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TNFO#ATION FEO. THE BOOK 'X=FAY APPARATUS!

V. K, Shmelev

(Noter The falloulng materisl econsimle of four portions extracted frem the
book Teatgenavakiye Apparaty, written by V. Ko Shoelev and published 1949 in Moscov/
Leningrad by the Jtave Power Prasa, !amely, the fellowing four:

(1) 'The Tussian edltor's comment, peLe 2 (of the original);

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

(3) ‘iable of Contents, paces 5, 6, 7; ond finally,

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

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

(1) The Pussian Editor's Comment:

This boolk represents a menograph devated to the electrical slce of x-ray appa=
ratuses. The firut two chapters glve certain elementary infornation on x=rays and
w=ray tubes. The computational materiel gxpounded in Lue book concerns rectifier
eircuits thot sre employed in the construction of x=rey apparatus. The book is
intended for engincering and technical workers who have to do with the production
and maintenance of x=-ray apparatus and ite installation on the spot. The book can
also serve as a text for students in electrical-engineering and power=engineering
colleges offering courses on Upoentyenotechnics", and also for studenty at elecs

trical technical schools offering courses on nroentigen apparatus',

(2) Author's Preface:
The xe-ray apparatus agsumes an isolated position in electrical engineering, as
demonstrated by its speeificity. This has led to the situstion that in the elee-

trical engineering literature small attention is paid to Xersy apparatus, In
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general Lextbooks on X=ray engineering and practical. applications of x=royos, x=ray
apparatuses are deseribed only among other things, At the same time, the need for

a syatematlzed work deveted to the elactrical side of xeray apparatuses is very

H gregt, Guch a work is reauired maimly Ly enginesringetechnicel workers having buge
iness with the production and repalr of x=ray apparatus and Ite installation on the
gpot. The present hoel is intended to £411 this gap.

; In compiling this book, the auther used his own personal exprricnces gained in
the fleld of x=ray opparatug construction, bealdes the ususl literature, The cal-
eulations carrvied out in the bool concorn rectifier circuit of ¥=rgy apparauvnses,

Tae autior did not set av his gesl to plve all ihe computlational materisl need for

designing and constyueting an x-ray apporatus. The deseriptive part containg the

; most typleal examples of exisiing x~ray appsratuses mainly Fussian, The number of

! deseribed models Ls held to o minimum: the development of x-ray apparatus construc=-
tion goes at a rapid pace, and to allot too much space Lo a deseriplion of actual
designs would be inexpedient, At the same tine, Ly comprehending sufficlently tae
treorctical foundatisns and having certein prauctical experiences, one can without

special diffienlty, acquire x-ray technology from analyzing 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 only the
information necessary for understanding the operation of x-ray apparstuses., In
the 1ist of literature piven are placed orly those sources which were ugsed in the
compllation of this book.

The author exrresses his acknowledgements to professor V. V. Yasinskiy, who |
reviewed the book; and also to engineer V. A, Vitka, candidate-of=technical-sciences |
V. V. Dmokhokskiy, 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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following addrega: Mntcow, Shlyuzeveya naberezhneya Zﬁuaz?, de 104

Gonenereoizdat /Slate Power Press/,
(3) Table of Contents: Page
Introduction 8
Chapter T, Certain Infermation on X=reys
| 1, Generatlen of ¥=rays and their main properties 13
E 2. Dependence of x-roys on snode voltage snd anode current
% nf x=tube 20
: 3, Ouontitative wnd gualltative cevaluatlon of y=rays 26
s Application of x-rays in medieine and engineering 27
a) veray disgnosis
b) »-rvay tuerapy
% ¢) w=raying of materials
d) x-rey sveetral anelysis
Chapter I1I., X-Yoy Tubes oud HigheVoltage Tubes
: ¥, Y-ray tubes 37
é 6. Various tipes of x-ruy tubes snd their properties: Ll
% a) diagnostlic tubes
% b) therapeutic tubes
% ¢) .thbes for x-reying materials
‘ d) tuves for structural enalysis
| 7, Characteristics of x-ray tubes 53
8, Passa.e of current through x-ray tube with poor vacuum 59
9, High-voltage kenotron 60
10, High=voltage gasobron 63 i
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Page
Chapter 111, High=Veltace Part of X=Ray Apparatus
11, M“ain transfoymers 66
12, Active resistences, inductaners ~f leakage, ané intorned
copacitaren of the mein tranaforner 73
13, Pewer of the main tronaformer 76
1, Heln Lrapgforeers vlth vartable coeificlents ef transformatien 7
| 18, Filanent trensformors 79
16. Hiph=voltage concensors 81
17, Generster lustellatlen 83
! 18, Eleetrical sirength of Lie penerstor 88 i
§ 19, Ofpen high=-velioge wiring 89 i
20, Prollens of clecirical aofely 90 i
21, High=voltage x=ray cabkle 92 L
22, Irotective casings for x=ray tubes 9% ;
23, Hleek Lrang formers 100 l
2. Pumps for cooling the unodes of x=-ray lubes 103
25, Measuring the anode current of the x-ray tube 0L
i ©af, Meagsurement of high voliage 108
Chapter IV. Rectifier Circults of Y-lay hpparstus
27, General discussion 113
28. Half-wave tubeless circuit 116
29, Computing the currents and tube power in a half-wave tubeless
apparatus ’ 19
30, Voltage drop in helf=wave tubeless apparatus 125
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11, Influence of cable capseitence on cperatden of hall-wave
tubeless apparatus 130
92, Halfwwave cireuwit with tubee in the primary eircuit 132
33, Halfeweve elreuwit with tubes in the aecendary cireult 136
a, Influence ef cable capacltance en eperutien of half-wave
spparatus with tubee in the sccondary ¢ireult 13%
38, Feur~'uie Lridge rectifier clrouit ik
36. Sivetube bridge rectificr cireuit 150
37, Doubling elrenit with pulacting veltse 158
3, Caleuletdng the eurrents, tube power, end veltage drep in
spporatuses aceerding to ihe doubling eireuit with pulseting
voltage : 159
39, Ianfluencae of catle eapacitonce in apparatuges acenrding to
the doubling cirenit with pulsoting voltage 166
L0, Doukling eireuit with censtact voltage 168
1. Tripling circuit 176
N2, Swmwiory of t¢ main electrical quantities for rectifier
elreuits . 184
3, Overvolisge in x=ray spparatus 186
W Impulse feeding ol x=rey tube 167
Chapter V. Low-Voltage Part of ¥=-FRay Aﬁparatus
L5, FRegulator suto-transformers with insoldering 203
L6, Tegulation of the voltage by means of ecomnitetors 206
L7, Variators 210
- L8, Regwletion of Lhe filament in x-rey tube a1d highevoltage tubes 21}
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(4) Chapter VII. Superhlgh Veltage Apparetuses [ﬁﬁt@: Flgures are glven
li the appendix/,

65, CGereral ('onsidaratlons

In this beok super=high veliages meon veltoges higher than L0OO kvmax' High-
voltage apparatus Lo used for Teeding z-ray tubes that peneruta very slable x=-rays
for therapy and for xeraying of nateriols, Superhigh=voltege apparatus however
is used meinly for the ascceleralion of ¢lectrons und ions in special discharge
tubes, with the otject of bombarding by these particles various targeis for the
Investigation of problems of stomic physiee,

This field of study has brought about in the last 15-20 years a very rapid
development of speeial superiigh=voltage construction, Simultanecusly there have
tppeared installations in widceh electrons and ions are given tremendous cnergies
(up to 100 million and more electron~volts) without the use of superhigh voltage.

Installations of the cyelotron and tetatren type are reluted to them, Here are
briefly deseribed some of these apparatuses ard installations, mainly for obtaining
xerays in practicel applications.

Ordinary two=electrode x-ray tubes sre manufactured for voltages up to 1,00 kvm
fundamental 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) ponwuniform distribution of volisge along the surfaece of the tube., For this
reagon, in asuperhigh voltages the so-galled sectioned (eascaded) tubes are ueged,
in which the electrical fields are smoothed by the usec of intermedial electredes
with lmpregsed potentlols.
! frotectlen fram x~rays ia a very aerious cuestion in superhigh voltages. Pro~
tection 18 more easily secured if the mource of rediation is o focus apoi, situated
In the depth of a hellew prounded snode, For this reason, gectioned tubes are
usually made with a hellew ancde, although grounding of the wnode dees complicate
the insulution of the entire installatlon. Another advantage of the hollew aneode
is thet 1t yractically completely recovers tiie refleeted electrons, An ungeldered
sectioned xeray tule »f 500 kvmax-Vﬁltnse with a hellew grounded sunde 1o shewe in
cigurs 100, Interaedind eloclrades, reproventing hellew eylinders, ave held fant
lo +etallie rings made nf fernic alloy aoleersd Lo (lass, The tube is dagligned to
operate in oil. The length of its insulated pert 1s about 700 mm, and its diameter
g about 90 mm. The hollew anode is made from a nickel tube 600 mm leng and 50 mm
diameter, The mirror of Lhe anode is mede of tungsten. The unode 1s surreunded
by a water jacket to cool it, and a massive leud hood letbing in ruys only through
the window, The tube possesses ma,netie focusning and a controlling grid surrounding
& cathode ol ordinary design,

In Figure 181 are shown such tubes of 1 and 2 MV tenslion voltages.

These tubes are designed for gaseous insulation under pressure, The l«MV tube
consigts of 12 sections, the length of it without the hollow anods being 750 mm
and its diameter 90 mm. The 2-MV tube consists of 2l sections, its lenyth being
approximately twice as pgreat. The %tubes do not have controlling ygrids,

Some sectioned electron tubes operate with a pump, There are also sectioned
lon tubes, The most unususl electro=vacuum apparatus is the ring vacuum tube, which
is used to sccelerate electrons in the betatron ( 70).
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66, Apperatus with Voltage Multiplication
To obtaln superhigh voltages ene can employ circuits thet double and triple the
veltegos, cenaldeved earlier in Chapter IV, Thus, t.e domestic apparatus deslgned

for e aymnclrie veltege of 500 kV 18 erected secording to & fouble eircult of

xl
veliage deubling [fit@rnture 6_7. In the epparstus higheveltege transformers and
condensora {or velta eg of 110 KV ey 6re employeds AL such veltapes one muet ensure
that the seenndary winding of the transformer ig insulated from the body. This
required the insulstien of the iransformer conteiners frem the jround and the intre=-
durtion of separate trencformers into the main cireuit (Figure 182).

The eathode filaments of the kcnotrons and xeray tube are fed by fllament trans=-
formersy for these of them which are, with respect to the ground, under double or
triple voltage, the supply is fed also through one or two separate transformers,
Fllament tronsf-rmers and the separate transformers feeding them are placed in the
general containers with the transformers of the main circuit and with the condensers
Kenotrens wilh closing velbage of 220 kvwax are used in the apparatus,

figure 183 show an apparatus constructed according to the double circult of

voltege doubling with pulsating voltage and rated for a symmetric tension of 800 kvmax.

The generator installation comprises a high=-voltuge 100 kvmax ol transformer 1,
with grounded middle point, two highevoltage oil condensers 2 and two high-voltage
kenotrons, The condensers are desipned for 200 kvmax voltage, and the kenotrons
for 1,00 kKVyax+ For the ineandescent x-ray tube and one of the kenotrons small
generators are used, which are mounted in the interior of the extrodes 3 and set
into motion by means of a motor, situsted in the interior of a grounded electrode k,
with the ald of insulated axles 5. Another kenotron, whose cathode is al ground

potential, is hented by means of filament transformer,
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In instellations degigned for still higher veltages one has reoourse to series

(cascade) conneetion in order to almplify the insuletion, These instellatiens are

eenerally designed for investipations in the fleld of etomie physies, Figure 184

rerresents the olreuit of a 10ens insballa sor of 117V with respect 1o the ground

having four cascades, built according te the cons tant=vol tage deubling elrouit,

The inslellatlon conalsts of flve verticsl colums. one eolumn eantains high-

voltage tranaformers; a secend containg Intermedial (scparste) tra-sformers; a

third and fourth colum are reserved for Lesting high-veltage kenotrens, The

kenatrens are dlavased tetwoen the eolumias, I the lnterier of euch of these two

volurms is altusted a molor, which set Lhe generaters in metion. The motor is

conneeted by means of a vertical insulating saalt with a cenerastor of the lower

taseade; the latter is conneeted by means of the same kind of shaft with the followe

ing generutor, and so lorth, High=voltage concensers make 4p the [ifth eeclumn,

The totul height of the ingtullotion is 7 m,
Te obtain a eonstunt high vollage, the cireuit for the multiple mltiplication

of voltage is aldo used, It dis distinguished by the fact Lhat il uses altogether

only one highw=voltage transformer, whose volisge 18 inereased many Eold by means

ol high=veltage condensers, This eirewit is shown in Figure 188, Transformer 1.
[ 14

condenser Cl and tube V1 consbitube the doubling cireuit with pulsating voltage

charging the condenser 02 to a voltuge equal to twice the voltage amplitude of

the transformer. fThe same voltage is charged across tube V3 and condengoer 03.

Continuing 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 Upays Where n is the number ol stages (number of condensers)

and Unax 18 the voltage amplitude of the transformer,

)

Hlere the even stages pive
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relative to the ground a constant vollage; the odd stages however, are pulsating
with a pulsatlan eaual te the deubled voltage amplitude of the transformer. The
counter voltage of the tubes is equal te this same quantlty,

The absence ef a compllieated eascade of the nein tranaformers simplifies the
conatruction and pormits decreaging the slee of the inatullation in cemparigson with
that ol Figure 184, Mergover this ereates a great less of voltage during load,
wirleh rapidly inereases ag the number of atages inercages,

Figure 186 shows the cireuit of an installstion of 1425 MV with respect to the
grounde The main elrcuit in this installation 1s fed by & penerater of inereased
frequency (200 cyclaﬂ/soc), which permites decreasing the capacitance of the cone
densers, Gasotrona (gas rectiflors) are used as tubes with clesing voltage of
228 kvmax' The incandescent filaments of the rasotrons are supplied from o high=
frequency tube generstor (500 kiloeycles) across small auto~transformers, Current
of high frequency poes in series across condensers, autoetransformers and resenance
filters, which represent for a 500 lilocyele current a 3mall resistance and prace
tically do not allow & constant current and current of low Irequency, 1The filters
shiould admit 2 pulseting volinge with a maximum of 225 kvmax‘ The auto=transformers
are protected by resonatars, The copacitanc:s in the cireuits of the tube cathodes
compensete for the inductance of the auto~transformers. The load is connected to
the electrode, which i3 connected to the instullation acrogs highevoltage buffer
resistance Rqye High voltage is measured with the aid of a multi-chm divider of
resistance 2, and a electrostatic volimeter connceted in parellel with a small part
of the divider directly joined to its grounded end. The total height of the ingtale
lations is 5.5 meters, Such an installation was manufactured ‘for a symmetric

voltage of 3 MV [Titerature 6 and §7,
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ﬁoientific-rﬁa@arch institutes have installationa of special nanye
1s necessary te netlce that Caseaded 1nsballationn are very suiltable
eetionsg (cascadad) tubes, Internediay alectrodes of the tube are

h cascadag of the inatallatian.

=Wave apparatug with regonance brnnsfczmar,

NE 3eetloned X=ray tubes, it alse 2eemy exXpadiont to Y86 a halfewave
ulte  In this ¢age the forgeq distribution of voltage among sectiong
1s effecteq Eufconnecbing the intermedinl electrodes of the tuhe to

d portions ol the Secondary winding of a high-voltage transrormer.

's disposal n x=ray tube in a [eneral Jacket with a high-vultage

one ean ohialn g mich more compact construetion of a superhigh-voltnge
rmer,

aratus of gimilgp construction for 500 kvmux with groundeqd anode, the
transformap and sectioned X=ray tube with hollow anode (Fipupe 180)

in odl. e anode of the tube protrudés externally ang is cooled by

v The high-voltnge transformep has a nagnetic eircuit with aip gaps,
is to vompensate fop the capacitance component of the primary eurrent
ponent) to the Natural capacitances of the Secondary winding of o
transformer,

ork on the perfection of thisg construction leq to the creation of the

block-transfbrmer with tension of 1 MV with respect to the ground,

Here, high voltage is generated by g resonance transformer without g Steel core, ag

4 result of y
type used g 5
197, In the

a short degap

hich the apparatus ig mich more compact, fhe firsy apparatus or this
eclioney X=ray tube 144y hollow anode, operyting uith g Pump [fiteraturen Y
Bucceeding design an unsoldored tube replaced it (Figure 181). Beley
iption of this apparatus ig given ziiteraturé ?;7.
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The theoretlosl seheme of the apparatus is shewn in Figure 187, The motor
actuatos a penerator of triple frequency (180,ecyeles). Tiv generater is eennected
te the prisary winding of a vesonance Lransformer across a capacitance, serving teo
con-ensate for actlon of the generator's leakage reactance, The secendsry wlnding
of the high-voltage transfermer lo compoged of separate flat seetions., The voltage
of the trangform v increases aleng the winding in propertien teo the distence from
the rounded end, situated in the Immediate vielnity of the primsry winding, Inters
medial electrodes of a ae tioned wwray Lube arc connacted Lo scetiona of the gew
condary winding of ihe high-voltage transformer., The filament of tue cathode is
healed by srecial windings. The heating=filament curvent is regulat d by means of
chol:e ¢oll actuated by a motor connected to the choke coll Ly ald of a glass shalt,
An x=ray tube pogsesses magnetic focussing of the electron beam.

The leakage inductance of the transformer's secondary winding and its capa=
citances generate an oscilladory circult, by which the parameters L and ¢ are chosen
80 that the conlour turns out to be tuned in resonance with the external (primary)
voltage. Owing to this, the oseillulions in the secondary eircuit acquire a yreat
amplitude and the secondary veoliage exceeds by marny times the primary voltage.

The inductunce of the apparatns duseri.ed is equal to 15,800 H, the equivalent
capacitance is 50 micromicro-F. The capacitance ecurrent in the secondary winding
reaches 56 mA. Since the anode current of the tube does not exceed 3 mA, the pre-
sence of the loud does not show a substantial intluence on the electrical oscile
lations in the secondary clreult. For the same reason one can disregard 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 low=voltage choke coil and condenser geparates the direct
and alternating components of the secondary current. The first, representing also

the anode current of the x-ray tube, goes through a magnetoslectiric device; snd
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the secend (whieh repreaents with a suflicient degree of exactness the alternating
current of the resensnce cireuit) goes acress an electromagnetic device, Since the
alternating current of the resonance cirecult is propertiondl to the maximum se=
condary voltage, 1t turns out to be pessible teo graduate the electromagnetlec apparetus
directly in kilevolts,

Electriesl @acillau;ons in the secondary cireuit always pessess a nermonie
character even if the primary veltage atrongly deviates from sinusoidal, Owing to
the fact that the elreuit ls resounant, one neced net lear overleoading when switching
thie apparatus ln or out,

L schematic ernss-section of & block=trancformer ie given in Figure 188, The
absenece of a stecl core permits putidng an xeray tube in the center of the block=,
transformer, on the axis of winding, which led to a very rational utilization of
the velume and creatod a more nearly perfect screening effeect of the tube, The
magnetvic current of the secondary winding is completed through a sieel yoke, con-
structed to lesaen the loss from individusl stirips of plate steel, reenforced with
the steel jacket of the block-transformer over ull its diameter., Freon gas (CClng)
under )| atmosyheres of pressure is the insulabting medium, The electrical stability
of freon is approximately ihree times greater than air under the same pressure,
ﬂote: A still better goe insulation is elegas. Litersture 7g7. 1o increase heat
exchange, artifieial clireulation of the pas is employed., The 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 described can be used in deep=-tissue therapy and x-raying of mater-
lals. In the latter case the block-transformer ig fastened to a travelling hoisting
crane and ‘thus acquires great mobllity. To photograph with its aid steel objects
200 mm thiek for a focal distance of 0.9 m requires exposures of 200 mA=min.

T
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In the pest years a 1.5 mA apparatus of §ueh'a type with voltage 2 MV relative
to the ground has been released /[Titerature 737, [he block=trensformer is 2. melers
high and 1.5 meter in diameter. The x=ray tube is shown in Figure 181. One has
gugeoedad In shertening te Li=5 mA-min the expesure in x-raying of steel objecte

200 mm thick for focal distance 0,9 mcter,

68, Impulse generators

The greatest advantage of impulse feedlny of an x=ray tube for superhigh voltsges
is the ebility of insuletlon to suslain, under very short impulses (of the order of
mieroseconds), a noticeably greater veltapes than by erdinary feeding, Nwiag to
this, auperhigh=veltsge impulse x-rvay apparstuses can obtain wide-spread use in not
enly wierosecond, Lul also ordinary x-raying of muteriels,

The 1=}V impuwlue ceneralor (relative to the ground) [ﬁit&rature 7§7 represents
a finlshed industrial design, The generator is enclosed in a steel jacket of volwne
0.73 m3, well=filled with dehumidified Lransformer oil wilh increased electrical
stability. The generator consisty of 25 condensers (of LO kV each), generating ecl-
umng, arranged vertically. Insulation melerial is specially prepared pgebtinex (or
textolite),

The dmpulse genervbor is fed from an x-ray hiph=voltage transformer of L kVA
pewer, situated outside the jJacket, Uas dlschargers are located in the interior of
the Jaeket in oil, in insul:ted containers,

the lon discharge tube with grounded snode is situated in the upper part of the
jacket and ls distinguished by its smell dimensiohs. It consiste of insulated and
metallic discs, assembled aliernalely, The insulsted dises are made of bLarium

borate mlcalex; thelr number equels 20. The tube is 22 em long and 21 om in dizmeter,
The tube works Ly pump under pressure of the order of 10"3 mm merceury., The focal
spot has a diameter of 2«3 mm, It fluctuates from impulse to impulse and is dis=
placed along the anode. It attaing a renpe of 12 em.

- 15 o
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The generaler deseribed werked suacessivlly for veltages of the order of 900 kV

and wags used in phiyeical experdmenta.

69, Mectrostatie generetor

The oparsting prineiple of the higheveliage alectrostatic generator 18 represented
in Figure 189, A ponabont vellope Source of 20-55 W/ 1o connected to the edges C.
The upward moving band B made of insuleting materlal continuously ebiaing, through
the corona, charges of a definite sign. Inside electrode 4, cherges are removed

through discharge pointe T and croas over to the upper surface of the electrode.

The clectrode 18 charped Lo the velinse at which the eurrent acrods {he load (en=
closed botueen eleotrode acd .round) becomes egual Lo the inflow of charges.
Present=day gleclrostatic genevotors mainly ere congtructed for physical experi=-
ments, The groatest numbeyr of these plve vol.tages up to Bu( MV relative o the
ground and represent pigantic structures 1018 m in heighte To decrease the di-
mensions, gaseous {neulaotion under pressuie ig employeds
Individual generators are regerved for shvaining end ueing very 8LYONE Y=raysS.
A LaMV glectrostatic generator of such type (relative to the uround) and current
3 mA operates under stmospherie pressure. Phe insulabing column supporting the clec=

trode is 3 m high. Charges are tronsferred along aix bands 0.9 m wide, moved by &

motor with veloclty of sboub 2 m/sec. The totel power required by the apparstus is
15 kv,

A generstor of x-rays 48 the sectioned glectron y-ray lube that operates with
a pump, ‘The Lube is composed of 20 sepsrate poreelain sections, In Lhe places
where the sections join are outlets ol intermedial glectrodes and special sealing
1g used, The tube is placed vertieally, Length of the tube withoul anode 18 3 M

The grounded anode emerges from & procedurel location, gituated under the base of

.-16-
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the generator, Uniform distribution of veoltage sleng the tube is atiained with the
ald of corona needle eleetrades, set parallel te sectlions 0i the tube and joined te
it by intermedisl electrodes. The generator deserdhed has been used for deep x-vay=
ing for several years,

Ir another medel of the electrestatle generator uaed fer x-rey therapeutde pure

poses, of 1.25 MV veltage velative to the ground and 1 mA current, gadeous insulation
under presaure Lo cmployed. [Literatire 757, &iv wes tested at 10 atm and [reen

at 31,8 stmn, The  enerator, wnclosed in steel Jackel 2.5 m high and 0,85 m in
diameter, L& altuuled verbically. & band 0,35 m wice moves with the sane velecity

ag in the preceding model.

The x-ray tube is similar to the one deseribed above; however, it s consider=-
sbly shorter and has 16 seetions, The onode of the tube is copper covered with
gold, Uniform disbtributlon of voltage along the tube is sttained with the aid of
mlti-ohm voltage divider, set parallel to the tube and connected Lo the inter=-
modial electrodes of the tube, The resistence of each section of the divider is
LOO meganhns. Later, gimiler (lectrogtatic generators were constructed with 2-MV
«eray tubes (relative to the yround) /Literuture 767,

In the Soviet Unfon electrostatic generators have been constructed for physical
experiments, The perfection of eleclrostatic generabers is proceeding ab rapid
pocd, and it is possille in the not-too-distant fature that they will also be used

as superhigh-voltage generatons of great power.

70, BRetatron
Tn #ll the dbove-deseribed instsllatlons for imparting great kinetle energy
electrons it was necessary to apply to the tube tobal aseccelerating voltages Con-

gtructional difficulties also have increased with the inecrease in voltage for wilch

g -7 -
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the instellaliors were designed., Instsllatiens realized in ~ractice, operating with
vollegen of the order of 5= MY reletive to the ¢round, are very complicated and
eumbereome,  Heanwhdle 1t 18 necessary for experimentsl whyeiclsts to accelerate
eloetrona o eneryles mony timea surpesalng &= MeVe For ihle reasen stlempte have
been made in reecent yeers lo create ajparatuces in widieh cleectrone (and lons) would
be glven very prest evergles without tne use of superhiigh voltages.

In faet, 18 11 neccgnary far Lhe seeeleralion of charged particles to energles,
for ingtanes, cf 20 1eV Lo hove a tetald vellege of 20 MV

Lo 3t fmpongdlle te et sleng with eanzldercbly lower voltages, Ly impressing
them on the path of the partlelen regcatedly?  for the reslization of this problem
in the years 1527 = 1532 methods vere proposed for Lhe mulbtiple linear ucerlersllon

ol cherged porticles snd sultiple seecleration along o (lune spirel, Without stopping

by discuss-  these netheds; we i1l stete only that the nethod of aceeleration
slong spdrals received wide applicetden in the so~cilled eyclotrons, whiel is used
to eecelerate positive donag,

The eyclotron, unfmrtunmtclw cannot Le empleyed to accelerate elcetrons, possess=
ing in comgurigson with lons & much gmaller mass., 'The poinl is thet the charged part=-
leles can be asccelersied in the eyclobron only up Lo that voint where there beging
to appuar a netliceable inercese,vith veleelty, of the particle's muss., For energy
of 2 MeV the velocity of the proton is 6.5% of the veloclty of light and its mass
exceeds Lhe regtjgf the proton by 0.2¢; Lut the veloeity of an eleebron with energy
2 MeV equals 98¢ of Lhe velocity of 1light, and its mass is approximately five times
greater than the rest mags of the clectron, For this reason, the electron could
attain in the cyclotron an energy many times less than that which is imparted to

it in superhigh-voltage charging tubes,

- 18 -
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The efforts ol physicists vnd engincers olrected teward the discovery of &

W i &

sreetiesl, suligble method of repeated seeeleraiion of clectrons were reslived by
the erecidan of en apparatus. vibieh yecelved the na o Letetron Zﬂiteraturs 77 end
?§7. At bhe pregent time, s betotron hea  een consirueted dn whieh electrons ave
ueeelarated to an cuergy of 100 HeV [iter:vare 797,

the aperativg prinedple of the Lelatron 1o bosed on toe phenomenon el elevtro=
wogeetie Induetdon,  Fvery vorislle megnetle flwxe eauaes o vortiesl sleéetrical
fiedd, the elosed Maes o [oreeg of whieh surround an Incuetion current, In trens-
fopoers thio vertiegd «leetrie fleld cauces the eppearance of (leclramstive forees
in the windinga, IL the wmo n:tde flux pensesses an wxis of gyametry, thern the
1ines of force of Ui indueed cleetriesl £Leld sro represented by coneentrie cirelea,
wheae plene Lo perpendicular to tie wids of me vetle flux, snd the eenter colncldes
with the broee of the axds on this plane,

we asoume that in the direction of & closed electric lorce line iv situated a
ving vacuum tule, in whese Interior clectrons move Greeribing eircles of constant
rodius (auestions slout whet is tie source of rlectrens, how the initicl veleclty
i8 given them, and v.ob holds them on an inveriable crbit, remain for the time bedng
ananswered),  With inerease of voltape of bhe magnetic Lield, a vortical electric
Feld accelerstes electrons, with every rotation the electron receives an increase
in energy, equal to eU, where U is ‘he instunteneous difference ol potentials, which
& velimeter would show, il connected to one twm of wire located elony the crbit
of the electron.

This ineresse in energy, generslly spcaking, is not large. It csn become very

significent, however, if the clectron perfoms many rotations, Theoretical cul-

cwlations (tsking into account the incresse of mass with velocity) show, for example,

19 -
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Lihat if the inerease in encrgy after gne rotation equals 20 eV and the pagnetic
fdur verles untfordy, then Lor a dlancter of ovbit equal to 10 em after one millis
seeond the total path traversed Ly the clectron along the orbit is 290 km; thet ls,
Lt praforme 925,000 rotutlens and 1ts kincltle envrgy dnereases by 16,5 Mev [iteras
bope T§7-

o lhis mooner, vith the ald of electronagnetle induction, it is posslble to
frergd b Lo the edectrong an evtraovdinarily large cnerpy. fov the preetical rosl-

4

Loabtdon oy Whils ddea, lovever, concidershle QLPP el tinn hied Lo Le ayrgounted,
che weat eazentdal rrolblem ig the nuestlon - hew ean the %ccél@?ﬂtiﬂu electron
Lo restralned on 43% Invardeble cebite  As Lo lamown, we clectron £51liag with &
cortain lonlldel veleoily Jate a megneble rield, perpendiedor te the direction of
steometden, contlowes Lo oaove o Lhls aeme plane, ne mubter Lew e tredecteory of
tie eleebren's socion eurves, Thie curving 48 grester, the (rester Lhe atrength
aft Lhe mapnette fleldy LE the flele atrencth dnereasos, toon the olectron tends
to wove along the curve with decreasing reding of curvoture, Kowever, lnerease of
Wi mignetie Meld sbrergbh canses, on the etucl hung, an incercase of the eleetren's
energy of pod moqontumy as oo reswdt of which (he radius of curvabare should incresse,
from this it i rossille Lo come to the conclusion thut the ehange of the magnetie
field can, obvicusly, be 2u jected Lo such n law for which these ¢fpesite tendencles
compensate one shother, as a result of which the eleebron will move alorg o cwive
of constant radius; that is, slony a eirele, without earvrying out the proofy we
shall merely state that according to Lhis law the strength of the mugnetie field
at polnts of equili’ rium of the orbit must at every moment be two timea smaller than
the mean strength of the magnetic field in the interior of the orbit,

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

- 20 -
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Hopeaver, 1t was necessary Lo Jrlermine alse the eonditions of slebillily of Lie
cleetron on gn eaudllindun orbily Lraverslng & path hundrede of kllemetera long,
every eleetron, -ven dn a very well degesilled tube, suifeve collislens with meny
moleculea, The cendlitlonz of etabillty must return alter every celllsion the
electron o the equilibrium orbdt (e onlt the formuletdon of the initial conditione
ened the canditions of stelility of the clectron on the cawllibrium orbit). Only
after the explanavien of oll theae eonditlons éid 4 [rove ponglble to econstruet &
practienl sulteble madel of a betstron,

Aobebetren in which electrong ure gceclerated to a totul nergy of 243 ileV vas

mede Lo shew the pessildlity or aceelorsling electrons by eleetromggnetie induction,

and delo wag oblained for the dev Iopment of wore poverful bet: trons. It s gmall

in slee and 45 easily 1laced on s Lable (Fipure 190).  Tle 80=ieV hetotren represents

& considerably more sturdy inctellotden, I 48 1,8 long my, 0.5 m vide ond 0.9 m
bigh, The invtellation weighs abeut 3,5 tons. The 20 eV Lriilron served, in
porticular, Eer dnvestiprting the pessibllity of pructicel utili ation of the ullru«

Lerd gerays penerdocd by itf. the 190 MeV Lebotron i a colossal in tellation
velching 125 tons cud i intenced fex physiecal experiments. The rollowing desw
eription arplies to the 20 MeV betatron.

Flpare 191 shous the construction of a betatron., Between the poles ol the
electromagnet, . fed by slternating current, is located a ring vacuum tubes The clectiro=-
i magnet in external apvearance sugpests a transformer of the drum~winding type. The
conductor is constructed of separate sheets of transfomer steel., Tfispeclally care-
fully eonstructed are the pole terminsls, Here the steel sheets are arranged radially,
which guarantees a perfect axis of symmetry of the magnetic field in the air gap,

The e¢lectromagnet is fed froﬁ?kﬁ%celechric netwnrk'ﬁngglelmerna;ingicnrrent.acvesa

. '('If?)ff'
: frequencyfv The feed power of the electros
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magnet s 26 W, In epdep to lnerease the Power facter a resonanee feed elreuit
i6 nsed,  The caraeitonce of the battery of condengers 1s chosen of auek a nagni-
tude thet Lhe natural ‘requency of the orelllatory eireult ob teined eouals the
fregueney of the feed eurrent (180 eyelea),

I the Lirot 20 v Letotron, & ring vacium tube was enployed, made of {less
and eperated with g viingy Lator Lt was replaced Ly a Lube mele frop apeelal porene
ledn, whieh ooy tibee Flacd evecuulion Lo e ferforced at the 4ipe 2f nanalaetlure,

The interder murface ar the tube 19 eovered With o thin silver luyer.with the
add o) chiemieal silvering, "his luyer 4o greundes to prevent Lhe sccurulation of
sbubie eorges 0 Lhe Jurfuce of the bule, wideh cherges eould influecce the rioves
"Ent of the eleclrons in the nberier oL bhe tube, g Phe aume Lime, thig leyer
nossess o oa g, Hlediontly high redlatanee n opdep Lhet vorticel curvente induced
in 1% by the verigile wgnetie Jleld of Lhe electremagnet de pof dduturb the normsl

functioning of the up parutug,

N odneamdeseent solrel Lilanent serves as the souree of clectrons 1n the tetutron,
the spdrel fe o prewnded Ly he aceeleruting cleetrode, to uhieh 15 Subjeeted g
velbage of the opder of 15-20 "tV necessury rop iving the «lectrons thedr initial
veloelty, o nete thet the seecleroting (lectrede is groinded and {the spirel ie
pleeed undep high volbege; theruise the aceilerating cleclrade would influence the
cireulor motion of the electrons in ke tube,

The bLetsiren operates in the Following manner, The magnetic ficld of the clectrom
mugnet varies sinusoldally, In the beglnring of the period, from moment ty to
moncnt by (Figure 192) voltrge 15 surplicd to the accelerating electrode, he
electrons thus accelerated are brought by the magnetic ficld of on cleetromugnet

lo on equilibrium orbit.  fThis process lasts only the time (tgutl), because the
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aagretic fiedd mist have a definl ¢ pleoogth, For swaller ficli strength (t=ty)
the podius of curarae of the tpajeetory of the eleelran is too large; for larger
field strength (4 2= L?) the radius ls loe swall, In consequence ol thie, the
Sleatrons would not £811 on the cquiliivinm oredd, aven L0 dn thie ldme an acoel-
crating f1eld wre aeting, They would enly "elog up" the tube and lmpalr the opcr=
stlng eonditiona.

In the eourae of tdme from t2 to 9N the cleetrens move along the equilibriun
orbit, accelrraling Lo onergy 20 MeV, Ab the moment, £ = T/L, & current pulsc le
cagsed to paus through the complomentary wiindlng lecated on the eloetromagnet,
thus chenging the magnetie ficlds The rediuz of curyaturs ol the rlectron orbit
inereases and the electran stroam strikes agalnat the target, thus erewblng an =1y
pulae,  The curent pulse can be displuced in time, Lhug Loveing the ¢lectrons to
standon the eaullil vitm orbit ssoner than Lhe nein £icld altaing a maxlsum, Lo
Lhils cose the #lectrons, nuturelly, decelerste to lower wnergles. The second, third
and fourdth quortervs of the perind are idle, ofter which the eyele repenls agein,
(Hoter In 2.3 HeV and 100 MeV Letotrons, toe third quasrter ol the perlod is also
setive. In the course of Lhis quarter the electrons move on the equilibrium orbit
in the opposite dircetion, Also the pencil nf x-ruys emerge in the opposite
direction),

The radiug of the equilibrium orbit in the 20-MeV belutron equals 19 cme  In
every eycle of sceeleration the electrons perform ubout 350,000 revolutions, thus
troversing a path sbout 420 km long. The mean current, with respect to time, on
the torget is caleulated to be ¥ 1 microampere, Ab energies of 20 MeV, 65 of the
Yinetic energy of the electrons is converted into x=-ray eneryy and only 35% into

heat energy, [Fer this resson the cooling of the terget is nol an essential problem,
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As experiments show, the penell of xepgys cmanating from the target is sharply
bounded in epace within the limlts of a cong with angle G»T7° at the vertex (ilgare 1)e
Thie is very valuable for veray thevapy, The power of the dose st a distance of
70 em from the terget attalna 50 yoentgens per minute, ) second property valuable
fex wmvay thevapy ls the faplunsle dlatrilutlon of ithe dosss in the depthe of the

bielaglanl abjects the maxboum doze Lles «t & distanee of 3=l em lrem the surlace,

Peperdacate In neraying the perte ol & maehine, ecsrried out with the ald of a

80 Mo Letatran, pave shewn La eompleie spplicabllity for thiz purpens [Titerstare :
Y07, feearding b a sumber af coralderitions wideh va connat stop o diseuas heve, !
ib s seareely expediont o practicel x-roylng Lo apply the xergye onerated by %
electren energles surpassing €0 MeVe  Jven now such Letstvons are ant Loo eumbers

gone, ko tue next few yesrs we eon expcel bhelr further perfection and wide-spread

uwie fer purpasen of raray therapy and seraying of materdols,

Az fer phystesl experiments, here Lo eflerts ol physledels sud cogineers are

divected Lownrd magnirying furtver the ererpy of the nceclerated particles, fo

seceleva’ e electrons bn cnergies hlgher than 100 MeV, new systems ol wseeeleration
ere proposed, chlelly Lhe synchrotren, whese operating prineiple was [irst proposed
by the Soviebt sclentist Ve L, Velsler, Teader desiring bo become uequuinted in
mare detall with tils problem are recommended Lo read the publisied work on the

secelerstion of eharged p.riicles by Professor A. Al Qorobev.
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APPENTIX

Figure 180, Sectiened electron tube of §00 kVnaze ; \} gl
o T St T . L
1 = cathede Bl il e
2 = intermedial electrode E) ' K /
3 = hollew anode A “ g i
li = wolfvam mirror (target) o
§ = water jacket
6 = lead hood
7 = focusaing coil winding
e ""‘::x?n |
1 |
/Figure 161, AR . o~
ST {
¥ X=ray tubes Cad e 1
of one and e AN
two millien Y FrO
voltsa, Y
e
. .—fli-:-
- wo
4 o "."f:.; ]

(Figura 182, Sohematic diagram of a Soviet=made
soo-kvm ax apparatus.

V/‘ Figure 181.10

e Fris|
s - Schematic diagram
PR showing an ingtal-
= Cow, o lation of one
ey Co million volts
- relative to the
. ground with
- R cascade connection
2y A of the voltage=
. . CT doubling cireuit.
ety (‘j >_47 G’ﬁ. ;
. . . ’ _‘L’ .
?! - -&‘6’..1'{\,“

Flgure 185, Schematic diapram showin
S repeated (multistage) #
voltage=multiplication.
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- av‘;jmmmmm wml &=, 1}
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e bl m T
~— Figure 187, Schematic diagram showing
an installatien of 1 MV relative to the
ground, wilth a resenance transformer.
! , 1 - metor
, 2 = generator of triple frequency
3 = sxciter
i ‘ i = primary winding of resonance transfomier
“ Figure 106, Schematic diagram 5 = capacitance
showing an installation of 1.25 é = secondary winding of resonance tranaformer
MV relative to the ground, 7 = heater winding (coil)
built aecording to the mulbls 8 = choke coil

plication circult scheme. 9 = sectioned x-ray tube
el 10 = foousaing coil.

= N
P Figure 188, Sketch show:!.ng a block transformer of
/. 1MV rolative to the grouwnd.

l

1 = cathode of the x-ray tube

oy ) . .
/; ,, % - inber::}edis.l elec‘a:'c;cdes o% tﬁe b f;ay tutlz'e
P = &= | = vitreous tie bolt
Ao o S = primary winding
£ - 6 = heater regulation chokemcoil
B T e L7 T = heater winding
D /] 8 = secondary winding
4 R p 9 = steel armature

/210 = insulating device of the heater choke=coil
1l =~ outlet of the inbermedial elactrode
12 =~ glass envelope of the x=-ray tube
“13 - motor for operating heater regulation
e 421 = anode of the x=ray tube
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e o Figure 190, A 2,3-=lev betatron.

Figure 189, Schematic diagrem
showing the prineiple of operation
employed by the Van de Craaff
elactrostatio generator.
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Figure 191, “Principle of '
conatruction emploved b Iigure 192, Curve illustrating
the batatron. il v ?he eperation of the betatron

see the text),
1l - core of the electromagnet

2 = main magnetlzing winding

3 = circuline vacuum tube

li = source of electrons

5 =~ supplementary dieplacing winding,
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