
onators have been scribed to reduce eddyﬁurren‘tso

The cause of these additional losses is not clear, since they would not
be expected to occur if the seribe lines are parallel to the current flow, for
the r,f, electric and magnetic fields should all be in the dielectric, except
at the gap, where they should be sufficientiy shielded by the outer plaiing
on the res anator,

It is possible that transmission line modes could exist between the copper
strips with currents running on the outer surfaces, - The mu of the iron in
close proximity may slow down the propagatiqn velocity of the r,f, so that the
copper strips woula se=m 1/% wavewléngth long at 47 mc, If that were the case
it would be possitﬂe%that the main resonsnt mode would have sufficient coupling
into the externsdl mode to dissipate apprecisble power, The synchrotron group
at Cornell University in reference (9) gives an explanation for increase in
losses due to the proximity of the iron based on variations in current density
in ihﬁer and outer strips, and also suggests.methods of determining which
étrips might be mainly responsible for the increased losses,

Time limitations did not permit detailed investigation of the mechanism
of the r,f, losses in the iron, It was possible to reduce these losses to a
value about equal to the r,f, copper losses by proper placement of a coupling
strap, and details are given in a later section,

It is most important for synchrotron operation to allow a sufficient fac=-

tor of safety as far as cooling end decrease of input impedance are concerned
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in the design of the oscillator end blower system in the event that r.f, losses

in the iron ocour which cannot be eliminsted,

Chapter 10, Voltage Monitoring,

It is not feasible'ﬁo measure the r,f, voltage-across the resonator gap
directly during operation, since this would require the placement of some de-
vice, such as a peek reading voltmeter inside the vacuum chamber with a con-
sequent reduction of aperture,

Seversl methods have been suggested(s)(7) for measuring quentities pro-
portional to tﬁe electric or magnetic field at & pbint on the resonator, and
thus obﬁaining a reading proportional to gap voltage, Such methods are usually
somewhat freqﬁency sensitive, and extreme accufacy is not of too much impor-
tance from an operstional standpoint, Therefore it was decided to monitor
the voltage at the resonator gap by insérting 8 loop at the current maximum
of the transmission line, The volﬁage induced in this_loop can then be de-
ﬁécted by a crystal diode9 and when suitably fiitered, can be read on é meter,
Such a system has the disadvantage that any changes in the loop or the trans-
mission line connections can upset the relationéhip between loop voltage and
gap voltagé; however, it is possible to calibrate each time the synchrotron
is disassembled by placing a pesk reading voltmeter across the gap, It is
an adventage not to have any special devices connectgd to the resonator, since
it makes instellation and removal more simple and reduces the denger of tearing

the metallic plating on the resonator in hendling,
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PART II, CGONSTRUCTION, TESTING AND OPERATION OF RESONATORS

Chapker 1 . Obtaining Quartz Sections,

.:;Aé stated previously, thé/bnly satisfactory bid on the sections of the
donut was received from the Amersill Company, The handling of mclten quartz
is very difficult due tq its extremely high softening temperature (24009)F,
In the process of making the cdd shape sections of the vacuum chamber it was
very difficult to obtain uniform wail thickness, and it is understood that
most of the sectioms made by the Amersill Company were so far ocut of toler=-
ance that they were not even shipped. The ones that were received could be
accepted only by relaxing the design tclerances and grinding sections that
were too thick to fit between the magnet pole pieces,

I{ was difficult to impress on the large number of personnel the fact
that quartz ié extremely brittle, and over a period of 18 months eight sec-
tions weré cracked, Additiocnal craéking of the sections resulted from ime
proper annealing of the flanges which were attached by Amersill for vacuum
Pump.fittingso Once a complete donut was installed in the synchrotron, how=
ever, only oné section has beén cracked, and that might be attributed to im-
proper annealing of a flange,

Special storage and handling racks were built to minimize loss from col-

lision of two sections or damage by miscellaneous objects,

Chapter 2, Prepsration for Plating,

After suitable resonator sections had been selected from factory ship-
ments, the ends were grqund to tolerance by mounting in a fixture and using
tungsten carbide grinding wheels, All sharﬁ edges remaiﬁiﬁg after grinding
Wére rounded off by a hand-held grinding wheel, a rubber bonded silicon wheel

mounted in a smell ®Moto-Tool® grinder is satisfactory for this purpose.
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_“v?gguseqtions come with loose sand and porous quartz on the outside, I%
is necessary to remove this material with a hand-held disc sander.

~ Some reduction in r.f. losses can probably be obtained by grinding the
walls to uniform thickness by means of a tungsten carbide grinding wheel,
This igvauﬁggigus and expensive process and not recommended,

'“hiheA%pside of the quartz section has a hard glaze resulting from the
firing process and it was necessary to etch through this glaze by hydro=
flucric acid to provide a better surface for electroplating, The sections
were sealed by means of rubber gaskets forced against the two ends by copper
backing plates. The acid is poured in through a hole left iﬁ the plates and
allowed to remain for 48 hours. Precautions were taken’to prevent person-
nel froﬁ-coming into contact with this very dangerous acide It should also.
be noted that etching was resorted to after attempts to roughen the glaze by
means of grinding compounds were unsuccessful,

After the acid was poured out, the sections were thoroughly flushed with
water, and cleaned with acetone, The resonator sections wefe.then fired in
an electric furnace to 1200 degrees F. in order that any remaining materials
might be oxidized, After the firing the sections were wrapped in a plastic

sheet so that they could be handled without picking up dirt or fingerprints,

Chepter 3, Silver Plating,

It was not possible to say in advance whether any specific process for
plating metal on quartz would be superior, so it was decided Fo inveétigate
both silver plating and copper plating processes,

The first step in electroplating on a nonwconaucting base material is
the application of sg@gmmaterial‘to act as a conductor., Commercial firms
sometimes use Aquadag for this purpose; however, Aquadag is not a'good con=

ductor at r.f., does not possess much mechanical strength, and might give
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troublg_;gihgnd;ing and when subjected to vibration and temperature changes.
“”Attgntipnmwaskérawn to the methods used by commercial firms for gilding
piates and glassware, Such gilt must be attached firmly in order to with=-
stand abrasiqn which eccurs when plates are jostled together in a dishpan,
The materials used for gilding are known as Liquid Bright Solutions and are
availa@le %n‘mapy grades and mixtures of platinums gold, and palladium,

It was found that best results were obtained with Hannovia Liquid Bright
ledo In a cyanide plating bath, other coatiﬁgs dissolved, apparently as a
result of chemical action,

The exact composition of the liquid bright gold solution is probably
a trade secret; however, reference states that it is essentially an organic
gold compound of resinous character dissolved in volatile oils and other
soivents, to which has been added metal organic cbmpounds which act as fluxes.
The fluxes, when heated, convert to the respective metal oxides, and by partly
fusing into the surface of the qﬁartz, cause the gold to adhere firmly to its
base, The final film after firing averages around 4 X 10“6 inches in thick=
ness and consists in the main of metallic gold, alloyed with small amounts of
‘rhodium, fluxes and other medifying agents. ¢

The resonator section was painted with liquid bright gold allowed to
dry for 24 hoursg»and then fired in a well ventilated electric furnace. The

temperature was brought up to about 800° F.over a period of about 3 hours, This
gradual rise in temperature ailows the organic material to be burned out without
bubbling, Then the temperature was raised to 1250° F for about 15 minutes to
bind the gold to the surface of the quartz, | i

The coating was checked after the section had cooled, and was found to--
heve an end to end resistance of about two ohms, and to have good conductiv-
ity except for a few smell areas where the surface hed been left somewhat
rough:A Another coat of liquid bright gold was painfed on snd the firing

procedure was repeated, After the second coating was applied no high
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resistapgg patches could be observeao

- Barly attempts to divide the metal skin of the resonator into strips
'afﬁer_ygg p}gping met with much difficulty., The sceribe lines must be about
l/iéuénqpnyidevapd_held to a reasonable tolerance, Cutting or grinding wheels
can be usgdﬁuhqwever, the irregularities in the surface of the quartz sec-
tions mégg cutting lines in the plating a delicate.and lengthy process.,

] §§verai different methods of applying Wstop=off¥ lines on the guartz
surface were tried before it was found that red glyptel was easiest to apply
and most effective in preventing the silver from plating across the scribe
lines,

The glyptal was applied by means of a narrow wheel revolving in a slit
cut in the bottom of a small reservoir, The reservoir was mounted on an
adjustable bar attached to radius arms and could be passed completely through
the quartz section,

For the'plating procedure, pieces were cut from siiver in such a shape
that all surfaces were approXimately one and one-half inches from the plating
anodes. A high current, 20 amperes "flash¥ plating was used for the first
few minutes, followed by a reverse-current cycle consisting of 10 seconds
plating and 2 seconds de-plating with a current of 10 amperes which was re-
peated for ébout 4 hours, Since it was not possible to measure accurately
the fhickness of the silver plate, it was necessary to guess when the required
thickness was obtained, A post-mortem examination of oné of the plated sec=
tionsvmade by peeling the skin off showed that the plating thickness from
about 1 1/2 to 10 milsj however, over most of the resonator the plating was
between 2 and 4 mils in thickness. .

After the plating process gold was cleaned out of the scribe lines with

a carborundum disc, Due to the hardness of the quartz, the tight adherance
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?fwth?M§9%§% and the difficulty of working on the internal surfaces, it was
not possible ?o_mechanically remove all the gold from the scribe lines., An
egrly gxpgrimgntal resonator which had all its separate metal éirips coupled
by a plated strep indicated in an eddy current test that many conducting
pathsmexisted between the strips in spite of carefﬁl grinding out of the
sqyipevlingso This resonator was repaired by grinding out the scribe lines
where the coupling strap existed and applying voltage.between ad jacent metai
strips, The process, which was then made routine on all future resonators,
consisted of applying voltage from a 5 volt 100 ampere filament transformer
. between adjacent metal strips, bringing the voltage up gradually té prevent
excessive sparking, To insure that the adjacent strips could withstand ap=
preciable voltage without sparking, 110 volts was then applied between strips
with the current being limited by a 60 watt light bulb in series with the
line, Thé author has been informed indirectly that other workers checked
glectrical leakage across seribe lines by a method involving potentiael plot-
ting; however, any method which does not actually app}y voltage across the
scribe lines will not test voltage insulation, and the resonator may spark
in §peration due to differences in the r.f, voltages at various points,

After the proper pbsitién for the coupling strap was determined by the
method discussed in a later section, the scribe lines were bridged by air-
drying silver paint, DuPont #48179 and the resonator heavily coated wi&h
red glyptal except for a small area around the silver paint. The silver
plating methca described above is tﬁen used to deposit about‘Bfﬁils of silver
over the air-drying silver paint, The giyptal is then washed off with xylene

and the resonator is then ready for preparation of vacuum seals,

Chapter 4, Copper Plating,

The preperation for copper plating of a resonator is the same as that
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for silver platigg except the most satisfactory base coating was found to be
Hanngyig“svpiquid Bright Platinum, The liquid bright platingm,is fired at a
slightly~1ower temperature, a maximum of about 1156° F being the most satis-
factery, The platinum is not as good a conductor as the gold coat, and it is
gecessary to use as many as four or five coats before an even, low resistance,
ba§e cogting is obtained, The copper ﬁlating is done in a copper sulfate
bath, starting wiﬁh a 15 ampers ¥ flash® plate for a few minutes followed by

a reverse plating prccedure consisting of 10 seconds pleting and 2 seconds
de-plating at a current of about 5 amperes, taking usual precautions with

plaeing of electrodes, as mentioned in the silver plating procedure.

Ghapter-ﬁo Q Measurements

As stated in an garlier seection it is important from a standpoint of
losses 1o obtain as high a Q as possible in the resonators.

Some.initial experimental work was done with a sample section supplied
by the Amersill Company before the shipment of the reguler sections could be
made, This sample section was made to the specifications of another uni-
versitys. The section was copper plated without scribe lines using the pro-
cedure discussed in the previous section. The effective length of the sec-
tion to the gap was 20 inches, Assuming that the dielectric constant of

quartz is 4.0, the rescnant frequency should bes

Y

. 300 . |
res © X 20 x 0.005 £ I~ - & meeacycles (51}

-

The section was resonated by loosely coupling it to a variable frequency
oscillator and resonance was detected by means of an E probe which was
coupled to a crystal detector and a galvanometer. Frequency was measured
by a crystal calibrated frequency meter, This equipment is shown in Figure

4o The resonant frequency was fourd to be 80 megacycles, indicating that



Fig, 4

Equipment used for measuring Q

A

B

Pickup loop and 1N21 crystal rectifier
D.C. galvenometer, shielded

35 GT shielded oscillator

Power supply for oscillator

Frequency meter with érytal calibration

Oscilloscope for frequency meter output
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the dielectric constant was:s

e 24X Cf_f«j " 3u4 (52)
&0/

The gvérage wall thickness of the resonator was about 5/16 inch, The

mean radius was about 2,3 inches. Using equation (32), the copper Q iss

Quy = «3BAT +(1 =D = .364\ 80 x 106 x 5/16 = 1080 (53)

-
A = GAY
‘ ———‘"‘—5 & ,003
6x2,3
Since /\ is small compared to 1, it can be neglecteds The dielectric
losses can not be readily measured separately, but if the value of the

loss tangsnt is taken to be 0,0004,

; . 1 - _
Qdie.lectric = 70,0004 = 2500 (54)

 Then using (53) the theoretical § for this resonator is:
“theoretical N l +l 2500 4 1080 © 750 Q
Qéu Qdie

Ut
A%

The Q was measured by plotting a curve of frequency vs. current galvanometer
using the equipment mentioned previously., The § as determined from the half
ppwer"points on the resonance curve was 474. If it was assumed that the ad=
ditional losses which caused the reduction in Q are copper losses, one can

caleulate the experimenta. @

copper,
Q... - 1 _ 2500 x 474
copper = — T === 590 (56)
Q10 Quopgy 2500 - 474

One might presume from this that the surface resistivity of the copper plat-
ing on the quartz is 1,8 times the value for metallic copper at the same
frequency., It is possible that minute irregularities in the surface of

the quartz were the main cause of the additional losses.



‘_Themqga;§zw§9¢tion chosen for the synchrotron resonator was originally
plated without scribe lines, The dimensions and electrical quantities

were as followsg

Effective length to gap ' 30 inches
Meggured resonant frequency 47.75 megacycles
Calculated dielectric constant b2

Wall thickness ' 7/16 inches
Qalculated‘Q;Oppef : 1040

Assumed Q4je)ectric 2500

Theoretical total Q 735

Measured total @ 470

Actual Qeopper based on_Qdie = 2500 ‘ 580

Ratio surface resistivity to that
expected from metallic copper at
the same frequency 1,97
It was noticed that the calculated dielectric constant is quite different
from that of the small test sectionj however, since the actual section
}resonated S0 élose to the desired frequency this matter was not inﬁestigated
further, The difference in dielectric constant might have resulted from a
difference in the batches from which the sections were madej however, it is
more likely that irregularities in the walls or distortion from the ideal
coaxial transmission line mode due to the toroidal shape are the main cause
of apparent variations in dielectric constant.
Two other sections have been plated for use as synéhrotron resonators
or spares, and were found to be resonant at a frequency indicating an ef- .
fective dielectric constant of 3.9 and 4.3, It is therefore necessary to

allow sufficient leeway in design of tuning adjustmeats to allow the fre-

quency of the complete system to be adjusted to the proper value,
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Since both ccpper plated resonators were almost a factor of two higher
in surface resistivity than the theory would indicate, it was decided to see
if s%lve? p%ating Would improve the situation, Accordingly, the 20 inch
sampleuquartz was silver plated without scribe lines using the proeedure
men?ioygd preyiduslyo A Q of 615 was measured after the plating, which
in@iqat?@wa sg;face_resistivity of 1.3 times the theoretical if the same
assumppigng are mg@e for the dielectric Q as in the previous cases,

A'vIt’Wag not deemed necessary to attempt to reduce theseilosses further,
since adequaﬁé cqoling was availablej however, for critical applications -
such as a synchrotron.operating at higher accelerating voltages or at a higher
duty cycle it might be necessary to smooth earefully the surface df the quartz,
or perhaps apply a glaze to the rough outer surface before silver plating,

After the above mentioned tests all resonators constructed were plated
with scribe lines, and the additional losses which result from the seribing
make it impossible to determine expefimentally the value for the surface re-
sistivity,

The first scribed quartz resonator was tested with all the metallic
strips.connected at the accelerating gap by means of air drying silver paint.
This_test showed that scribing reduced the resonator Q by a factor of more
than 3, When the proper kind of laminated iron was brought up close to the
section in a position simulating operating conditions the Q was less than one
tenth the value for the unscribed resonator, measurements showed this Q to be
about 40, This large increase in losses was considered excessive, so an
intensive program was begun io find the cause of the low Q.

It was found that slanting the gap, sc the strips were of equal length
did not affect any improvement in the situation. Various methods of con-
densor coupling the straps to provide ¢loge r.f, eouﬁling were not effective,

b e s e ey



=4 8

A ﬁwice‘sige air-dielectric copper model of the resonator was constructed
tp»%qvgstiggte the current flow in the metallic skin. This model is shown in
Eiggygsﬂ? 9@@ éo_wTests with the copper model showed that within the limits
of thé_measurements the currents flowed in circumferential lines parallel to
the metallic stripsj in other words, the mode of oscillation is the same' as
thg@ of cogxigl cylinders and no odd effect results from the slightly flat=
tened and torcidal shape,

It was found that the Q is very sensitive to the position of the coupling’
strap, It was possible to make fairly rapid checks of Q versus position and
angle of the coupling strap by painting air-drying silver paint (DuPont 4817)
across the scribe lines. The full conductivity of the paint is not achieved
until it has dried for six to eight hours, although this process can be hur-
ried somewhat by infra-red lamps, Using this technique, Q measurements were
made with the coupling strap in many different positions on the resonator,
The best Q was obtained with a oﬁe inch wide coupling strap around the out=
side and inside surface of the resonator at an average distance of 14% inches
from the accelerating gap. Measurements indicated the value of Q@ to be 350
in air; and 225 in position between the iron pole pieces, This resonator
was then installed in the synchrotron and was used to accelerate electrons to
330 Mev, |

The first resonator was scribed Yvertically®”, that is, the strips on
the inside and outside were lined up vertically., GC.S. Nhnan(s) conducted
tests on a Yradially® scribed copper plated resonator and obtained a @ of
54/, in air and 445 between the irom pole pieces, Figure 7 is a diagram
indicating the difference between the two different types cf scribing. The
copper plated resonator is shown in Figure 8, The bumps at the gap end

of the resonator were molded into the quartz section for use as alternative



Fig, 5

Twice size air dielectric sheet copper
replica of quartz resonator, outside

conductor opened,
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Fig. 6

Twice size eir dielectric sheet copper
replica of quartz rescnator for deter-

mination of current flow lines in surface,.
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fgedpointss‘and were not used. They have negligible effect on the electriqai
cﬁaracteristics and were omitted in later resonators.

Ii_was bglieved that the radial scribing was the reason for the highef
Q of‘the ¢§pp¢r plated resonator, so on the basis of the above results, the
synchrbtronwrofo group drew up instructions. for resonator construction and
another_spare reéqnator was constructed by technicians which on testing had
a’Q_qf:BSQ i#7airo While this last resonator probably could be built with a
slightly higher Q, operating experience has shown that it is well within the
limits for satisfactory performance; The drawing and instructions used by
the technicians are attached at the end of this paper.

After the Q measurements had been completed;, a series of tests were
conducted at high gap voltages tc test the resonator, coupling line, tuning
cqndenser and oscillator., These tests and the results are discussed fully

in reference 8,

-~

Chagter VIR Vacuum'ﬁealso : '~r§j

Itvwas necessary to couple the inner conductor of a.transmission line
to-tﬁe ihner surface of the quartz resonator., 1In order that this could be
done; the quartaz sections were ordered with a ered bump® at the 1/2 voltage
point. A hole, 3/4 inch in diaméter was drilled through Fhe center of the
feed bump9.and the electroplating was done in such a manner that the metallie
coating‘from the inner surface was brought out through the hole and for a
short distance across the face of the feed bump,

A quartz plug was then plated and inserted in the hole, The tempera-
ture of fhe quartz surface was then gradually raised almost tc the melting
poiht of solder by means of an infra-red lamp, and a fillet of solder was
placed around the joint using an iron and "No Korrode” flux;, The feed=bump

and the quartz plug were both grooved to receive the silver plated fingers



- of thevcogpling transmission line, Figure 9 is a schematic of the feed-bump
énd themmetgllized quartz plug,

When the first quartz plug was soldered in place and the resonator leak
'te§fgdlgpder vacuum, small leaks were discovered at the feed bump., It was
belieﬁed‘thgt these leaks could result from various causes, such as porosity
of thepquar?g p}ug, porosity of the‘cbpper plating, holes in the solder, or
lggkagguundgr tbe métallic plating, A check of the quartz rod from which
the plugsnwgrebggt indicated that there was a flaw down the center, so a new
set of plugs were obtained, In soldering vacuum joints it is advisable to
apply sufficient heat so that the solder will flow quite easilyj however, if
too much heat was applied in soldering the plug in, the plating might loosen
due to differential expansion. Therefore, it was decided to repair the first
solder joint under vacuum and with a helium mass spectrometer type leak de=-
tector on the line to insure that the solder was not applied in such a manner
that it contained blow=holes, A diagram of the apparatus is shown in Figure
10, A careful application of solder in all places around the plug seemed to
reduce the size of the leak, although it was not possible to eliminate it
completelyo Finally, the insulating gap was painted over with red glyptal
whicheffectively sealéd the leak, An identical experience Qith the next
resonator prepared seemed to indicate that air was leaking in underneath the
plating, so again the insulating gap was painted with glyptal. Fortunétely,
the glyptal gave no trouble in 18 months of operation, so it.was not com- -
sidered necessary to redesign the feed bump so that there would be less
chance of leakage under the plating.

Thie seals used at both ends of the resonator section are the same as
used for the other seven sections in the vacuum chamber, The method of seal=
ing was suggested by Marvin D. Martin of the Radiaticn Laboratory, and details

were worked out by the r.f., group since it was necessary to test the resonator
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wgll befgre“thgnfgst‘of‘the vacuum chamber was ready forgsse}mbly° The
re;gpatormgnq 9ﬁh§r sections were sealed together by covering the eight
joints with 4 inch wide, 1/16 inch thick butyl rubber bandé or boots, The
surface gnder the boots was prepared by baking on six coats of red glyptal,
ngOtQipg ?hemggyface down after each coat, Heavy lubriseal was used under
the”bdots to insure a good seal between the rubber and the hard glyptal sur-
faceov To prévent chipping of the sections and to insulate adjacent sections
from each other, the ends were separated by a 1/16 inch thick teflon gasket.

.This_system'has the disadvantage that the rubber is subjected only to
slighply greater than atmospheric loading, contrary to usual rubber gasket
practice, also when this method of sealing is used, the joints are not rigid
until the vacuum chamber is evacuated, and it nust be constrained by bumpers
to prevent excessive movement., The advantages of this method of sealing are
that it takes up less than 1/8 inch of space between the poles of the magnet,
thg_rupber boots allow for irregularities which may exist between different
sections, and a quartz uection can be removed when the magnet is diSaSm.
sembled by simply folding back the boots.

Figure fll 'is a photograph of the complete vacuum chamber showing the

eight vacuum seals,

éhagter o lggerating Data,

The Berkeley synchrotrén has been operating for about 15 months, During
this time there has been no vacuum leak where the quartz plug was solaered
into the resonator or under the rubber boots which seai the joints., When
the ring was first assembled it was found that some of the boots had manu-
facturing defects, but once this source of trouble was eliminated nc more
difficulties were experienced., It is expected that the rubber will gradually

deteriorate due to ionization from the x-rays given off by the synchrotron,



Fig, 11

The quartz vecuum chamber, The ends of the 45° segments
are painted with glyptal to form a smooth surface and

are sealed by rubber boots,
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but at the present time this effect has not been noticed,

~ The first resonator installed was silver plated and performed satis=
fgqﬁori@y‘for 2_Weeks?‘ There was a slight amount of sparking between scribe
liges bptrthe effect on the r.f. envelope was negligible, When the synchro-
tron was @;§a$§g@bled for a major overhaul, several strips of the silver
plating)were torn off the resonator as a result of carelessly removing some
seotch electrical tape which had been wrapped around the resonator to prevent
damage“pymthe cqnstraining bumpers,

The radially seribed copper plated resonator was then installed and
operaﬁed satisfactorily for © months, When the synchrotron was again disas-
sembled, it was discovered that more than half the copper plating on the feed
bump had burned off due te sparking, It was believed that this was caused by
peoor contact to the coupling line, The resonator was repaired by cleaning
carefully with steel wool and solvents and painting the bare areas with
DwPont air drying silver #4817, The.silver painted area was then immersed
in a copper sulfate plating bath and about 3 mils of copper was plated onto
the damaged areas, The spring finger contacts on the coupling lines were
loaded with a rubber gasket to provide a better connection to the feed bump,
This rescnator was inadvertently installed in the ring without being cleaned,
and although it had operated satisfactorily in air it would not hold more
than,lOOOrvolts at the gap without sparking when the donut was evacuated.

‘A five hour period under vacuum seemed to clean out the impurities and the
resonator was then able to hold a voltage of 2500 at the gap bgfore sparking
occurred., Synchrotron operation was resumed August 4, 1949, and the reso-
nator and osgillator have performed satisfactorily to the present date, a

period of over 10 months,
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Fig, 12
R, F, SEGMENT PREPARATION PROCEDURE

Grind off all sand and projections on inside surface, Cover ends using thick
rubber gaskets backed up by copper plates, Fill inside with hydrofluoric
acid, taking care that no air is trapped, Allow hydrofluoric acid to remain
in segment for 8 hours,

Grind ends and outside per 4C8593B, Grind boss per 4C5782C, In addition,
wall tThickness must be uniform within 1/16 inch, If necessary, grind out-"
side to obtain this uniformity,

Wash in alcohol and fire at 1300° F, Take 4 hours to reach this temperature
and 12 hours to cool from it,

When quertz has cooled to room temperature, paint all except driving gep
and areas of boss indicated with thin, uniform coat of Hanovia 05 Liquid
Brlght Platinum, Allow to air dry for 1 hour, Fire for 15 minutes at
1300° F in an oven with forced air eirculation, Take 4 hours to reach
1300° F and 12 hours to cool,

Apply 2nd coat as above,

Using a meter and probes, make a comprehensive continuity check of the plati-
num coating, Coat any open spots with platimum solution and fire,

Using striping mechine 4C5644, roll on 1/16 in, wide stripesof red glyptael
per detail at left, ’

Copper plate in copper sulphate solution, TFlash at 15 amps plating cur-
rent, Use a portable probe to cover areas not adequately flashed with
fixed electrodes, After flashlng, decrease current to 5 amperes and plate
until copper coating is ,002 * ,0005thick, Coating must be uniform - use
care to prevent heavy deposit on ends,

Wash off glyptal in methyl ethyl ketone, Using a motor driven 1/32 thick
by 3/4 dia, "Handee"™ carborundum disk, clean up all division lines, Use
flexibile shaft and 90° head when cleaning inside lines, Remove as little
of the silica body as possible, After grinding, burn out any residual
plating between straps, Use a 5 volt 200 amp filament transformer with
Variac on 110 volt input side, Next use & 110 volt Variac in seriés with
a 25 watt light bulb, Continue until resistance between copper straps is
greater than 100,000 ohms, ‘

Using red glyptal, coat all except the 3/16 x 1 connecting straps which
appear approximately at the center of the segment, Leave 1/16 in, of
copper showing on each side of the unplated groove, DBridge over the un-
plated portion with 4817 DuPont air drying silver, allowing silver to
overlap copper 1/32 on each side, 1/32 of copper to be left exposed be-
tween silver and glyptal, (Use 3 coats of glyptal,)

Copper plate ,002 thick over connecting straps only,

Remove glyptal with methyl ethyl ketone,
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