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In the first half of the paper a msthod for producing
axially nymmatric-magnutic fields of arbitrary form by means
of air core coils waound on axially symmetrie surfaceg of arbi~

" trary extent and shape is sei forth., Applicationg of the prin-.

- piple to betatrons and mass spectrcmeters, etc., ara noted, the
?alculations being-carried'out in detail for-aﬁ air core beta=-
tron. Ag a byproduct of the investigation a simple system for
obtaining rigoroualy;féa ia described, and proof ig given tiat
this sum ig a eriterion for adjusting varisbles toward balance
in many types of camputers. A damputer deaigned egpecially for
coll design was built and used with excellent results, but be-
cauge Of the pressure of time no construction data for actual
coila are given.,

The secmnd part of the thesis is devoted to an exposition

- of two new types of energy storage devices ¥ as applied especially
to betatrons and synchrotrong., Both thege devices smploy kinetie
energy as a very much moré powerful means of energy gtorage than
oither electroatatic or magnetic, The first machine consigts of
a flywheal operated as a Faraday digec withla sories field coill in
order to get high voltages and power, The machine is air core
8xcept for the steel disc and is_intanded for uge in the largest
betatrons and synchrotrons at repetition rates lese than one per

gacond, This device will pgrmit the attainment of electron ener-

gieg considerably above 5 Bev with the added possibility of
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accelorating protons and deuterong to approximatély the same
energy. A small (140 Mev) machine was built (pictures encloged)
and tested with the rssults expscted, The gacond type/gf gene=~
rator conglists of a large écala variomaeter, the circuit electico-
mschanical equations of which are such as to make this machine
ideal for the replacement of the usual rééonant condenger ‘at
great savings in power (more than 85%) and cogt (savings bettaf
then 95%). | |
| Together with the coll degign acham& thess two new
genarators should extend the power. and scope of betatron and
gynghrotrar acceleration by faectors offso with consequent

increase in the availablility of these accelerators for re-

goarech work,



THE PRODUCTION OF AKIALLY SYMMETRIC MAGNETIQ FIBLDS
R, L Garwin

Cage Ingtitute of Technology, Cleveland, Ohio
May 15, 1947. .

INTROTUCTION
Thers are many cases in which a magnetic field of & certain
form is desired; for 1natance'in a betatron the field mgt
be normal to a plane angd may be represented as of magnitude
H= f@}?) “over a certain range of radiug /? .+ For beta=ray
npoctrametern also, a field of shape determined by focug-
sing conditions should obtain, Oloud chambers, magnetrong,
B*H meters all require uniform magnetic fislde., It iz the
purpese of this report to present a method (believed new)
by which ons nay calculaté and conﬁtruct celils to produce

axially symmetric fields of otherwige arbitrary characteria~

tlcﬂo

~ In the analogous elsctrogtatic problem 1t is an eaay matter,
given the distribution of charge, to calculate the slectric
fleld, It is far more diffioult (and usually impoggible) to
compute the field if boundary values are given 88 equipotentials;
but this problem ig easlly solved by meansg of g plotting tank. |
On the other hand, if one starts fram a field configuration
dictated by lens properties, etc., ons need only apply proper
potentials to e¢mductors coinciding with tha'deﬂired equipo~
tentials to produce the required field., ' For magnetic fields
produced by the magnetization in iron, one need (as an excel-
laht approximation for fislds less than 10,000 gausa) simply

Lo treat the iron surface as an equipotential for magnetic

1l A portion of the thesis for B.S. degree,

(1)
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flela and‘maké the pole pieces coincide with an equiﬁotential
of the desired field plot, Magnetic flelds greater than abeut
20,000 gauss, however, must be pfoduced without the aid of
iron, thus throwing out the aquipotential method obtaining
Pole shapes as & meang of shaping coilg, (In addition, 1t is
desirable from the standpoints of economy and compactness to
eliminate iron from all applicationg where the air gap igm
greater than about 1/10 the length of flux path). Here
'again, given the coil ghape, it fs a gimple matter (but |
laborious) t§ caleculate the resulting field =~ the converse

procese involves an {ntegral equation of the first type and

is peculiarly difficult,

FORMULATION OF PROBLEM -
Iet us, however, attack this last problem., Az the immediate
application 1z to be to an air-core vetatron we ghaell restrict
the coil shape alightly. The magnetic field iIn the reglon of
the orbit is defined by the following eguations holding in
the plane of the orbit and by haimonic continuation in the
neighborhood of thig plane

| Hy = /%%—/—hfm P-2] £ L laé«(/

/0/%2 HHOAR < 2 0 47 H,

A%i%@ﬁfﬂ We ghall con-
sider the coils to be plane circular pancakes located at
distance ./ fram ths plane of the orbit and to have maxi-

- mum radiug (/)0
The direct method of solution appsars to involve the

expangion in Legendre polynomislsg of the field due to a
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circular cbil. Unfortunately.thia method becomes extremsly
complicated and 1s g0 difficult as to be of little usze in
practice, We shall purgue the following plan. Defing" the
vector A: o7 i/jé.g » then it can be shown that /- cwlAwhere

H ial the magnetic field and A  the so-called vesctor
potential.

¢ ig ofcourse the current in element (¢ , and 4 1is the
diefance from A to the point under congideration. The inte-
gration extends around the circuit. &ince wes are concerned
only with the field in the median plane, and gince the coils
are syﬁmetrical Fin=He =2, and by the axpansion of the curl

in eylindrical cooi'dinatea Hg: 0;’45‘ B ) B @
~ 4 =0

For two thin eircular coils distant /£ from tl:(e median plane

with radius variable o, current deaitydka)- , and radial

ineremsntal width £, the vector potential in the msdian plane
A= el Wg/(a)a Aa cr= P ¢
is given by s 2 / e

/ L&)amwdﬁzéz /%{

I TP -f/o - d A% ¥
And

L) - = des) et (ated apx) dadx -
/9) 73 I"pf__r (,g,)(a_/l/,_ (d L0 _.M/UB/}_ . B e e—— (D
W) = / ,)fa/ Hap0) dn e _ O

It can be ghown that @ hag a cont?nuouaﬁolutionafﬁ/for
(gm,/f/ continuoua in the region and for -i finite. Thus we
have proved that there sxists a cont.lnuoua_ adatribution of
~aurrent j@/ over the two planes distant./ ~from the msdian such
that the field fn ths median may be of any specified form.
Thig same result may eagily be proved for coils wound on

the circumference of a ¢ylindsr {in this case the required

fi0ld muat be specified along the axia).

2 M. Bocher, Introduyction to Study of Intesral M.
Cambridge University Preas 1914, p 61,
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The analytical solution of (3 {g an almost impossible job.
Let us ses what simplification we can introduce by our.
kn.pwledge of a specific problem_ == the air-core ebtatron.
Let us restrict & to the range o <o <(rHyf) colla could ﬂp
caloulated for 4<% or for that 'matter far « < 14 but would

be more difficult to builg, Then [ Dbeconmsg

(19
HiP) = // /m/ﬂ(a//oym 204 (142 MY
“=o Thig intogral

equation may now be approximated by the following gat of

simultaneous linear agg)b_raic equationg
)= Z' Jta.) Aa., gla, /0)

F -

His, ).

g I LN

sansaa, 96, A)
=/ or if the increments

are equal [9]{6))) f/ﬂ/) | ) @
wh, 9] - /’9"‘9’“”2’“/

2 - - T
We may put theass squations 1in a form more suitables for

computation if we write [«i];)} ;([Mf whera U ig the

degired mutual induotance of gingle turn colls placed at

radii /. The M are caloulated from the desired riold
by the relation/ - 002;/0;/.://0 o The ma.trix/;{_/ then 1p sym~
metric, being the array of numbera £,  giving the mutugl
inductance betwsen single turn coils of radiug “,, and

aingle turn coils of radius 4 in planes digtant £ .

This equation may now be used to caloulate arithmetically the
necesaary current density yfu) + To do thig we employ the [
- (&

———mzﬂa_ 4{’):141 = 5}7’ &___ [/C@/ f(ﬁ;/] oo s

3.7.C.Maxwell, Hlec. mmp firet edition, p 341
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/zgz:(ﬁw’“/‘j)z%’ll
where (;° ;;4W%1) A}l;@aﬁjz%z} .
~and F / are complete elliptic integrala of the first ang

/*'/7."'/4»

gecond king, raspsctively., For amallceggw{7is easgily
calculated asg

},""‘_ .':’/Y éz s L. _
[F-£] Tz -/

It should be noted that the matrix /X 7/is a function only

of 4$mnand'the upper limits of <« ang 0O . Thus we may

use the same invera%z?&]wi to compute ,«)for any degired field
He)e  The computation of inverse matrices is very painful

( and campletely impraétical for = 5>v/# ) go that anbther
method would be ussful to determine J?cﬂ) .. Machines for
golving large numbers of gimulitansoug equationg are very
expengive, elactrical ones containing of the ordsr 0fj¥%§fﬁ4&)

tentiometera, Tha getup to be outlined usges only 4-ncheap

potan

Two leads are brought out from each of ~»n  thin pickup
colls having the same number of turns and radfi /Qm + Thesge
eoils are all wound in one plane. A similar get of .,
indueing coils is wound vith radii &, . Ths two planes
are then separated a distance £ (sce fig?) one end of each
pickup coil ig cwmnected to the movable contact on a potentio-
meter (two potentiometers, actually, are uged for sach coil=-
one having a total resistance about 100 times that of the other;
thug by setting firat the coarge potentiometer and the the
fine one an accuracy of getting of 1 part in 20,000 may be
conveniently and stably obtained), All these potentiometers
have their resistance elements connected acrosg two busgeg

gupplied by a phasg ghifting network from the voltage supply
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which powers the inducing coils 60 gze #z, Thsbpotentiomatera
are set by comparison with two standard remigtance boxes

g0 that the volfages from the fingers to ground are f; gach
cage proportional to the desired voltage induced in the |
corregponding piskup coll (without attention to algsbraic
glgn). The sign of the desired induced voltages i1s taken

care of by reversing switches on the pickup coils so that

in all cases the voltage from the free end of #ach pickup

ecoll to ground is the difference between the degired voltage
and the actual voltage being generated in the pickup coll,

gee FPig.l, The currents in the inducing coils are controlled
by simple power rheostats of reslstance many times the impe~ -
dance of the inducing coils, This, oﬁéourae; reduces phase
difficulties, but does not anfirely sliminate them. No phase
ghifta are introduced in the pickup coil networks (the bucking
potentiometers may be get either with de and a galvancmeter
(micro;aﬁmater) or with agc and an amplifie;;with the same
getting within .01%; the detecting'deéice attached to the free
end of the plckup coils has sufficiently high impedance so that
the inductance of the pickgp coils producerno phase ahift in
the metered voltage). The induced voltages, howsver, vary

up to several degrees in phase from exact quadrature with

the voltags sgupplied to the indueing current rheogtats.

Thus at exact balance f{or the quadratara conponents there

will atill be appreciable voltages from the pickup coilsg

to ground. This diffioulty wae overcome by the comstruction '
of a-phaae'aaggitive amplifier (for one type of balancing

scheme), Th1’y sbheme was the ugual Gauss=-Seidel or
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clagpical iterative method usually employed in gimultansocug
equation solveras whersdy a balanca (a2 soluticn) is usually
obtained by adjusting the independent variable oyaliclj/’
g0 that sach equation in turn ia satiafied. This method
is vsually tedicusg and somstimes failm to convergs entirely,
but often ylelds a solution in_perhapa 15 minuteg fgr

10 variables, Another diéadvantage of the_method becameg
evident if one attempts to get one of a certain family of
solutiong with a special proPefty (maximum efficiency,
perhaps) by usging more variableas than points at which the
field ig specified, In such a czge it would bs advigable

to have an overall picture of the clogeness of approximation

to the solution at zany time.

It has been puggested by several write}a that the sum

of the absolute magnitudcs of the error voltages would
provide a balancing eriterion, i.es, would behave in

guch a manner that by minimizing this qﬁantity by varying
each potentiometer in tumm one would ultimately rsduce 1%

to zero., An interesting byproduct of this investigation

ig tha dlgeovery that neither this scheme nor the one

employing the peak value of the'error signalg works at all,
The reasm is that relative minima are obtained; rotation

of any rheostat in either dirsction increases each of these
qua?;ities for certain valuss of the veriazbles, This 12
eaafiy sgen mafhamatically and will not be discussed further.

ITowaver the sum of the squares of the error signal behavea

in the desired mamner, having no minima other than the solution

of the equations, 8ince tho suwp of the squares of the error

aignals is a catinuous function of the equation variables



the only way in which a monotcne decreasing (with successive

adjustments) set of values for this function can fail to be

. obtained is to have a relative minimum -~ to pa#o the partial

i

S
derivatives of this sum with respect to each rheogtat variabla

be zero, Setting up theae equationsg and applying the well-
known prineciple that the determinant of the coefficients of
the variables in a seat of homogensoug linear simultaneous
equations must be zero if the ast is to have solutions not
1dentically zero we find that the criterion far a relative
minimum is8 /A/:¢ . Howaver, for a golution of the original
squations to exist at all, and in general, thig deteminant
must be different from zero, Thug we have shown that the sun
of the squares of the errors ig monotones decreasing with
c¢yclic adjustment of ths variable rheostats and gince the
function ig always positive it must hava'iimit zero == i.e,,

the method converges.

The hitch in the application of this method to the setup ws

have here 13 the difficulty of devising a mechanism which

&will neglect out-of-phase components of the error signals.

However this hamw been accomplished by using a synchronous
digtributor, wide-band amplifier, and phase~digcriminating
mechanical modulatbr, together with a thoermal meter. The
contact points of the distributor are connected each to the
free end of one piokup'coil, while the rotating finger goes

to the amplifier (all rotating parts are powered by a 3600 rpm
motor running synchronous with the powsr supplied td tho

calculator)., The distributor 1ls driven through a { reduc-

- tion gear from the motor shaft, the only requirement on the

digtributor contacte ig that the finger touch sach for more
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then one half-cycle of the ac power. The signals are then
amplified by factor of los.with the output gtage of the ampli-
fior a pentode, Thia pentode feeds a condenser (whgge im-
padanco-is low campared to the plate resistance at'éo eyclesg)
through a synchrmous contactor which connects the condenser
in circuilt for exactly one~half cycle and then measures the
charge communicated to the condensar by connecting it to a
trangformer and pulse“btretching vacuum tube voltmster,
The half-cyele contacting pericd iz so phasad'with regpect
to the ac power asupply that any component of voltage out
of phase with that supplisd by the bucking potentiocmeters
ig diascriminated againgt by a faatoﬁ of 1000: 1 as compared
© $o l:1 for the in-phase camponent. With this setup It has
beson found possible to detsct one micrﬁvolt of in-<phages vol~
tage in tho presence of one millivolt of but*of*phase'cam*
ponent., This enables one to balance the computer to .01%Z.
In practice the balance is rarely carried further than 1Z
gince the accuracy of ¢olls to be conatructed will certainly
be no bstter, (After a coil has baen built to give 1% results,
the fleld is measured 'and a small COrroction coll constructed
to give the sﬁall deviation field.,) 1In order to avoid over-
loading the amplifier,the wholes computer ;eval ip controlled
by a vériac wiich is gradually turned up as the balancing
procosds, Inc¢identally the maéhanical modulator gives axcal-
lent digerimination againsgt all frequencies other than 80
eycles (G of 100 asasily attainad) sxcept for odd harmoniga
in-phass ccmpcnents which are reduced in amplituds by the
resiprocal of the order of the harmonis. These, however,
are ordinarily not troublesame and in gpecial ingtances may

be descriminated againat in the powsr supply.
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The reader has.probably noticed that nothing has been sald
about the acouracy of the approximation of the field at

‘the intermediate points. Little has been done on tgls gub~
ject mince the research was of a practicel nature and of
irmediate intersst, but I should hazard & guess that the
maximum deviation in the field is several factors of ten

lower than the magnitude of the field for every 50% change

in field. The desired fleld variation, of course, muat be
gufficiently small to appear slow to the successive pickup
coileg in order that a good be obtained, Of even more press~
ing intersst, however, is the behavior of the family of
solutiong with more variableg than constants and in particular
the problem of determining the solution in the family with the

least resistance. In this field, too, little has been acoom-

plished.
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GENERAL DESIGN PAOCEIURE
Je may now set forth general rules for ths experimental _
determination of fileld ampers~turns to produce a désireg
fileld., Wing Inducing coils of reasonable aizé and form.
wind  pickup coils to be placed in eritical pogitiong in
the fleld, Use the cirecuit of Fig, 1 to add ths output
voltages. Cyclic adjustment of the inducing ourrents will
now produce a null, The inducing currents are now messured

and recorded to give directly the required ampere—turnsg.,

This method will, for instance, provide uniform fields for
magnetrons with o solenoid length about-equﬁl to thw length
of the anode iﬁstead of ten times as long. Likewise for
B~H moters and beta~ray spectromsters. Maéa:spectramaters
are particularly suscaptiblelto this type of coilg deaign.
Here we may use psncake ¢o0ils as in the betatron. Thig
ghould result in a great saving inlpowar over the conven~

tional sphere coils,

At Cass Ingtitute of Technology we are.now building a 30 Msv
alr core befatron for continuous opsration -and é 140 ¥evw air
core machine for pulsed work., These, as well as gmoll coils,
cloud chambers, and the like, are bsing congtiucted on the

bagis of ealculations outlined in this report. The betatrong

incorporate certain features to be described in a later paper,

I wish {0 take this opportunity to thank Dr. E. F. Shrader

and his associates for thelr helpful advice and encouragement.
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New Power Sourcesg for iarge Betatrons amd Sjnchrotrona
Richard L. Garwin |
Case Institute of Technology _
Cleveland, Ohio, 7
Augaat 1, 1947,

The dcnstruction_of large machines of the batoiron
and synchrotron type has_heretoﬁqrq been an extremely
sxpensive underteking——= for two reasons: the existence
of a saturaticn value for the magnetization in iron- has
necesgltated the in&rease in_linagr dimension of the ac=~
celeratoé in proportion to the desired particle energy
{thus the weight and cost iﬁcreaas as the cube of the
energy in the betatron), and, second, the energy stored
in the magnetic field inecreases at least as the square of
tne particle ensrzy (in a design of alr core synchrotron
bj Blewett tho energy needed increages only as the first
poser of the particle energy, but this deeign has geveral
disadvantages),

The first problem has been dealt with in the previous
paper by the author as well ag by geveral others, The re-~
sults of that paper enable one to canstrmct a betatron of
reagonable size (half-meter diameter, say) for any particle
energy, the only limitationg being the adequate removal of
heat from the ¢oils and the avallability of the necessary
slectrical energy. The field energy needed in an air core
betatron is of the same order as that calculated for an
iron core machine of the game energy output and beam cur-
rent (for very high particle energies the magnetic energy
ouwy be lesg In the air cors hﬁtatron-than‘fdr the iron

corg machine aince the axlal dimangion is necessarily

{12)
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increaged by the ncale-ub necegsitated by the use of iron).
In any case there remaina the congiderable problem of
supplying power to either of these types of batatroﬂ{:

. Tha necessary energy per accelsration cycle (obtained as
j; g—’; b x10~7 Jouleg) is approximately X< ;]oulesé‘, whers
is the elesotron energy in Mev. For a 300 Mev
betatron 1t is seen that 200,000 Jouled Qf energy must bs

gupplied to the magnetic field during eadh acceleration
eycle. At reagonable frequencies betatron resgonant cir~
cuits have () of about 100 so that the power dissipation
at 60 cpas would then he [ameonx 0i¥ 2740]  op aimogt one

- million watts. In order to reduces the power dlasipation

to reasonable gigures the machine might be operated only
gix timeg per second, But the entire 200,000 joulss of
energy mugt be storéd in caidengers in any case (about
$60,000 worth of condensers, in fact).

If.is the purpoge of this paper to deascribe two new
meohanical energy storage devices invented by the author
which replace condensers in every betatron (and many
another) application at perhaps 2% the cost,

Ths first of these devices is suitable for the pro-
duction of the highest energy electrons at very low ex-
penase; for -ingtance one such device has been constructed
for well under $100 suitsble for driving & 140 Mev beta-
trom (or with auxiliary ocscillator = 300 Nev synchrétron).

Plang snd calculations far a mashine to supply a 1 Bey

__.betatron indicate a cost of less than $500. The repetition

4, Obtained from approximate field integration and present
practice with iron-~core machines, z (RE]) %]
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rate ig limited mainly by the power drain and the cooling

problem,

Brief}y the 1dea is this ==~ a small flywhoel ig -~
employed to store the energy by rotating at a falrly h;gh
rotational speed (maintaining an adequate factor of_séfety
against bursgting, ofcourse), The energy stored in a stesl
cylindrical'd:lsc flywheel ig given by ﬁ—le =—h-;/-_ %./IZW?-‘:
f_’fﬁ W PA x0 w? joules. From tﬁe formulae for the
bursting speed of a diac we may find that 50,000 joulea
can be stored in a fiywheel 6 in, dfam by 1} in, thick
running at 30,000 rpm with a factor of gafety of 2 and
tenglile strength 50,000 pal (mild steel), Likewiass a
ateel diso 2 in, thick by 12 in., diam running 30,000 Tpm
will atbre 2 megajoules of energy (condensers to gerve
the same purpose would fill a large room),

The line of attack is nay evident ~-- gome gene rator

mist be attached to the flywheel which will deliver the
mechanical energy to ths electrlcal load in legs than

- perhaps 0.03 gec (é linmi¢ anfordgd by radiaticn losges

at the higher elsctron energieg=~~ but not present in
the betatron acceleration of protons). This is aﬁ averaga__
powér conversion of more than 1200 kw even in the case of
the 140 Mev machine and amounts to better than 60,000 kw
in the case of the 1 Beyvy betatron (peak poweIs are sbout
ten times thage figures); The accompanying average torques
on the generator rotor are given in 1lb~f% by dividing the
generated kw by 4 (approx) for 30,000 rpm. It is thus
obvious that a very rugged generator iz needed which will

give a very high peak power intn an inductive-resisgtive
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load, A gensrator which fulfillg these conditionsg is
¢obtained by creating a magnet}c flux through the rotating
flywheel and by thus utilizing the disgc ag a Faraday/;ana"
.rator, obtaining hizh powers by lsading the discharge current
through a series field coll connected a0 as to producs a’
negative registance generator far constant rotation of the
disc, No iron magnetic structurs ig used except for the
aige itself, The Faraday disc {or homopolar gensrator)
ig idaal also since 1t has no armature reaction on the
magnetizing field. The optimum load resistance ig ordi-
narily fairly low (perhaps ,000) to .0l ohm) since the
ohmmic resgistance of the serieg field colla increages as
the sguare of the number of tume for a given winding
Bp ace while the negative regsiptance of the dige {tgelf in~
c¢reages only directly as the number of turng, It should be
mentioned that aodling cOpper to the temperature of liquid
air reducea its resistance by a factor of perhaps aix,
making posaible the pregervation of the negative resistance
characteristic into a load of perhaps .03 ohn,
In the machine which hag been cmgtructed hereﬁE%%;r
wag supplied to the flywheel by an air jet impinging on
buckets millod into the edge of the dise. At present the
compre eged "air” ls obtained from a tank of compressed
nitrogen fqr trial runeg, but an air compressor will be em~
ploysd in the final ingtallation, In a very high energy
device, hdwever, it would be better to have the air turbine
geparate from the generating disc, since the latter ig
‘gubject to brush wear. In my opinion air is preferable to

_diredt drive by mechanical or electrical means becauss
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of its convenience (a 100 hp air turbine need be only

6 in, diam and the compressor may be placed in thq next

room), quietnaés (after the airen affoct has been sdﬁéresaed),
lack of wear, and cooling effeqt on the generating'parta.

The elsctramechanical forces in such a high=current
generator are very large “~~ of the order of a ton for even
a small machine, The lérgaét of these effects ig the
réaction torque.on the statibnary condﬁotora exerté@lpy
the disc in decelerating, This may smount to 30 ton-ft
in the case of ths 1 Bev generator. Fortunately it is
very eagy to get rid of thia torque === one simply uses
two digcn cloga together running in opposite Qirectiana,
thus cancelling all torques and incidentally doubling the
output voltage. There need be no forces on the series
field coil except that tending to straighten it from its
| circular form. In the single disc generator there neegd
be no force on the disc {except the decelerating torque)
but in the two d&isc machine thers is a repulsion betwéan
the_two discs whick amounﬁa to only a few hundrad poundsg
oeven in the large generator,

We shall now diacuaa_the alaétrical‘aquationa of
such a generator and betatron. load. Let 7+ be ths number
of tufnn in the series field cofl and 4 the angular B
velocitf;gf the disc, Then if 4 ias the disc ra@iuslthg
voltage_génerated for one ampera-turn in the field aoil
ig given byfpj)'//b ’w MJW&’-EV‘WIB ré H = /b/é‘t/l which worka 047
to approximately¢2A¢uqu>volts/ampvturn*diac. Thug in
the two disc¢ generator 30 cm diam the generated voltage isg

0.0018 yolt/amp turn, For an eguivalent single turn field
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cofl{mequivalent” becaise the field coll 1s actually con~
atructed of many wires beginning and ending at difrerept
'plaCQB in order to permit the uge of multiple brusheé/with
balanced forces) the negative resistance of the generator is
1.8 milliohm, #nd the generator will then work into a total
poaitive circuit resistance of this value or less, An excit-
ing field of about 3000 amp-turng (corresponding to & volts
generated) is readily obtained by cwinecting a 10 turn coil
of #10 wire to a 6 volt storage battery by means of a relay.

~-#7 is the negative eircuit resistance and.'ﬁ?_ g
the total poéitive circuit resistance including that of the
gensrator and field coil, and if £ is the initial
build=up dmf then the differaﬁtial equation of the ecircuit
(during the time the disc remains at sensibly constant -
speed) is given bny‘ = fo-A#] e +/_’2§- whsre / igs the
total circuit inductance including that of the gensrator.
The solution of thisg zqu.a.?on[is ﬁ.zf t

R

aud for #~, 0By B 00)n, Lryy K, Exsys - d200 L2507
_In order to get high rates of energy transfer we decrease o ¢°%-¢272s

the inductange of the bstatron until the generator and
lsad inductance become comparabls to that of the betatron,
It is easy to see that decrease of inductance inereassg
the efficisncy of the gemsrator sligatly since the energy
digsgipated from the cloaing of the c¢ircuit until

ig W= /f‘ Vit = ZT-J/(jlgéyie;z 2 ZF1¢;1?r&é;é§$l;7
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The neglectsd -/ inZZ"@Z%-/] Inereages the losses with increase
in L, Thus the inductance ghould be as low asg poasible
congistent with storing most of the ensrgy in the mag:ﬁtio
field of the bstatron itself. Thus for R ~.00! , 72 o3¢ A:/ZJ-JZ then
:’15:3“5,"’ end the tims necezsary to reach i ),,27 2 xp 2 Sk Uy zjxma?with
g:;&‘/is'zﬁa:,ws_’f%cxcept peThaps fo: a lag intrcduced by’ eddy_cur-'
ronts in the generating dige, _
It is now of interest to calcul#te the rats of inerease of
electron energy at the beginning of the acesleratioca period i
(to Getermine bsam current) and noar the end of the acceleration |
{in order to compare this with the ‘energy loga by radiation), |
Assuning ths clreuit constants last mentioned we see that the
initial rate of change of current is .simply expreésed a8
E LS Xe W,% « Sinces. 3 x.f&!amp corresponds to billion volt
particle energieg, this initial rate of chg_/nge of currasnt
represents a rate of change of flux which is easily caloulated:

Y - e 24V
H A SRS 0"0_ and

From tie betatron egquation '\/\ozérjao,%x%j
the induced voltage per turn is given by o= W”p X/07 volta.

’ - 7 / s0% : ‘
fd-d = L2 Voor . £ 2ya and initially we geas . T i -
/ Ly D 2 Zo P Lo 3‘70 4 e U-"ﬁ/ém TZ—-%Z‘____’?__'_Q}
o

éawmw{fa reagonable value (if slightly lowsr than degirable),
At the end of t?e acceleration q_—-%a KL wng, ¢s 80 that
pease "L L nll g pagtor of ten higher than that
obtained in the 100 Mev GE batabron, ‘Thig latter figure
represants the energy gained by the particle in one revolution
and, in ordsr that the betatron shall accelsrate the partide,
mist be greater than the snergy lost by radiations. It is well
knowa that heavy particles also may be acceleratéd in betatron or

synehrotron type acceloratas, with high efficiency et output

energies greater than ssveral Limeg their regt energy —-= thus &

__.f_gr_p_mm greater thdn about 2 Bev, _ By

& Seven by J&2 E/érf‘/r-— ,1/0’ w4 4 L o
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proper choice of cirecuit congtanty and Operating conditiong
the generator-betatron combination ghould yield eleatrons |
with energy greater than 7 billion eV, Purther increase

in the particle energy (limlted by radiation logsg in the
gtraight batatronj is available by uaing the generator
simply to supply the guide field for a synchrotron in which
r{ fields up to 50,000 volts/turn may be used, The arrange-

mont introducss not inconaiderable camplexity but {t de-

- ¢reases the energy requirements by a factor of approximately

4, 8til1 another golution ===~ for particle energies above a
few billion voltg protong might be euployed (from whieh the
radiation is negligibls),

Ths preceding calculationas were worked out on the
bagis that the dise remain at cmgtant angular velogity,
Obviously, since the supply'of energy ia the rotational
energy of the diec, this cannot be so, and in cases where
little more than ths required ensrgy can be stored the be-
havior of the machins should be investigated either by
approximation or experiment (the complets differential
eircult equation appears to be of the £ifth order).

It ig a surprising and mogt fortunate fact that the‘
efficiency of Gnergy canversion 1s about the same with a
low z? betatron ratio as with a high one and that the
applicability to betatran acceleraticn is greatly increasgeq
by decreasing thig ratio, It should again be mentioned that
the forces between the comductors in the betatron and gene-
rator aia of the order of many tons, and appropriate sup-

porting structures mugt ba usegd,



A MECHANICAL DEVICE TO RUPLAGE THE RESONANT CONDENSER
IN SMALL AND LARGE AIR~OR IRON-CORH 8ETATRONS
AND SYNCHROTRONS FOR CYCLICAL WORK

| In the design of a mochanical contrivance to replace
the condensers usually uged in & regonant circuit two
problems aggin present theﬁselves: (1) storing the energy
- supplied to the magnetic field each cycle and (2} convert=~
'ing the stored energy to slectromagnetic energy in the
inguctance of the betatron or aynchrotron, The objection
to condensers is that they ara'large and expensime as well
as inefficient. |
Cne cannot use gimply an alternator to supply the

betatron since the machine would have to' be wound to
generate the total reactive power, which is more than

100 times the real power dissipated. The difficulty is,
of tourgs, the large inductance of the betatron, In order
to produéa an alternating current in this inductance it
- 18 necessary to apply many times the voltage required to
produce the same current in the betatron resigtance, It
wes here that the idea of supplying current to the beta-
tron instead of voltage appeared (the voltags obviougly
will have to be developed somehow, and the only excuse

for such a line of thought is the valuable resultas ob~
tained). If a high inductance, of so=far unknown type
were uged 1t might be possible to produce the required
current and voltages by varying the inductance mechanically
with a residual direct current flowing, And this iz found
to be the case. The generator is actually a variocmeter
{(uging laminated frou in the low powei machines to decreage

(20)
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the 1oasee._even'though air gaps of the order of 1 em

thick are present) with squal rotor and stator inductances
in geries as tightly coupled as posaible, The varidﬁétér |
is hooked across the betatron terminals, énd direct current
1s supplied to the geriss cifcuit thug formed by a low re~
aiatanca de gensrator,

The general theory is this: let Ly be the Inductance
of the betatron, L, the'inductance of rotor and stator
windings individualiy, and Mthe muitual inductance of
the rotor and stator (highly variable with angle of |
rotation & ), 1If 4313 the current in the eircuit at
any tims f then the torque on the rotor 1s given by

f; ;%? (see any texthook on slectromagnetios),
Now . (total circuit inductance) equalags 7L t2M Lt go that
n:l2bang the mechanical anergy put into the system

s + 28
is Méh-jjr 746, If for the moment we naglact the circuit

resistance, then '=¢7Z) ang Mﬁm-'_“*kfl Wl e
diffcrentiated encrgy equation is AL [L AORNES Tz?L
since - / [ =
[
&f&ai

. - “  z %ow _ﬁn may easily be made 3¢§ .
then ('>2%end the mechanical energy becomea <9  times
the magnetic energy present originally. This energy ia
returned to the flywheel on the next half~cycle (minug

thd iosaoa cauged by registance), In a betatroq?resistancc
may be neglected since less than 2% of-the atored snergy

is disgipated per cycle,
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The varicmeter muat be run fest snough so that the
Trotational cnergy of the rotor ig greater than that demandead
by the betatrm per eycle, but thig ia'autamaticallj/taken
cars of gince the rotor coils are wound for support of an
iron core which for all practicalidesigns ig sufficiently
nassive to gtore the desired amount of energy. The betatron-_
inductance should bs such that the requirdd peak currents
‘be about 1000 amperes (this permits winding the varicmetery

- with semi~self-supporting coppsr bar, yet koeps the brusgh
to glipring curfent feasuﬁabla); .

An explanation of the above equatiﬁns nay be in
order, If there ig ihitially present In the circutt a
direct current of magnitude: ¢, when ﬁhe inductancs ia
maximum; the equations indicated that thig current will
increase toééég when the flywheel has revolved 180°, The
magnetic energy in tﬁe betatran has then increased fron

Lyt toﬁ%Aﬂéig_factor of perhapas e ). Thig inerease

in fleld accelerates ﬁhc electrons. It is to ones advan=
“tage to remove this large current from the circuit as
quickly as posgsible, since tha‘usaful part of the cycle
‘has pasdod and only logses are being incurred. This end .
iz attained by special placement of coiflg on the varioneter
to make the inductance low for only 1/10 the rotation.
Since the magnetic energy isg reconverted to rdtational
energy the cycle ig comple ted with the variometer in posi~
tion of maximum inductance, A plot of current against thme
in a typical setup 1g exhibited in Fig .+ The dotted axis
is the zerc of current when ths de excitation iag gupplied

in parallel with the variometer and betatron. Witﬁ this
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connection the current in the betatron passes through zero,

thus permitting 1njection of electruns at ‘reagonable anergiaa.

This mﬁthod of aupplying energy has several advantages

over the use of condenserg. Not tha least of these are
combaﬁtnass (z'cubie ft for 150 Mev betaﬁron), ruggedﬁeaa.
{ag sturdy as a.moto:J, and low cost, Too, in a reaonﬁnt
¢lrcuit the average powar loss ia half'ﬁha-paak powef'lbas,
Using the variometer the minimum power 1099 ia g0/

- that at peak current. In addition, for more thén 59@

of the cycle the cﬁrrent iz less than about é‘ peak and
the mean power is tlms loss than ﬁ tha peak power, rg*
sulting in a Peal powelr gaving of ¢£7§§ Ovar the use of
condensers., The variometer may be nn at high apeada with
no increase in losses and an indreaée in betatron gurrent
output (aé wall aélin ensrgy atorage capabilities). |

Designs havo‘been worked out for gevaral size |
betatron'(indluding the effect of resistance) but are
fairly lengthy and “dl; not be includad here {interested
pergong should gonsult with the author),

The two electromaknetic machines described should
extend the range of available particle energies by a factor
of perhaps 50, to about & Bev; and may also be uged for
he avy particles in the higher energy ranges, -Theirlappli“

caticn will permit the construction of large machinas at

reasonable expense,

e ey

o —
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Figure le Phage

“diserimineting amplifier

(Pot P balances out heater hum to less then ,2 x 10 © ve, pot B
varies the phase of the modulating voltage to cumpensate for amplifier
phase shift-=~ is set g0 that no output is obtaeined for 1 myv input

out-of~ phaso. Pot D is zero get (de) .
“current is proportional only to in=phage
-J and X, G and H are coarse and fine ad
inducing voltages reaspectively., Convant
erg for potantiomater getting of pots an
been amitted for the sake of clarity.)

De camponent of 617 plate
component obviously. Potsg
Juetnmeitts on pick:p and _
snces gucn as jacks and jump~

4 reading of currents have
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Plgire 2.

. Thig plate ghows inducing

- goils of two different formg
R and C with plekup colls A
for betatron-, gynchrotron~-,
mass apectrometer-like fisldg.
“Affaratus at left is power
supply and cireuits not yot
mounted on relay panels, D ig
one of the twenty-piz~wire

‘cables t0 the supply and ealeu-
lating networks

Figure 3

Depicting the turbing o=
ter A, alr~jet (double-
nozzls) B, with soil~

and brush=block C car-~
Iying exciting coil ®

fed frem storags battery
by relay F. The end. of
the series fisld coll ig ' '
vigible at D onthe

a flat metal reaigtor clamped baetween the ¢opper block L and the
esenter brugh-holder G. In thuig model the brusheg are #dlid cop~
per backed with gtiff (30 1b force) springe ang heavy copper
braid soldersd t¢ the brushes. To prevent friction logges the
brush= and coil~blecek ig lifted by means of a % ft gteel lever,
the pivot of which is shown at H, When a current pulee i1z desired
the lever ig depraegsed, energizing relay F and coil ¢ by means
of & pogition swithh, and at the same time foreing the copper
brusheg into contact with the steel disc A, & capacity probe I
to the electronic tachometer J is8 8130 shown. The tachamater
counts the number of impulses {cauged by the varying capacity
between the poobe and the buckets) and reads directly in thou-
gangeg of rpm. The heavy operating lever B 15 blocked ag shown
to prevent rotation of the coil and brugh bloek ==~ n¢torque-

- balancing ig used on thig gmall machine {1 ton~ft), The pipe
from the pressure reducer and the nitrogen tank ig lettesred K.




