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INFOI#ATION FROM THE BOOK 'X=FAY AFPARATUS!

V. K, Shmelev

(Noter The folleowlng materiel eonsiale of four portions extracted [rom the
vook Tentgenovskiye Apparaty, written by V. &, Shoelev and published 1949 in Moseew/
Leningrad by the 3tate Power Presa. lamely, the follewing four:

(1) The lussian editor's comment, pa e 2 (of the original);

(#) The author's ercface; pages 3 and s

(3) ‘able of Contents, paces 5, 6, 7; ond flnally,

(4) The last chapter, the 7th, prtltled iigh-Yolrape Apparatus, pages 279 to

300, with list of sources wsed in compiling this last chapter,)

(1) Tne Fussian Editor's Gomment:

This bool represents a menograph devatod to the electrical sice of x-ray appa-
ratuses, The firgt twoe chapters give certain elementary inforination on X-rays and
x=ray tubes. The computational meteriel gypounded in Lie book concerns rectifier
eircuits thot sre employed in the construction of x=rsy apparatus. The book 18
intended for enginecering and technical workers who heve to do with the production
and malntenance of z-ray apparatus and its instullation on the spot. The book can
also serve as a text for students in electrical=engineering and power-engineering
collepes offering courses on upoentygenotechnics", and ulso for studenty at elecs

trical technical schools olffering courses on nroenbgen apparatus',

(2) Author's Preface:
The x=ray apparatus assumes an jsolated position in electrical engineering, as
demonetrated by its speeificity. This has led to the situation that in the elec-

trical engineering literature small sttention is paid to Xersy apparatus. In
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general Lextbooks on x=ray engineering and practica). applicatlens of x=reys, x-ray
apparatuses are described only among other things. At the same time, the need for
a systematized work deveted te the elactrical side of xersy apparatuses is very
great, Such a werk is reauired mainly by engineeringetechnleal workers having bus-
inegs with the production and repalr of x=ray apparatus and its installation on the
ppot. The present bool 1s intended to {111 this gap.

In compiling this beok, the auther used his own pergonal expericnces gained in
the fleld of x=ray apparatug construetion, besldes the usual literasture, The cal-
culations carrvied out in the book concorn rectifler circuit of x-ray apparatuses,
Tae autnor did not set av his gosl te clive all the compulational meterisl need for
designing and constyuebing an x-ray apparatus, The deseriptive part containg the
most typleal examples of exisling x~ray appsratuses meinly Fussilan, The number of
deseribed models Ls hold to o minimum:  the development of x-ray apparatus construcs
tion poes st a vapid pace, and to sllot too much space Lo & deseriplion of sctucl
designs would be inexpedient, At the same tine, Ly comprehending sufficlently toe
treoretical foundalinne and heving certain pructical experiences, one can without
special diffienlty, acquire x-ray technology from anelyzing any model.

The first two chapters of the book are devoted to x-rays snd x=ray tubes., The
noterial of these chapters does not pretend to completeneds, and contalns enly the
information necessary for understanding the operation of x=-ray apparatuses. In
the 1ist of literature piven are placed only those sources which were used in the
compllation of this book.

The author exrresses his acknowledgements to prdfessor V. V., Yasinskiy, who
roviewed the book; and also to engineer V. A, Vitka, cendidate-of-technicalwsclences
V. V., Drokhokskiy, and engineer ¢, K. Yevdokimov, who read the book in manuseript
and gave valuable comments, All sorrections of mistakes in this book are to be
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sent to the follewing address: lMeceow, Shlyuzeveya naberezhnaya [ﬁuaz?, ds 10,

Gosenergoladat /Slate Power Press/,
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(k) Chapter VII. Superhigh veltage Appareluses fNoter [igures ore given
I the appendin/,

68, Gereral Consideratliens

In this book super=high veltapes meon veltoges higher than L0O kvmax' High=
voltage apparatus le used for Teeding s-ray tubes that tenerute very slable x-reys

for therapy and fer xeraying of materiols, Superhigh=voltege apparalus however
is used mainly for the sccelervallon of electrons und ions in speciel discharge
tubes, with the object of bombarding by these particles various targeis for the

investligation of problems of stomic phyeice,
This field of study has brought ebout in the last 15-20 years a very rapid
development ol special superhigh=veltage construction. Simultanecusly there have

tppeared ingtallations in wulch electrons and Long are given tremendous energies

(up to 100 million and more electron=volts ) witheut the use of superhigh voltage.
Installations of the cyelotron snd hetatren type are related to them, Here are
briefly deseribed some of these apparatuges ard installations, mainly for obtaining

¥erays in practicel applications,

Ordinary two-electrode xeray tubes sre manufactured for voltages up to 100 kYm
fundamentsl obstacles in the way of creating similar tubes for higher voltages are:
1) spontaneous electron emission due to the great intensity of the electric field

in the electrodes and lesding to a powerful discharge through the tube; and >
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2) non=uniform distribution of voltage aleng the surface of the tube. For this
reason, in superhigh volteges the seecalled sectioned (easeaded) tubes are used,
in which the eleetrical fields are smoothed by the use of intermedial electredes
with lmpressed potentlols,

froteetlen fram x-rays 18 a2 very aerious cuestion in superhlgh voltages. Pro-
tection 18 more easily secured if the mource of rcdiation is @ focus apol, aituated
In the depth ef a hellew greunded anode. For this reasen, sectioned tubes are
usually made with a hellew ancce, eltheugh grounding of the unode does complicate
the insulation of the eatire installatlen. Another advantage of thie hollew anede
is thet Lt practically completely recovers the reflected electrons, An unseldered
gectioned Xeray tule of 500 kvmﬁx-veltuge with a hollew grounded sunde g shews in
cigurs 100, Interaedinl eloclrades, reprovenying hollew eylinders, are held fast
Lo retelllie rings made nf fernic alloy soleered to (lasg, The tube is daslgned to
operate in olls The length of its insulated part 18 about, 700 mm, and its dlameter
g about 90 mm. The hollew snode is made from a nickel tube 600 mm leng and 50 mm
diameter, The mirror of the anode is mede of tungsten. The unode is surreunded
by a water jacket to cool it, and a massive leud hood letbing in ruys only through
the window, The tube posuesses ma netie focvaning and a controlling grid surrounding
o cathode ol ordinary design,

In Figure 181 are shown such tubes of 1 and 2 MV tension voltages,

These tubes are designed for gaseous insulation under pressure, The l<MV tube
conslsts of 12 sections, the length of it without the hollew anode being 750 mm
and its diameter 90 mm. ‘'the 2-MV tube consists of 2l sectlons, its length being
approximately twice as great. The %tubes do not have contrelling yrids,

Some sectioned electron tubes operate with a pump. There are also sectioned
lon tubes, The most unususl electro=veacuum apparatus is the ring vacuum tube, which
is used to asccelerate electrons in the betatron ( 70).
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66, Apperatus with Veltage Multiplication

Te obtaln superhigh veltages ene can employ circuits thet dowble and triple the
voltegea, conaldeved eerlier in Chapter IV, Thus, t.e domestic apparatus deelgned
for & aymnclrie voltape of 500 uvmﬁx, 18 ereeted scearding to & double elrcult of
voliage deubling A;ihernture 627. In the epparatus higheveltege transformers and
condensors {or veolta es ef 110 KV ey @re employed. At auch voltages one muet ensure
thsl the secendary winding ef the trensformer is insulated from the body. This
required the insulastien of the iranasformer contalners from the ground and the intro=-
duction of separate trensforiers into the main cireult (Figure 182).

The eathode filaments of the kcnotrons and x-ray tube are fed by filament trans=-
formers; for these of them which are, with respect to the ground, under double or
triple voltage, the supply is fed also throupgh one or two separste transformers,
Filament tronsf-rmers and the separate transformers feeding them are placed in the
peneral containers with the transformers of the main circuit and with the condensers
Kenotrons with closing voltage of 220 quax are used in the apparatus,

Figure 183 show an apparatus constructed according to the double circult of
voltage doubling with pulsating voltage and rated for a symmetric tension of 800 kV,ax,
The generator installation comprises a high=-voltuge 100 KV gse 031 transformer 1,
with grounded middle point, two highevoltege oil cordensers 2 and two high-voltage
kenotrons.  The condensers are desipned for 200 kvmax voltage, and the kenotrons
for 1,00 kV,axe For the incandescent x-ray tube ard one of the kenotrons small
generators are used, which are mounted in the interior of the extrodes 3 and set
inte motion by means of a motor, situated in the interior of a grounded electrode U,
with the ald of insulated axles 5. Another kenoiron, whose cathode is at ground

potential, is hested by means of filament transformer.
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In installations deeigned for still higher veltages one has reoourse to series

(eaacade) conneetion in order to almplify the insulstion, Those instellatiens are

cenerally designed for investipations 1n the field of atomic phyeies, Figure 18

rerresents the olreult nf a 10wnf Inslalla fon of 1eMV with respect to the ground
having feur cascades, built according te the cons tant=vol tage deubling elrouit,
The Inslellatlon conalats of five vertiesl columa. One column centaina high=
voltage tranafermers; a secend containg Intermedial (2eparate) tra-sfermersy &
third and fourth colum are reserved fer hasting high=veltage kenotrons, The
kenotreng are dlapased betwean the columns,  In the Lnterier of each of these twe

volurmns is sltunted a molor, whieh set Lhe generctery in motion. The motor is

connected by means of a verticsl fusnlating saalt with g cenerator of the lower
vascade; the latter is connected by means of the same kind of ghaft vith the followe
ing generutor, and so lorth, High=voltage condensers make dp the [ifth eslumm,

The tetal helpht of the ingtellation 19 7 m.

To obbain a constant hlgh voliage, the ¢reuit for the mltiple multiplication

of woltage is alddp used, It is distinguished by the fact Lhat il uges altogethey
only one high=veltage transformer, whose volisce 18 inereased many fold by means
of high=voltage condensers, Thie cirewit is shown in Fipuve 185, ‘fTransformer 19,
condenser Cl and tube V1 consbitube the doubling cireuit with pulsating voltage

' charging the condenser c2 to a voltuge equal to twice the voltage amplitude of
the transformer., The same voltage is charged across tube v3 and condenser 03.
Contlnuing the discussion of the succeeding stages we are convinced that during

idling a1l the other condensers obtain the same voltage., Thus the voltage of the
installation equals N Upaxs Where n 4s the number of stages (number of condensers),

and Umax is the voltage amplitude of the transfomer, Here the even stages give
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relative te the ground a censtant vollage; the odd stages however, are pulsating
with a pulsatlon eaual te the deubled voltage amplitude of the transformer, The
counter valtage of the tubes is equal te this same quentlty,

The absence of a complicated cascade of the mein {ranaformers simplifies the
conatruetion and permits decroasing bhe gize of the inatullation in comparison with
that ol Figure 184, Meveover thip creates a great less of veltage during load,
wirleh rapidly inereases as the number of stages inercases,

Figura 186 shows Lhe eireult of an installstion of 1425 MV with respect to the
ground. The main elrcuit in this Instellation Ls feg by & penerater of increased
frequency (200 cyclaa/sec), which permits decreasing the capacitance of the cone
densers,  Gasotrona (gas rectifiors) are wsed as tubes with clesing voltage of
225 kvmnx' The dneundescent filaments of the Lasotrons are supplicd from a high=
frequency tube gencrator (500 kilocyeles) across smoll auto~transformers, Current
of high frequency goes in series across condensers, auto-transformers and resenance
filters, which represent for a 500 kiloeyele current a amall resislance and prace
tically do not allow a constant current and current of lew Irequency, The filters
should admlt o pulseting veliage with a maximum of 225 kvmax‘ The auto-transformers
are protected by resonatars, The copacitance:s in the clreuits of tho tube cathodes
compensete for the indusctance of the auto~transformers. The load is connected to
the electrode, which L3 connected to the instullation across higheveltage buffer
resistance Rye High voltage is measured with the aid of a multl~chm divider of
resistance R, and a electrostetic volimeter connected in parallel with a smell part
of the divider directly joined to its grounded end. The totul height of the ingtale
lations is 5.5 meters. Such an installation was manufactured for a symmetrie

voliage of 3 MV /Titerature 6 and 87.
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The theoretlosl scheme of the apperatus is shewn in Figure 187, The motor
actuates a penerator of triple frequeney (180,eyeles). Tne generater is econnscted
to the prisary winding of a vesonance tranaformer across a capacitance, serving teo
con-ensate for actlon of the generator's leaksge reactance, The secendsry winding
of the high-voltage transformer le composed of separaie flat ssetiens., The voliage
of the trensform v increases aleng the winding in propertien te the distance from
the crounded end, ajtuated in the immedlate vielnity of the primary winding, Inter=
medial electrodes of a se tioned wwray lube are cornacted Lo scetions of the 8ew
condary windln. of {the high-voltage transformer. The filament of tue cathode is
healed by speclal windings. The heating=filament curvent is regulat d by means of
chol:e eoll actuated by a moter connected to the choke coil by aid of a glass shalti,
An xeray tube possesses magnetic focussing of the electron beam,

The leckage inductance of the transformer's secondary winding and its capas
citances generate an oscilladory circult, by which the parameters I and ¢ are chosen
8o that the conlour turns oul te be tuned in resenance with the external (primary)
voltage. Owing to this, the oseillallons in Lhe secondary circuit acquire a preat
amplitude and the secondary voliasge exceeds by many bimes the primary veltage.

The inductunce of the apparatny deseri.ed is equal to 15,800 K, the equivalent
capacitance is 50 micromicro-F, The capacitance eurrvent in the secondary winding
reaches 56 mA. Since the anode current of the tube does not exceed 3 mA, the pre-
senee of the loud does not show a substantial intluence on the electrical oscile-
lations in the secondary clreuit. For the same reason one can disrepard the dif-
ference of the maxima of half-waves of the secondary voltage.

The secondary winding of the transformer is grounded across a measuring cireust.
The filter consisting of lowwvoltage choke coil and condenser separates the direct
and alternating components of the secondary current. The first, representing slso

the anode current ol the x-ray tube, goes through a mapnetoslectrie device; and
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the second (whiieh repreaents with a sufliclent degree of exaciness the alternating
current of the resensnce ¢ireuit) gees acress an electromagnetic device, Sinece the
alternating current of the resonance cirecult is propertional to the maximum se=
condary voltage, 1t turns out to be pessible to graduate the electromagnetle apparetus
direactly in kilevelts,

Electriesl @aeillat%one in the secondary ecireuit alweys possess e nermenic
charseter even 1f the primary veltage atrongly deviates from sinuseidal, Owing te
the faet that the elreuit ls resecunsnt, one nced net lear overleading when switching
the apparatug Ln or out,

A schematic eronssesection of & bloek=trancformer io given in Figure 188, The
absenece of a steel core permits putiing an x-ray tube in the center of the blocks,
transformer, on the axis of winding, which led to a very rational utilization of
the velume and created a more nearly perfect scereening offect of the tube, The
megnetic curvent of the secondary windlng is completed through a steel yoke, cone
gtructed to lessen the loss from individual strips of plate steel, reenforced with
the steel jacket of the block=transformer over all its diameter., Freon gas (CCler)
under || atmogyheres of pressure is the insulabing medium, The electrical stability
of freon is approximately three times greater than air under the same pressure,
[Hote: A still better gas insulation is elepas. Litersture 72/, 1o increase heat
exchange, artifieial eirculation of the pas is employed. fThe jacket of the block=
transformer is 1.2 m high and 0.9 m in diameter. 'he welght of the block-transformer
is about 700 kg

The apparatus deseribed can be used in deep-tissue therapy and x=raying of materw
lals. In the latter case the block-transformer ig fastened to a travelling hoisting
erane and thus acquires great mobility. To photograph with its aid steel objects
200 mn thiek for a focal distance of 0.9 m requires exposures of 200 mAsmin. i

T
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In the pest years a 1.F mA apparatus of @uehva type with veltage 2 WV relative
to the ground has been released /[Titerature 737/, '[he block=transformer L8 2. meters
high and 1.5 neter in diameter. The x-ray tube is shewn in Figure 181, One has
guceeeded 1n shortering to =5 mA=min the expesure In x-raying oi steel objects

200 mm thick for focal distance 0,9 mcter,

68, Impulse generators

Tiae greatent advantage of impulae feedluj of an x=ray tube for superhigh voltapes
is the ebility of insulation to suslain, under very short impulses (of the order of
mierosoeconds), & noticeably greater veltages than by ordinary feeding, Owiag to
this, auperhigheveltsge impulse x=ray apparatuses can obtain wide-spread use in not
orly mierosgeond, Lul also ordinary x-raying of meteriels,

The 1=}V lmpulee ceneralor (relotive to the ground) [ﬁiterature 7§7 represents
a [finlshed industrial design, The generator is enclosed in a steel jacket of volune
0,73 m3, well-filled with dehumidified Lransformer oil with increased electrical
stability., The generstor consists of 25 condensers (of LO kV each), generating cele
umns, arranged vertically. Insulation meleriel is specially prepared pebinax (or
textolite),

The dmpulse genervtor is fed from an x-ray hiph=voltage transformer of L kVA
power, situated cutside the jacket., Cas dischargers are located in the interior of
the Jaeket in oil, in insul:ted containers,

the lon discharge tube with grounded anode is situsted in the upper part of the
Jacket and le distinguished by its smell dimensioﬁs. It consiste of insulated and
metullic dises, assenbled alternalely. The insulsted dises are made of barium

borate micalex; thelr number equels 20, Tho tube is 22 em long and 21 em in diameter,

The tube works Ly pump under pressure of the order of J.()"3 mm mereury, The focal

spot has a diameter of 2«3 mm, It fluctuates from impulse to impulse and is dis=-
‘f placed along the anode. It attaing a range of 12 em.
& - 15 -

- CONFIDENTIAL

Declassified in Part - Sanitized Copy Approved for Release 2012/04/17 : CIA-RDP82-00039R000100140018-7



Declassified in Part - Sanitized Cop

Approved for Release 2012/04/17 : CIA-RDP82-00039R000100140018-7

GONFIDENTIAL

The generalor deseribed worked suecessiully Lor veltages of the erder of 900 KV

and was nsed in pliysical experiments.

69, Mectrestatie generetor

The operstlng prineiple of the higheveliage alectroatatic generater 18 represented
in Figure 189, A ponabont velleye Source of eoaib % 1o eonucected to itho edges Ce
The upward noving band 13 made of insuleting materlal eontinuously ebiaing, through
the corona, charges of & definite sign. {ngide electrode &, charges are removed
through discharge pointe T and creas over to the upper surface of the clectrodc.
The clectrode 18 charped to the volisge at which the eurrent acrois {he load (en-
closed hotween gleotrode and .round) becones ggual Lo the inflow of charges.

Present=day glectrostatic genevotors mainly ere congtructed for physical experi-
ments. The greatest number of these plve voliages up to Bu( MV relotive to the
ground and repregent pigantle agtructures 10-15 m in heighte To decrease the di=
mensions, paseous {npulation under pressure 1 employed.

Tndividual generators are ragerved for shbaining and using very strONg Y-rays.
A LeMV electrostatic generator of such type (relative to the ground) and current
3 mA operates under atmospherie pressure. fhe insulabting column supporting the elec=
trode is 3 m high. Cherges are transferred along oix bands 0,9 m wide, moved by &
notor with veloclty of sboub 2 m/sec, The total power required by the apparstus is
18 kwe

A generstor of x-rays is the gectioned electron x-ray Lube thal operates with
a pump, ‘The Lube is composed of 20 sepsrate poreelain goctions, Ln Lhe places
where the sections join are outlets ol intermedial glectrodes and special sealing
1s used, 'The tube is placed vertieslly, Length of the tube withoub gnode 18 3 M.

The grounded anode emerges from & prosedural lucétion, gituated under the base of

il -
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the generator, Uniform digtribution of veltage eleng the tube is atiained with the
ald of corona needle eleetredes, set parallel te sectiens 0i the tabe and Joined to
it by intermedial electrodes., The generalor deaseribed has been used for deep x=vay=
ing for several years,

Ir anether medel of the electrestatle generator uaed for x=ray therapeutde pure
poses, of 1.25 NV veltage velative to the ground and 1 mA current, geseous insulation
wnsier preogaure 1 employed. éﬁikorative ?57. Ay wes tested ot 10 atm and Freen
at 3-1.5 stm, The (enerator, wncloded in u steel Jackel 2,5 m high end 0,85 m in
dlemeter, it aitualed verbically. & band 0,38 m wice moves with the sane veloeity
as in the preceding model.

The x-ray tube is similar to the ene deseribed above; however, it ls consider=
obly shorter and has 16 seetions, The snode of the tube 18 copper coverad with
gold, Uniform distribution of voltage along the tube is sttained with the aid of
mlti-ohm voltage divider, set sarallel Lo the tube and connected Lo the inbter-
modial electrodes of the tubes The resistence of each section of the divider is
40O megaohng. Later, similer (lectrostatic penerators were econsiructed with 2=MV
«mray tubes (reletive to the yround) /Litersture 767,

Tn the Soviet Union electrostatic gencrators have been constructed for physical
experiments.  The perfection of cleclrostatic generabsrs is proceeding ab rapid
pacd, and it is posgille in the not-too=distant fature thet they will ulse be used

as superhigh-voltage penerators of great power.

70, Detatron
tn w1l the dbove-described instsllations for imparting greab kinetlc energy
eloctrons it was necessary to apply to the tube tobal accelerating voltage. Cone

structional difficuwlties also have increased with the increase in voltage for which

w17 -
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the installatiors were denigned, Instullations realized in ractice, eperating with
voltegon of the order of 5«0 MV relutive to the ground, are very cemplicated and
cumberseme. Heanwhdle 1t la neceasary for experimentel vhysiclsts to accelerate
eloctrona in eneryles mony timen gurpesslng B0 fcVe  For thle reasen sttempts have
been made in recent yeers lo create ajparatuszes in wideh cleectrone (and lons) would
be glven very prest erergles without tne use of superkipgh vellages.

In fact, is 1t neceonary far bhe veceleralden of charged particles to energles,
for dnstanes, of 20 eV o heave a totsl velloge of 86 MV

Lo 2% Lopengilde te et sleng with eangldercbly lewer voltages, Ly impressing
them on the path of the partlelen regeatodly?  Sor the reslization of this problem
in the years 1527 - 1532 methods vere proposed Tor the mulbtiple linear ucerlersllon
ol charged porticles ond sultiple seccleretion along o (lene spirel, Without stopping
b discuss-  these netheds, we will stete only that the nethod of aceeleration
slong srdrale received wide applicetden in the so~ctlled eyclotrons, whiel is used
to eeeelerate rositive long,

The cyelotron, unf&rtuﬁntel% cannot Le empleyed to accelerate elcetrons, possess-
ing in comgurigon with lons & much smaller mass., The poinl is thet the charged part=-
leles can be aceelersied in the eyclobron only up Lo thut point where there beging
to appear a notleecsble inercaseywith voleelty, of the partiecle!'s mass, For energy
of 2 MeV the velocity of the proton is 6.5¢ of the veloclty of light and Lts mass
exceeds Lhe regtigf the proton by 0.2¢; Lut the velocity of an electron with energy
2 MeV equals 98% of the velocity of light, and its mass is approximately five times
greater than the rest mags of the clectron, For this reason, the electron could
ettain in the cyclotron an energy many times less than that which is imparted to

it in superhipgh-voltage charging tubes,

w18 -
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The efforts ol physicista end englncers clrected tovare the disecvery of a
croetiesl, suligble method of repealed seeeleration of clectrons were reslived by
the epgatlan of en ap aratus. whleh yeeedved the na o lctetron [Literature 77 and
?§7. AL bhe pregent time, s betstron hea  een consirueted dn which cleetrons ave
ueeelarated to an energy of 100 HeV /[iter: ture 797,

Blhe operativg prinelple of the Letatron Lo besed on e rhenanenon el elevlre=
wegoetda dnduetdan, Fvery vaivialle meguetle flux cauges a vartiesl sleéetrical
fiedd, the elosed llaes o Jovees of whieh surreund an lncuctlon current. In trens-
fopeevs this vorticedl lectrie fledd cauzes the eppeorance of cleclramsiive forees
in the windinga, I the mo n:tde flux pensesses an wxis of gysmetyy, thern Lhe
1inee of foreo of the induged cleetrienl Licld sro represented Ly concentrie eireles,
wheae plene Lo perpendicular to tue sxls ol me vetle lux, snd tie center coineldes
with the troce of the axis en this plane.

we ageume thab in thu direction of & cloced electric force line i situated a
ving vaeuum tube, in whese Interior clectrons méve Groeribing eireles of constant
rodius (auestions sleut whet i tac source of rlectrons, how the initisl veleclty
18 oiven them, and v.ob holds them en an inveriable crbit, remain ror the time belng
anaeswered),  With inerease of voltape of Lhe magnetic £ield, a vortical electric
Field accelerates eleclrons, with every rotation ithe eleciron receives an increase
in energy, equal to el, where U is -he instuntaneous difference of potentials, which
¢ volimeter would show, il connected to one turn of wire located slong the erbit
of the electron,

This ineresse in energy, generally spceking, is not larges It con become very
significent, however, if the electron perfoims many rotations. Theoretical cul-

eulations (taking into aceount the dneresse of mass with velocity) show, for example,

“19 -
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that i the dnerease in encrgy after gne rotation equals 20 eV and the wagnetic
ur varlce untfordy, then for a dlaseter of ovbit equal to 10 em after one milli«
seeond the total path traversed Ly the clectron along the orbit is 290 km; thet ls,
Lt porforna 925,000 voletlonn and 18 kinctle enwvgy dnereasen Ly 10,5 MoV [iteras
tve 787,

nothile maaner, vith the ald ol electronagnetle induction, it s pesalble te
frered b Lo the edectrong an extrasvdlnarily large cnergy.  for the preetical roale
Loation oy this idea, howrver, considerstle diffleultion hed to be aurdounted,

she weat eazeptlal veobdem iz the auestlon - hev can the %ec%l@vntiﬂc elechron
Lo oregtralned en ﬂﬁg Invardeble cobite  As Lo lmown, we clectron £81ling with &
cortain Inlliel velecily Jale a meneble rield, perpendiewdor te the direction of
e ometlen, eontloves Looaove o Lhls seme plane, ne mutter Liev e trejecteory of
tue eleetren's soidon eurves,  Thie eurving 1 prester, the (rester Lhe strength
oft e mopnette Plelds L0 the Llcka otreng bl dnereases, tucn the electron tends
to wove aleng the curve with decroasing rodius of curvoture,  Kowever, lneresse of
Wi mignetie Peld sbrergbh canses, on the otucl hung, an inerease of the eleetren's
coergy o pod mon nbumy as o resudt of which the radiug o f cwrvabire should dnevesse.
from this it ls rossille Lo come to the conclusion that Lhe change of the magnetic
{ield ean, obvicusly, be 2u jeeted Lo sueh o law for which these ¢rprsite tendencles
compensste ohe shother, as a result of which the eleebren will move wlorg o curve
of eonstant radiug; that is, along a eirele, withoub cavrying out the proafy we
shall merely state that aceording to Lhis law the strength of the msphetie field
at polnts of equilii rium of the orbit must at every moment be two timea smaller than
the mean atrength of the mognetic field in the interior of the 6rbit.

The condition indicated proved to be, however, insufficient for the successful
sceeleration of cleetrons, It is still hecessary to find the initial conditions
geverning the electrons in order that they would fall on the equilibrium orbit.

.20 «
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Hoyeaver, 1t was necessary Lo doleraine alse fhe conditions of stabilily of Liw
cleetron on gn eaudllirdan orbily Lraversing & path hundrede of ldlometera long,
every eleetren, «ven dn a very well degasililed tube, onifere collislens with meny
melecules, The condltionz of ctablllty muat return alter every colllsion the
electron o the cquilibrium orbit (e anlt the formuletlon of the indtiadl conditlons
ened the canditions of stebdlity of the clectron on the caullibrium orbit). Only
after the explaravien of wll theas eenditlons dld U [rove ponglble to econstruet &
practiceal sulteble madel of a betuatron,

i betetren in which electrons ure scccleraled to s totul nergy of 2,3 ileV vas
mede Lo show the vessildlity of aceelernting electrons by clectromagnetie dnduction,
and debs was oblained for the dew Iopment of wore pouerful et trons. It ds small
in ulee and 5 easily 1laced on s Lable (Flgure 1.90). Thc‘ﬁo-ﬂev hebitron represents
o considerably more slurdy inctellatlen, I 48 1.5 long my 0.5 m vide and 0.9 m
bigh,  The inctallatdon weighs abeut 3.5 tons. The 20 eV Ledolren served, dn
pertieular, Eor dnvestdpeting the pessilillity of pructieel ubili ation of Lthe ullre«
herd Xerays penerdocd by itf. The 199 HMe® bebotron is o colossal in.tellution
welching 125 tons wud i intenced fer physical experdments. ‘The rollowing des-
erintion applies to the 20 eV betatrons

Flpure 191 shows the construction of a betatron., Between the poles ol the

electromagnet, . fed ty slternating current, is located a ring vacuum tube. The clectiro=-

magret in external apbearance sugpests a transformer of the drum~winding type. The

conductor is constructed of separate sheets of transfomer steel, TNspeclally care-

fully eonstructed are the pole terminsls, Here the steel sheets are arrenged radially,

which guarantees a perfect axis of symmetry of the magnetic field in the air gap,.

o OC
The electromagnet is fed from bbq electric ne%wnrr by»ﬁnmelbernating current. across
Hyplto
frequencyy# The feed power of the electro=

-byg statie (magnetic) triplicato

Ay
i .
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magnet 1s 26 Wi, In ocrder to “nerease the paier factor & resonanee foed clreuit
i8 useds  The caraeitonce of the vattery of condengers 1g chosen of auck a nagni-
tude thut the notupa ‘requency of the oaeillatory elreult oltalned saugls the
freqieney of the [eed eurrent (100 eyelea),

Ie ke Lirgt 20 ey Letetron, & ving vaemn tube was eiiployed, made of (lesg
and aperated with 4 VM, Lator Lt was revlaced by 8 lube wade from apeelal parens
Teln, wbich perofited f1noq Fricanlion Lo e pioifored at tue Lime of nanulseture,

The intertor murfaee ar the tube 19 eovered Whtn o thin vilver loyer.with the
ald o) chemdes] gilvering, Thisa luyer 4s greandes to prevent tLhe secwrmlation of
sbubie ehorges 0 Lhe surfuee of the tabe, videh cherges could fnfluecoe the roves
MEDt ol the eleelrong in ihe nterier of e tube, AL the aome Llne, this leyer
Pessens uoa g clelontly Mgl veniatance n opder et vortieel currente irdueed
in 1t by Lhe voriaile mapnetie Siald of Lhe electremagnet da pog dduturh the normsl
functioning of the aprparatye,

A dnenndesee;t Solvel Lilanent serves a5 the souree of vlectrons 1 the Letotreon,
The spirel fe o opreunded Ly the aceeleruting vleebrade; to uhieh ig subdreted a
velbage of the epder af 15-20 1Yy necessiry rap viving the «lectrons thedr {nitial
veloedty, v note thet the veeeleroting clectrede ie groinded and the spirel i
ilaeed under high volbege; themiise the acnclerating cleclrade would influence the
cirewlor motien of the clectrons in e tube,

The betsiren operates in the Folloving manner, fThe magnebic ficld of the clectrom
magnet variss sinuwsoldally, In the beginring of the period, from moment tl to
noncnd by (Figure 192) voltege is surplied to the accelerating electrode, ‘he
electrons thus accelerated are brought by the magnebie field of on clectromugnet

Lo an equilibrium orbit. fThis process lasts only the time (tzutl), because the

- 22 -
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aagretic fiedd mist have a definl o pleooyth, For sealler f1dld strenjth (4= tl)
the rediug of carvaiae of the trajeetory of ihe eleelran Ls oo lavge; fov lavger
freld strength (4 o= tg) the redius ls lee swsll., In consequence ol thie, the
cleatrong would not £811 on the equlliiviam orpit, even L0 Lo this Ume an accele
crating fold wre acting, They vould only "elog wph the tube end Lmpair the opcr=
ating eonditiouna.

I the courae of time frem tz to 9N the cleetrens move along the equilibriun
orbit, seerleraling Lo onergy 20 MeV, At the moment t = 1/l, & current puloe Lo
canzed to pays thiveugh the complomentary windlng locunted on the eloetromagnet,
bhus changing the magnetle fieldy  The redius of curyabure of the tleetron orbit
Lnereases and the electran stroam strikes agalnsot the barget, thus crewting an d-roy
plee,  The curent pulse can be digjluced in time, Lhug foveing the ¢lectrony to
sbandor the eauilil ritm orbit seoner than the nsin ficld abtaing a maxlsum. Lo
Lils cove the electrons, nuturelly, decelerste to lower wnergles. The second, bhivd
and fourth quortervs of the perind wre idle, ofber vhich the eyele repents agein,
(Note: In 2.3 MeV and 100 MeV Letobrons, tie thind quarter ol the perlod 45 also
setive. In the course of this quarter the electrons move on ihe equilibrium orbit
in the opposite direction, Hhlso the peneil of x-ruys emerge in the opposite
direction),

The radiug of the equilibrium orbit in the 20-MeV Letutron equals 19 eme In
every eycle of sceeleration the eleetrons perfoim ubout 350,000 revolutlons, thus
Lruversing & path sbout 420 km long. The mean current, with respect to time, on
the target is caleulated to be ¥ 1 microampere, Ab energies of 20 MeV, 65¢ of the
inetic enerpgy of the electrons is converted into xeray eneryy and only 358 inte '

heat energy, Fer this reason the cooling of the terget is nol an essential problem,

-93 .
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As experiments show, the penedl of xepgys emanating from the target is sharply
bounded in space within the limlts of a cope with angle 6-7° at the vertex (/igure 1).
Thie is very valuable for vevray therupy, The power of the duose at & diatance of
70 em from the terget attaing 50 poentgens per minute, A sccond property valusble
fox o w=vay thiervapy ls the farlunele dlatvilbution of the deses in the depths of the
bielaglenl abjects  the maxbmum dose Lles =t & distanee of 3=l em frem the surlace,

Freperdacats In neraying the perts of & maehine, esrried out with the ald of a
20 el betatron, vave ghoun Lia complete applicabllity fov this puypess ZIitefaturc

07, decordlng te a sanber of coraldiroiiong widel va connnt step to digeuss hove,

o

it s geareely expedient o practicel ¥~roying Lo apply the x-roye emerated by
electren energles 3urpassing €0 MeVe  Jven now such Letshrons are ast Leo cumbers
gome, Lo the next few yesrs we con expoel btholy further perfection and wide-s:read
e Loy purpagsen of reray therapy and seraying of materlols,

As for physteal experdments, here the cflerts ol physlelelys sud cogineers are
divected Lowerd magniryiog furtver the encrey of the accclerated particles, fo
seceleva e electrons bn energles hlgher than 100 MeV, new systems ol wveecleration
ere proposed, chlelly Lhe aynchrotron, whese operaling principle was [irst proposed
Ly Lhe Sovieb selentiat Ve L, Veksler, Teader desiring Lo Legome uequeinted in
mare detall with tils problem are recommended Lo read the publisied work on the

seeeleration of chnrged p.rbicles by Professor A. As Qarobev.
Tul LITERATURE USED IN COMPILING CHAPTER VIL

69, Ao V. Filippov and V, V., Yuinskiy, "A 500,000=volt X=-Rey Installation", Uspekhi

fentgenotekhnild , No. 1, Moscow, 1937,
70. G, % Charlton, W. E. Westendorp, L. E. Dempster, and G. Hotaling, "A Mew

Million Volt XeBay Outfit", J of Applied Physies, Vol 10, Ho. 6, 1939,
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7le  Gharlten and estendorp, "4 Portable Millien~Volt X«Pay Oulfit for Indus trial
baberatorlea®, GER, vol L, ve, 12, 19,1,
T8 Lo M, Coltiberg, "Elegas, An Rlectrleal Goseaus lusulatient, klektrichealve,
- 3 4 a
oy 3, 19&70
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f4e Fo Fo Large aad L, 1, Flvovar, "Compact M111len=Yolt Apparsiugh, faveotiya

Alrad a e azup Trrlya 3
feadentd Nak 338P) Seriya Fizlehesava, Vel v, te. 2, 1040,

o A )
7 gy g B nn O Ora ' 1
2o do Gy Trump and B 0, Van de draalf, ", Conpsel Presaure=Irayl sled Llectros

Atatle fwRey Geeevabort) Toygiesl Levicw, Vol 55, Yo, 12, 1939,

. We ieeisry By 1, Vande Sraul, et sldi, "Elcetiostutic Ascelerator Loy

e A
Hlectrong!, Fevrlow of Seientific sistrunente, Vol 18, Mo, 10, 1947
A 1 ksl g = 1]

70 U U Rerst, Mhetsbront, U T
' ferat, Mbetatron', Uspelid Fislehesleld, loal, Vol 26, o, 2, 190,

“a 3 i pbieye M T pakd A v
v A Py Grdnbery, "aeeel cration af Llerbrons by Eleetronagoetle fnduetion (Kerat' s

Betetron)", Uspeldid Fizicheskilh taale, Vol 27, No. 1, 1945,

79, W, westar el B e ;
9+ ¥ Westendorp aud Charlton, "Inductior fseclorabor o Eleetrons Lo 100,000,000
< 3
Yolta Ztranslation o4 an enplish languoge srticle inte Russian7", Uapekhi
Yiaicheslkh lauk, Vol 30, los 1-2, 1946,

00 v Po Gir : ) iams i
8 Jo Pu Girard and G, D, Adans, "Applicalion of the Detatran to I'ractical Radiom

graphy "y Electrieal Ingineering, Vol €5, to. 5, 1946,

[ote: Figures follow,?
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Figure 180, Sectiened elestron tube ef 500 kVpaye

ok '

1 = cathode g
= intermedial electrode o :
hellew anede 1 “ g .;,:,
wolfvam mirror (target) -~ )

water jacket

lead hood

focuseing coil winding

IO W N
L}

/Fie:ure 181.

¥ X=ray tubes

of one and
two millien
K ~ volta.
R {Figure 182, S8chematic diagram of a Soviet=made

SOO-ka ax Apparatus.

ST ’/’Figure lﬂlu

- - Schematio diagram
fa ghowing an ingtal-

= ST o lation of one
Tonet G mnillion volts
- relative to the
. ground with
- s cascade connection

of the voltapge~
doubling cireult.

=
&‘3 .
({ Z,
N Figure 183, A BOO-kaM apparatus, e
z
C?. 2, Y [
A
Sy s e s
Lp) ¢ ,)i;'(,\f' ) CN (N 78 3
\ /b _x\ '\\ it b2 ﬁ' Flgure 185, Schematic diagram showing
,.%{ [&,_,,v,,._v.MJ {"““""i ‘_j S,

repeated (mltistage)
volbage=multiplication,
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CRREIERTIA
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-« Figure 187, Schematic diagram showing
an installatien of 1 W relative to the
groundy; with a resonance transformer.

! , 1 - metor
, y ' 2 = generator of triple frequency

: 3 = sxoiter
! i = primary winding of resonance transfomier
“ Figure 1086, Schematic diagram 5 = capacitance

ghowing an installation of 1.25 é - secondary winding of resonance tranaformner

MW relative to the ground, 7 = heater winding (coil)

built according to the mulbli- 8 = choke coil

plicaticn circuit schemos 9 = sectioned X-ray tube
et 10 = foousaing coil.

N
s Figuro 188, Sketch showing a block transformer of
¢ 1 MV relative to the grom\g.

1 = cathede of the x-ray tube

Ly _ }
, | /,1 / g - interrﬂedis.l elect%;odas oﬁ tl'}e x-ray tutl:'e
PR = & |y = vitreous tie bolt
) A e 5 = primary winding
G /6 = heater regulation choke=coil
ST e 42 T = heater winding

! 8 = gecondary winding
9 = gteel armature

210 = insulating device of the heater choke=coil
11 = outlet of the intermedial elactrode

. 12 = glass envelope of the x-ray tube

i."13 = motor for operating heater regulation
/’ “ll = anode of the x=ray tube
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Sinhans — Flgure 190s A 2.3=lev betatron.

Figure 189, Schematic diagram

showing the principle of oparation

employed by the Van de Graaff

elactrostatic generator. '
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S \ o~ V.
s
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Flgure 191, “Principle of N
construction employed by Iigure 192, Curve illustrating

the batatron. ?he eperation of the betatron
see the text).

1l = core of the electromagnot
2 - main magnetizing winding
i 3 = cireuline vacuum tube
li = source of electrons
5= supplementary displacing winding,
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