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FIRST LINE OF TEXT

M -XECloRU ---
FIRST LINE OF TITLE I

A.P. Grlnberg.

IntrodAction

The mrotron is a cycle resdnance electron-accelerator having

a constant (in time) master magnelic field. Electrons are accelerated

by a high-frequency electrical fil.d created in a hollow resonant I

Icayltyj a special type of resonancle acceleration is used: "resonance l

with a Variable multiplicity factcjr.W

The idea of the Microtron was put forth by V. I. Veksler in 194 °

[1]. After this, only a few worksl appeared in the course of several

1years in which the various aspectoI of the operation of this accelera4

tor are discussed [2,3]. The first description of a wor 'ng microtrn,

built by a group. of Canadian physilcists, was published 11. 1948 ,5]J

Certain properties of the microtrop and, in particular, the possibillty

lof obtaining very short electron c usters at a good energy uniformit

of particles attracted the attention of the many laboratories to thi/

_a erator. As a result, at the present time in the various opwitrJes

ror-t1e world, one may count up to rifteen working microtrons. /Chiry,

these are apparatus desined to accelerate electrons to 2.5 or

- Ia number of articles it has been stated that the idea of U-e
ahwrron- w-foeh-y -hw pe h
however, thesesTa1W werey noAtlse. ~A'e's

not pulished

a- -+~-.------~-



i- 1 F49- -m crotron are electroo accelerated to 29 Mev.

I Until recently the main draw.ack in most working microtrqns has
ben low electron current yieldj h average (with respect to time)

electron current with an energy oi about 5 Key did not exceed 1 p a.1
I.The second essential drawback of 1he microtron was that its pole I

diameter wgs several times great than that 0f the betatron or syn-

I ciotron pole, at the same final 4leptron-energy. I
II

Some interestir5 articles ha e appeared recently in which e%- I
FIRST LINE OF TITLE 0

perimental stUdies of the-workigof the microtron ar e described [6,

71. The new ideas in the article by S. P. Kapitsa, et al. are of

special interest (71. Their resouts show that the microtron. after

the introduction of a few cmpara ively pimple impr9vements, can pro4

vide electron beams of very high ntensity and can be onsiderablyI
Imore compact than earlier microtr~ns.

In the prepent suryey, an exrination is made of the basic ex-

perimental and theoretical data W the microtron, the technical par-

ameters of all known microtron are given, the place of the microtrofi

among a number of other electron Iccelerators is despribed, and yrpiWus

applications of the microtron are lexamined.

1. Conditions of resonance electron-acceleration

Various operating conditions of the microtron.

All microtrons built up to t1s time are of a single type: a I

magnetic field in created in a gao. between the cylindrical poles of

an electromagnet, an4 an accelerating resonant cavity is placed closa

it-e edge of the pole. The idesl eleqtron path is in the foAi--6fr

'a flat spiral all turns of whichi +je by circles osculating at a, _s~ngle

Hpo±nfk (Fig. 1). These coils of the path are customarily calle& orb!s.

HThI the firt transit through the resonapt cavity, the electroi-iiesI o -I _ o.__ J
STOP HERE STOP HERF
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TTF.a R-tEiOf TEXT Orbit,'t after the. second transitt it moyes along; th*

sQrQond o'bit, eta.

" FIRS'k

Figc 1. Diagram of the miorotron.

1-- acuum chamber; 2--resonant cavityj; 3--targe ; 4--
electron path. The popition of -electron clusters located
sim ltaneousl; ,in the qhOe r is .shon The lines of forpee
of the master magneti-c field are perpendicular tO the plane
of the drawing.

The accelerating yoltage act" in the resonant oavity is des-

.cribod by the formula.

V(t)= C -W-t

().

Let un find the conditions ofi the resonance acceleration of an

electron in a microtron. This prlem will be examined here more

sIst=.tioally (without unJustifie assuptiops) than in other artioles

on the m9crotron.

Let us, as usual, consider r~esonance acceleration as that pro-I

I ess in whioh an electron has the am phase at any intersection of

--- The phase 0 of an electron is that value of the phasq of thT-U!
S.fOAwhich ocu. at the moent the electron passes tbrouh ths.- MW

le of he. acoel-ating slit. Thel numerical value ot the. phase is
fwqy giyen in Limits (-, + ) uspW the relation = t-rj. n is,

STOP HERE STOP HERE
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hel-acelerating slit. Let up, however, make the reservation that for
FIRST LINE OF TEXTthei first intersection of the slit, this requireient is rt to be C

!si4dred compulsory. Thus, it is rbquired that

~~(PS = const.

((2)

The phase 00 is called the equlibrium or resonance phase, and all

electron satisfying Condition (2) s called a resonance electron.

The energy gain of an electron when passing through the resonant

cavity is express'ej iTfamilak- formula

• W e V , C .o's (f ,
.. ... os- (3)

where 9 is the so-called transit phase angle:

(4.)

is the transit time of the accelerating slit, f the phase of the
electron. Note that Formula (3) i valid with high accuracy under thleI I
following conditions: 1). the electron moves in a uniform B field I
'parallel to the lines of the field l beyond the limits of the acceleralt-

ing slit the strength of the electiical field is zero; 2) the reIat e

change in the velocity of an electon connected with its transit through
th .s.,m2al1)V4C Te elthe accelerating slit is very smali.e., (v 2 - V)/ 1. The sec-

lond condition in particular is alviys fulfilled for electrons when

In working microtrons the magutude of iW is not lower than- 2501
key, and in most cases W " 500 keyl. Under these conditions, the time I
• vares by not more than 26% in all passes of the electron through

4he--sonant cavity, starting from the second pass, because already

a nt a'energy of 250 key the velocipy of the electron equals 0.74 c.

Th. _ tion (in /0/2 in the r e < 0 o" changes very_ ;owlqy,
STOP PiERE STOP HERE
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rST -aN-EO se small changes in Phe magnitude of r Cand# corres-FIRST LINE Of TEXT .

pon ingly) the value of the factorl (sin 0/2) f/2 in Formula (3) is

for all practical purposes unchangd. Therefore it a be aspumed
that the magnitude of vis not a fihction of the "acceleration nuber"!

1(u), i f.'., and in determined byj the formula

d
="-- - , const, ° (5)

1where 4d is the length -of the 4celprating alit. Therefore, at v> I

FIRST LINE OF TITLE _

' -,o,/ d -n(d

d

1=.,

- -'(7)

his the wavelength of the accelerating voltage.

The energy gain of a resonance, electron ato > 1 is not a functiog

of .> 1 is not a function of v an is determined by the formula

sin - In

(AW).- eV cos To - eV,. const.(
Where i

(9),
The value V, is called the equ~libriux or resonance acceleratingSf

lyp1tage. A graph of the function tsin l)/lw is shown in Fig. 2.

The revolution period of an eloctron with total energT I in a

stic field with strength equal

----5 T5-
5 T (E-W+E0, E0 - m,'). 5L.

--- Iasxuch as the energy of a rebonance eleetron after passin----

Uzzovghthe resonant cavity is ino!.eased each time by the saw value

L ! 4!q_.o (if"V >1), the revolution period of the electron isalso in-
STOP HERE STOP HERE
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- -- ge4 h _:kime by the same lU
FIRST LINE OF TEXT - I

!AT,,Tv+i.-Tv, "" (v=2, 3,...).

This fact lies at the base of he piicrotron concept. In fact, itj

follows from (11) that although thr revolution period of the electronl

being aceelerited increases from r~yolution to revolution, while the I

period of the accelerating field dhes not yary, the resonance a4eler4-

Ition Of an electron may be accomplished Just the same at constant pbApe,

jin accordance witlaSi!Atik4 (2) . I Pr this it, is, necessary that
I (

AT= Up(12)

where b is a constant non-zero int ger. In this case conditions may

bo created at which the revolutioniperiod T, of an electron in any

19bit with.v > 1 will be a multiple of the period T. of the, Hp acceler

lating field, on the strength of wch Condition (2) will Oe satisfiedi

'also.

Jig. 2. The translt-time factgmr as a function of the dimen-
siless length of the accelertting alit.

IConditions (iy a"d (12) give-- --5 5 - -
2- -. -,bT,. I A _

__nditon (13) is the fundamental condition of resonance acgelera

blat-in ar iicrotron and must be fulfilled at any of the varioqs lappl-
1- - - - -I -- o . _ _ -

cable oper-g atfriiti-ons of this accelerator.. owem, it is only



"'eeRSTN T'.dltton" not a sufficient one. Let us take the follow

1£ as the second condition: Let

j T,'=mT 7 ,(14)

where i is an integer (as will be sohown below, wq n not be less tharA

12).

When Conditions- (13) and (14) lre fulfilled Jointly, the, revolu-

tion period in anq perio4 starting from the second will 1e determined

b7 the- e ressioRST LINE OF TITLE

I, = [m+ (v - 2) b]'7.

(15)

Therefore-, the multiplicity factor ('"resQnanoe multiplicity"), i.e.,

the value gv T /T, varies from kevolution to, revolution:
SI I

guuim+(v-2)'b. I
- i'- (16),

This is illustrated by.,YIg. 3)1 which shows the individual case:

Let us denote the kinetic ener'__ W of an electron after the firt,

transit through the resonant cavitt. by c X
1 10

W W + 4w: cAw , ,o (17)'-

The second condition is usual1l written in this formT - aT

whe a is an integer. However$ the revolution period 1is F

I wmderstood as ti e interval frou e moment of intersecting the midd_
of the acceleratin alit to the ne , the, strictly speaking, the UsTl
ido'la T1 - 2 h /e is inaccmrat r, since in the .sqmt A from the
: idLle of the -- slit to the exItl from the BY field the yeloaltyr of

_hsJectron is esaentially uncharge4; therefore, the mean veloty
11the electron in the segment AB differs from that of the electrn in
r tsofrcular orbit beyond the 1i1 ;s of the resonant cavity. Itys
,O. reaso that the actual value of T wider real conditions diff
l3ittlefrm o and, gs a reoa~ from aT1r. An error of thisb ign: -W fo the second a its since -the ylocity. of,

Foor-o beoqmeg, for-all practical wpone, oinotant (V : c) . I
_ _ o o.f_

STOP HERE STOP HERE
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,)Vnji --kinetic energy of ellerons to be inj3ote4 into the re-i

isonnt cavity.

Also le t

I (18)

Then Condltion ,(141), taking (i) into accomt, is rewritten as

follo"I I
T. - (_ + + '2) =.mTy.

FIRST LNE OF TITLE (19)
Using the .exprpsaion of Ty fro (13), we obtain on the basis- of

,(1S). and (19)

V- (20)

This relationship., as is (13), is the Condition off resonance- ac-

eel"ration in a microtron. Written n thO aost general form. Since the

mi nimum Value of bis equ . to .er, and C and . are positiyo fnlumb.os$

lit follows from (20) that %in - 2

Condition (20) W be fulfille' in many-waysi i.e., the- moat diyekse

lpez'a1ing conditions are possible .or the microtron [8,91j for exaupl ,

im- 2, b. - 1 may be selectedi thenl C - - 1, therefore, Mnl valuel

of c2 , 1 411 be suitable (i.e., ys , 511 kv), and the. magnitude of

IV. , which in expressed in keY, mi!4 by less by 511 than Vs in ky. It

IM - 3, b - 1 is chosen, then relationship (20) takes the forms I + 1 "

202" Therefore, for example, thpse conditions are possible e - I

c2 ; a 1, 4, C 0= 1, ; l- 0.8, 02 - 0.9, etc.
&~

2 2

1 181.3. Chang* in resonance u"Ltiplicity Owing the tronpil

STOP HERE STOP HERE
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ILn prarjtkc, b- 1 in all work.ng' ;icrotrqns, since in this case, I
FIRST LINE OF TEXT

Ians .apparent frm'v (13) ) the chos n values of Vs and T orrespond

Ito 1he highest yalue of H in, a miciotron. This, in turn,, indicates I
the I

0 possibility of obtaining the k4ghest electron energy at a giyen I

idimeter of the electronWunet polet I

Therefore, we shall examine o4y. the case b - 1.

An is apparent fr9m the above Ixaaples, the regime at which b -- ii

and r - 2 may be accaiplished onlylunder special conditions (which wl.l

1be treated in mo$STIJ.f1 T~Tter); in practice., this regime is still

nt used. The most widely used retime is that at which b - 1 and a -

1- 3. Therefore, it in usually Ycalled the basic regime of the micro-

tron.

Condition (13). at. b -1 amy be rewritten in the foru of the follv -
lin VIri oml

11).~~ 2n1. 069akilo-orstedJ.

(21)

*rh second resonance-condition at 4 1 has the f qrm

m( I (
Lot Ic be that value of the "netic-field strength (cyclotron

Ifield) at ihich the rev9lution pop4od of a slow elctron Wxuld equal

ihe givon time value. T. Then I

2 2(E23.10,697

I 1 " ( 5) -

I Thus the .oefficient o2 is expressed through N14 1 A

2 - -- H

TOP.HERE STOP HERE
STOP HEESTOP HEtRE
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ioL),_()(8) and Ci5), t
FIRST LINEO .1.--. I

E'' 'T~f'm~v-2)~ffi~om+ --2Ct (V'-2, 3,...

. . (25)1

In his work Moroz [101 examine? the possibility of'using *softene
acoeleration conditions" in the mi rotron. It is shown that the

"resonance portion of the energy" ev,), determined by Cqndition (13))

may be imparted to an electron not in one transit through the Accel-
lerating slit, but in seyeral succekive transits, Which form a cycle.I

The advantage of FOONU@60lrationl regine is the possibility of in-

creasing the working value of H bTI-a factor of 1A to 1.7. However,

the fraction of capturable electrs in acceleration is sharply, ,.-

I oreasod in comparison with the usual in the microtron, and the beam

lIWrent falls correspondingly. In addition, when the microtron oper-1

tN, Va and 1 is required.

Let us pause briefly on the problem of selecting parameters in

ldesigning the mWcrotron. The desi ner Aims at as high a resonance

Istrength of the magnetic field as ossible, because the higher I, the

Ilower the diameter of the electromgnet pole will be And, therefore, I

Ithe mare compact the accelerator 411 be. As is apparent from (21),
in order to increase the iagnitidelof N, it is necessary to select th

highest possible yalue of the ratip c2/, i.e., to select a high valur

of Va and a low value of X. At thi present time the lower limit of I

ithe wavelength of the field in the lresonant cavity is determined by

§tkfLct that when h is decreased the dimensions of the resonan -cav

±tyuie decreased and, therefore, he length of the acceleratini-Wlrt

idreased and the Amplitude _ i t

ths,"sonant cavity Is increased af a given Value of a ( - Vi14)-
0__ ------- -- -- -------------------- _1

STOP HERE STOP HERE



1STFhe atEs alowable value of Ea p.t which there will be no break-FIRST LINE-OF TEXT .. . OI
ows1s in the resonant cavity is to a considerable degree a function

Iof ihe state of the emitting surfaes at the edges of the apertuwea

in the resonant cavity. It may bel taken that 1a'9 ' 1 y/cm. Thenl,

Ifo exapple, at Ya -w 560 ky and 1 d/h = 0.1 the minimu* wavelength I

z :n 5.6 om.

Let us note that with a decrease in wayelength there is an addi-

tional dyantage; a reduction of diameter of the resonant cavity• IR T LI 6,F TT

allows a dec reae n h eght ef] the interpolar. gap of the micro-

Itron electromagnet and thereby an increase in the diameter of the
~I
"rgion within which K(ry = conet W4th a giyen degree of accuracy.

It stands to reason that in selecting the value of A, the data

on how the power and cost of an Fi gener tor capable of roeatins n

electrical field with the required strength in the reponant .caity

.is a function of h should be taken , into account.

in most working microtrons an xcelerating field with h- 10 em in

Used. If c2  1 (i.e. Va. 56 ky and X = 10cm are taken, then I

Ieadording to (21)-, ]. 1.0 kilo-oetsted. This exexple shows that in.I

microtrons the master magnetic fied should have yery low strength,

jaqch lower than those values of H 1hich are easily obtained in the

linterpolar gap of .an electrosagnet with an iron core even when the I

!x8gnetic quality of the iron is nori high. For coqtrisqn, let us,

show that a gmnetic field with "'45 to 20 kilo-oersted and over is I

lumaolly used in cyclotrons and in etatrons 1 orb-4 to 9 kilo oersted

to the low yalue of 1, thel pole of the oicotron mgnet 5h ___I AIi7i~eerwhich in. considerably lirger than, for exa le,, that of

het__btatron, which Is designed tolaccelerate electrons to the 41

Iwensp. Howeye, thp'e ae oewta£ adyantages connected with thi-i-

STOP HERE STOP HERE
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FIRST LEk At 14 the design of the- lectromagnet is yery sim1er andFIRST LINE OF TEXT

'the Weight of the magnet is relatiely low.

I A number of' authors have put fbrth various sWgestions for in-,

creaming the working -alue of H ang thereby makirg the micrtron m0r 1

*cpaat. These ideas will be desnjibed below.

A microtron with a given value of H can operate at Various fre-

ilquencies of the accelerating field. All psimble variants of the I
Ioing coditions in this case, a6 is apparent from (21), will be

Isubordinate to tfAsT6dMM0A 02/ onst. This means that then the

wavelength is decrepsedo it is ne:cysary,to decrease Va enough so that

considerably lOwe v 4- is reqtred by the generator supplying t41

resonant cavity. In soe cases this fact wAs decisive in selecting

Ithe operating onditions of the miprotron. It should, hwever, 'be

forne in mind that it is desirble. ti usess high as possible yalues

f c2 and correspondingly ya, sinc in this case the assigned final

energy of the electrons will be atpaineO at the lowest nWber of thei

transits through the resonant cayivy, and electron losses in a/cer

tion will be minimum.

It is necessary to select the parameter a also. for the microtron I

being do.igneA4 Knowing a, c, maylbe caluclated from (22). A flWt4
lp'oblem is that of ensuring thoae onditions of electron injection at

*ioh the required value of c1 wil. be obtained. The methodm fA at-

taing these conditions depend up n the type of injection. I

I Pinsaly the value of the oquiiibrim phase Vj is chosen (Usually

13 to 20, see below) and, knbpwing, the length 1, of -the xcpleat-

U-Field, Va In calculated by Fop*la (9). eriment shows tAW

-ue of Va found by (9) should be increased by 5 to 7%, in oG t

[tak.-Into ccount the slackening the BY field beyond the geqmArl-

L-12



_1iptrax-inll the resonant cavitF.

FIRST LINE OF TEXT threnatait'
2. The injection of. eectre. into the microtron

Irive typqs Qf in jetion have b~en tried in practice up to the

Present time. Although the oldestj method is still the most widely I

iasedp it will Undoubtedly be replafBed by news ore modern methods or

injection in mOst cases. I I

Let us, examtne. all these methos.

a) Injection using autoelectroic exission from the metal of the
411~jV onsinfa hemtlo h

resona.it oaVytF FIR iW" Ion Of injection let us all autoeleotroni6

injection.
The resonant cavity usually used in the Microtrqn is shown sphe-

matically in Fig. 4. Diring operaion of the resonant cavity, the

[highest electronic-field strength occurs at the surfaces of the annu-I

Ilar zqeSj denoted in Fig. 4 by.t4 letters A an4 B. These annular

metallic surfaces are sources of : ntensive electron stream, pat

Iof -ich . W be used for furtheracoeleration in the microtron Inas-

wWh as injection in the microtrpn must be unilateral, it is neoessa 7

to tabe meaures to increase the ihtensity of autoelectronic e.ssion

Ifrm one annular zone (from zone Alin Fig. 4.) and to lower substan- I

tially the mission from the other, zone. "' bitateral autoelectronici

lemission is allowe1, then the res4t will -e increased load on the I

Iresonant cavity by electrons whichl are not useable later on,$ and the I

inclease will correspond to the infrase in power reqg jrd by the I

Iremsoant cavity. I

F i d be noted that the askmition about the autoeleotronie
Matw u of electron emission from the packizrg qf the renn t oa ---
Ms...s tr nt been prowe by dfJreot experiment. This obsel'ab.-

eletio epssin i pibebly the Tosult 9f a combiin of sesl
[iii oe--aueoelectronMi, Secondo and .photopoisop L[.

STOP HERE STOP HERE
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ftislonis att~inoA b)y the appropriate processing of I

theInoal urrce, Ad aso ycho~sing suitable mestals. 31ision is

sha~ply increasod,, fox' example, wi~h oxidized or duill su1'faqoB and

greatly 4ecreased when the svrf~ko*6 az'e pQlishedt carefully qlegned,

1cm gilded. In some microtron resofant cavities an aluminha* dollar

is placed on one of the resonant-eivity dones, in order' to increase

lautoelectronic emission.

An is Iqnqwnp the electron -currFnt I-in a~atoelectronic emission

lis yery utWh depioV vTeqE ~Lth* attength. of the field near the c~thod

sourfatce * If the FOwler-Ifordheim 6rmula is used and it is a55vped
that the elecetrical field in the mrsonant cavity vriea aooordi1ng to

the- law X(t) - Eacon a the folljwng relationship my. be a~tained:I

II I0 COS 3 O) yt -exp(~ 8 , coo (26)

where 10 and B are .0Qnstants,, prop~tiopLal to the-magnitude-of l and

functions qf' the properties of thel emitting surface.

The graph 0f I( .7 t),s according to Formula (26), is shown in Fig. 51.

As is. apparent from this graph, a sule ouce acts during, autoelec-

tronic emission, wherein the emingion ipurrent, in practice~, differs

from zero. only at emtission phases (.) rom about -52* to +52*.

4 A

3 I

K--2 2
pWig. i4. Dia of a toroidallIresonant cavity.

r-1-rosonsint. cavitr (bqdy of ro~ation about the a-axis); 2-'

STOP HERE STOP HERE
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-- In th'FS -version of injection Wn J - 0, 5o that aooerding to. (17)
FIRST Ll,. OF TEXT . .

c1E0 -AW 1.

(27)
from (12) wre obtain

:Awl .1V.- 511 ,,.()

In autoeletronic injection c I mal not be la2ger than c2, and

us ua1.ly .1 - 2 -If ca C ,repo ne conditions (1). and (22) aro

asinpli1ed and tiI. N T4~ich i widely vmsd in the literature:

eV, n-2'
HI- 0,P97i

m-2 .(30)S- I

Acording to these drmulas., almay.not be less than 3, and V. my

InOt be greatqr than 511 ky.and l the following vlues may be used:

511, 255.5, 170.3, etc.

If, in reality, the equality0 €11- c. is fulfilled only approximate 1,

then Parmlas (29) and (30). will " approximate also. In addition,

lin the case t a, 02, conditiont with m -2 are not excluded.

I, 5

- - -

-3-
,

,- I

-- 5 //'- -,

... . - " -," - " " " " /- , --

F-Pia. 5. Autoelectronic emnisl.n current (in relative =ilts) - - -
fnmtion of tthepae o _.' f e__ o....
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p Knowing -the parameters Va , Vs afdd Of any real microtron, Vs may
FIRST LINE OF TEXT
be oud by (9) and the required vklue of AW may be calculated by

(28). On the other hand, the energy gain of an electron in a HF fielA

Iwit given values of Va and 1 - d/- is a function of the emission pha e

of this electron and may be caluclkted by a well known scheme [111, 5]11.

Pig. 6 shows a graph of £W(Ve.) c~lculated for the following condi- I

tions [12]: Va - 280 kv, 1 - 0.0661 Using this graph, let us examinel

the following example. Assume that in a given microtron m C * and c L

-0.5 (e2 correspc iIWbOV IT155.5 ky; therefore, according to (9),

24*) Then Condition (28) re16uirs that &W1 equal 255.5 kIv.

This energy gain is obtained by an electron with emission phase € em

-6o' (see Fig. 6). It may happen jhat this electron has phase 0(2).

I-'P.; in this case it will be a resonance electron.. However, fulfil-

ling the condition 0 (2) 4 :8 is no obligatory, since nonresonance

lelectrons may be accelerated in a iicrotron if their energy and initialI 01(2)11
(phase are sufficiently close to the energy and phase of afeson-1

lance electron (see Section 3). Therefore, in the microtron in ques-

Ition not only electrons with fem -1 -60 will be stably accelerated,

jbut also electrons emitted at other values of 0em" A calculation II em
Imade for this microtron [12] shower that only electrons whose euissi

lphase lay within the limits of fro -60 to -26" could pass through th

Itresonant cavity eight times and be acelerated to the required endrz
lpf 2.044 Nov.1
I

Using the graph of I(#em) (see iFig. 5), it is easy to deterLne,

lfore~p le, by plane geometry, that the electr"on curent co-repnn4

1nS-tv this suitable mission-phase I region (the measure of this 6MM4

'in the shaded area I in Fig. 5) slin all 7% of the total curent of
F~ 2 whc aiya 2-

the ;ectrons which passed through the resonant cavity and entered-

the-f-a ----thitte a dive nt-e3*t-on -b yest- * esqn-
_ _ _ _ _ _ _ _-16- ,
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FIRS E -Inasmuch as the uniforpi magnetic field of the nicz'otron I

doe not create axial focusing freyonly, about 10% of theelcra

linj .cted in the first orbit strike' the port port of the resonant cavi~y

in the second orbit. Thus qnly .abbut 0.7% Obf those electrons which I

lwere in the first orbit reach the pecond. This result is, in good .agre-

ment with a well known fact obseryrd in microtrons with autoelectronip

injection: vv e high electron l0ss~s (often over 99%), occur during

transition from the first orbit to the second. As a result, theseFRIrtrn r '%,cITLj -'

lrotrqns are nccelert , with an output bean current

of less than Lp a (average currentlwith respect to time).
'I

A highly -effective method of iereaoing the Uutilization factor"

IOf autoelectronic emission might b to increase the amplitude- of the-

electrical field in the resonant cVity. For example, if Ea were

1doubled, then the emission current would be increased, according to

1(26), by a factor of 30, in the fi.st place. In the second place,

lowing to the change in the shape O the curve in Fig. 6, the range

iof suitable emission phases would be shifted to the right in Fig. 5,

Iwhieh would lead to an increase ini the relative magnitude of the

Ahaded area bya factor of 4.4 [12 and the beam current at the outpu

!of this microtron would be increaspd by a factor of 130. 1

In practice, however, there ar great difficulties connected withl

lincreAsing the value of a. In orer to increase Ea, it necessary

toeither increase Va in this resoipant cavity, or to use another re- I

lsonant oavity, with a shorter acc4eration gap. The aIu val'ue

1-ahas already been selected fr other considerations. Thftfore,
4 4

!the 7ingth, 4 uuot be deareased. ikuWeyer, this increases the danger

*_oazeonant-cavity bre*Wown and its pa eters are deoptimizedt-l-sF I

14--. tor of the resonant cavity =n4 its shunt resistance are dedrwaui,
--- - - - ...--.--- _ _ 0_

as a result ofsMWLk high power is required in mI1t4HW obtain the

4i&



_ Ar-.Lf.. -V*ii ' at k,-tO and o 560, kj the ]ength idis
FIRST LINE Of TEXT

'not less than 8 , [13.

I I

* I

- I
I I

ITLN - -. " - -M,

r4 . 6. Electron ener" After the first transit through the
~~reagnant cavty :and th 'transl Phase angle -a u nno

the emission phase. of the electron..Y'- 280 kv, 1 0.06.9,initial -i.ctr',n vilocity Vo-O1.
0

B .calultio oe m7 stalh what the conditions must be t

i tn phases will be distrbued sym

meticll relative to the autoele tronic-current peak (FIg. 5). For
Ithls it is necessary o calculate he length d of tShe accelerat I
Alit ouch that the suntable etminti phgs ae grouped near the phas

= alc 0. lain& the graph in Fig15 it it eas d to calculate that in

twhisohe(f h a wdho th range of suitable emission phases ilb dsrbie y-

litae. iuch that thesite eiveli tu f hehde aregopdn a theulds

Iequal not T, but 70% (area II). II
[--5 1

1 4

I Calculations of the optimum le~hthl of the agoelerating slit 4 ha ye1

benublished recently [1, 151. TWO somewhat different approa9hes

* taths calculation have been put 4 crth. Let us examine both vrl

STOP HERE STOP HERE
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FIRST LNE.Ths -pr~oblem is set~ up, as fj~llowa 114l.. An electron. is enittei
whei the #em - OJ when the autoele/tronic-emission current is maxim

Iandl acquirem xim energy A W1 nl transit through the resonant Cevit .

This means that the phase vex' at which the electron leayea the re-

Isonant cavity, must equal 90. It, is required that this electron,

having ma4e one revQlution in its rbit, strice the resonant cavity

lat phase *(2). a then at phase - etc. That length of thel

accelerating slit at which this rejuireatent is satisfied will be con- j
Isidered optimwn. Fi'jLI J that t given values of f , ) and m, thi6

Irequirement may be satisfied only 4t a single value of Vai and the salae

Ithing holds for d0 . Table I givesj the results Of Paulin's caloulatiohs

[1sili 5- i8, .b- 1.

Table I .
10-i CM X-.3 CAS

do, D1j, do. Di.

2 2,iW. 4398 20,7 27,7 14660 6,2 8,3
: 0,427 828 12,8 42,8 2761 3,6 12,8
4 0,238 473 10,1 53,0 1573 .3,0 15,9
5 0,165 325 8,6 62,6 1083 2,6 18,8

The following conclusions are made from these results. In micro-I

t-one operating at - 3, the lenrgh of the accelerating slit oonside-

ably exceeds the optimum Value of o given by the calculation (for I

exale, at-m - 4 in working microtrons d > 14.5 , whereas do - 3 .

This my explain the low utilizatign factor of autoelectronic emisioih.

~1f.Orotrons working at \,.10, i4 is entirely popsible, to build a

anpnt cavity having an acceleration gap of optimm length, tf---

- However, the resonance stringth of the magnetic field hippe-n

to be, very low. and the accelw'atak will not be o0qact.
V-i-

STOP HERE STOP HERE
--19-



ISuNOtherXfact is even more esse1tial. It is found that the value
1FIRST LINE OF TEXT
of II' found in this parameter calclation is lower than usual (e.g.,

lat A 10 cm and m = 3, Ea - 334" kv/m). This leads tO a substantial ISI I
lowering of the electron current or autoelectronic emission.

Thus it may be concluded that ptimum length of the accelerating

slit in the above sense should notl be the aim, but rather its length

Ishould be as short as possible. Less in emission current connected I

with the fact that the maximum att inable amplitude of the electricali

I field is chosen A2l,,NJi ntly, I be much greater than the loss due I

Ito deoptimizirnM the distribution o the range of suitable emission I

lphases relatiye to the phase Vem 1 0.

The case of m -. 2 is interestig. It corresponds to an unusuallyi

1high value of H(- 4 .4 kilo-oersted) and 1.14 Mv/cm. Note that II I
lin this case cI  2.7 and a2 - 3.7 which is easily calculated. When
the path of the electron is the us easibe

* usal one,, thiis version is not f e p

lbeoause the length of the accelerating slit is too great in comparisol
S with the diameter D1 of the first ,rbit. The author assumes that ac-

joeleration mya be accomplished at -J4.4 klilo-oersted, electrons bein

given out from the resonant cavityI through the corresponding apera- I

Iture (Fig. 7). No calculations are given however. I
2. In the second version of the calculation of the OptiUm length

of the accelerating slit, the problem is set up as follows [15]. An

electron is emitted at phase e am -,0 and leaves the resonant cavity I

14t phase #ex, regarding the maznltde of which no conditions are gie.

itI-45necessary that the mgnit*Lei of Vand dbe such that ti--

el-ecton, having mde one reylutin in its orbit, strikes the ieson-1

Ant o4vity at phase f -M " In laddition, a second requlremI0tAA

*etihte reyolution period of thif electron mast be emuot1y equal-o-

I-------- ------ --- - -- 0.__-
STOP HERE STOP HERE
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m a u l-. . .. -1 1 .. . . . .

mT-tiple of the periQds of the-accelerating field (see I1 S i1

foonote on page 7). Nfote that th .adyancement of the secQnd require .

men t Is hardly ,adyatagepus; it i sufficient to fulfill only the~Tj

first one. Table II shows the re ilts of the calculation a---, 1__

Table II

v T. e'x a . to V, ex
Va 

v ' P 2 1

531 0,042 25,60 578 0,0563 34,10271 0,0296 23,30 283 0,0401 31,20

As is apparent from the, -data ii the table, the accelerating alit

'm.st haye a shorter length than .in working microtrons. For exmple,

at a - 2 and X-10.cmod = 4.2 mm, It is possible that freedom from

breakdown could be attained in a resonant cavity with d - 4.2 mm at

Ta - 531 ky3 its Q-factor would be lower than usual and the power re-

would be higher than usual# Ihowever, this would be worth the

lincrease in beam uiwrent at the output of the mjicrotron.

5 5

-- F1 . 7. Electron path shown fb an increase in the uiper 4----
limit of strength, of the waster mnetic field.

in2 the second version of the cilculation, as is in the firs thO

-Y, (and a qi. -o the vl _f K,- t- o-eq3gU -
STOP ARE STOP HERE
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isasigmephase. is f to be rigidly fixed, and devia-1
FIRST LINE OF TEXT
ltio frQm the required value mist iead to a decrease in beam current. 1

jUnf~tunately, to what extent the Oalculated parameters agree with 1
lexperimental ones has not been chAd.

In a working microtron the res+nant cavity has a fixed dimension

Id4 and the conditiois correspondioig to the maxima beam cu~rrent -orf

accelerated electrons. are chosen a! follows: Va is varied and the

Soptimu value of H is selected forl each value 'f a as a result, opt!

1V. and opt H are Fi- .WFBecton1 3) .0m these values, it would I

be possible to alclate those yallies of 0s8 C1 and c2 which are optiF

lm for the given microtron, and as to establish where the optimum I
Irange pf suitable emission phases is distributed relative to the phase
I em " °

In his work, Reich [6] describ+s. the results of an experimental

stUWz of same processes which ocoiL' in autoeleptronic injection. In I
larder to trace the- path of electrons emitted from a definite point on1

Ithe surface of the Ponic packing ii the resonant cavity, the follow-

ing simle method was used. An artificial center of emission was

created on the well polished edge of the port in the resonant cayity I

li1r the form orC a speck of aquadag. Data on the shape of the path of

electrons emitted from this point iere obtained using Ayable slits I

land a screen covered with luminophor. Thus it wa4 established that

only two .extremely small areas of he emitting surface deliver those I

jelectrons which later on may pass ihrough the resonant cavity the re-

Amnant cavity the required number 6f tipe withouit hindrance. Tbe---1

PI±unions of these areas are: x . .3 mur, y = 3m (Fig. 8). A£'ea
I 3-

a2a be called the external emisslon zone, ,and area b the inteonal
emislon zone. E Rcpwments show 4~early that the two, electron

STOP HERE STOP HERE
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-ited by theexternal and intern emission zones later on form
FIRST LINE OF TEXT
itwo entirely separate orbital systs,

# C1
A. -4 I

. ... . . . .- . I - .. . . . .

Fig. 8. Dia&Q0LIOtijLEworkin* emission zones (a, b) on the
edge of the port in the resonant cavity. AB--orbital plane,
CD--axis of symmetry of the magnetic field.

The practical conclusion from these observations is that it is

necessary to take measures to supr~ss autoelectronic emission from

the entire surface of the port. in Vhe resonant cavity lying beyon4

theareas a and b;.thus the power zequired by the resonant cavity

will be considerably lowered. Thelmeasures given by Reich (6] boil

down to the fact that the brass co iqal packing in the resonant cavity

Iwas well polished. Then a thin l&rer of aquadag is applied to the

wrki mision zone. "Molding" 4f this coating occurs during break-

Idowns in the resonant cavity, formld when Va is increased slowly.

After cessation of breakdowns, thi emission zone gives a stable elec

Itron current of from 100 to 200 oal(pulse) on the third orbit.

In other microtrons with autoelectronic injection, the beam curret

in the last orbit is often several times greater than that obtained

in Reich's work [6]: it is 1 ma ipulse). An even higher current
5 1 -A
0,7 ma (pulse)) was obtained sing this same type of injeobtionA

n--tha work of Kapitsa, et al. [71J

, -'ATocIreectron emitter in thl form of a point was also. tried.
~twsfound unadvantageous to use this source of autoelectronid

STOP HERE STOP HERE
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LMM__a_A rotron with autoelecronic injection with an electronFIRST LINE OF TEXT I
enetgy of 5 to 6 Key can provide a l beam current which is entirely suft

Ificient for conducting many. physicl studies. This microtron is dis-I

tinguished by the simplest design. 1

b) Injection using a therlal 6athode located inside the resonant

Icavity. Experiments with this typ of injection are also described

Jin Reich's work [6]. A tantalumW re 0.4 mm in diameter was used as I

the cathode. It was mounted in thi gap of the resonant cavity approx-

linately in the v6ift iftanliHe and Olose to zone b (see Fig. 8). The

oath~de serves sufficiently long i; it is not heated to excessively

1high temperatures. A stable prrent of 500 oa (pulse) was obtained

'in the third orbit. This value is lappArently close to the maximum

lattainable in this type of injectin (if an oxide cathode is not used),

inasmuch as the area of the worki4 zone of emission is very small,

while the time interval in each cycle of the HF field, during which I
leleotron capture takes place under acceleration conditions, is in all i

about 0.1 Ty. in the mirotrQn.

The structure of the resonant bavity is more complicated than in

lautoelectronic injection. There are a few difficulties connected with

Ithe fact that the magnetic field o the cathode causes a noticeable

vertical shift in the orbits; thes difficulties have been overcome. I

Inasmuch as in the type of injction now under examination it is

Intnecessary to have the highest osbevalue of Ea inthe reson-
iant cavity, a resonant cavity withl an accelerating slit having a grea-

ength may be used. This leadsi to an improvement in the I

ra IB resonant cavity.

__ in autoelectronic injectionp the limit c2 1 1 at m - holds.

v--) Injection using an electron gun. The electron un,

STOP HERE STOP HERE
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S Injector in the micrptron, is subject to the following I

ireq irements: it must have extrem 1y small dimensions, so as not

Ito isturb the motion of electrons'in the first orbit; electrons must l

,pass in a gun Of sufficiently highi potential difference, in order that,

Ihaving left the gun, they may hit he gap of the resonant cavity, in I

spite of the deflecting action of ihe magnetic field of the microtron

Ithe electron gun must give a suffioiently intense electron beam. Thel

last two requirementascontradict e first, and it is not easy to finoFRTL N rF TITLE

Ia satisfactory c pr se solutionI If it were possible to build a

Ismall electron gun which provided ilectrons with an energy of'- 300

key, the first requirement would b leas rigid, since the gun could

Tbe installed in the mmost freem pl ce- near the resonant cavity (Fig.

9). However, as an experiment in aesigning injectors for betatrons

land synchrotrona shows, electrons ith energies no greater than 80

Ito 100 key may be obtained from "iature guns when they are pulse

'fed. At this energy, the radius o* curvature of the electron path

in a magnetic field H - 1.2 kilo-orsted will be 8 to 9 m in all.

ITherefore, the injector must be pl ced near the gap in the resonant

cavity. Striking the accelerating kield of the resonant cavity$ the

Ielectron begins to acquire energy, and "-he radius of curatare of its1
path increases rapidly.

5

1- -3 3 -=-

2 2
Fig. 9. A possible location oi' the injector at a high injoc-

PEion eneg TPE
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_!_ThiAFtyV&-of injection is. used in the 5.9-Xev microtron, and will
FIRST LINE OF TEXT I
be azed in the 1.2-Oey, rigid-foc ing synchrotron being built at the,

Lun University [i6, 17]. The pla6ement of the electron gun relative

to the resonant cavity is shown Inj Fig. X0 . Negative pulses having I

J an amplitude of 80 ky relative tq Phe grounded anode strike the in-

oeetor cathode, Which is a tungstei filament. The emission curent

is 500 ma (pulse); this beam entprs the resonant cavity. In the I
10th orbit the current is usually O ma (pulse). A dispersive catho

was alos used, xU' h!Ikb4 the 9irrent tQ be increased b7 a factor

of 2 to 2,5j haweyer the 0athode lifo in this type of vacUW0, syste!

'is only.; few hors.

• - .. . ... . --.

-.• .... .

Fig. 10. Placeq~nt of injecto in the Sweish microtron. A
Farad y cup moves along the lito 1--2j it is used to measure
the beam current in variogs or its.

The pulses supplied to the cxat]ode must have flat-part duation

*Of - 2 .see, since the resonant carity is fed by pulses with a dura-
Ition of 2 .7p' sec and part of this ;i e is spent in starting o1cilla-

5 t-A
'tions in the resonant cavity up tola stationary value of Va. .4

*e &Tzang and the baic parmaeters of this miortron werI;
-se-t tome b Vernho m. d r

STOP HERE STOP HERE

-26-



T-- -- l

-- A-0alulation showed [161, al4eady at . ~ 60 to 79 key all
FRTb&OF TEXT

ile'trqns are stably accelerated wose phase is a range with a width

of 4. 25. I
From the par;kmeters of the givpn microtron (H 1.23 Kilo-oersted

I A = 9.95 caj b = 1., mI 3) it mAY je determined that c2' ' 143, i.e.

! -l"584 kev, - 2c 2 ".1- 1.28§ and AIW1 , -577 ke. A higher I

value Of c2 could be obtained only1 at a higher injection energy. How-

everI even at W_ 300 key, the alue of c would not exceed 1.576.

I so that at A - #,.R1u.&n° -Eresinahce strength of the magnetic field

would not be greater than 1.7 klilo4-oersted.

4) Inje.ction usi!g a second.reionant .avity. A resonant cavity

operating ,at the same frequency as the main resonant cavity of the

Iicrotron may be used as a high-vqtage electron gun [8]. The elec-
tron source may be- either a separae thez'al cathode (Pig. 11), ora

properly.processed surface of the jeonant-cavity pac-king, which epLt 6

eleectrons by au oelectronic emission. As distinguished from autoelecL

tronic injection, in this. ease the utilization factor of autoelectrevilc

emission can be mde very high. Tii fact, if a phase-shifting deyice

lis introduced intQ the feed circuit of the injection resonant cavity,1

then that phase shift between the pscillations in the injection and I
I'mmn resonant cavities at which th maximum portion of autoelectronick.

]emission electrons will be qaptured under acceleration conditions MaY,

be chosen experimentally. At this optima phasing of the resonant

;cavities, the utilization factor oi the autoelectronic emission will

-to, if the phase angle of captlwe is taken equal to 35 (s0e-20I

ition -a).
---- 3

Tie electron current which can1 be given by this. injection rloonAt

foJLt my be made entirely s tfi4ent. According to the data [1-]--t

STOP HERE STOP HERE
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a-(plz)at X 10 am a~id up to 0 .3 a (pulse) at X ~' om
myilbe obtained inmediately after the resonant cavity.

13o fa qnly one attempt has ben made to apply the injection re-

.Bisonant cavity in practice (19, 6].IBoth resonant cavities Were fed byl

* a. single magnetron. In addition t? regulation Of relatiye phase shif ,

it was also-possible to-reguzlate tie amplitude or the voltag6-in the

!resonant cavities independently. The effective power of the magnetroh

was found to be insufficientg 4ndjhe experiments were not concluded.i

In the future, pa it7 6 £A !Tiower which is usually scattered in the

lstabilizing load will probably be, ised in microtrons of this type to

feed the injection resonant cavity (see -ection 5b). A ferrite at-

Itenuator pho~id be used instead of this load; it would divert energy

to the injection resonant cavity ,[121.

*I I
#N

I I

Pig. 11. Using a separate res nant cavity as the injector'.
K--therWal cathodej I--injectiL, resonant cavityj II-main I
resonant cavity. The waqguid feeding I mot be beyorA
the orbit plane.

Higher injection energy may be impated to. an electron by using

fan-12ection resonant cavity. It ia found, howevqw, that not a i---

Wii-e of j are permissible at given value of N. This i, Aue

IJLh, fact that the injection resonant cavity operates on the

lwayqe 6th as the pain on p and thprefore, it has the ma dineAsvwns.

STOP HERE STOP HERE
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--- theradius of curvature of the path of electrons leaving
FIRST LINE OF TEXT

the first resonant cavity and striiing the gap of the- second just be

laboht twice the radius of the first orbit in an ordinary microtron ]

(see, for exa le, igs. 4 and A) I while radius of the first orbit

Jin a twQ-resanator microtron must e four times greater than in an

.ordinarymicrotron. If in the later at X 10 cm electrons with an I

jenergT of 511 key freely bypass th resonant caVity at H - 1.07 kilo-

Qersted (since the diameter of the lorbit D 5.52 cm, and the radius

of a toroidal rei -& R~Iy Rresl = (0.3 to 0.35) ? -3 to 5.5 m),

then, in a two-resonrtr accelerat r, and electron with 511Jinj

'may go from the first resonant cav ty to the second only-at I < 740
10dsted. If K- .535 oersted, thenl c 2 0.5,. p - 6 is poo~sible.. In

2

the first orbit a resonance electrpn will have an qnergy .of 766.5 keyl(th eorresponding mantic id , , ,

(th e agnec rigidiy - 3906 oerstedcm), and the

diameter of this Qbit will equal . Cm; this is barely enough to I

1bypass the injection resonant cavi y. Another possible set of condi-

tosare [18]t Winj - 255.5 key,c- 0.5,. m - 5. In both of' these

leases, a low magnetic-field strength must be used, in spite of the I
relatively high values of W1 -. .ily at very high values of i njs I

lit possible to use conditions wlth a high value of K. For exaqple, I

lin yery caact resonant cavities(,re -0.,3 \) the following condi-

ltions are possible: Winj.= 1.53 etj a - 4, c2 - 2.

An injector in the form of an dditional resonant cavity has stil.

!another advantage over the electron-gun injector: it gives very shot

alitoi rs of electrons with a reperition rate equal to the oscilJ.at.oU

T qqULncy of the field in the resoant cavities; when the relativqA-

phasig of the resonant cavities if correct, for all practical a u-

sesonly e RusWit electrons will be injected into the main r"98antI 0 - o .. ._ J

STOP HERE STOP HERE
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TEXT Many "useless" electrons (uncapturable under acCelera-'FIRST LINE OF TEXT

tilu conditions) will reach the ma n resonant cavity when an electroi

gunis used, which works continuoukly in the course of its Operatingl

period. This leads to an increase in the power required by the resonp-

ant cavity.

-, I

Fig. 12. An injector in the ft of a coaxial resonant cavity.
1--main resonant cavity; 2--wateguide; --coaxial cable for
feeding the injection resonantj camity; -- phase changerj 5--
attenuatr; -- injection res onnt cavity; 7--electroh gnjI

8-electrostatic deflector (iillector). "

$till another versicn of the divice and placement of the injec-

tion resonant cavity is possible (20). This may be in the form of a

quarter-wave coaxial resonant cavify (Fig. 12). Its parameter& are

Icalculated so that a good grouping! of electrons in the cluster is

obrained. When locating the bimch4ng resonant cavity (Fig. 12) it

lis necessary to change the sign of the curvature of the path of elec-j

itrons in the section between the tio resonant cavities. it is sug-

ed that an electrostatic defleition device be used for thist A

---- ) Injection using a thermal cathode according to the method----

ofj.P. Egaitza, V. P. Mkov and N. Nelekhin. Some interesi-ingn

l . W_ _S icns are put forth in arecent article by these auth rs [7
STOP HERE STOP HERE
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c~IrLing t-o-these suggestions, in ection conditions are changed sub-,
FIRST LINE OF TEXT i t

laccolerated electrons considerablyL The traditional resonant cavity I

or the microtrQn is replaced by a pylindrical resonant cavity, in

1which oscillations of the E0 1 0 typ are excited. The thermal cathode

ls installed at a precisely calclted distance from the axis of the -
I a
Iresonant cavity on its front wall n the orbit plane. When-calculat-1

ling the path of thermal electronslthe magnetic field, as well as the

lhigh-frequency rl .Td I lectri~al and magnetic fields inside the I

resonant cavity), is assumed constant. Fig. 13 shows one of thor cal.",

Ioulated electron paths, oorrespo.nng to an emission phase of oG. I

When the length of the resonant cavity is fixed, Various values of c211
1correspond to yarious cathode positions. When 1 - 0.163, the possibl

IIalues of c2 are between 1 and 1.21

An experimental study of this ype of injection was made in a mic o-

Itron with a pole diameter of 70 cml and an interpolar gap of 11 cm. Te

c ylindrical resonant cavity had a diameter 2R - 7.66 cm (this corres-

IpQnds to, X = 10 cm) and a length d' 1.63 cm. The lanthanum boride

Icathode, which can be heated to 16000 C, egitting-surface area of II LI

labout 1 to,2 W .i The center of tWs area was at a distance of 1.75

lcm from the axis of the resonant cavity. Under conditions with c2 - I

" 1.1 (y3 - 562 kI), the beam currnt in the 12th orbit reached 15 ma

l(pulse) at an electron energy of 6 8 Mev. From this energy value I

I(using Formula (25)), it is found hat m - 3. Therefore, accocrding

149422), c1 - 1.2. Thus a resonane electron moying Within the95  -l

Ii-p-iiit cavity must acquire an energy of 613 key.

.I c- 1.1 and X - 10 cam, the KH 1.18 kilo-oersted (see (

prthe, using (15) and assuing 4at at an energy of o7 r th-j
1 o o. _
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Pti TT-the electron equals the speed of light, it is found that I

thel diameter Of the 12th orbit eq4a 13 - o .

I _

4 I

FIRST IINE OF TITLE

Fig. 13. The path of an elect on when using -a cylindrical
resonant cayity (first versiOn . K--thermal cathode.

I Detailed calculations made on . digital computer showed that unde6

acceleration conditions electrons 6e captured with an emission phasel
IneI ,
Inear tem - 0; the Carrent of thesel electrons is 1/30 of the total

emlsslon current. Experimental da~a supported this result.
In the work og' Kapitsa, et al.' [7] o An even more successful metho1

of using a thermal cathode in a cyLndrical resonant cavity is sug- I
gested. If the thermal cathode isl placed on the rear wall or'the reslon-

lant cavity near its avis and an adiitional port is made in this wall

in the orbit plane, then the election path shown in Fig. 14 may be I

obtained. In this case the operatp conditions my be 2 - 2 to

2.5, i.e., the microtrqn is made ansiderably more compact. This

type of injection was tested experimentally under the following con-

ditions: The resonant cavity had a i diameter of 7.66 cm and a length

lof 2.?2 cm, the thermal cathode w 4 placed at a distance of 3.2 m

fr= .4he axis of the resonant cavlAy. A R - 1.95 1dlo-orte4, 4 ±.e.,4

fai--v..82 and V,, = 932 kv, a curr~nt of 5 ma (pulse) Ws obtaii wd-

nthe 2th orbit, at an energy of11.6 MY. The diamter of the 12th

I aritgLmtai4 w-m -uan ~Irtrwjge~~z mqQ~-
STOP HERE STOP HERE*
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escibed. This is natural, since in both cases. the wavelengthFIRST EIE OF TEXT"""

i~ithe %a

I Under the second set of conditions c1 = 2.646, i.e., W1 - 1.352

Mey. A therplal electron acquires this energy in two steps: in the I
],section Of the path from the therml cathode to the exit of the r e-

so nant cavity (YIg. 14) and in thelfirst traversing of the resonant

In this t;Fpe (4 injectlon, un r acceleration conditions, ir o

lo, the total emwLiToi'AN?'A44t is cptured.

The resonant cavities described here are distinguished by the

great length of the Aoceleratinr a~it: in the first case 1- 0.163,

and in the second 1 - 0.232. vow~yer, detailed calculations of the

paths showed that all electrons cajtured in apceleration can trayerseI I

the resonant caylty unhindered 12 times Or moe.

The cylindrical resonant cayit is inferior to the toroidal reson-

lant davLty of the special shape usially used microtrona with respect

tO the Iagitude of the shunt resistane in an accelerating. gap of a I

[giyen length. Xxt sinc:e cylindricil resonant cavities with a high

Ivalue of 1 were used, approximate" the sage power is requlred to I

lezIfte this resonant cavity as that required in ordinary i rotrns. I

I I

5 5

3
-Fjig.6 14. The path of an electiron ihen. usiMg a cylindrical

* rsoant, cavity. (second ver sioz) K--hermil cathodw. 2

i . 1

The lec ,, o lS. o j
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!-ClCtiors show that it is a4antaeous to replape the cylin-
FIRST LINE OF TEXT
[4ri'al resonant cavity bya piisaic one. The use of this resonant

cav~ty allows the height of the interpolar gap of the electromagnet

'to be decreased; in addition, the istribution of the electrogneticJL
field in this resonant cavit mke it possible choose that shape Of

Ithe thermal-electron path at whichi the parameter c2 .is increased OVinl

Jibe) i.e., the micxotron will be ryen more compact.

Co~aring this type of injectin with that in which an electron

n is used, it fish F t in the second case, somewhat higher be"iI g u n i s.e $I -
Icrrents at an energy of- 6 Mevwpre attained. A micrptron with a I

Ithermal cathode and a cylindrical jesonator has many advantages over I

all other versions described aboYol It is more conotct since it all We

Speratlon with very high yalues ofc , Its. design is, more si le thah

Itat of a mcrotron with tWo resrpnt cavities, or with elect'op-gmni

injection, and it allows the praxasters to, be varied considerably

Jnpe freely. in design as well as n use. Ver r essential is the fact

that all parameters of this. m jcoton are precisely calculated, while

fin Other types of injection, meuS *tmstbe chosen expirically.

I Let us note that the two typesi of injection (thermal-oathode and

electron.-gun) make it possible to Tary the, bean current; this Rocsn-

Ilpshed by regulating the filamentl current.

Still another type of injectioL (So far not tested exper1'entollyT

should be added to. the five types Weadribed above. Aitken 121] has

Isggested that the annular source .f electrons (thermal cathode or
mitq4.ctronio-emisuion source) be I installed not at the edge of5 the-]

%UM*rating slit, bat in some pls*e Lhoh is aproximately in W-
3

ddle of this slit. The aim of txs suggestion was to. acoomlsh

16amdltions with m- 2, b - 1, hio. as was indicated in Seetio-I,-]

STOP HERE STOP HERE



FIRST LW4he 0ondition c1  F2 1 In this case at high value.
FIRST LINF C7 TEXTI2 m~y be taken (the author s ested the use of a-cylindrical
of ?2 s~se
Iresnant cavity and a2 = 2),; correhpondingly, H is dOubled in coQari-

son with the usual value of-i kili-oersted. The difficulty in accdM-

polishing -conditions. with m - 2, b- 1 is that the diameter of the

first orbit is too small and the 4ectrqn4 cannot get aroond the re-

osonat¢m. Therefore, it wat sugges ed that an opening be m*M in bothl

flat walls. Of the cavity in the o~it plane, in drder to pass electro.A.Il

In a later Work [ )]LNlFtl lE statedithat, as n~aberical calculations ok

of the motion of electrons in the Virst orbit showed, these openings

will not serve the purpose. There ore, another way of achieving con-1

.i.i .with = 2, b. - 1 is-develped: the first orbit is given an

ielQMated shape, owing to which tho electrons pass aro znd the resonan&

jdavity unhindered. The required c.Ange in the shape of the orbit is

attained by passing the eleqtrons 6rough two iron tUbes, in the cay-

itY 9f wth N 0 (Jig 15).

* ..... .

Vi. 15. Diagram of the placement of magnetic shields mi
lit possible to increase the 11r l t of the strenglh of the

-mstOr magnetic field. 1--cathde; 2--lindrial iegonant -
3~y 4--nagnet@ shields. 

-ql le rsnt

4-) 3--2- 2------
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The length of the first orbit s increased such that the revolu-
FIRST LINE OF TEXT
tioh period of the electron satisfies the condition T1 =,2T , ratherI I
Ithah the condition T1  :Ty . In the second orbit T2- 2Ty.

Preliminary experiments have bron made which gave encouraging

I'repults. I

3. Phase stability in thel microtron

The phenomenon of phase stabil ty in cyclic accelerators, the

Idiscovery of which widened unusualiy the possibilities of accelerator

I technology, was fMi6Ntft@ bed byl Veksler in the same article in

which he put forth the idea of the imierotron [1]. It was established

Ithat not only resonance electrons oUld be accelerated indefinitely
tin a microtron, but also many Qthe' electrons, under the condition

Ithat they not differ too much frqmlresonance electrons in phase and

jenergy. Automatic phasing consist of the fact that the phase of

a nonresonance electron, varying f'op revolution to revolution, oscil-

ilates near the equilibrium phase #. I

I The theory of phase oscillatiohs in a microtron was later on

itreated in detail (2, 23, 8, 24, 25 (in chronological order)]. This

theory answers a number' of importai practical questions. What isI

the optimum value-of the equilibri M phase, i.e., what is the best

Ivalue of va at a given value of V.+ What share of electrons injectedi

linto the resonant cavity by a continuous beam may be captured in ac-

Iceleration at any Value of 0 8? Wit is the energy spread of accelera -

led electrons? Within what limits iay the energy.9f electrons moving

in - given orbit of a microtron belvaried? 5-

---- ready in the first theoretical works, it was established thlf-"- 3 3 ----

'the microtron differs substantially, with respect to the natuwe of
1 2 2

.th,- oange of phase of the particl+s to be accelerated, from all-----
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np ratrs.based on the pr~Lnciple of phase stability. In thel

Ilatp.er, the phase of a particle chnes only by small jwqps, i.e., the

Ipha~e difference A#, - o+1-#.ie always small. This makes it

possible to use a differential equition in the mathematical analysis

I0f the phase equation. In the easo of a microtron, A#-* is not small]

and replacement of the difference y differentials may_ lead to large

lerrors 26].
The phase equa iqn of a micro tjon When bl has the form [25] I

FIRST LINE OF TITLE I

A 2 2: cos 'Fv+ os-n

A~p~- 3Ico:V~t 2(31)

The values o. and-f are pat~ular steady-state solutions Of

this equation.

In the case of small phase ocillations, it may be as mped that

i 4P = P +lv 1VI) PrI
(32) 1

Then (31) in transformed into linear difference equation, the
'solution of *hich has, the formn

11 = a Cos (ev +),'

COS = 1 4V' tMlq,,J

iwhere a and I are constants. FromI .3) it follows that an electron

'Will be stably acceelerated, i.e., hase stability will occur, if theI

Itangent of the equilibrium phase ii within the following linitsm

I I

2 2

- 2 . o <32,50.II

I1_ ____ 0 _ _4
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.FTRT , -n-the essential diffe~rence between the microtron and all

ioth~r accelerators with phase stab lity Mnanifests itself with respect I

Ito i hase 'motion; for the latter th upper, limit of'f equals go*.

iCondition (35) means that in a mcjiotron the value Of V may exceed

Ithat of V 5 only by a little more t~an 16% (since cos 32.5 - 0.813).

If the initial conditions (thel phase and energy of electrons ente-
ing the afoole'ator) have a unifori distribution, then, using (33), i
ma be shown that the optimum val of0 'is -17.7"; at this value o'

of FLRST LINE OF TITLE , .J'the shareo ei~eo~rOns caiptura~e i n acceleration will be nu.im=9.

-Fig. 16 shows the limiting. cur 4 ,0 -- 0 0 "0s at a given value of

#a oorrespond to points lying within the limiting crve will be ae--

Icelerated stably. L ..

Fig. Li Tmilting Qiuwvg 10 (0 fo the -case of small pM..

When 45 - 17-7* the period vp pr phase oscillations, expressed

by the number of transits of the 4celerating slit, equals J4. When
1from 9to 325 % the petiod Pv r e r m o o'2

-- i mas moentioned above, 'I is a I constant in (33) , iL.e.,0 smallphauM6
[ 2 12 - __
osilations, hay. a constant ampliude. Small phase ospillations wol

STOP HERE STOP HERE
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NW

-T.-? e- ining large phase oscIlations, Equation (31) May be b

usel as a recurring formula and th calculation made numerically.

[Bev ral clever grophical methods. hre been developed [8, 21, 27] whih.

allow + 1 And + to be dete kined from given values of the phake+ +
1, and energy W, of an electrono aFter which # ,+2and Wi+ 2 may be I
found, etc. The graphical method 6uggested by. jisdi-Kpszo f28, 271
li especially interesting, since h ,does, nt exclude those cases whenl

,One of the series of values of W .Q? example W , is sAller' than thel
FIRST tl, FT17Ir e 7previous Falue . he tron isdecelerated in the resonan

I _it

1hen using one of these computatiOnal or graphical methods, One

IfhW' obtaini Zn particular, a picate of the phase motion of an elec-

tron in coordinAtes ( , q) thi sq-called phase orbits (Fig. IT)
1If the initial conditions are such that the mapping point is near

Ithe equilibrium point ( 06, Q), then later on the mapping point will
Imoye in jumps with respect to the iorresponding phase orbit and its
,mOtion will be nearly periOdic. Tie unclosed phase orbits indioate
Ithat the mapping point is not movyi periodically, and the correa-

ponding electron is not capted uider cGnditions of unlimited acoel-I

lpAtion. 
- -

4

3- l e"

2 \* ,. -- - . "
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FIS Calulton shows that if it ip required that the electron traverpeFIRST LINE OF TEXT l 'e

th resonant cavity a sufficient nwber of times, then, at - 17

Ithel phage angle of capture equals4 , 290. However, it should be remeM-

bored that in 5- to 6-Mev microtros, an electron traverses the reson

lant cavity but 10 to 12 times; therefore, certain electrons reach thei

target for which, from the point o view of an indefinite number of

acocelerations, phase-stability conditions are not fulfilled [27]. On

'the other hand, data on the electrn-beam current in various orbits

JWhicch was obtainWiW'zi iA1 workng xicrotrons [5, 13,, 29] attests

itQ the fact that during transitionl from one orbit to another, electr

Ilosses are negligible, starting w4h the second or third orbit (Fig.

18). This means that the phase anles Of capture, calculated, for

example, for tho third and tenth o4bits, will differ little from one

janOther.

I t,'

I Fig. 18. The change in targetlcurrent as the target moves
I along the total diameter of thi orbit [5]. 'The point y - 0
I coincides with the center of tlie accelerating slit.

Inasmuch as electrons with various input parameters are captured

lin acceleration, electrons with soewhat different energioesmay be

tfound in each orbit, including the' last. In order to calculate ac--

jawately the width of the energy spectrum of electrons in the lastH

-fbit one must use the same "step1by step" method which is useto

ealeuate the trend of the phase change of the electron. Calcuatiaon
STOP HERE STOP HERE
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**-.energy spectrum of eectrons at the exit of the micro- I
Itr# is very narrow. For exampl9,when W - 4.09 Mev, H - 1.07 kilo-

Ioer~ted, V, = 511 kv and = iI.5, the total energy spread is 1.2%
J27T] i.e., W ~ (.0o9 t 0.025) MeW.

During this calculation, the dration I p of electron pulses at thp

exit of the microtron was determin~d simultaneously. The electron

lclusters have small expanse, and when A - 10 (f Gc, T .3O 1 0 se

9 will be about 3*10"sec. Th4e clusters follow each other With

;a frequency of 3 ,ca ' aton f 1.5 to 2 ,sec, after which the

IresonAnt cavity is switched off, f6r example, for 2 i'sec.

I

ieed to generate sub-millimeter elrtromagnetic waves [30, 18], it is

d sirable to obtain the shortest possible electron clusters. It is

Ifound [311 that, in theory under definite conditions it is possible

to obtain great cluster €ompressio in one of the orbits, for example

Ian angular length of the cluster of 30' may be obtained in the 8th

orbit instead of the initial one o 8.

The successful application of small microtron for generating

oscillations with a wavelength of 4 8 mm at a power level of -0.5 mv

lis described in the work of Brannem et al. [3].

The presence of a finite, although comparatively narrow, phase-

stability region allows the electrdn energy in each orbit to be varief

smoothly (within known limits), which substantially increases the III
Ivalue of the microtron as an instr nt for physical research. This

I -  -4  --I'l - -
is- omplished as follows. Let i4assumse that the microtroi o~sratei

_ _ 3-

n a aorotron which accelerates electrons to higher ene@ge,__d
th dth of the spectrum is not icreased,, so that the magnitude of
F&V/i "will be even smaller. "
I _R STOP _
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-eor K and V which correspond to a -definite value

lof Is. If, by varying the power spplied to the resonant cavity,
the' values or 7a and H are changed t simultaneously by the same factor,

a I

Ithen, according to (21), (18) and 9), the microtron will operate

with Anew value of c2 , but with tie previous value of c s. If the I

ehangle in H is not proportional tol that of Va , new values of 'both c2 1
land'#. will be obtained. While 0 .remains within the stability regioi,

jaccording to Concdition (_5)_ the 4_am curent will be different from I
Izero. FIRST LINE OF TITLEI

A change in c2 means, in accordance with (22), that it is also I

neocespary to change c1 . The way i , which this is aecomplighed dependr

tUpon the type of injection used ini the miorotron. In auto ectronic

injection the change In c1 occurs iutouatIcally, by shifting the rarn/

lof suitable electron-emission phasos. This, in turn, affects the bea*

current (see Section 2a). Therefoe, it should be expected that when

Ithis type of injection is used, thre will be several optimum values

iof Va and H for each given miorotronj at which values the beam curren

twill be maximm. This has also b+ observed experimentally (6] (Figi.

I, fZ.

Kf2fV

it

---5 -- - ---

19. Beam crrent versus Hiat yarious values of V whenim----
3 b - 1. The ratio of the ith-orblt current to th lst.Qrbit

h--i-ent under the same acceleration conditions is plotted alon
ordinate axis. The dottedlho~rizontal line is drawn at a-----

Hlevel of i/4 the mmxizum ordinie of the curve. with a- 5T kT-6--
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-" ... .. F2.4  I v!u .~ h
Tbw, by-Y-rying H, we -ary th value of c2 and, therefore, the

FIRST LINE OF TEXT
electron energy in each orbit in acordance with (25); the diameter

JOf bach orbit, with the exception Of the first, will remain the same,I

iWhile the beam current Will be ch ed, as shown in Fig. 19. If the

lbeam current under all variations f conditions must n9t drop below,

Ifor example, one fourth of the ula4mum curent, then, when Va varies.

Ifrom-516 to 590 ky (rig. 19), the llowable values of c2 are from

10.95 to 1.12; therefores the election energy in the 8th orbit may be

varied smoothly t 46%LI.86TV 4.64 Mey. If electrons with energies

lower than 3.86 mev are required, olectrons from the 7th orbit should

be used (W7 = 3.36 to 4.06 Mev), etc. Thus electrons with any energy

smoothly yariableefrom 1.9 Moy-(mwi tin) to 4.64 Nov, maybe obtainj

'from a given microtrQn. Electronalwith W < 1.9 Nev cannot have any I

Ienergy, since W3 - 1.43 to 1.78 Me . Therefore, for: exaiple, it is

limpossible to obtain an energy of .85 Mev on either the third-or fourth

!Orbit*. For the resenant cavity o this microtron, 1 _0.094 and (sin I

'1 Q.0J4 nd sinJ~wA~.~O9W (a" rig. 2) . Using the data in Fig. I
119 and Formula (9), it can be seenithat the optimum values of fas ob-1
Itained experimentally, art-: about 1,0 when Va - 516 ky, about j90 wheh
I I I
Tot - 575 kcr etc**.

F * B i apparent from Fig. 19, *hen Va is below 516 ky, that Valuel
of V& will be reached at which a non-zero beam current is already un-
obtainable no matter %hat the valu! of H. However, when Va is Oeore#.-
ed further (and H is decreased c orespondingly), the beam Will reappeo
land the microtron will operate with m - 4. In this case c1 -302- 1,
and the maxixum value of co will bi 0.5, since the limit c 0 Q2 hol4
,when autoelectronic inject on is uied. Under these conditions, a setI
'tf-e ves of the type shown in Fig1 19 may again be obtained. 1oW---I
lever, the current in the last (in this case the 7th) orbit will be
U-ntlerably lower in absolute vale, since the autoelectr nic-4t -2
is'l= -gTuet drops sharply owing t4. a decrease in 19. Operation-Lp--i
also -with m 5, c2,smu-1/3, etc.

-- The oorArections umentioned at the end of Section 1 were not-tak4
,into #o9omnt in these .aculatino.. j

STOP HERE STOP HERE
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,T~--~p hase-stability rang is. rather narrow in the micrOtronFIR I
irigd requirements arise for the sjability of the values of y and H.
For! example, if th microtrQn opertes at I M 13* (coo O I O.97),

II
Ilowering the value of Va by 2.6% *ill shift the equilibrium phase

Ito zero and the beam current will rop to zero. The allowble limits1

of instability of H depend upon thi required beam-current stability

Iand may be deterined by experilmepal .curVes of the type shown in
Fig. 19..

19S. LNE 0
ii. Electron r oising I

In the previous sections it wAi assumed that a uniform magnetic

-field was acting in the microtron. This field does not provide axial

focusing of the electrons to be accelerated, and therefore multiple

traversing of the resonant cavity *ould seem to be possible only forI
ithooe electrons having a sufficiently ,small axial (z-) component of
ithe initial velocity. In reality, howeyer, there in a slight axial

Ifocusing in a microtron. It is criate as a result of two factors:

1) the resonant cavity is placed n ar the edge of the pole, and the

center of the accelerating alit is' located at a point where HEr)

cOnstj the relatiye drop IH in thel strength of the magnetic field in

1comparison With H in the central region of the interpolar gap is 1 to
2% horej and 2) the HF electrical iield of the resonant cavity acts I

lan a weak focusing lens on the eletrons trayersing it. Pretiously, I
I it was asued that the second effpct could not exist in practide, I

Isince the velocity of the electron is very close to the speed of

1ight 5. However, it wan shown late [33] that this conclusion was-----

linya id. Resonator focusing causei the electrons to oscillate 1iowiIY-

nar 4he orbit plane; the amplitude of these oscillations increq_ s.s

419wU. A raue. 9f the infqatipn on methods and rmlts of the-
1 _ IZEo._ _ H
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iR41ultp of the joiit action of these two factors in

Icuoing takes on special importancel in the case when the microtron js II I I

designed for high-energy acceleration, since an electron 
in this ac- I

lIeelerator must traverse the resonat cavity several tens of times. 1

In a 29-Kev microtron [22] the fir~t focusing factor Was intensified I

Iby special shiming of the magnetip field in the region where the re-

sonant cavity is located, since qajLculation showed that, without thisl

Imeasure, a very i6WUif'iE'ation 6f the axis of the resonant cavity

Itoward the orbit plane, which Is uhavoidable in practice, Will lead I

Ito the complete disappearance of tie bea in ln orblts,

It has been suggested [2] thati magnetic focusing be established

lin the microtron by using a non-untform magnetic field, Where N Y) -

oonet, and H(x) is A slowly decreafing function; 11x) - H(-x)j and I
the y-axis is directed along the cmmon diameter of all orbits. No.

jdetailed calculations have been publithed.

Zt

4 X S 7 f X

Fig. 20. Resultp of an experimntal study of the axial oxcil-
ltions of electrons. The sh ed areas indicate the location
and dimensions of a luminous spot of light on A screen when I
the latter moves along the y-a:is. The left-hand spot in each
orbit is connected with electr~ns from the external emission
zone, the right-hand spot, wit electrons from the internal
emission zone. The y-axis coi!cides with the coIOn diaeter
of the orbits and the z-axis i perpendicular to the orbit
plane. The vertical lines indjcate the theoretical position

--- of the points of intersection ?f the corresponding orbits 5
hthe -axis. __

-- The following results were obtilned in the few experientVIstudlIs
* 2 2

f el0ctron focusing in a micrQtron. By using a photographic plate

ountdat various azimuths of theofirst orbit of_4 2-Nev miorotqn j
STOP HERE STOP HERE
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mnestablished that oply1/10 of the electrons which lef11
FIRST LINE OF TEXT

the;resonant cavity on the first bit traverse the resonant cavity
oi

laft~r a single revolution [12]. Ih a 4.5-Mev microtron (61, using

Ithe method of artificial centers of autoelectronic emission (see

ISection 2a) and a probe with a lum nophor screen, the parameters of

ithe axial electron-oscillations were measured separately for elec-

Itrons emitted from the external an internal emission zones. The

results of these measurements arejhown in Fig. 20. In the course

I of ten revolution'sT Wv~ii'616trons had time to make only about one-

,complete oscillation near the plane z - 0. Note that the amplitude

I-of the oscillations increases.

Some idea of beam focusing in a microtron can be gotten by examin-

ing the experimental data on the dstribution of the beam current with

respect to the orbits. If the electron losses during acceleration ar

negligible (starting from the seco d orbit; for example, in Fig. 18),I

this not only indicates that losses due to electrons leaving the phas

stability region are small, but al o that focusing is satisfactory. I

Let us note that in *owe cases [131 34] electron losses were considerh

lably greater than those shown in Fig. 18. In a 29-Mev microtron [22],'

Ithe beam current maintained approxpmately the same level from the 5thi

Ito the 32nd orbit, but then it grsiually decreased to 1/3 of this

llevel at v, - 56. It is assumed that the main cause of these losses

is a slight non-uniformity of the "agnetic field. Part of the losses

lisn explained by the fact that the kcceleration time of an electron to
Ithe --gth orbit is not small in com ison with pulse duration of-0A

rr-esonnt-cavity supply (-. 0.5 P se and 3,J& sec respectively) . fte-F7

__z off the resonant cavity, the value of Va drops rapidly and

Me-tther resonance accelerationlof electrons which were able itv-]1 _o 0 ._ _]

STOP HERE -STOP HERE
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FIeS IE soment, for example, thf 30th or 40th orbit, becomes im-SFIRST LINE OF TEXT

pos ible [35]*.

i ( 5. Basic information of ti6rotron design

a) The electroomagnet. The dis inguishing feature of microtron

* electromagnets is that the strengti of the magnetic field in the inter-

polar gap is low in comparison with the allowable induction in iron

1(1 to 2 kilo-oersted and 10 to 15 gs respectively). This vWan thatl

Ithe cross section of the yoke must be much smaller than that of the I

1pole. For this yoke, which is characteristic of'

jcylotron magnets, is the exceptioh in microtrons (371. The most I

1widely used core shape for microtrn electromagnets is shown in Fig.

21. In order to increase the rati- of the diameter of the region of

luniform magnetic field to the polel diameter, annular shims may be use6.

IThe power dissipation in the windigs of the electromagnet usually dops

not exceed 500 w. Therefore, forced cooling Qf the windings by air

lor water is seldom used. The direot current feeding the electromag-

jnet windings is regulated by some !ectrical circuit; sufficient ac-

e.purapy of current regulation is .1%.

* I Very high requirements arose f6r the magnetic system when design-'

ling the 29-Mev microtron (with 56 ?rbits). In this case special mea-j

Isures had to be taken to reduce tola minimum the precession of the I

!orbits near their common diameter, otherwise the electrons could not

traverse the resonant cavity the rquired number of times. For this iiI L I
is necessary to either create a very uniform magnetic field in the

'5 5 I
I *These electrons will bombard the resonant cavity, giving r e_
,ta-d decelerating radiation. This undesirable effect may be elim-'

.natz. by installing a device in tne chamber in the region of thl--ff1rt
,orbits for dropping electrons on one of the covers of the chab.___
n paticular, two electrodes coul4 be used, placed above and below
h,,e-anbit plane, and which voltage pulses would hit shortly bef0r*t14
instant of switching off the resonant cavity [6]. 0 ..... J
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~~c-on-of the -chamber.. or ot least to ensure the best possibl~

isypetry of the field distribution relative to the line of the coomon

ldia eter of the orbits [38]. III I

-Ii I

FIRST

Fig. 21. Structure of magnetio circuit of microtron electro-

magnet. The upper cylindricallpol., similar to the lover one,
is not visible.

-. I

j . I

Fig. 22. Magnetic-circuit atr ct.ure of the 29-Mev microtron.
1--pole; 2--fron inserts,-. 40 Tm high; 3--aluminum ring, form-i~ng a vacuw chamber having an inner diameter of 203.2 qmj
*--interpolar gap, 127 - high 5--place for electromagnet

-__ ndingsi 6--outlet axes for v ¢uum pumps. 4

A f ironclad structure was chosin for the magnet (Pig. 22). 3The--H

mechanical processing of the pole #urfaces was done very carefully
Theset wasproyided with a oysem Of compensatig wnding., 0 attaed

STOP HERE STOP HERE
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1-thepole faes facing ech oEhr of..h... h
FIRST LINE OF TEXT .O ° Each of tse i

An intependent power supply.

IA sumaary of the basic partmet~rs of mitrotron magnets will be

given below.

b) The high-freguency system. Existing microtrons differ, very

little from one another with respeot to the arrangement of the systeml

for supplying IF power to the resorant cavity. The high-frequency I

'ospillator, as a rule, is a magn.t4 on, and only in one case [39] was

Ia triode oscillatF 1fil' IT~lstrOi axplifier used. Fig. 23 shows I
the typical layout of the HY~systei of a microtron. Magnetrons with

pulse power of not more-than 1 must be used when oPrstingin
the 10-centimetor bond. A, mnetr~n With a power of 2,MW is used onIl

1,in the 29-NeT icro'cron. I

* I-.
•0

Fig. 23. Arrangement of the y atem of the miqroton.
1--magnetron; 2--phase changer -reualatci of fraction of
Powe extracted by the regulatz load 4j 5--vacuuM baffle;
0-reonant cavity.

As an illustration of the balance of power consumption, we shall I

Introduce data for the apparatus wiioh describes the rather high ef-

a"W.¢y of t1e resonant cavity [7]: of the 600 kw of power xuppl.4A

'Z-h resonant cavity, 400 kw is expended in losses in the waliborA
33

,e_vity, 100 kw is consumed in he acceleration of all ele ton_

1wthj p the rqouemiit cavity, and 1O XV is expended in the furthew-.
I _ _ o-... . . .. - o--------- _
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LNE .O. t resonance electrons beam current of 15 ma, electron IFIRST LINE OF TEXT" I

en'gy of- 7Mev). I

As distinguished from ai1 othet'yc~lic accelerators with phase II pr icii•
stability, the microtron is, in pranciple, an accelerator of continu-

low action: the process of electro capture under condition of acce l!

eration is repeated in full in eac# cyple-of the HF field. However, I

Ithe high power required for excitirs the resonant cayity comples oper-

ation under pulse conditions with i high duty factor (usually about

1000), in order tit&tIh FiArage (.rith respect to time) power supplieo

tQ the resonant cayity does not expeed the allowable limits. It is

1possible that later the duty fact# will be substantially lowered andl
Ithe beam current increased correspbndingly, using magnetrons with hi4

laverage power and cavities with Ioj losses and intensive cooli g. I

As a rule, untunable magnetronI are used in microtrons, therefore

the resonant cavity must be equipped With a device for remote triminI I

Iof the natural frequency. This isj usually accomplished by using a

mechanical or thermal system, proiding controllable deforotion of

lone of the cavity walls.

The regulating load (see Fig. g3) is usually controlled so that i

Idisoipates about one half of the power supplied to the maoetron. In

oi der that the amplitude of the acIelerating vQltage haye very high II I M8•-
stability, it is necessary that th magnetron power supply be reg,1a-

ted.

I In autoelectrgnic injection, since the emission current is .depen-

dent -upon the value of Ea and sincb the beam current of the electronsi

li*i accelerated exerts an influene upon the magnitude of the4 i971t

vYltaze, there is an automatic mec anis of stabilisation of Va - It

o-possible that, under known con4t ions, a similar m chanim qt -
K___o 0 o ... .
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..i hefthnal_-catho4e injection is, Foed.
HRST LINE OF TEXT

IKiser has written a long arti le devoted to problems in designi4

Ithe resonant cavity for a miorotro [40]. It has been shown repentlyl

[6] that certain requirements pert ining to this part of the microtrop

lshould be revised. In particular, when designing the resonant cavity

it is unadVantageous to aiM at mw mizing its shunt resistance, sincel

lin this cavity the value of V. wil be too strongly dependent upon

the beam curent.
Some special Fiid E QiMoering problems connected with the design

land building of HF systems for umiclotrons have been examined [41, 42,1

c) The vacuum system. The vacuum chamber of a microtron usually

has a cylindrical shape. The ohamber is made of non-magnetic metal,

land the covers are made of iron. in some cases the covers serve as

the magnet poles. During the opertion of the microtron, the chamberl

lie evacuate4 by a pump unit, usually consisting of oil-vapor and ro-

tary puspe. 'The yacuum roquirements in a microtron are very moderate.

IThe electrons quickly acquire hil energy, so that even in A poor

ivacuum, electron losses due to disilersion by residual gas molecules

1will be practically negligible. T"refore, the upper limit of the

chapber pressure is determined by the operating coriditions of the re-

odnant cavity or by the supply conditions of its waveguide. In some I

eases it is sufficient to lower th? pressure to pS 10-4 = Hg for IIi
n rIl operation of the accelerato. However, at this high pressure

the- pblished surfaces inside the c vity are quickly marred and break-I

occur more often. Therefarel it Is usually desirable to 6perat13

Prsuep:SIQ~ N g. 1 2---

H-zfT autoele9trnlc injection, apcording to KaLser [18], a dee
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FIRnST-LIf-.teeisoion current uponIthe chamber pressure is observed, I
FIRST LINE OF TEXT -

andl optimum pressure is from 10 po 10- 5 m Hg. A higher vacuum ma

Tbe tequired When certain types of hermslcathodes are used, due to

ithe possibility of oxgen "poisonihg" at high teperatures.

d) AuxiliMr equp1ent for obsrvying electron acceleration. A

lFara4day cup is used t0 measure beam current in various orbits. Its

1holder is lead out from the qhambe' through a sliding vacuum seal.

IA luminophor-o¢vOred cre n, -ttacetoa handle wth the same kind
FIRST LINE OF TITLE

of seal, is used for visual obsery tion of the beam. The luminescence

19f this screen when it is bombardeh with electrons is observed throug
1 _ws wlaaue [61
a window; a SyStem of mirrors and television apparatus may be used .

IAn unusual system is used in the S' edish microtron for visual observa-

tion of the beam [39]. Fifteen tuIgten filaments, with a diametar o

10.1 mM and placed horizontally, on above the other, at intervals of

11.25 M, are mounted on a long frale, which is set up on the lower

Icoyer of the chapber, approximateli along iti diameter. During opera-

ition of the microtron, these filaments glow In those places where ]

Ithe electron orbits pass, and, thus, all orbits may be observed simul-

ataneously and information obtained on the dimensions of the electron-

Iploater cross section in each orbit.

e) The extraction of electrons from the chamber. The distingul+-
ling feature of the microtron is t.e change in the energy of the par-I

-I
ile being accelerated after eahlpassae through the resonant avt
land, ** a result of this., the grea distance, between adjacent orbits I

IU-ti Pspacing* 'V of the spiral p"th of an ele~tron is. peasiarea-Tii.

thecoon diameter of the orbits, then V - D + 1' where D, il the

4iamter of the v-th orbit. From the well known relationship betweaiA

,hiigntio rigidity G Of the eleetron and its total enel 1 ,e
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LIEFormulas (21) afldl (25), it is easily found that
I X"

D A 2 + V)2 L (v=2, 3,...).

I " ",(36)
Whnen v5 and 02 ' 0.5,. th approxiate formula

. .... (37)

Igives the result with an error of less than 6%. Thus, at high valuesi

-of I--of FIRST LINE OF TITLE -

(38)

1which, when X - 10 0M, is- 3.18 m. When the spacing is this lagel,

the problew of extracting a beam ok accelerated particles from the

I0agntic field Is not difficult. I

I.

a) b)

zI

C) d)

5
__L__ .. 2*. Various devices for xtracting the beam from the

vacuum chamber. 1--iron tube;.2--sliding vacuum seal (of
K-vtried utruetwnre); 3--short irn tube. Versions a), b, . 3- -
__.y , and 4) described in [37], [14*], [5] and [*6] repec -

tiyely. I

STOP HERE STOP HERE
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_Many types of extraction devices have been developed so far. An,
.,ST LINE OF TEXT I

I 5antimagnetic channel" is used in leach of these; an iron tube-in the

lho low of which the strength of the magnetic field is very low, due I
to the shielding action of the wal l!. of the tube. An electron beam

moves almost rectilinearly throug this tube and is easily extracted

frQm the chamber. The most universal extraction device satisfies tha

following requirements: 1) it must be possible to extract electrons I

Sfrom any orbit (starbing from the Isecond); 2) the extracted bean

iust hit the sam6R1 i*WdFa° ture iln the experimental apparatus in
I

which it Is used, regardless of which orbit it has been extracted

1from; and 3) the beam must enter this fixed aperture in the sam di-1

'reption. Fig. 24 shows schematiailly all suggested versions of the

extraction device except the earlipst version, which was designed to

extract the beam only from the las orbit. All four versions satis-

Ify the first requirement, but onl versions ) and d) satisfy the

second and third requirements. So far no information has been received

Ion the use of version c) in practice. |

A combined system of beam extrkctiOn is used in the S*edish micrM-

Itron [39]: first of all the beam is deflected by on electrostatic de4I I
fleotor with E - 45 w/cm, and then enters an "antimagnetic channel."

In miortrons, the current of the extracted beam is usually 50 I

to 70% of the current circulating I.n the cor',,sponding orbit.

In conclusion, let us summarizx the main parameters of the work-,

ling microtrons and of one under cohstructign [47] (Table III). Some

uSmcriq rons were not described in detail in the literatWor, an' 9nlf-1

r1njo lete data can be given concer'ning them.
3

* Various suggested modificat.ons and improvements in microtron

.tMn. In 1916, a short article 3]appeared concerning a mod..i--

0 - - - - -.. ------ 0.
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1tq-0ni1Sf icrotron suggested byl Schwinger. It was suggested that !

ia split magnet be used. It is madp up of the two sections formed

Iwhe a magnet With cylindrical pol s is cut along their diameter and

the halves are separated by a certain distance. The accelerating I

Isystem may consist of one or several resonant cavities; in the latter

case the resonant cavities must be excited from a single generator I

land have the proper phase shift reIative to one another. The resonant

Icavities. are placed in the space between the sections of the magnet.
FIRST LINE OF TITLE

This Mkes it POSsibly to incr considerably the height of the in-1

It*rpolar gap of the magnet, makingl it only a bit larger than the

diameter of the gap in the resqnanp cavity.

A powerful accelerating system can impart a high energy gain to

electrons in each orbit. c2 Z 2 m y be obtained, so that the magnetic

system will be very compact.

In this version of the microtrpn, as in the ordinary microtron,

there is only a weak beam focusing during transit through the resonat

•cavity. However, a more powerful lens may be installed together withi

Ithe resonant cavity, for example, quadrupole magnets. In addition,

the electron beam may be well focu ed even before entering the magnetic

tfield, since in this version thereli is sufficient space for setting

up a high-quality-electron gun in1 thip case high-energy injection

Ialso be obtained.

In a microtron with a split magnet, the resonance conditions hav

a form which is somewhat differentl from that in the usual microtron

tI8 O., 121. Some problems of theory, particularly the proble3-on--

ii- width of the phase-stability r gion as a function of the distance

Ibotwmen the seotions of the magneti, have been examined by Turi {50-]_.J

1Ibther problems, for example, Ooncerning the effect of a dik "iN-I .. ... . ---... . . .. .. . .. ..... . . .. ._ _ o0 _ _-
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_a ietic field upon electron motio, have yet to be treated.
FIRST LINE OF TEXT

So far no information has appeared concerning the construction of

•t microtron of the type described here.

In 1953, intke Soviet Union (5 and Japan [52], and independentl y
lin the United States in 1955 [521x cyclic, strong-focusing accelerat s

were proposed which have a constanp (with respect to time) magnetic

field (in &rglish they are called "FFAG accelerators"). I

Data on the possibilities of applying the principle of these ac-

celerators to th&Rkti t-hEhas sol far not appeared in the literature,

with the exception of the initial .iscussion [18]. I

Another new type of accelerato having a constant magnetic field I

and strong focusing, the so-called accelerator with contiguous orbitso,
I

has been proposed and treated in dptail theoretically in anumber of I

works by Ye. M. Noroz [53, 54, 55]1 The Magnetic system of this ac-I

I'celerator consists of several sections of a specially-designed shape II I
land has a uniform magnetic field ip the interpolar gap of each section.

Strong particle-focusing is accompljphed as a result of the acti7L

the outer magnetic field at the points of entry of the particles bein

laccelerated into the magnetic sect±Qns and at the points of exit from

,these sections. Thus, a microtron with a magnetic system of this type

!will have the same virtues as a mirOtron with a split magnet (described

above), but will have magnetic particle-focusing,, the-lack of which is
Ithe main drawback of a microtron with a split Magnet. Calculation I

ishowed that a sectional magnetic sxstem can be constructed with a verj

vulde4_ange of stability of motion bf accelerated electrons. 5
-Ufortunately, there is so far not work in which all these thiobe'i-

K, 3 13conclusions haye been checked fxperimentally. It was reported re
2 2 -
[an4UY [321 that the construction f a 4- to 12-Nev mic9tron w$th-&-I - - J ... . . . . . . . . o . . .. j
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l 7lrf-E agnetic system is nering completion. Interesting dat j

on the design and operation of this miorotron may be found in the

Iarticle by Branen and Froelich [6k]. I

6. Conclusion

At the present time it is diff,,cult to say exactly to what energies

future microtrons will be able to .ccelerate electrons. One of the

main advantages Of a 5- to lO-Mev icrotron is its simplicity. It

is the only accelerator which can 4e built in any laboratory having
FIS 'L~ eIE C0' T11LE 

o
a machine shop. moving to hifher energies, the advantae

slimplicity is lost. The 29-Mev mihrotrOn, whose parameters are de-

scribed above, required a very carpfully .qonstructed magnet with a

Qomplicated system of compensating windings; after prolonged adjust- I

ment of the accelerator, the beam burrent attainable in the last orbi

was very low. Apparently, the upper limit of energy of electrons ac-

itelerated in a microtr9n is somewhpre between 50 and 100 Mev [7, 56].

i Modern powerful magnetrons canlioperate when the pulse duration of I

the HF voltage does not exceed a dfinite value (- 3 to 8 psec). This

fact imposes a limit on the electrn energy attainable in a microtro,

since when the required number of Orbits is high, the over-all dura-

tion of the aceeleration process muy equal the duration of the opera-
tizig range of the resonant cavity. It happens, however, that the ob1

itainable (on the basis of these considerations) values of the limitini

electron energy are very high (35]6 so that the maximum attainable

electron energy in a microtron is Petermined, in practice, not by thl

i I e5 duration of the magnetron, b t by other factors, po iculiWI?-

the Afficulty of creating a magnetic field with the requir hi h

*de of uniformity (in a mierotrln without sectional focusing).-----

-- Ih principle, it is possible tO create a microtron-type aqciii--
0_ - _ -. .. .. .... . .. . .. . ....- _ ] 0
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T'-W-1 -not only electrons, but also ions, May be accelerated

up to any energy desired, startingi from -1 Gev [57]. A ae tiQnal

Imetic system of the type suggested by Ye. M. Moroz [54] and an in,

1jector in Which particles are acceerated to an energy exceeding 0.5

GeV must be used for this. If is uggested that a specially designedl

linear accelerator be used also, b t already this device is not a

imicrotron. The author suggested that this accelerator be called an

"gxinotrOn." -

FIRST LINE OF TITLE
The question on the maximum at ainable beam current (pulse) of

accelerated electrons is also esseltial. Its magnitude is determinedl

by the maximum injection current, the degree of electron focusing

14uring acceleratign and the effective power of the magnetron. If,

,when x - 10 co, the latter is 800 j, then, taking the losses in the

Iresonant cavity and its power systim into account, a power of '-300 kwl

may be used for electron acceleration. This means that when the elec-

Itron energy is 5 Mev, the beam cur ent may reach 60 ma (pulse), and

1when the energy is 20 Mey, the beam current can reach 15 ma (pulse)*.l

When the magnetron power is higher? the maximum beam current will be I

loorrespondingly higher. I

There is, however, another factor which may limit the beam currer*.

I a microtron electrons move in a purvilinear path and, therefore,

lose energy by electromagnetic radiation. Radiation energy losses f*o'

an individual electron are extremely small in the usual microtron

(e.g., when W - 29 Mey and H - 1.0 i kilo-oersted, AW,. 0.07 ky/rev)

5Aiiid-hf influence is exerted on electron acceleration. However, In

.-- Remembe. that the beam currents reached in a microtron are220-
Tat 6 ev [39] and 5 aat 12 ey M.

0 -- 0
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** _ofth~fat tat n amiorotrpni the electrons form highly coinpacp
FRST LIN~EOF TEXT ~-
cuiters, the role off coherent r~ad LAtion inc0reases greatly 13]. As

lis imown, in this- case each, eloctr~n radiates per unit path length

energy proportional to the number Of *eetr'ons in the cluster'. Thus

the magnituder of the energy loss i~ strongly 4eopendent upon the beamn

(purrent. If the beam current eXqoedx a determined value, energy los-1

loen by radiation will be- so high t~iat 0lectrons will fall out of the

region of phase stability.
I When &yeragiz~StW 9ii1& of th6 beam cuirrent with respect to

time, it in necossory to remember the effective duity factor of the

retsonant, cavity, i.e., the duty fa~tor calculated taking into accountl

only that part of each pulse durin whicph the amplitude of the accoler~
'ating vpltage-already has a steady~-state value and maintains that I

level. In addition, it is necessaf'y to remember tho relationship

& between the effective pulse duratijn of the resonant cavity and theI

duration of the process of aeceler~ting an electron to a given enery

* [35].

I The accelerator with an electrbstatic generator (ESA), the beta-

Itron, synchrotron and the linear wiveguide accelerator (LWA) are alsol

well developed and widely used.

Let us compare the microtron with these four types of accelera-

tors. with respect to some of theiri most essential parameters.

1. The upper limit of electr~1 energy. In this respect, only

the BSA is inferior to the microtron," while the other threes accelera-

-te-am it possible to obtain olictron energies tens and hundred-i

rftiies greater than those possible in the microtron. '

* The upper limit of beam cur'rent. In betatron* and syno~irp-___

lbzns the pulse bean current (ovqkp If the pulse duration ismde-]
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w mael---2-F see) is lower by a factor of tens than that attainable.

FIRS LINE OF TEXT

in a microtron. The ESA provides. continuous beam; the beam current

lis 6uh greater than the average (ith respect to time) beam current

in a micrQtrQn, but lower than the pulse current. The LWA bf medium

energy (to 100 Mev) can proyide up to 0.8 a (pulse).

3. The enrgy uniformity of aeolerated elettrn, Regarding t s

Iparameter, the -A has an a4vantago over the microtron. Aa w*a al-

ready nqted, the energy spread of _lectrons in a microtron doeeo not

Iexcreed t5-0 W. du oIN rownes of the phase-stability region.

Thus in a microtron when W - 20 MeV, SW + 2.51.0-3 . The LWA can

lapproach the Zirotron with respecI to the magnitude of s W only when

special measures are taken regard4i beam-intensity losses.

4. Constancy of the avrage ehergy of accelerated electrons qvqz

In extended priod of time. Regari this parameter, the aicrotron

also has an advantage oyer the thr accelerators ecept the A.

IThe constancy Of the energy of acpclerated electrons is ensured by

stabilizing the strength H of the master magnetic field; since a

lconstant magnetic field is used ini the microtron, a very high stabilH

,it;, factor of H may be obtained.

5. The Wise duration of the electron cuent striking the tar-

let. Here we dontt mean wacrpulss, whose width is deterpined by I

,the pulse duration of the supply to the magnetron and is usually 1.5

to 2psec, but "micropulses," whose duration is dependent upon the I

'length of the individual cluster oi electrons and is in all about

o-isee when X - 10 cm (and under certain conditions it is *ven-
~~Ji~r[311). The uiicrotron giyqsl the shortest micropuloes of "Ja 1
-3 1 3-Z-

jr •pulse accelerators, mhich :Car aertin aplioaions is a2d*!H

leie 1 adygntge.
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I I Table3

C -

-Location of iorotron f5 -- ____

Pa rnameters o. ; .,5 ' . . 4
,.4d

e6,8 5'1 5 5 O's 3,3 3o 4r o,5 2 2 Io

ielectrons, Mev . . . ... .. .

Electromagnet
Pole diameter, cam ........ 7(0 5z 41 4:3,2 20 56 PA) 46 Z4,2 ;A 4

Height of interpolar gap (or
internal height or chamber),ocm. 11 12,5 ) 11,7 12,7

;Nominal strength or magnetic
field, kilo-oersted ...... ... 1,18 1,07 -1 to to to 1 0,52 0,5 1,2

(1,05) 1,68 1,68 1,68

!Power supply, kw ....... 0,45 <0,3 20,-

eight, t .... ........... 20

H iah-fre er system

'Wavelength, cm ............ 10 10 10,7 10 3,2 3,2 '.2 W,7 .1,23 i,6 w 0,

EZqulibrium voltage, Icy . . . . 62 511 511 464) -.500 255 XIA) 511
(932) 255 255 255

Length of accelerating alit, 1O,3 b) 7,8 W 7,05 7 7,8 104

ml (2.3,

Diameter of gap in resonant 14 95 11 7,29
cavity, ....... ...

Q-factor of resonant cavity

(without load) ........... 0 9500 4100 000 "XD WAV4.

Shunt resistance of resonant 2 02 1-2 0

cavity, Mohm. . .........

Power Input to resonant ca- 0 250 <5 N ) zMO 125 (103

ity (pulse) kw ........... (?) (ih
out

beam)

Pulse duration of resonant- " (,6 2,2 3 2.7

cavity supply, 0sec ...

7

Pulse repetition rate, 345 435 2W0 t13 :t3 M ItU 12,5
*p/200 . .. . . . . . . . . .foIX)

Beam characteristics

Nube ofobts... .t 12 8 10 0 6 1 0

Diameter of last orbit, cm. 41,4I 4,1) 30 15,2' , .:.

Beam crrent (pulse) in 5 ,0, 1 ,0 1 ),o: I

last orbit, ma ....... 0,o
.(5)} ,iI l

Maximum beam-extraction er- -47 70 oU

ficiency, % 80 7J

... STOP P"

-61-

S--- -- ~~r~ - -



FIRST LINE OF TEXT e

eS kidd that only the IWA could alkost in all cises replace the mieroL

jtrQ . In a more detailed emparisn of the yarious electron acceler-j

Iat(~I*"m~ taking the requiired tyke Of opertion of the given micr-

tron into aooUnt, other pararete' may prove to be- esa4pntial, for I
example, the C€ t of the apparatus its mobility, oyer-all and speci-I

fit yolume (i.e., the Vqlume requied pe' 1 kW beam power, the power

Iefficienoy of the accelerator, the. possibility Of varying the energy

of accelerated eloeotw1eF otinuouly and within wide limits, the

Pharacterlstics of the extracted bam (the yield factor), the bef

Idiameter, and the angular divergene.

The inherent pArameters of thel microtron make it a very effective'

linjector for a large synchrotron [!8, 16, 17], and a convenient ac- I

elerator for genieratIng submillim~ter waves 131, 321 and fr nulea I

Physics research usIng the transit, time method [18].

I Note that the mi rotron is uaeo to study electron Rqattering (it I

lis suggested that the .rAdiatiye codection be determined in the elastia

Isoat tering of electrons [581) and for studying the action of electro!

twith an energy of 2 Nev upon the rptation angle- of the plane. of pola-

lization in a fluid [59.b

I The short durption of electroni mi ropulses, inherent in microtronp,

Imakes it difficult to .set up experments in which particle or quanta*1

caounters are used which have a .cmaratiyely long dead time [61. I

l1owover, this draw ak may be ver moe by using -reaotrably designwd I

,us,

r---t far the articles published Py laboratory workers who .hav.

piu. omioratronshave been devoted for the most part, to-problems
2 2

at i the accelerator itself No doubt, in the future-

~~ ~- aHWd6 -using0 a -
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o --from a microtron. I
%E" l

IThe modern 10- to 20-Mev micr4ron, designed on the basis of

Ipr oess qkde in this area, will b6 a compact accelerator with suf-

flciently high beam current. Thisl microtrQn will prpbabl4 superoode I

IIIthe betatron, which is a!t the presenit time used in industrial dot'e~tot-

sOWY and -in medicine.
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