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The microtron 1s a cycle resonance electron-accelerator having |
|a constant (in time) master magnetic field. Electrons are accelerated
‘by a high-frequency electrical fiql-l-d created in a hollow resonant |
cavity; a special type of resonancJe acceleration 1is used: Rresonance |

l

: The idea of the microtron was'put forth by V. I. Veksler in 194ﬁ

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

|
|with a variable multiplicity factqr.

l
|yelra in which the various aspects of the operation of this accelera-l
{tor are discussed [2,3]. The rirs:t description of a wor 'ng microtrcrn,
Ibuilt by a group of Canadian physibists, was published 11. 1948 [4, 5]J

| ICertain properties of the microtrop and, in particular, the pouibilj‘ty

!or obtaining very short electron c‘L.lusters at a good energy uniformity
|of particles attracted the attex_ﬂ:i}on of the many laboratories to thie{

{J._ccelgergtor. As a result, at the i’present time in the various countries
[of the world, one may count up to fifteen working microtrons. ’CEi‘e’r:ﬂy,

P—3 I 3 —q
‘thesez are apparatus designed to accelerate electrons to 2.5 or 25 qu

|

{""Ih‘ a number of articles it has been stated that the idea of the l
miordtron- was- ntly ut~febth~b——80hu1n¢gpw also Alvares
houaﬁﬁr, thesé'nﬂﬁﬁg were o published %1 Aof ' o
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f}ﬁgkmthngﬁrmicrotron are electrons accelerated to 29 Mev.

| | Until recently the main drawgack,in most working microtrons has
|be+n low electron current yield; #he average (with respect to time)
leleetron current with an energy of about 5 Mey did not exceed 1y 2.

| dlameter was several times Sreatez‘l than that of the betatron or syn-
| chrotron pole, at the same final eleetron-energy.

} Some interesting articles wge appeared recently in which ex-

| FIRST LINE QF TITLE |
Iperimental studies of the workinglof the microtron are described [6,

I

|

| 7]1. The new ideas in the article;byvs. P. Kapitsa, et al. are of |
l‘apec:ua.l interest [7]. Their results show that the microtron, after

|

|

|

| the introduction of a few compar&%ively‘gimple improvements, can pro+

{vide.electron beams of very high.%ntensity and can be considerahl;

|
|

|

|

|

|

| The second essential drawback of Qhe-micratron was thdat its pole }
I

|

I

|

i

l

| more compact than earlier micraotrdns.
‘ :

|
, - . l |
4 | In the present survey, an exgmination is made of the basic ex-

|per1nenta1 and theoretlical data oﬂ the microtron, the technical parh:
] Illeters of all known microtrons a#e given, the place of the microtro¢
(llong-a number of other electron 4cce1eratora is described, and vnri&us
‘applications of the microtron arewexumined.

|

1. Conditions of resongance electron-acceleration
i

|
|
l |
1 Various operating conditions of the microtron. :
! All microtrons built up to tﬁis time are of a single types a |
| I

|llsnet1c field is created in a gaﬂ between the cylindrical poles of
|

|
an electromagnet, and an acceleraqing resonant cavity is placed close

Ltb’tﬁe edge of the pole. The 1deq1 electron path is in the form of of"4

r"-fiit spiral all turns of which %re by circles osculating at a-;I;;ie
. }po&ntg(rig. 1) . These coils of tﬂe path are customarily calleazerbids.
Firfi? the first trnnsit thrauch the resonant cavity, the electron‘iﬁ#el

 STOP HERE STOP HERF
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#gé%[ he Nrirgt orm;, after the second transit, it moves along tm

scqond orbit, etc., - |

|
|

I

|

l

|

I

|

|

|

I

I

I

|

I

, , |

Fig. 1. Diagram |of the microtron. |
i--vacuum chamber; 2--resonant cavitys; 3--target; U4--

electron path. The position of electron clusters located !

simultanequsly in the chambexJ is shown. The lines of force |

of the master magnetic field are perpendicular to the plane |

of the drawing. I |

I

I

|

I

|

|

I

I

|

|

|
The acceleratins voltage actiin’g in the resonant cavity is des-

cribed by the formula :

T —
-

I

|

|

|

I

I

|

|

I

| \
I

|

|

I

|

I

I

|

I

|

I

|

| : o
| I V(t)=V coswyt == !

| =V‘c032u-;.;-. I

| | | (1)
g Let us find the conditions off the resonance acceleration of an
i,electron in a microtron. This proLlen will be examined here more

;lystmtically (without unau;.unelh assumptions) than in other articles
|

|on the mocrotron. I |

I
1 Iet us, as usual, consider resonance acceleration as that pro- |

| cess 1n which an electron has the 'Fane phase® at any mtulectigog___ q_tl
| : p—
——%The phase ¢ of an electron is that value of the phase of the HF=
which occurs at the moment the electron passes through thc-nﬂ.d-{

dle the accelersating slit. The| numerical value of the phno
given in limits (-v, +9) un;lng the relation ¢=uy t-n,, n

STOP HERE STOP HERE
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T‘ e
' thllng LINE el ngting slit. Let us, hoyever, make the reservation that fop

el first intersection of the alit}, this requirement is not to be conr

sidlbred compulsory. Thus, it 1is rbquired that |

— «-*1

|
f Aq)m = q,ﬁ” = =Q, = consi \ ;
!
|

‘l., RS (2)

The phase ¢, is called the equ.h.librim or resonance phase, and
electron satisfying Condition (2) p.s called a resonance electron |

— e e e e i ——— v e s ot e oy o s

cavity is expresséd BY ‘EﬁET‘funilitli‘ formula

The energy. gain of an electroixj when passing through the resonant

FAW V,l “: /;/ 2 c08 P |

|
l
|
i
' ‘ N ( (3) i
where ¢ 1s the so-called transit phase angles |
|
|
|

J 8 —w,t, |

- (%)
| 7 18 the transit time of the accelerating slit, ¢ the phase of the |
' 'electron. Note that Formula (3) 115 valid with high accuracy under th‘e

{following conditions: 1) the elecr,ron moves in a uniform HF field |

K
k
|
|
l
|
l
|
|
|
|
l
!
|
!
|
I
I
i
!

{pa.ro.llel to the lines of the field’r beyond the limits of the acbelera! -
‘:mg slit the strength of the electi'ical field 1s zero; 2) the relatj] e
lchange in the velocity of an electron connected with its transit through |
lthe accelerating slit is very smal‘rl 1.e., (v, - vl) /vlct 1. The secl_

lond condition in particular is unhys fulfilled for electrons when |
E In working microtrons the mgn\l.ltude of AW is not lower than ~ 25q

|kev, l.nd in most cases W ~ 500 kev;. Under these conditions, the time ‘

5

| l
' va.raies by not more than 26% in a!ll passes of the electron throl.@__{
}—ehe-naonant cavity, starting rrom| the second pass, because already—|

v st an energy of 250 kev the velocipy of the electron equals 0. 74 |
The tunction (sin 0/2) /2 in the Thnge 0 < #<40° changes very '3°"1M
STOP HERE T T T T T o Rere T T T -
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Hgs %@F t_these small changes 1n-‘p:he magnitude of ¢ ( and ¢ corres-

ponflingly) the value of the factor (sin ¢/2)/ ¢ /2 in Formula (3) 1is

lfcrl all practical purposes unchangbd. Therefore it may be assumed
Ithat the magnitude of ris not a ru.hction of the "acceleration nunber"
[(*), 1£v.>1, and is determined byl the formula

. ‘l'=%i-=const, i (5)
’r |

|
|
!
I
|
|
|
|
!
}
where d is the length of the accelfrating 8lit., Therefore, atr> 1 |
|
l
I
|
|
I
|
I
l

OO x (6)
‘ p, }
wee |
(7)
Ais the wavelength of the accelerating voltage.
The énergy gain of a resonance: @lectron at v >1 1s not a mnctioni

of .v> 1 1s not a function of » an}i 18 determined by the formula
| |

|
l
| S |
' (AW)y=eV, #l—"coscp.-eV,=const. f (8) |
| where i , |
| } v, V -’—il“—l—“-cosw. ! |
: - I “ (9 |
l The value Vs 18 called the equ;ilibriun or resonance accelerating :
:vqnage,. A graph of the function ‘tsi_n lr)/1v 1s shown in Fig. 2. |
|
l
|
l

| The revolution period of an elgctron with total energy E in a

:muc field with strength H equfus

| ' 2B e
5

| Twqg (E=W+E, E,-m,c’).:

5 ——f
t—“—"‘4 ‘ - = | (}O) “{
I————~Inaumch as the energy of a rehonance electron after passing——]

lthrovsh the resonant cavity is 1ncreued each time by the same value ‘
| &AW Oov (1fv »1), the revqlution period of the electron is ugo__ig-J

..a—.__..-_.., " St —— i bttt Mt A e oot Woeo P vt e et ot por et e otmoen oot oo e it sttt
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*gzgt_gd each time by the same valuF , |
| FIRST LINE OF TEXT | o ]
| | ? AT-T,,.,.,.—T,,:- 2",‘}' (vem2, 3, ...) '
| R .{, - - (11) ;
I IThis.r;ct lies at the base of the microtron concept. In fact, it

|r0110ls from (11) that although th% revolution period of the electqu

ibeing accelerated increases from erOJution to revolution, while the : Q

|period of the accelerating field dPea not vary, the resonance accelerh-

:tion of an electron may be accomp;}ahed Just the same at constant phAFe,

|in acéordance wifKSToHaPEion (2). {For this it is necessary that !
l N F
i | AT =01y, - (12)

|where b 1s a constant non-zero 1nt$ger. In this case conditions may

{bp created at which the revolutionlperiod T, of an electron in any

lerbit withs > 1 w1l be a multiple} of the period

Iating flield, on the strength of uh#ch.Condition (2) will be satisfied

Ty of the HF acceler

lallo. |

|

|

|

l

|
-

|

|

|

» AR - |

|

|

|

I

|

|

l

|

1

|

i

i [
i N

1>

snin/in

8

Fig. 2. The transit-time factor as a function of the dimen-
sionless length of the acceler,ting slit.

l
Conditions (11) and (12) give +s

I ° 20V | : —
— _“Tl-i=I)T,. ; 4 — _[
— (5

k___ggndition (13) 18 the rundamental condition of resonance acqelera:
ften—in a microtron and must be fu].filled at any of the various 'appIi+

Lo . __ e 0 ]
cable operatingwomditions ot this,tcceleratqr. Howermr, 1t 1s only
-6~
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T"‘T_”‘—"'—"—'“_"’*' ""”‘"‘“"T"" “““““““““““““““““““ |

- < NeEcha:%'gT.<;0m111:1on, not a uufri(cient one.. Let us take the follow-l

Fi

RST
1an ‘as the second conditions Let I

l

| _ !
| | !T’;mTy'" !
| A (W
!Ihere m 15 an integer (as will be jshown below, m may not be less thar
|2

|

29. .' |

|
| When Conditions (13) and (1%) Bre fulfilled jointly, the»rgvolu-:

~] tion period in any period ata._rtingl from the second will be determined

: by the expresslof, . . o rinc |

/ Tym[m+(ve=2)b] Ty,
| ’ (15)
Therefore, the multiplicity r.ac.t«or{ ("resonance multiplicit;y'!) ) 1.e.,

i N . .
J‘ gv=m+(v—2):b..

l
1 I
; I
| |
| I
{thxe value g, = T /'.l‘y, varies from l&*evclution to revolution: :
| l
| l
| l
i This 1s 1llustrated by .Fig. 3,: which shows the individual case: |
|

]

|

jm =3, b =1, |

: Let us dencte the kinetic energy W, of an electron after the first

|transit through the resonant ca.vitl& by ¢ E:
| . |

|
| W S !
' - =Wi‘ AW, = 1Eoo i
| SCR s (1
|
|

A |
l ®The second condition is usually written in this forms '1'1 = aT_,
where a 1s an integer. However, the revolution period -“is y’
|understood as time interval from ohe moment of intersecting the mi
lot the accelorati slit to the next, the, strictly speaking, the u;rl
formula T, = 2 H%cn is inaccurate, since in the lemt AB from
umue of “the slit to the exit| from the HF field the velocity of |
q:l[ect:roﬂ is esaentially unchanged; therefore, the mean velogi of
ectron in the segment AB differs from that of the electron in
rttr—etrcullr orbit beyond the limits of the resonant cavity. It‘nuids
Ito reason that the actual value of '.l‘% under real conditions difi:%‘

ttle from 2_K,/ecK and, as a res from aTy. An error of this
ign for the second or 1t, since “the velocity of
pﬁx_qn becqmes, for all practical p o5, comstant (v ~¢). |——]

| R N B 0. _ |
STOP HERE STOP HERE

65 e A i A VOB e RSN R A 2 A B DA Ay 3




T
Jﬁgbg}q“ﬁn IE 38 kinetlic energy of electrons to be 1n3qcted into the rq-l

l
l songnt cavity. ‘

[,Allo-let f

|
This relationship, as 1s (13),| 1s the condition of resonance ac~

|
}
|
L ;_AW-_-ey.-c.E {
{ o (18) }
1 Then Condition (14), taking (1:0). into account, is rewritten as |
: £ollows: | | }
| IT, 2“E° (1+c,-|:;;)—n;ir, ,‘ i
| e (19) |
! Using the expression of T, rro*n (13) , we obtain on the basis of }
[, : ‘
1(18) and (19) | |
| | g-t=tia) |
t o B |
| ! (20) |
{ l

l
iceleration in a microtron written in the mosi general form. Since the

}m:!,nim value of b 1s equal to ze,rlh, and ey and c;z are positive numbers,

|1t follows from (20) that Mpin = 25 |
|

i

Condition (20) may be fulfilled in many ways, i.e., the moat diverse

}m. = 2, b = 1 may be selected; then! Cqy = Cp = 1, therefore, only mtxe,i

C
jof ¢5> 1 will be suitable (i.e., ¥V, > 511 kv), and the magnitwde of |
W), Which 1s expressed in kev, -usf by less by 511 than V_ in kv. If

! 1
jm =3, b =1 18 chosen, then relationship (20) takes the form: 1 + c =

1]
!

i- 202. Therefore, for example, these conditions are possible -c'i - |
]- °2 = 13 °1 = 1, 4, 32 = 1’ 2] cli- 0. 8’ 02 = 0, 9, ete. 5 Il
| AN 1)/ N7 T e e

— ] ~ |~ e

f—3 l I\ /\ \ /\ /\ A f\ \ 32
v A AT VATAVATLE —

F—wig. 3. Change in resonance mmltiplicity du':l.ng the tmul"““‘““‘{

| ____tAen_of a rescunance electron from the second to third orbito . _ |
STOP HERE STOP HERE
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=
L iIn _practice, b = 1 in all work*ng microtrons, since 1n thia caae,|
| FIRST LINE OF TEXT

|“ }s, apparent from (13), the chos%n values of Vg and Ty correspond

l
|to the highest value of H in a mici'otron. This, in turn, indicates }
%the possiblility of obtaining the h#-ghest electron energy at & given |

I
I
|
l

5 |dlameter of the electromagnet pol.e}.

l
|

Therefore, we shall examine ‘oniy the case b = 1.
; As is apparent from the above fxnples, the regime at which 5 = 1|
:and m = 2 may he accanplished onlyJ under special conditions (which w:l.;.l

be treated in moré& usthafi Tiiter); 1].n practice, this regime is still I
=not used. The most widely used regime is that at which b= 1 and m -

e 3. Therefore, it is usually :cnlied the basic regime of the micro- i

|
I ‘
|l Condition (13) &t b = 1 may be|rewritten in the form of the follow-

v l | HA= 2B, 10,607, [Kilo-oersted).
| I E (21)
iLl‘he second resonance condition at l; = 1 has the form
| \ m—i-i.ﬁ. .
' L [N
| o (22)
l

|
Let ll be that value of the mqnotic-field strength (cyclotron
h’ield) at which the revelution porftod of a slow electron would equal
[the given time value T . Then |

| i |
! ‘ i_ f:!:;o 2,1E.=10 697 [ml Illlted]
| | (2
s Z
. | Thus the coefficlent ¢, 1s ezfpx;cu_ed through H,: 4 |
3
. 2 f
p——1

M e Gt S —— —— i Bt i oo e S e et
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l HRST LINE OF TTIT .
I | Eq-—AW=(m+v 2)AW==E(m+v-—2)c’ (V-Z 3,

NNk e L SE
I

l

. ‘ |

) ‘ |

|

‘In his work Moroz [10] eiaminep the possibility of using "aortqne#l

- |acceleration conditions" in the mi'%:ro’cron.- It is shown that the ;
l"resonanc-e‘ portion of the energy" (e“va) , determined by Condition ( 13))|

. | .
) ‘m‘ly be imparted to an electron ,not} in onie transit through the accel-

|e,ro.t1ng slit, but in several succebdsive transits, which form a cycle.

|'f'1‘he advantage of rehig\acté&lération;regime is the possaibility of iri-

:crea.sing the working value of H by{‘a factor of 1.4 to 1.7. However,

ithe fraction of capturable electrons in acceleration is sharply de-

l , _
‘f-n\;nf*rent falls correspondingly. In | addition, when the microtron oper-

llttea' under "softened conditions,™ #1 very high stability in the values

}n, Vp and A 1s required. ;
B Let us pause briefly on the problem of selecting parameters in

i
l
|
|
|
|
I
l‘crnacd in comparison with the usuil in the microtron, and the bean {
|
l
l
|
l
y lqlosigning the microtron. The desi#n_er aims at as high a resonance :
‘l‘trength of the magnetic field as possible, because the higher N, thel '
l
|lower the diameter of the electromsgnet pole will be gnd, therefore, |

‘ |

p;he more compact the accelerator '#11 be. As is apparent from (21), |

lin order to increase the msnitudo}of H, it 1s necessary to select the
|
|h:lgh,est possible value of the ratio cz/';, i.e., to select a high valulF

%or Vo and a low value of A. At th% present time the lower limit of |
ithe wavelength of the field in thelreaomnt cavity 1s determined by I

!

iﬂn__t;ct that when A is decreased the dimensions of the resonant.cav-|
'ﬁrve decreased and, therefore, the length of the acceleratiné“‘inﬂ

, ~—~——+
. l“ degreued and the amplitude K' ?f the electrical-field streng E—‘{
jthe resonant cavity is increased a{; & given value of V, ( B, = V‘.—/d.)-.{
R R e 0. |
STOP HERE STOP HERE
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The! 3 - break-
{Thel-highest allowable value of E, pt which there will be no break

FIRST LINEOF TEXT
{-COI*IB. 'in the resonant cavity is to! a caonsiderable degree a function

lof the state of the emitting surt,alkes at the edges of the apertures

N
lin the resonant cavity. It may be; taken that g, ., & 1 My/cm. The,nl,
|for example, at Vg = 560 kv and 1 # d/A = 0.1 the minimum wavelength |

}“ ;m [~ 5.6 M. l
|  Let us note that with a decrease in wayelength there 1s a&n addi

:tioml sdvantage: a reduction of the diameter of the resonant cavity

T T T e e e e s e e Ry
|
I
I
|
|

lallows a .decreugmfn“%ﬁag ﬂgfght qf‘l the interpolar. gap of the micro-

[tro,n electromagnet and thereby an lincrease in the diameter of the
reglon within which H(r) = const with a given degree of accuracy.

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

lo,n how the power and cost of an HMF|generator capable of creating an
, l , o
}e‘lectricu field with the required|strength in the resonant cavity

_}13‘ a function of X should be ta.'kenl,_into account.
I

I
|
l
I
!
l

l In most working microtrons an accelerating field with A~ 10 cm is

I
|
I
|
|
|
I
!
|
l
| - | |
‘usecl. If c, =1 (1.e., Vg~560 kv) and A = 10 cm are taken, then |
lascording to (21), H~ 1.0 kilo.-oeﬁ"sted. This example shows that in |
I

%licrotrons the master magnetic fie‘id should have very low strength, i
l

I

|

l

l

mich lower than those values of H which are easily obtained in the

lintcrpolu- gap of an .electronmet:with an iron core even when the

magnetic quality of the iren is noil: high. For comparison, let us
%Mﬁthat a magnetic field with H~5 to 20 kilo-ocersted and over is

usually used in cyclotrons and in *etatrons norb”“" to 9 Kkllo oerlte_df.
!~—-~—-ni_e to the low wvalue of H, the:pole‘ of the microtron mgnct5m“4
E&é‘tw which 1s considerably .JJ‘.rguf than, for example, thatiof
th__h,tatron, which 1is desig,ned’toiaqcelerate electrons to the nne__-{
. However, there sre certain advantages connected with this i

I R, 0 ]
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|low.value of H; the deaign of the plectromagnet is very simple and
l FIRST LINE OF TEXT

lthei weight of the magnet is relati}veiy low.

| | A number of authors have put fbrth various suggestions for in-

|
{crchaing_ ‘the working value of H and thereby making the microtron more

|compact. These ldeas will be delc%i,b,ed below.
|

|
[11uencies of the accelerating rield;. All possible variants of the

A microtron with a given value| of H can operate at various fre~-

;uornng conditions in this case, :h is apparent from (21), will be

|subordinate to théSTedridtion 02/ A* const, This mesns that then the
{w‘avglensth 1s decressed, it 1s necessary to decrease Va enough 86 tha{t
la considerably lower powem 1is reg‘u#:ed by the generator supplying thJ

|

resonant cavity. 71In some cases thls fact was decisive in selecting

|the operating conditions of the miprotron. It should, hdweyer, \be

lrotmcy in mind that it 1is desirp;b»le‘} to usess high as possible values

{of Co and correspondingly Vas sin_crlb in this case the assigned final

l
|
l
I
l
|energy of the electrons will be attained at the lowest number of 'thej.‘k
{trgm:_tta through the resonant cﬂi%h
|tion will be mininnm. : |
l It is necessary to select the parameter m also for the microtron |
|being Jesigned, Knowing m, c4 uy}be caluclated from (22). A furthc%-
/problem 1s that of ensuring those »Jlsomuuons of electron injection at|
l
jwhich the required value of ¢y will be ohtained. The metheds for o.t-.}
%tai,nins these conditions depend upf';n the type of injection. l
| Finally, the value of the e(ui.'lhhrim phase ¢, is chosen (\umly:
{-l,—gs 13 to 20°, see below)and, knllnd.ng the length d of the accelerat|
ARZ Tield, V, 1s calculated by Forimla (9). Experiment ahows tA&t the
—— | l S !
{plu_‘o_zor Vo found by (9) should be;increased by 5 to 7%, in ardg_t_g_{
itake-into account the slackening o#‘ the HF field beyond the geometri-|
| Tngtn ot gaa spSe Terating s11t-and-the curvAsGEN; ar-the path—or |
12~

and electron losses in a.ccolemr

Progree-gy




—
Jri elsctron in the resonant cavity
FIR r LINE OF TEXT

l 2. The injection of chectrom into the- microtron

e e e e e

|
| 1
| |
| lnve types of injection have bhen tried in practice up to the ;
}prennt time. Although the oldest{ method is atill the most widely |
jused, it will undoubtedly be rqpltped by new, more modern methods of t
iin.jection in most cases. | ;

|

| Let us examine all these methods. l
| l
| |

a) Injection using sutoelectronic emission from the metal of the

resonant cayity. *fhi¥ er¥fcn of ilnjoction let us ¢all sutoelectronik
{1n.1ection. |

| The resonant cavity usually ust in the microtrqn i1s shown sche=~

|

|Iltica.llx in Mg. 4. Dwring operaﬁion of the resonant cavity, the

llar zones, denoted in Fig. 4 by tn# letters A and B. These annular
|

. l.mtallic surfaces are sources of a.%x intensive electron atream, part

|of which may be used for furtheracteleration in the microtron®. Inas-

I

|

l

|

|

{hlghest electronic-field strength pccurs at the surfaces of the annu-}

|

l

I

| \

quch, as injec¢tion in the microtronlmnst be unilateral, it 1is nece.su'y

|to take measures to increase the 1i|1ten;1ty of autoelectronic eni.ss,ionI

imm one annular zone (from zone Alin Fig. 4.) and to lower substan- |
|

|tially the emission from the other,zone. ¢ bitateral auteelectronic

{Qnuion 18 sllowed, then the r,eau.},t will .e increased load on the |

l

[resonant cavity by electrons whichi are not useable later on, and the '

{mcreue will correspond to the mfreuo in power required by the

!
Iruom.nt cayity. { _ :

|
I"—"Ti:"mud be noted that the assumption about the autoclectronic
MAturé of electron emission from the packing of the resonant oafity |
mJg far not been proven by direct cxpcrinent. This observabl

'electron emission is prebably the result of a combinatien of seyer al
brmiua-—mtoeloctrmic, ucondq-y und photoemission [5]. —
— t ’““‘“’
b 0 O [N 0. |
STOP HERE STOP HERE
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- ¥ig. 4. Diagram of a taroidal|rescnant cavity. |
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T
4|'F,R5T Pnilateral emission 1s attained by the appropriate processing of l

|the| metal surface, and also by cho}uing sultable metals. Emission 151
lnha.{'ply increased, for example, wﬂ:h oxidized or dull surfaces and

Igreatly decreased when the surra,ceb are polished, carefully cleaned,

.llis pIaded on ane of the reson:nt-cl&vity cones, in order to increase

|autoelectronic emission. [

I

|
|
|
|
lor gilded. In some microtron relopmt cavities an aluminum collar |
|
I
I
|
‘ As 18 known, the electron curr}nt Iin autoelectrcnic emisgion |

;13 very mmch depéfident Wpon the at%engtn of the field near the ca,thodlL
|surface. If the Fowler-Nordheim fbrmula is used and it is assumed |
lt’:hat the electrical field in the sesonant cavity varies according to {
the law K(t) = Ejcos -yt, the ronfmng relationship may be obtained:|
' i ;

|

i { I= I(,cos @yt exp( W) (26)

:\mere I0 and B are constants, prpp*n-tiénal to the magnituwde of E and ;
lr\mctions. of the properties of thelemitting surface.

| | |
: The graph of I( uyt)v, according to Formula (26) is shown in Fig. 5l
|As 1s apparent from this graph, a #ul'se gource acts during autoelec- ]

|
|

tronic emission, wherein the enis.g?.o,n current, in practice, differs |
|from zero only at emission phases (eg,) from abeut -52° to +52°.

- P
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L:r.n_tm wversion of :I.njection "hnd = 0, so that according to (17)

FIRST LI*... OF TEXT !

I “ ¢\ Eym AW, 1
‘ '
|

e i

|
Prom (22) we obtain :

|
|
|
|
|
I
i
1 AW,-(m—i)V_su[g.,,ky]  (28) l
l

|

|

|

l

I

I

!

|

P e i)

In autoelectronic injection c1| may not be larger than c,, and

|

|

l

|

|

|

|

| 2?
:usually G1 = Sy _If ¢y = op, regg*u.nce conditions (21) and (22) are
|simplified and t&kd ¥'tCcd ¥mich 1? widely used in the literature:
| a

l

|

l

|

|

|

eV=

10, 6927, ’ (25)
Hh=zy (30)

|
According to these farmulas, m/may not be less than 3, and V‘ my}

|
not be greater than 511 kv.and only the following values may be *nged:l

. 511, 255.5, 170.3, ste. o |

I
| If,in reality, the equality ¢yl= c, 1s fulfilled only approximately,

lthen Formulas (29) and (30) will blg approximate also. In addition, |

n the case of c, ¥ c,, .cond,itionp}with m = 2 are not excluded.
| !
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L___ngggipg_gpg parameters V,, ¢ ahd d of any real microtron, Vg may |

FIRST LINE OF TEXT |
I pe round by (9) and the required vhlue of AW, may be calculated by :

1(28) . On the other hand, the energy gain of an electron in a HF fielfd
lwj.t:i'x given values of Va and 1 = d/# is a function of the emission pha};
|of this electron and may be caluclkted by a well known scheme [11, 5]!

P1g. 6 shows a graph of aW,(#.,) cpleulated for the following condi- |

l | l
‘ ] e » = 0, . » :
}tions [12]s Va 280 kv, 1 =0 066| Using this graph, let us examine

|the following example. Assume that in a glven mierotron m = ¥ .and c bk

v L R S

|
=0.5 (¢, corresponds.itooN[T255.5 ky; therefore, according to (9), |
| 2 y | |
:("s ~ 24°) . Then Condition (28) requires that AW, equal 255.5 kév. |
|This energy gain is obtained by anl electron with emission phasee _ =
l‘f—fﬁ‘Q”' (see Fig. 6) . It may happen that this electron has phase {2 |

|
|= @43 in this case it will be & resonance electron. However, fulfil-|

}nns the condition ¢(2) -,0':3 is nof obligatory, since nonresonance :
lelectrons may be accelerated in a microtron if their energy and initipl
| . l
phase 0(2) are sufficiently close to the energy and phase of & reacn-l
, | Y

ltion not only electrons with @, =i -60® will be stably accelerated, ‘

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

lbut also electrons emitted at othoi' values of @,,. A calculation |
imde for this microtron [12] showe#l that only electrons whose enissio}x
|phase lay within the limits of from -60 to -26° could pass through the
}relonl.nt cavity eight times and be,{a.ccelerated to the required cmgy{
lof 2,044 Mev. | |
| Using the graph of I(eey)(see rig 5), it 18 easy to determine, |
!,tqr__e;mle, by plane geometry, thTt the electron current carreg;mmHI
;tng**tO this sultable mission-phase|region (the measure of this é‘urrcnh:

s t.he shaded area I in Fig. 5) 1slin all 7% of the total cm'rent of

e of
}r.he_j;ectrona which passed t:hroughl the resonant cavity and entered |
thc—ﬂ:rst—orbigbp -Tn-this —rdtv,ergént—@hctron -beam; ispyes-the- Peson-

-16-
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¥3h1nasmnch as the uniform magnetic field of the microtron |

lant! cava

FIRST LINE OF
! ‘ , |
{doep not create axial fo¢usingror%ea, only about 10% of the~e1ectronp

|1n3%cted in the first orbit,strike}the port port of the resonant cavi%y

lin the second orbit. Thus enly abbut 0.7% of those electrons which |

I l
: lwere in the first orbit reach the pecond. This result ia in good agrpe-

=ncnt with a2 well known faet.bbservéd in microtrons with autqelectroni%
|

Iinjectionz very high electron losses (often over 99%). occur during |

! |

ltransition from the first orbit tg4the second. As a result, these

'miérotrons are 15@- l&iéﬁ%”fccelerftors, with an output beam current
|of less than 1s a (average current!with respect to time).

A highly effective method of increasing the Yutilization factor"™

electrical field in the resonant cayity. For example, if E, were
~ |
|doubled, then the emission current|would be increased, according to
l )
. |(26), by a factor of 30, in the f;#st place. In the second place,

laning to the change in the shape of the curve in Fig. 6, the range

|

l

l

i

l

I |

| |
of autoelectronic emission might be to increase the amplitude of the

[ :

| |

l I

|

l

I

, l

Iof suitable emission phases would be shifted to the right in Fig.‘S,‘

lwhich would lead to an increase 1n:the relative magnitude of the i

|
shaded area by a factor of 4.4 [12? and the beam current at the outpu%

|
lof this microtron would be increased by a factor of 130. |
{ In practice, however, there ;r+ great difficulties connected with}

{increasing the value of E‘.A In Qr?er to increase Ea’ it necessary {
|

’toteither increase V. in this resonant cavity, or to use ancther re- |

'sonant cavity, with a shorter acce#ergtion gap. The maximum value |

}ur—vgshas already been selected fr+l other considerations. Thefefure

| the 1éngth\d.lnat be decreased. Howeyer, this increases the daﬁgor i
p—3 - I 3

. }nt;nngonant-cavity,br.nknonn and its parameters are deoptimized; the |

|
Fﬁftctar of the resonant cavity and its shunt resistance are deérwamed,
e O e e 0, .
as a result ofSMN1IGN high power is required in orded /¢t obtain the same
=17 =
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j_ngMeN o Usually, at a= 10 and 7 ~ 560 kv, the length 4 iu |
FIRST LINE OF TE
x'v:)t:1 less thln 8 mm [13]. }
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resonant cavity and the transi
the emission phase of the elec
initial electron velocity v -Ol.

phase angle A8 a fnnction of

Fig. 6. Electron energy afterltthe first transit through the
By calculation one may ,est;a'blifh, what the conditions must be at
which the range of suitable e’missilbn phases will be distributed sym- '
}-etri‘cally relative to the autoelettronic-current peak (Fig. 5). ll'or}
l
Ithis it 1s necessary to calculate the length d of the accelerating |

:j-.lit such that the suitable m;.u*:n phases are grouped near the phasL

| @
:this case (if the same width of thg range of suitable emission phuez;I
lia taken, 1.e., 35% the relative +lsn.1tudo of the shaded area would ;

leqml not 7, but 708 (aree II). : I

........_...-..._.

em ™ 0. Using the graph in Fig.x 5 1t 18 easy to calculate that in |

5 ]
| Calculations of the optimum lemgth of the accelerating |11t ,haye haye |

4 I
jpeen_published recently [i¥, 15]. |Two somewhat different approaches -|
totnis calowlation have been put forth. Let us examine both vérslods

rietly o —
nenliyugd S S 0. _ |
STOP HERE STOP HERE
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Lﬁmsr 1T TEXTproblem is set up as fpllowa [14] An electron is enitte]d
{ 'en = 0, when the autoele#tronic-emiasim current 1s ma.xinnm;,
iandl acquire maximum energy 4 W, 1n} transit through the resonant c&\rit?.
I'rhis means that the phase ¢ ., at tlrhich the electron leayves the re- |
|sonant cavity, must equal 90°. It|is required that this electron,
{having made one revolution in its brbit, strike the rescnant cavity :
at phase ¢(2) - ¢ ,» then at phase g(j) = ¢ , etc. That length of thel
:accelerating slit_:_ ';t _wlﬁx*igr_x Em;a re&\iizenfnf _}i s:tisfied will be con-l
|sidered optimm. *{t'HaPpehs that ht given values of ¢_, A and m, thib
:requiremont may be satisfiled only at a single value of V and the sapme
lt:h:l.ng holds for do Table I gives!the results of Paulints calcull.tiohs

1[14];1 ¢, = 18°% b = 1. l

|
! .
— | Table I

A-10 A-3 ca
: m W d D
' Hie | L ; H®| g}u
) .

2 2,369 - [ 4398 | 20,7 | 27,7 (14660 | 6,2 | 8,3
i 3 0,427 828 114281428/ 27611 3,6 | 12,8
4 0,238 473 1 10,1 | 53,0 || 1573 |- 3,0 | 15,9
5 0 1685 325 | 8,6|62,6(1083| 2,6 | 18,8

|

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

|

l
I |
I |
| - ' _ , |
; ' ™ ’HM': s e |
| |
| |
| |
l |
! |
‘ |

|trons operating at A~ 3, the lengﬂx of the accelerating slit oonaide{.--
;ably exceeds the optimum value of +o given by the calculation (for |
{enn:ple, at ' m = 4 in working microtrons d > 4.5 mn, whereas d, = 3

l'rhis may explain the low utilizatiqm factor of autoelectronic emissiofx
I__p_r_ _Eg.crotrom working ‘at A ~ 10, 1# is entirely possible to buig.g__g__‘{
Tesonant cavity having an accelu'a‘gion gap of optimum length, If — |
> 2} However, the resonance stréngth of the magnetic field hdppens'

pmm—2 odl' 2 ——f

)to be very low, and the accelerat : will not be compact. . l

lﬁ_g ________________ Jm-«__~_~m“~m““-,mm1
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| _| Another fact 18 even more ess;%tial. It is found that the value
FIRST LINE OF TEXT

of Fh found in this parameter calchlation is lower than usual (e.g.,
at A 10.cmand m = 3, E, = 334 kv/bm) . This leads to a substantial

l.
| !
| |

|
{ldwering of the electron current or autoelectronic emission. |
|
1
l

Thus it may be concluded that Pptimum length of the Acceleratingl

'slit in the above sense should notlbe the aim, but rather 1its length}

|should be as short as possible. LPas in emiasion current connected |
l
iuith the fact that the maximum atthinable anplitude or the electrical

Ifield 1s chosen ﬁ@TiW“iBBEFEntIy, }be much greater than the loss due)
|

[to deoptimizing the distribution of the range of suitable emission
lphtsea relative to the phase ¢op + 0.

|

; The case of m = 2 1s 1nterest1hg It corresponds to an unusually

|
|
I
|
{high value of H(~ 4.4 kilo-oersted) and E, ~ 1.14 Mv/cm. Note that |

lin this case Cy = 2.7 and Cp = 3. 7; which 1s easlly calculated. When

I,
Ibecause the length of the accelerating slit 1s too great in camparisor
:with the diasmeter D1 of the first %rbit The author assumes that a °ﬂ
lceleration may be accomplished at ?av%.h kilo-ocersted, electrons being
Igiven out from the resonant cavity:through.the corresponding apera- |
|ture (Fig. 7). No calculations are given however. |
| 2. In the second version of't%e calculation of the optimnm length
:or the accelerating slit, the problem is set up as follows [i5]. An }
}electron is emitted at phase O :0 and leaves the resonant cavity |
iat phase ¢,,, regarding the nagn1t+de of which no conditions are givnr
}-R——hsneceanry that the ngnitudeé of V, and d, be such that this—
EIKEffon, having made one revolutibn in its orbit, strikes the %3?5531
}g.g_t_g’vity at phase ¢(®) - o In:additlon, a second requirement. 18 |

made+ The reyolution period or thiq electron must be exactly equai-tol

~~~~~~~~~~~~~ e 0

STOP HERE STOP HERE
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the path of the electron is the us*ml one, this version is not feasib&e,
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h‘ﬁs#‘ﬁ&m miltiple of the periodb of the accelerating field (see |

|
|foopnote on page 7) " Note that thp advancement of the second requires-

|n¢n& is hardly advartageous; 1t 1% sufficient to fulfill only the |

T4 | |
,rirst one. Table II shows the requts of the calculationy Sme——, 1 & .

.A8 1s spparent from the data in the table, the accelerating slit

', :
=d./\. o Y l
| I
{ Table II :
‘ ) ! . '
} Wg-ia ¢’=2/|' l
J : ;&' L ? ox va."h 1 % ex ' :
| T |
i 2| 831 |0,042] 25,60 578 | 0,0563 | 24 1°
)r 3 ’ 271 [ 0,0208 23,3° | . 283 '0,823‘1’ e |
l
I
|
|
l

|
mast have a shorter length than in|working microtrans.

}‘t a =2 and A=10 .Cl, do = 1"‘.2 llll.:
|breakdown conld be attained in & rgsonan‘t cavity with d = 4.2 mm at |

: a = 231 kv; its Q-factar would bel lower than usual and the power re-

]quired would be higher than usual, { howeve::, this would be worth the

i,,incru.'le in beam cwrrent at the ou*‘:put of the microtron.

For example, |
It 1s possible that freedom from l

/

|
1
l
’ l.‘
l
{
!

5 ’ }

|
|
l
|
|
|
|
|
|
l
|

, 5 ]

r_..J'u. 7&: Electro,_g pabfthhshown,, t_1' an mtcre;;e in the uwpper ;1 ———
linn st th the mante etl eld.

_ reng he 1 magnetic d 5. |

r_____ |
p—1
working value of V.
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In the second version of the cb.lculatlon, as 18 in the first,

7 ——

_hp

(nmLcmesponlingl: the value of H, if thelequill-
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Jr;brium | phase ¢, 1s assigned) is found to be rigidly fixed, and devia.-_;
| FIRST LINE OF TEXT

tiofn from the required value must ?.ead to a decrease in beam .current.;
|Unfpriunately, to what extent the palculated parameters agree with
le{m:;eri.menta]; ones has not been ché}aked.

{ In a working microtron the re‘s*mnnt cavity has a fixed dimension
l{g__, and the conditions correspondifig to the maximum beam current of
|accelerated electrons are chosen a+ follows: V is varied and the

|
|
l
l
l
|
l
l
l

ioptimm value of H is selected for!each vo.lue of V ; as a result, optl

|V, and opt H areReu¥ (s8e:Section 3). From these values, 1t would |

, |
ibe‘ possible to calculate those values of L cq and o which are 'opti}-

|snam for the glven microtron, and .a,#’so;. to establish where the optimum {

* |
;range- of suitable emission phases is distributed relative to the 'phn.;gf

| ® o = O. : i

} In his work, Reich [6] deacrib#s the results of an experimental

:st,udy of some processes which occui' in autoelec¢tronic injection,

order to trace the path of electrons emitted from a definite point on
p

:the surface of the ¢onic packing 1111 the resonant cavity, the follow-

|
lcrn.ted on the well polished edge of the port in the resonant cavity
|
|1n the form of a speck of aquadag. ‘ Data on the shape of the path of

lelectrons emitted from this point *erc obtained using movable slits

l

f
n |
l
l
I
)ing simple method was used. An artiricial center of emiamsion was l
l
|
i
l
|and a screen covered with 1m1noph9r. Thus it was established that :

“only two extremely small aress of #he emitting surface deliver those |
ielectrons which later on may pass ihraugh the resonant cavity the ro-l

|
innnan; cavity the required number 61' time withowt hindrance. The |
atmensions of these areas are: x _.-:,0 3 m, ¥~ 3mm (Pig. 8). Aben {
‘ 5 33—
& be called the external emission zone, and area b the interna

F m , i ’, 2 ‘5',‘_‘__1_.__{

;n:.n;on gone. KExperiments show cic,u-ly that the two electron heams—|

e
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L_m;t&gg_py_pgg_external and internal emission zones later on form
| FIRST LINE OF TEXT

Itwolentirely separate orbital ayltkms.

x
——
[}

|

Fig. 8. Diai?ﬁh“%?oﬁﬁﬁﬁkorking 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.

|
|
I
!
!
|
|
I
|
|
|
; |
l The practical conclusion from %hese observations is that it is
|

'necessary to take measures to supréss autoelectronic emission from

|the entire surface of the port in #he resonant cavity lying beyond
|
{theraregs & and b; thus the power %equired by the resonant cavity

l
l
|
l
|
l
|
|
l
I
I
|
e . !
|
l
|
|
|
l
|
1
!
lwill be considerably lowered. Thelmeasures given by Reich [6] boil |

,down to the fact that the brass co?ical packing in the resonant cavit&
was well polished. Then a thin lgyer of aquadag 1s appllied to the I

iﬁorking-emiusion zone. "Molding" ¢f this coating occurs during break%
|

- |{downs 1in the resonant cavity, formed when Va 18 increased slowly. {
:Arter cessation of breakdowns, th1+ emission zone gives a stable elec%

itron current of from 100 to 200 ual(pulse) on the third orbit’. 1
l

| In other microtrons with autoelectronic injection, the beam currell\t

l
|

r1.n Reich's work [6]: it 18~ 1 ma (pulse) An even higher current |

Iin the last orbit is often several times greater than that obtained |

5 ——
,(1_12 o 7 ma (pulse)) was obtained ﬁains this same type of injection |
dn-the work of Kapitsa, et al. [7]1 3——

%X TocaT electron emitter in 'chq form of a point was also tried, |

Zt—wes found unsdvantageous to use this source of autoelectronid
emisston [6). __ __ __ ___ _ 0]
STOP HERE STOF HERE
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|___|Thus a microtron with autoeleé?ronic injection with an electron l
FIRST LINE OF TEXT

ene}"gy of 5 to 6 Mev can provide a{beam current which 1s entirely sufJI-

ficlent for conducting many physical studies. This microtron is dis-|

|
|
|
}tinlguish,ed by the simplest design.} }
|

b) Injection using a thermal &athode located inside the r‘esonant‘!
I

|
{c‘avitl. Experiments with this ty'pg of injection are also described } :

|in Reich's work [6]. A tantalum l#re O.4 mm in diameter was used as |

'the cathode. It was mounted in the gap of the resonant cavity lppro,xl-

, D Iy 2 T T T l

|imately in the vé¥titdicpliéiie and ¢lose to zone b ;( see Fig. 8). The |

|
:c,athode serves sufficiently long if it 1s not heated to excessively

|

I
l
lhigh temperatures. A stable cure+t of 500 sa (pulse) was obtained |
|'1‘n the third 6rbit. This value is!|apparently .close to the maximum {

lattainable in thia type of injectipn (1f an oxide cathode is not used),

]1nasmuch as the area of the workiné ‘zone of emission 1s very small, :

. {Whﬂe the time interval in each cyl}:le of the HF field, dwring which |

|e‘1e¢tron capture takes place under| acceleration conditions, is in 0.11i
. lapout 0.1 Ty in the microtron. }

l l

| The structure of the resonant tavity is more complicated than in l
|

%a‘u’toelectronic injection. There are a few difficulties connected with

|the fact that the magnetic fleld o#‘ the cathode causes a noticeable |

|
lvertic_al shift in the orbits; theslé difficulties have been overcome. |
|

| Inasmuch as in the type of injection now under examination it is ‘

{not necessary to have the highest #osaible value of E‘ in the reson- |

lant cavity, a resonant cavity with{ an accelerating slit having a grealt-

}or——lcngth may be used. This leadsi to an improvement in the ,Q-fg,cr.nr_;
f

) [ the resonant cavity. I 4]
. ; A; in autoelectronic mJectionL the 1limit ey £ latm = holés“.v%{
——e) Injection using an electron: gun. The electron gun, which may |
U S SO
STOP HERE STOP HERE
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T
Jgﬁﬁﬁﬁﬁgﬁﬁgéan-inaectOr in the microtron, is subject to the following |

' J
Ireqyirenentsx 1t must have extrem#ly small dimensions, s¢ as not |

lto-#isturb,the~motion of electronsfin the first orbit; electrons must%
|

’pass in a gun of su:riciently high! potential difference, in order that,

A S | . |
fhaving left the gun, they may hit Fhe gap of the resonant cavity, in |
lspite of the deflecting action of #he magnetic field of tne~m1crotronL

i
/the electron gun must give a suffi¢iently intense electron beam. The!

I
glaat two requirements contradict the first, and it is not easy to find

;a satisfactory cFMSTodigngglution% If it were possible to butld a |

|small electron gun which provided electrons with an energy of ~ 300
|kev, the first requirement would bé less rigid,; since the gun could
|be installed in the "most free” pl%ce near the resonant cavity (Fig.
l9) However, as an experiment in ?esigning injectors for betatrons
- |and synchrotrons shows, electrons with energies no greater than 80
:to-loo kev may be obtained from mi%iature guns when they are pulse
ifed. At thie energy, the radius of curvature of the electron path

|Thererore; the inJector must be pl+ced near the gap in the resonant

i
|
lelectron begins to acquire energy,)and “he radius of curvature of its

;path increases rapidly. | {

l 5 ; . / 5 ]

cavity. Striking the accelerating field of the resonant cavity, the

|
|
l
!
|
I
|
|
!
l
‘ i
:m a magnetic field H~ 1.2 kilo-o}g-sted will be 8 to 9 mm in all. ‘
l
l
|
!
|
[
|
l
|
I

I . - | ——]

3 S . | 3——rof

e —

« 9. A possible location of the injector at a high 1nJec-

f"*tion enexrgy. ‘ 7 ——]

— 0
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ll—ler This type njection is used, in the 5.9-Mev microtron, and will

|

be Pued in the 1. 2-00\(, rigid-focuking synchrotron being built at 'che{

| Lunl TUniversity [16 17]. The pla.bement of the electron gun relative}

|

|
I1:0 the resonant cavity 1s shown in| Fig. 10 . Negative pulses having |
. lan amplitude of 80 kv relative to I’che grounded anode strike the in-

|

| |
|18 ~ 500 ma (pulse); this beam enters the resonant cavity. In the

1.1.0th orbit the current is usually 20 ma (pulse). A dispersiye cathode

s DERAY WEE TR R SF TR o TR APRARE . A

|was alos used, whith''¥13ow¥d the clhrrent to be increased by a factor {

|
Jector cathode, which is a tungateh filament. The emission current }
|
|

|
|of 2 to 2,5; however, the cathode life in this type of vacuwm system |
|18 only a few howrs. |

Faraday cup moves along the line 1--2; it 1s used to measure

‘ l
Fig. 10. Placement of 1nJec'ti, in the Swedish microtron. A
the beam current in various o:gits.

-
The pulses supplied to the cathode must have flat-part duration

|
|
|
l
I
|
|
I
{
l
|
|
l
|
|
I
|
lof ~ 2 msec, since the resonant caylty is fed by pulses with a dura-

|
|
|
|
|
l
|
|
|
|
|
|
|
|
l
1
|
|
|
1

|t10n of 2.7 s sec and part of this f.:lne is spent in starting oucill&-

. ‘tions in the resonant cavity up to:a. stationary value of V,. |

— 3 e
rawing and the basic mpetors of this microtron we nmr
ﬁ‘y s t to me by 0. Vernholm. | Fe-

STOP HERE STOP HERE
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| _lAs calculation showed [16], alfeady at W,,, ~ 60 to 70 kev all —}

FIRST Ling OF TEXT
l 1
lolef;trqna are stably accelerated w?ose phase is a range with a width

lof 4. 25%, } }

|

} From the parameters of the given microtron (H=1.23 lo-oerstedp
| An9.95 cm; b =1, m = 3) it may *»e determined that c, = 1.143, i.e,.]}.
: AW = 584 kev, ¢y =2, -1= 1.286 and AN, = 577 kev. A higher }
|value of c, could be obtained~on1y{¢t a higher injection energy. Howq

| 5
ever, even at Wy, = 300 }gx_r,__t_r_;_e_ *ril\fﬁoi ¢, would not exceed 1.576,

|80 that at A = _§’R%“’é“inoiﬁé’fresgnailwe strength of the magnetic field |
| |
|uou1d not be greater than 1.7 kilotoersted.

| ' d) Injection using a second. reLonant cavity. A resonant cavity

l

l

i

{,cperating At the same frequency as} the main resonant cavity of the ‘
|
l

}microtron may be used as a high-voltage electron gun [8]. The elec-

[tron source may be either a seplra*;e thermal cathode (Fig. 11), or a |

i,pro,perly,processed surface of the *ey's,onant—cavity packing, which enith

lelectrons by autoelectronic emissipn. As distinguished from a.utoelecL

|

|
|emission can be made very high. Ih fact, if a phase-shifting device |

llia introduced into the feed circnit of the injection resonant cl.vity,.

|

|then that phase shift between the pl.cillltions in the injection and I

tronic injection, in this case tne!utilization factor of autoelectrmf.c

:nin resonant cavities at which thé- maxismum portion of autoelectronich
jemlssion electrons will be captured under aceeleration conditions myf
|
ibe chosen experimentally. At thisl optimum phasing of the resonant |
cavities, the utilization factor oi’ the autoelectronic emission will :
[-be~—'zeﬂ if the phase angle of ca.ptin'e is taken equal to 35° (ses~S¢c-]
IEI %a) . l 4 '
p——3 ! 3]
l 'r;xe electron current which can,;be given by this injection rgs_gngt

lea¥ity may be made entirely auffic#.ent. According to the data [18),-

I R I S B
STOP HERE STOP HERF
e o . L o R S R e T s T e e oo v e iy s MOy M”““ ot

Atz s o sen o o ey <

=~

ot o s




T T T e e s e e e e —— e i e o

; o T N 1
Jﬂggﬁﬂhgzg}gﬁépulae) at A ~ 10 cm apd up to 0.3 a (pulse) at A ~3 om |
Iniyibe obtained immediately arter'%he-reaonant cavity. :

|

| 230 far only one attempt has beén made to apply the injection re-
wsonant cavity in practice [19, 6];{Bqthreaonant cavities WQr§lfed by!
. la single magnetron. In addition t¥'regulation of‘relative~phase'sh1f&, 3
’1t jas also possible to regulate t?evamplitudeof the voltage in the } |
?resqnant cayities independently. The effective power of the magnetroh
;uns found to be insufficient, qndwfhe experimentsrygre not cqnclnded.}

iIn the futwre, part 8¥ thé'Bower wliuch 18 usually scattered in the |

DyTpumE s < e e e -

|stabilizing load will probably be used in microtrons of this type to
. | :
lreed the injection resonant cavity‘(aee Section 5b). A ferrite at-

R

|tenuator should be used instead of!this load; 1t would divert energy

b
to the injection resonant cavity [12].
|

ot

x

|

Fig. 11. Using a separate<res£:ant cavity as the injector.
K--thermal cathode; I--injection resonant cavity; II--main
resonant cavity. The wavegulde feeding I must be beyond
the orbit plane. |

l

| Higher injection energy may beiinparted to an electron by using |
n—injectlion resonant cavity. It %a found, however, that not all—-]
:EEEEE? of Wy, are permissible at ? given value of H. This 1s "@faE—"—4
}tg_;hg fact that the injection resonant cavity operates on the ,g.g~4

1
hwavelength as the main one, and therefore, it has the same dimeastons).

T R S 0. |
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‘m;_gtﬁf!qge, the radius of curvature‘ of the path or electrons leaving
FIRST LINE OF TEXT
|

the{ first resonant cavity and strihng the gap of the second must be
laboht twice the radius of the first orbit in an ordinary microtron

l(see, for example, Figs. 4 and 11)], while radius of the first orbit

.._______________1

. | |1n a two-resonator microtron must *we four times greater than in an
|
|

‘ordinary microtron. If in the latfer at A = 10 cm electrons with an }
lenergy of 511 kev freely bypass th‘F resonant cavity at H = 1.07 kilo-

{oerated (since the diameter of 1;heI orbit D, = 5.52 cm, and the z'ad:ms‘I !

1

;or a toroidal resGHatt’ @&i‘ilﬁy %esr (0.3 to 0. 35) A =3 to 3.5.cm), |
' ,then, in a two~resonator accelerator, and electron with me = 511
lmay go from the first resonant ca.v#ty to the second only at H < T40
géérsted. If H = 535 oersted, th_en}ca. = 0,5, m = 6 18 possible. In | §
ithe' first orbit a resonance electron will have an gnergy of 766.5 kev! !

;('t-he. corresponding magnetic rigidif:y @ = 3906 ogrsted'»cm) s and the }
. i'dia'njeter of this orbit will equal ‘ill.é em; this 1s barely enough to |

|bypass the injection resonant cavity. Another possible set of condi-
. 't1ons are [18]: Wing = 255.5 kev, ¢, = 0.5, m = 5. In both of these

l
l
| |
|cases, a low magnetic-field strength must be used, in spite of the !
l
1
l

|
o
I
|

l
Irelatively high values of win 'L Only at very high values of "1 nJ
l

|1t possible to use conditions with!a high value of H. For example,

lin very compact resonant c,aviuea(nr“ = 0.3 ) the following condi- |
;t:ions. are possible: W J.’ 1.53 xey, m=4, c c, = 2. l
' An injector in the form of an *lldditioml resonant cavity has stilfl

!
lanother advantage over the electror;x-gnn injector: it gives very lhc:rt;

:claltors of electrons with a reperition rate equal to the oscillation)

Trsqubney of the field in the resotu.nt cavities; when the relativq l

'r “:‘ng of the resonant cavities 1p correct, for all practical gur- I

poses; only "useful™ electrons will}bo injected into the main resonant|

STOP HERE ) STOP HERE
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|cavity, while many "useless” elecggons (uncapturable under accelera-
| FIRST LINE OF TEXT |

|tior conditions) will reach the maﬁn resonant cavity when an electroq

lguniis used, which works continuously in the course of its Operating{

|

|ant cavity. } [

Fig. 12. An injector in the f of a coaxial resonant cavity.
i--main resonant cavity; 2--waveguide; >--coaxial cable for
feeding the injection resonant|cavity; 4--phase changer; 5--
attenuator; 6--injection resonant cavity; T--electron gunj
8--electrostatic deflector (inflector).

|

|

l

l

l

|

!

|

|

|

| |

| ‘ o -k

I

l

1

l

!

|

' !

i Still another versiom of the dfvice and placement of the injec-

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

;qnarter-wave coaxial resonant cavi%y (Fig. 12) . Its parameters are

{ctlculated so that a good srouping;or electrons in the cluster 1s

|ohra1ned, When locating the bunching resonant cavity (Fig. 12) 1t

is necessary to change the sign of:the curvature of the path of elec-~

!

trons in the section between the t*o resonant cavities. It 1s sug-
A‘;

5 5
l‘esteg that an electrostatic derleftion deyice be used for this, |

——e) Injection using s thermal cathode according to the method——

l53- [ Py

‘0. igfzr. Kapitsa, V. P. Bykov and V. N. Melekhin. Some 1nteres€1n¢ n{
: 1
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| l
rperiod. This leads to an increase| in the power required by the reson-
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4Acnbnd1ns to_these suggestions, 1ngection conditions are changed sub;}
!FmHLWEOFEW

staPtially and it becomes ppssible!to increase the beam current of I !

Laccélerated electrons considerablyl The traditional resonant cavity | ;

Eor”Lhe microtron 1s replaced by a Lylindrical resonant cayvity, in [
. |which oscillations of the E010 typ%~are excited. The thermal cathode}

:15 installed at a precisely calculated distance from the~ax1: of the 1
|resonant cavity on 1ts front wall *n the orbit plane. When calculat-l

’1ng the path of thermal electronsijthe magnetic rield, as well as the!

; T Ty TR I

|high-frequency fi{éias"{thé"électrital and magnetic fields inside the |

I
:resonant cavity), 18 assumed constant. Fig. 13 shows one of the cal-
lculated electron paths, corresponding to an emission phase of 0°. |

|

l
(When the length of the resonant cabity 1s fixed, various values of c,

}correspond to various cathode posipions. When 1 = 0. 163, the possiblb

|
values of c, are between 1 and 1. 2,
l 2 i l

. i An expérimental study of this Eype of injection was made in a micko-

| ltron with a pale diameter of 70 cm]and an interpolar gap of 11 cm. The

. l
l

¢ylindrical resonant cavity had a ?1ameter,2R = 7,66 cm (this corres-
jponds to A = 10 cm) and a length df 1.63 cm. The lanthanum boride
|
I

{cathode, which can be heated to 1600° C, emitting-surface area of
|about 1 to 2 mma} The center of t£1s‘area was at a distance of 1.75

icn from the axis of the resonant c%vity. Under conditions with c, = |
= 1,1 (Vh = 562 kv), the beam currént in the 12th orbit reached 15 ua}
i(P\llle) at an electron energy of 6;8 Mev. From this energy value |

i(using Formula (25)), it 18 found ﬁhat m = 3, Therefore, according : Q

}to—éze), ¢y = 1.2. Thus a reaonan?e electron moving within the;re-_|

[sonant cavity must acquire an energy of 613 key. 4=
!—-—-————3 '—-’—'—i
| If c, = 1.1 and A= 10 cm, thep H= 1,18 kilo-oersted (see (21)1_‘

Parther, uaing (15) and assuming t*nt at an energy of ~ 7 Nev the—

~~~~~~~~~~~~~~~ 0]
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T 7
lypibeity_of the electron equals the speed of light, it 1s found that

{tpe|diamster of the 12th orbit eqn#ln 13 Me = 414 mm,

P |

l . - »J—'-"-. e B

P
-

FIRST LINE OF TTLE ]

|
l
!
!
l
i
l
|
I
!
!
5
l
I
l

resonant cayity (first version).

Fig. 13. The path of an electron when using a cylindrical
K--thermal cathode.

I

I
I
|
l
|
l o
| Lo o
' L
|
I
i
l |
| Detailed calculations made on % digital computer showed that undeb

l l
]acceleration conditions electrons hre captured with an emisslon phasq

Inear ¢.m = 0; the current of theaeielectrons 1s ~ 1/30 of the total |

!
jenission current., Experimental daLa supported this result. l

i In the work of Kapitsa, et al.{[?]; an even more successful method
lof using a thermal cathode in a c¢ylindrical resonant cavity is sug- ’
}gested. If the thermal cathode 1a;placed on the rear wall of ‘the res%n—
|ant cavity near its acis and an ad#itional port is made in this wtlli
;1n the orbit plane, then the election path shown in Fig. 14 may be |
jobtained. In this case the operat&ng conditions may be c, = 2 to }
{2;5, i.e., the microtron is made c#nsiderably'more compact. This }
{type of injection was tested experimentally under the following con- |
|

I
fditions: The resonant cavity had a|diameter of 7.66 cm and a length

lof 2. ?2‘cn, the thermal cathode NtL placed at a distance of 3. 2535__J
%tnnl the axis of the resonant caviﬁy. AH=1.95 kilo-ocexrsted, 1. s€.y]

5= 1 823 and V ~ 932 kv, a curr&nt of 5 ma (pulse) was obtalAsd—

lin ﬁhe 12th orbit, at an energy oflll 6 Mev. The diameter of tnE“IEEn

thbitQIll_ilﬁ_llh_Qlﬁiﬂwihﬂ rir;t.lnzkins*tgzgion of t tns~!;cr9§ron
STOP HERE STOP HERE'
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I msr*‘ﬁm es TEXT bed, This 18 natural,| since in both cases the wavelength

s the same. y {

| {Under the second set of condit%l.o‘,ns ¢y
|

,MC.Y- A thermal electron acquires this energy in two steps: in the

= 2.646, 1oe,‘o,_ wl = 1.352

. |seetion of the path from the ther,n#tl cathade to the exit of the re~-

iso,m.nt cavity (Fig. 14) and in thel first traversing of the resonant

I

I

I

I

I

I

!

|

‘ | |
leavity. | }
|

I

I

I

I

|

| In this type of 1n,1ection, under a¢celeration conditions, ~ 1/20

[ o0 VARS8 Lype of Injecplon, unc f¢celeratlon co

I!of the total emiafioh cUbrélit 1s ¢ ?ptured.
| The resonant cavities described here are distinguished by the

| ‘
ls’rm length of the accelerating slit: in the first case 1 = 0.163,

jand in the second, 1 = 0.232. Hox#:v,er s detalled calculations of the |
Ilpa,tha showed that 8ll electrons captured in acceleration can tra,.verle:
|the resonant caylty unhindered 12 I:imes or more. |

L

. A The cylindrical resonant cavitY is inferior to the toroldal reson

o s oo o

%

i

lant ¢avity of the special shape ususlly used microtrons with respect

‘ {tg the magnitude of the' sh\int resix%tance in an accelerating gap of a

lgiven length. But since cylindricil resonant cavities with a high

DV

I'value of 1 were used, approximatel? the same power is required to

|

I

I

I

I

lexcite this resonant cavity as that required in oardinary microtrons. {
’ !
|

|

|

|

I
!
I
I
I
I
|

| 5 5 ———r]
o s : p—
¥ig. 14. The path of an election when using & cylindrical ° I
. : k—~_rilonant cavity (second version). K--thermal cathode. 2 ]
— | —
N B | RS
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- _'Calculations show that it is advantageous to replace the cyl:l.n— 1
FIRST LINE OF TEXT

|
ldrifal resonant cavity by a prisn}.ie oneé, The use of this resonant }
!

|cavity allows the height of the 1nterpolar gap of the electromsgnet
l
}to Le decreased; in addition, the distribution of the e'l‘ectro,usnetic;

. |f1e1d in this resonant cavity mke‘a it possible choose that shape of !

:the thermal-eleé¢tron path at which; the parameter o is increased Oml [

|store i.e.; the microtron will be f\ren more compact.

| Comparing this type of injectibn with that in which an electron

o T T T T T o T

jgun is used, it fdShdved’ thdt in the second case somewhat higher beau

|
iﬁ\lﬂ'&nt‘l at an energy of ~ 6 Mev were attained. A microtron with a |
I l

l
| i
l

|thermal cathode and a cylindrical *QB,OMth' has many advantages over l

l1.11 other versions described ahoqu It 1s more compact; since it all’raws
|operation with very high values of! 5+ 1Its design is mare simple thah

that of a microtron with two reso t cavities or with electron-gun
|

- :mjection,- and it allows the pgrnlﬁters to be varied considerthly

imore freely, in design as well as in use. Very essential is the fact

lthat all parameters of this microti'on are precisely calculated, while

|in other types of injection, many ﬁl\l!-t .be chosen empirically.

I

l

l

\

|

‘ !

| Let us note that the two typ'eal of injection (thermal-cathode and |
l|e1ec1:r<m---g\m) make 1t possible to Ym the beam current; this accom- %
|

|pushod by regulating the filmntl current.

] Still another type of injectioh (mo far not tested experimentally
ishould be added to the five types ?\eacribed above., Alitken [21] has |
isuggested that the annular source &f electrons (thermal cathode or ;
;mlectrmic-cduion source) belinltalled not at the edge of;the |
]msmmung slit, but in some pnne which 1s approximately in the
l_gi_gdle of this slit. The aim of this suggestion was to tccmli.;h:_j

onditions with m = 2, b = 1, which, as was indicated in Sectiom-1,—|
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?o nds. £to the condition °1 = ?2 -~ 1. In this case a high nlue—}
FIRST LINE OF TEXT

of F2 may be taken (the author sug#ested the use of a cylindrical :

elbnant cavity and ¢y = 2); correhpondingly, H 13 doubled in comparil

l
son with the usual value of ~1 kilp-oersted The difficulty in accoq-

|
|
Ir
I
|
i plishing conditions with m = 2, b T 1 is that the dlameter of the |

if!.rsxt: orbit is too small and the electrons cannot get around the re- }

|sonator. Therefore, it was suggen#ed that an opening be madeé in bothj

I1'1».1: walls. of the cavity in the oaj;it plane, in order to pass electrops.

In & later work [88] V38 {§fstated| that, as numberical calcwlations of
:'o.f the motion of electrons in the é‘:lrst orbit showed, these openings :
lwill not serve the purpose. Thcre*ore', another way of achleving *con-!
Iditions withm =2, b = 1 18 develbped: the first orbit 1is given an :
|elongated. shape, owing to which the electrons pass around the resom.ni:
i’davity unhindered. The required cMe in the shape of the arbit 1is }
]attained by passing the electrons %hrough two iron tubes, in the ctv-l
1ty of which E ~ 0 (Fig. 15). x |
l |

%
I |
| I
| |
]
| |
‘ 1
I
| |
| !
} |
| l
:

ig. 15. Diagram of the phcmnt of magnetic shields n.ld.gg__4
it passible to increase the ypper limit of the strength of the

r———~—ustu~ magnetic field. 1--cathode; 2--cylindrical resonant

‘_____1573 3,4--magnetic shields, | 3_”__{

— | 2 ——

}—‘——— 1 i i “—"‘“{
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L | The length of the first orbit 1s increased such that the revolu-

] FIRST LINE OF TEXT
tio? period of the electron satisries the condition T1 ~ 2Ty, rathsr

|thnh the condition Ty ~.T; . In the second orbit T,= 2Ty
||

i
| .Preliminary experiments have been made which gave encouraging
|

. |results. |

: 3. Phase stability in the|/microtron
| The phenomenon of phase stabil#ty in cyclic accelerators, the

:discovery of which widened unususi}y the possibilities of accelerator

Itechnology, was ffFstNdeBéEbed by| Veksler in the same article in

|
%which he put forth the idea of the|microtron [1]. It was established

P T -

e

{that not only resonance electrons #ould be accelerated indefinitely

l

lin a microtron, but also many other electrons, under the condition

|-
lthat they not differ too much fromlresonance electrons in phase and

e i e

|
|
|
l
|
l
|
|
|
l
|
l
|
|
l
l
l
I
I
I |
IQnergy. Automatic phasing consists of the fact that the phase of !
I
. :a nonresonance electron, varying rfom revolution to revolution, oscilk
[lltos near the equlilibrium phase Oﬁ |
- } The theory of phase oscillatioﬁs in a microtron was later on }
|treated in detail [2, 23, 8, 24, 25 (in chronological order)]. s[
|theary answers a number of importan practical questions. What 1is |
the optimum value of the equilibri phase, 1l.e., what is the best
| \"“ 1
lvalus of Vh at a given value of VET What share of electrons injected|
[
(into the resonant cavity by a continuous beam may be captured in ac-
{ceieration at any value of @ ? Hh+t is the energy spread of accelerat-

led electrons? Within what limits ﬁay the energy of electrons moving |

|

}in~a~;iven orbit of a microtron belvaried? 5 ——n]
v F‘”‘liready in the first theoreticsl works, it was established that—i
S
the nicrotron differs substantially, with respect to the nature of

. 2 y: ——‘“‘l
|{the_change of phase of the particl+s to be accelerated, from a11—~_~ﬁ

S S e 0.
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Jrgﬁ#ﬁ,matws based on the prn.nciple of phase stability. 1In the{

llatper, the phase of a particle chp.n.ges only by small jumps, 1.e., the
|

|
lpossible to use a differential equhtion in the mathematical analysis }

|18 always small. This makes it

Iphake difference A¢, = ¢ +1— %

lof the phase equation. In the casp of a m.icrotron, A¢, 18 not small

|l‘.nd replacement of the difference %y diff',er,entiull may lead to large |

|errors [26]. |

A T i T e e T

FIRST LINE OF TITLE I

The phase equation of a microgl.'on when b = 1 has the form [25]

SN

. 2xcose ;
2 7T vt ‘
\ Ag, T 2n. |

R S (31)

Rl

: !
The values ¢4 and =¥y &re pa,rtf.cular steady-state solutions of

this equation. :

l

|

l

|

1

|

|

l

| In the case of small phase Ql,c:illlationa, it may be assumed that
l o . '

l ; (Pv +’fl,,1 l’flv|<<q’.

|
l
)
|
|
|

Then (31) is transformed into & linear difference equation, the

I
solution of which has the form I

(

! ‘n —acos(ev+6),
 cose=1atag,, }

(33)
where a and § are constants. PFrom| J3) it follows that an electron

!
|tangent of the equilibrium phase 1:‘5 within the following limitsg

1 LO<tandgem(p) =2

w11l ve stably accelerated, 1i.e., *’;ha-s_e stability will occur, if the

|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
|
|
|
l
|
|
|
|
I
l
|

Marw . i N '4______[

p—3 | 3-
o )
F—2 0< o, <325, ! (35—
— ‘ +—
b O e o _ |
STOP HERE STOP HERE

T T I i R i e e e e e o




T T T T e e e e e e . —— e — e o e

1 T
L_FIRSTl ‘Bere-4gain- the esgential difference between the microtron and all]

|othpr accelerators with phase stab#lity manirests itself with respectl
lto-#hnse~mntion3 for the latter thé upper 1imit of | _| equals 90°. ;
|Condition (35) means that in a mici-otron the value of V, may exceed |
lthat of V, only by & little more tpan 16% (since cos 32.5* = 0.843). l
| If the initisl conditions (thelphase and energy of electrons ente%-

H.ng the accc‘lerltor) have a uniforn diatribution, then, using (33), 1t

'nl.y be shown that the optimum value of ‘. 1a ~ 17, 7‘3 .at this value
| l

'e, the shire of &fee &rfoggﬂgfpturab]*te in acceleration will be maximum. :
‘Fig. 16 shows the limiting curve », = ¢  -¢; at a given value of |
¢ g correspond to points lying within the limiting curve will be ae-=

celerated stably. e {

70t . \~

. \ VA a »] g

ENERA
|| N4

N

l

Fig. 16. Limiting curve LR (v‘) for the case of small phase
oscillations.

!
, |
When ¢, ~ 17.7° the period v p of phase oscillations, expressed
1by t’hse number of transits of the a{:celerating_ 8lit, equals 4. When 4]
ettt vt st 5.—.._..,_...
le . ‘
r_!_.__vpies from 0 to 32.5%, the period ) varies from o to. 2. ppu—

i*—*Ai was mentioned above, a is a: constant in (33), 1.e., small-phash

|
| |
| |
| |
| |
| |
| |
l :
| .
! B | !
z ‘ '
| !
| |
!

| i
| |
| |

2 s ard
o.cinationl have a constant a.nl:ltude. Small phase olcilhtionl u-el
Mhlpﬂﬂ_1n_Q§hl!~QQleﬁx!iqgE‘lith_Ph§§g~ﬂtlhllitl_

e e O]
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J—— w5 mg-§§§nining large phase oscilllationn, Equation (31) may be }

iuseg a8 & recurring formula and thF calculation made numerically. |
ISeVLral c¢lever graphical methods h*ve been developed [8, 24, 27] whic#a

ll.llw ¢ 4 AW . tobe detei'nined from given values of the phake

I
le, and energy W, of an electron, arter which ¢, . and W, , may be [

,found, etc. The graphical method Luggested by .Kisdi-Koszd [28, 27] {
l18 especially interesting, since hp doea not exclude those cases whent
:one of the neries of values of W, #’@:_e:_:‘agplp_‘glq_,__iﬁg smaller than thel
‘ ;wenous vyalue HHRST w.E or; I”ﬁ:h& ele%tren 18 decelerated in the res'ona‘n}:
lemvity) . | I
| When using one of these 'computlgtional or graphical methods, one :
jmay obtain, in particular, a picture of the phase motion of an elec- |
{tron in coordinates (¢,, A.e,), thlé so-called phase orbits (Fig. 17) .i
|I.f.' the initial conditions are such|that the mapping point is near

lthe equilibrium point (g, 0), thenli later on the mapping point will
move in Jumps with respect to the éorreaponding phase orbit and its
Inotion will be nearly periodic. 'lqixe unclosed phase orbits indicate
lthat the mapping point is not mo.vix{).g periodically, and the corres-

|

ponding electron is not captured uﬁder coanditions of unlimited accel-
|

l
|
|
|
|
|
|
I
l
l
|
|
|
|
|

| 5 5 ——]
4 ; 4—q
— 3 3]
}————'2 3
¥-—~1 ] 1——

—-Fig. 17._ The phase orbits of an electron when € __= 17.7% 0 _ _ |
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_ |.caleulation shows that if it 1
I FIRST LINE QOF TEXT
|

ﬁheireSOnant cayity a sufficient n&nber of times, then, at 05-- 17.7°L
]the|phase'angle of capture equalsaT 29°. However, it should be renemL

|

IberLd that in 5- to 6-Mevy microtrors, an electron traverses thevresonr
lant cavity but 10 to 12 times; thofefore, certain electrons reach the
‘tlrget for which, from the point or view of an indefinite number of }
|accelerations, phase-stability conFitions are not fulfilled [27]. On:
}the other hand, ?939“?EAE?S_?E?fﬁEfETE?EPWPP?EFPF_19 various orbits |
Iwhich was obtainéd1KVs@y&F1 working microtrons [5, 13, 29] attests |
}to the fact that during transition{from‘one orbit to another, electrok
}Ioasea are negligible, startiné wi*h the second or third orbit (Fig.I

118) . This means that the phase anFles of capture, calculated, for
lexnnple, for the third and tenth orbits, will differ little from one

k4
| ,

Fig. 18. The change in targetlcurrent as the target moves
along the total diameter of thé orbit [5]. The point y = 0
coincides with the center of the sccelerating slit.

l

l Inasmuch as electrons with v;r*oul input parameters are captured
in acceleration, electrons with somewhat different energies may be

| 5 ! 5~
\found in each orbit, including the!last. In order to calculatedgg:~4
| 4 !

i
|
|
|
|
|
|
|
|
|
|
|
|
|
{
|
|
|
|

jourately the width of the energy spectrum of electrons in the last—]
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lﬂ&?’"ﬁ?ﬂfﬁﬁﬁ‘ energy spectrum of electrons at the exit of the micro- |

|
}trep is very narrow. For exanplg,{when W=4,09 Mev, H= 1.07" kilo-;

]aerLted, Vb = 511 kv and 4; = 11. 5? the total energy spread is 1.2% I
;[27], 1.., W~ (4.09 ¥ 0.025) mevP. i

l !
| During this calcwulation, the duration ¢ A of electron pulses at the

P
|exit of the microtron was determin&d simultaneously. The electron :

:q’ will be about 3 10711 sec. These clusters follow each other with |

ia frequency of 3 STU%EQF&ﬂgition ?f 1.5 to 2 usec, after which the :
}relontnt cavity is switched off, fér example, for 2 usec. |
| In certain applications of the{microtron, particularly when it is:
|used to generate sub-mlllinmeter elfctromagnetic waves [30, 18], it is|

:dtsirable to obtain the shortest péssible electron clusters. It is
]

|

' }
|found [31] that, in theory under definite conditions it is possible |
:to obhtain great clustcr‘compressio+ in one of the orbits, for éxamp1e+
lan angular length of the cluster of 30! may be obtained in the 8th

|orb1t instead of the initial one o* 8°.
| The successful application of + small microtron for generating

!
lis described in the work of Brannen et al. [32].

l
I

I
l
l
oscillations with a wavelength or-T 8 mm at a power level of ~0.5 mw :
|

I

, |

lstability region allows the electr?n energy in each orbit to be-vtrieg
l

The presence of a finite, alth+ugh comparatively narrow, phase-

:anoothly (within known limits), which substantially increases the
'value of the microtron as an 1nstr¢-ont for physical research. This |

%1~a¢éo-plilhnd as follows. Let u+ assume that the microtron operstes
I ! A
E— | 33—
k__':}i a microtron which accelerates electrons to higher 0nerg;cn,-{
the width of the spectrum 1is not increased, so that the magnitude of
I-4W/% 1will be even smaller. | 1=

|0 I 0. __ 1
STOP HERE STOP HERE

l
lclusters have small expanse, and when A = 10 (fa3 Ge, Tye3- 3'10 seé)
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h&;—mmq—ytlues of H and V which correspond to & definite value |

’or f s+ If, by varying the power s{xpulied to the resonant cavity,

|
it:heJ values of Va and H are chansedi simultaneously by the same factor,;
then, according to (21), (18) and sg) , the microtron will operate }
l
l

}with a new value of cz, but with the previocus value of Q If the

chiange in H 1s riot propartional tol that of V,, new values of both c, |

land s will be obtained. While ¢ lrnnina within the stability regio*x

_____ 35) , the __?lm current will be different from |

‘zero- | FIRST LINE OF TITLE { : ]
oo |
i | A change in ¢, means;, in accorélhnce with (22), that it is also |
}necunry to change cq. The way 1in which this is aecomplighed .depen_dlr

vponi the type of injection used 1n:the microtron, In &utoeicetronic |

{in._j,,oction the change in ¢, occurs #utmt,ically, by shifting the rang%
lof suitable electron-~emission phn‘éa. This, in turn, affects the beapm
:e,urrent (see Section 2a). Theréro:%'e, it should be expected that v'rhenl
!this‘ type of injection is used, th&e will be several optimum values :
Ior Vy and H for each given microtrlm; at which values the beanm currenp

11111 be maximun, This has also be+n

19) - | ! - '
4 T !
‘ 575

‘
A 25 \agu ' |
| AV i
T |

47 i# 527 567 | Aont
o V.4 10 | A
4 v v A

[——_ng 19. Beam current versus Hlat various values of V whomn-

l
|
|
|
|
|
|
|
I
,b=1. The ratio of the Sth-arbit current to th$ 1lst- rbi
—cirent under the same acceleration conditions is plotted along —
|——the ordinate oxis. The dotted horizontal line is drawn at a
lonl of 1/4 the maximum ordinite of the curye with V, = 57§ kv, Jeve |

l —_— I 4 ___________ o _
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_. Thus, by_varying H, we vary tl;; value of ¢_ and, therefore, the
| FIRST LINE OF TEXT ‘ 2

ieleﬁ‘:t:ron energy in each orbit in dl:cordo.nce with (25); the diameter
|of each orbit, with the exception of the first, will remain the same,|

|
l

|
I
|
|
I
|
|beam current under all variations of conditions must net drop below, }
|
|
l
l
l
|

e T

1 |
while the beam current will be changed, as shown in Fig. 19. If the

!

i
]from”'516 to 590 kv (Fig. 19), the +llowab1e values of c, are from

for example, one fourth of the maximim current, then, when Vg varies

l0‘ .95 to 1.12; therefore, the electjvon energy in the 8th orbit may be

| e T T T T sk dinsih

|varied smoothly fF¥em/™ . 867€¢ 4.64 Mev. If electrons with energies

|
:'IOWerthan 3.86 Mev are required, electrone from the 7th orbit a’hou‘ld{

lne used (W7 = 3.36 to 4,06 Mey), .eJI:c'. Thus electrons with any energyb

|

smoothly varidble from 1.9 Mey.(=w), .. ) to 4.64 Mev, may.be obtain |
Y

| }, min

{rrom a given microtron. Electrons|with W < 1.9 Mey cannot have any |

|
|energy, since H3 = 1.43 to 1.78 Me+. Therefore, for example, it is |
| .
| | |
lorbit*. For the resmant cavity of this microtron, 1 _0.094% and (sin

::_1_:0.094 and (sin 1r)/1s.0.986 (alée Fig. 2) . Using the data in Fig.

|19 and Formula (9), it can be seen!that the optimum values of ¢ gs Ob-|

l
!tunod experimentally, are: about 13° when V, = 516 kv, ahout 19° wheh

|
(v‘ = 575 kv, etox*, | }

i \

|
i ¥Xs 18 apparent from Fig. 19, when V, is below 516 kv, that value
jof Vg will be reached at which a nén-zero beam current is already un-
‘obtaim.ble no matter what the valug¢ of H. However, when Vg is decreuk-
ed further (and H is decreased correspondingly), the beam will reappear
land the microtron will operate w:‘% m=4, In this case c1 = Scp- la%
t

impossible to obtain an energy of *.85 Mev on elther the third or fourth

‘and the maximum value of cp will be 0.5, since the limit cq < ¢2 holds
‘mon autoelectronic injection is used. Under these conditions, a se
of ourves of the type shown in Figl 19 may again be obtained. Now-—|
lever, the current in the last (in this case the Tth) orbit will be
'sonsiderably lower in absolute valwe, since the antocloctronic-‘iﬁf“l
sion-ourrent drops sharply owing t¢ a decrease in E,. Operation-is—
@lso possible with m = 5, c2 ,max=1/3, etc. 2 —]

___________________________ e e 2 0]
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Jf?uzsf%?%h?}}“ Phase—stability range is ra,ther narrow in the microtron;

|r151.d requirements arise for the s#tbility of the values of Y and H.;

|1l'.or§~examp1e, if the microtron operﬂtes at ¢, = 13° (cos ¢4 = 0. 97k) , l
llowering the value of V by 2.6% *111 shift the equilibrium phase }
lto zero and the beam current will qlrop to zero. The allowable limits,
!of instability of H depend upon th& required beam-current stabllity

land may be determined by expcrimonyal curves of the type shown in

| , l
lri‘o 190 B, ___l e e e e e e

| b, ETSSCHECPSMEaing |

f
| In the previous sections it was assumed that a uniform magnetic

'r,iveld was acting in the microtron.| This field does not proﬂd! axial

|focusing of the electrons to be ac{:elernted, and therefore multiple

| |
ithose electrons having a sufficiently .small axial (z-) component of

l
|
|
|
|
i
I
|
i
!
|
traversing of the resonant cavity would seem to be possible only for ;
I
l
i

{
ithe initial velocity. In reality,ihowever, there is a slight axial
,focuaing in a microtron. It is created as a result of two factors:
II) the resonant cavity is placed nlpa.r the .edge of the pole, and the

iicbnst 3 the relative drop 3H in the}strength of the magnetic field in

|
|
lcenter of the accelerating slit is'located at a point where Hir) ¥ |
l
I
lcomparison with H in the central region of the interpolar gap is 1 to)

}2’ here; and 2) the HF electrical #‘1e1d of the resonant cavity acts }
las a weak focusing lens on the eleJ}:trons traversing it. Previously, '

:11: was assused that the second effect could not exist in practice, |

|
'since the velocity of the electron+ is very close to the speed of !

:“nght% However, 1t was shown latc+ [33] that this conclusion was——
hmn.ﬂd. Resonator focusing ca.usei the electrons to oscillate slow’].?
—— s ——f
}nlu‘__ghc orbit plane; the uplitude of these oscillations incrogl_cn___!

]
lstowly. A resume of the information on methods and results of the—

—— . 0 ]
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#thgT“N§%g§§ﬁeal¢ulatipn of the~Joint action of these two factors 1is

lgian in Aitken’s work [22]. The %roblen of methods of improving fo-| }
Icup%Lns takes on specilal 1mportance: in the case when the microtron is :
{desizned'ror high-energy accelerat?on, since an electron in this ac- }
|celerator must traverse the reaonapt cavity several tens of times, |
;In 2 29-Mey microtron [22] the rirht focusing factor was 1nten§1f1edl
by special shimming of the magnetip field in the region where the reﬁ

zlonant.cavity is located, since q_}culation showed that, without this

ImMeasure, a very ﬁﬁﬁliwagéiqﬁation bf the axis of the resonant cavity
{toward the orbit plane, which is uhavgidable in practice, will lead
to the complete disappesrance of tpe beam in long orbits.
} It has been suggested [2] that:magnetic focusing be established
|1n the microtron by using a non-uniform magnetic field, where H(y) =
|conat, and H(x) 1is a slowly decrealging function; H(x) = H( -i) ; and
R Ithe y-axis is directed along the c >n diameter of all orbits. No

id.tailqd calculations have been published.

lations of electrons. The s ed areas indicate the location
and dimensions of a luminous spot of light on & screen when
the latter moves slong the y-axis. The left-hand spot in each
orbit is connected with electréns from the external emission
zone, the right-hand spot, with electrons from the internal
emission zone, The y-axis coimcides with the comsaon diameter
of the orbits and the z-axis 1s perpendicular to the orbit
plane. The vertical lines indicate the theoretical position
——of the points of intersection of the corresponding orbits 5 —

. —-Wjth the y-axis. —]
——The following results were obtdined in the few experinontnl3stuntin

;

lof el clectron focusing in a nicrotron. By using a photographic plate
1 t [
mounted at various azimuths of the first orbit of a 2-Mev licroﬁron J

o e Pt it et
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1
|
|
1
|
|
\
|
|
|
|
l
|
l

|
|
|
|
|
|
| Fig. 20. Results of an expc;:xentll study of the axial oscll-
]
|
i
|
|
|
|
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Lcu_- 4), it was established that ;giy 1/10 of the electrons which lerp
| FIRST LN &F TEXT

lthelresonant cavity on the first orbit traverse the resonant cavity

|aftkr a single revolution [12]. Ih a 4.5-Mey microtron [6], using

|

|
]the method of artificial centers of autoelectronic emission (see

|Section 2a) and a probe with a 1umﬁnophor screen, the parameters of

|
l

|
[trona emitted from the external anp internal emission zones, The

the axial electron-oscillations were measured separately for elec-

!results of these nmeasurements are shown in Fig. 20 In the course

Ittt iiobbpnlingetipilid o S T Iee Y

lof ten revolutiqﬁﬁi’%ﬁéoéfaétrons.?ad time to make only about one

|

‘complete oscillation near the plané z = 0, Note that the amplitude
lof the oscillationg increases. |

|
} Some idea of beam focusing 1n ? microtron can be gotten by‘examinr

::l.ng the expérimental data on the distribution of the beam current n‘ith

respect to the orbits. If the ele*tron losses during acceleration arF

Iln.cglisible (starting from the seco,l:)d orbit; for example, in Fig. 18),!

lthia not only indicates that losses due to electrons leaying the phase-

(stability region are small, but a1+o that focusing is satisfactory.
|Let us note that in some cases [13L 34] electron losses were considert
lably greater than those shown in Fig 18. In a 29-Mev microtron [22],]
|the beam current maintained approx+mate1y the same level from the 5th|
lto the 32nd orbit, but then 1t gra&ually decreased to 1/3 of this |
}level at v = 56, It is assumed thht the main cause of these losses :
:13 a slight non-uniformity of the yagnetic field. Part of the losses|
s explained by the fact that the &cceleration time of &n electron to{
kho—56th orbit is not small in comparison with pulse duration of-the—|
f"‘i_o"nﬁnt-cavity supply (~ 0.5 » se¢ and 34 sec respectively). ﬁr“'t'eT”{
Eii;;gin‘ off the resonant cavity,:the value of v drops rapidly _Jg%

[{she—further resonance acceleration%or electrons which were able ito—

e O S B 0. |
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inQQQhﬂthis_mgmant, for example, tQ;‘joth or 40th orbit, becomes im-
l FIRST LINE OF TEXT

!
pospible [35]*. { }
l 5. Basic information of mirrotron design {

|

“
|
l a) The electromagnet. The distinguishing feature of microtron
!

|electromagnets 1is thlt the strengtk of the magnetic field in the intep-
|

}polar gap 1s low in comparison with the allowable induction in iren
|
|(1 to 2 kilo-oersted and 10 to 15 kgs respectively) . This means thatl

:the cross section of the yoke mueﬁjbe much smaller than that of the
\pole. For this Fé¥séf th&"fhree-lég yoke, which 1s characteristic of!
}cyclotron magnets, 1is the exceptioL in mierotrons [37]. Theimost |
Iwidely used core shape for microtr%n electromagnets is shown in Fig. :

|21. In order to increase the ratif of the diameter of the region of |
}uniform magnetic field to the pole|diameter, annular shims may be usek.

iThe power dissipation in the windi%gn of the electromagnet usually dops

}not exceed 500 w. Therefore, rorc+d cooling of the windings by air I

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

.‘net windings 1is regulated by some +1eqtrical circuit; sufficient ac- |
jouracy of current regulation 1s ~M?.1ﬁ. [
l Very high requirements arose fér the magnetic system when:design-l
iing the 29-Mey microtron (with 56 $rb1ts). In this case special mea-

{aures had to be taken to reduce to}a minimum the precession of the l

lorbits near their common diameter, |otherwise the electrons could not |
|
{traverse the resonant cavity the rgqnired number of times. For this 1&

1s necessary to either create a ve%y uniform magnetic field in the |
— |

5 5 |
| #These electrons will bombard the resonant cavity, giving rise
to haftd decelerating radiation. This undesirable effect may be elim-
dnated by installing a deyice in the chamber in the region of the—first
orbits for dropping electrons on one of the covers of the chamber

&n ticular, two electrodes could be used, placed above and below
She—orbit plane, and which voltage pulses would hit shortly before-tire
instant of switching off the resonant cayity [36].

____________________ AP, 0]
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fﬂﬂﬁ#ﬁﬁfE?? on-of the chamber, or at least to ensure the best possible

laympetry of the field diatributiongrelative to the line of the‘conmon}
{amihoter of the orbits [38]. |

SR P T

~ —
Fig. 21. Structure of magneti¢ circuit of microtron electro-
magnet. The upper cylindrical|pole, similar to the lower one,
is not visible.
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Fig. 22. Magnetic-circuit stryucture of the 29-Mev microtron.
l1--pole; 2--iron inserts, ~40 ¢m high; 3--aluminum ring, form- |
ing a vacuum chamber having an, K inner diameter of 203.2 cmj;

[ ¥i-interpolar gap, 127 mm highj 5--place for electromagnet 5 ————
I_____Jr;ndings; 6--outlet axes for yacuum pumps. 4——]

- “AA ironeclad structure was chosén for the magnet (Fig. 22). 3The—i
| ;
2 )
p_cchu}aical processing of the pole surfaces was done yery cl.refu:gly.
|
(The magnet was proyided with a system of compensating windings, ;attached
STOP HERE STOP HERE
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lta_ o0le surfaces facing each other. Each of these windings has
FIRST LINE OF TEXT

|
ltn 1ndependent power supply. ! }
| IA summary of the basic parimetérs of microtron magnets will be |
|
Igiven below. | }
| |
| l
| I

b) The high-frequency system.  Existing microtrons differ very

little from one arother with respe#t to the arrangement of the system

|for supplying HF power to the renqumt cavity. The high-frequency
lcvaq:illl.t:ox', as a rule, is a magnetron, and only 1n one case [39] was

|
l
| o T T T T T I
!
|

|a triode oscillafér With’ &"¥lystron amplifier used Fig. 23 shows
}the typical layout of the HF -system of a microtron. Htgnetrorm with l
la pulse power of not more than i r+ must be used when operating in |
!the 10-centimeter band. A ngnetrl’an with a power of 2 Mw 13 used onllr

}1n, the 29-Mev microtron. | I

.

|/ z s ¢

Fig. 23. Arrangement of the H#' vystem of the mic¢rotron.
1--magnetron; 2--phase changer -regulator of fraction of

gowor extracted by the rezulatix load 4; 5--vacuum baffle;
-=-resonant cavity. )

I
As an 1illustration of the balaﬁ\ce of power consumption, we shall |

l
1 !
| {
|
l \ ‘ | |
t ) | A |
| | e o WLEZ <] |
| |
| |
‘ |
| |
| 1
|
| |

|
[Aintroduce data for the apparatus wﬁich describes the rather high ef- |

|
:::l.oa.oncy of the resonant cavity [7!: of the 600 kw of power supplied-|
t6 thé resonant cavity, 500 lor 18 cxpendod in losses in the nlis ot
o ——
@g_ggﬁty, 100 kw is consumed in phe acceleration of all clcctgpm |

prithin the resonant cayity, and 10b lr is expended in the further-ac-|

R N B 0. _ |
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|celeration of resonance electrons (beam current of 15 ma, electron
| FIRST LINE CF 7EXT

cangy of ~T Mev). |

|
| | As distinguished from all other c¢yclic accelerators with phase
latability, the microtron 1is, 1n principle, an accelerator of continu-{

lows action: the process of electro* capture under conditions of‘accel%
:eration is repeated in full in each cycle of the HF field. Howeyer, {
ithe high power required for exciti+g the resonant cavity coniples opert
{ation under pulse conditions wit#_? high duty factor (usually about |

11000) , in order tHAtUXherivérage (with respect to time) power suppliefl

|
:to the resonant cavity does not exceed the gllowable limits. It 1s }

|possible that later the duty factor will be substantially lowered and!

|

lthe beam current increased correspbndingly, using magnetrons with higF

{averase power and cavities with.loy losses ard intensive cooling. l

As a rule, untunable magnetrons are used in mierotrons, thcreforet
| i

|
|of the natural frequency. This isjusually accomplished by using a |

l |
I l

jone of the cavity walls. [ l

lthe resonant cavity must be<equ1ppfd with a device for remote trimming
mechanical or thermal system, pro%idins-controllablc-dcfbrlition of

, |
! The regulating load (see Fig. £3) 1is usually controlled so that it
I
|dissipates about one half of the power supplied to the magnetron.

'order that the amplitude of the acéelerating voltage have very high
lltability, it is necessary that thp magnetron power supply be regula-
lted. :

I

l In autoelectronic inJjection, l%nce the emission current is depen-
I

[dnnt-npon the value of E and sincé the beam current of the elegctrons

;iiiﬁi4accolcratod exerts an 1nr1u.nco upon the magnitude of the’cayity

_ 7_____l
lvolta,e, there is an automatic n.cyaninn of stabilization of Vi. I |
{is-possible that, under known cond#tion., a similar mechanism a¢t3m~4
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ﬂ | N
1ﬂﬁgﬁﬂﬁ?%§§5%qcathode injection 1s used. ]

| [Katser has written a long arti#le devoted to problems in deaignin#

Ithe resoriant cavity for a microtrah [40]. It has been shown recently'

1[61 that certain requirements pertt.ining to this part of the microtron

|should be revised. In particular,lwhen designing the resonant cavity!l

Iit is unadvantageous to aim at maximizing its shunt resistance, sinceJ

| lin this cavity the value of \A wili be too strongly dependent upon i
' :the beam current. | }
' Some special ‘Haar'df gnﬁﬂfceringl problems connected with the deaign:
|and building of HF systems for microtrons have been examined [41, &Z,I
{#31. | |

| c) The vacuum system. The vacuum chamber of a microtron usually |

Il'has a cylindrical shape. The chamber is made of non-magnetic metal, :

|and the covers are made of iron. in some cases the covers serve as |
lthe magnet poles. During the operltion of the microtron, the chnmber]
| t |

18 evacuated by a pump unit, usually consisting of oil-vapor and ro- .
|
Ita.ry pumps. The yacwum reqmemenylv

|The electrons quickly acquire highll energy, so that eyen in & poor |
|

}vacuum,, electron losses due to dis-lbcrgion by residual gas molecules |

lwill be practically negligible. qur_efore, the upper limit of the ,

!
| l
|sonant cavity or by the supply conditions of its waveguide. In some l

J .
:cuu it 1s sufficient to lower the pressure to pg 104 m Hg for l

chamber pressure is determined by t;he operating conditions of the re-|

'normal operation of the acceler&to*. However, at this high pressure ;
[ .

ithrpblished surfaces inside the c +v1ty are quickly marred ard break-|
lclcauml4 occur more often. 'rherorure]. it is usually desirable to oporatL

p—3
Pt_l_poum p$10 5 Hg. l 2.“._4
{-—~:n autoelegtronic injection, apcording to Kaiser [18], a depen—i
""""""""" STOP HERE "J'""““""”""“s‘raivﬁéas”‘ ~= =0
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R
Léﬁ?#ﬁNEOFT?e emission current upontthe chamber pressure is observed, |

' |
|and| optimum pressure 1is from 1074 po 10”2 pm Hg. A higher vacuum may|

{bo #eqpired when certain types of %hermll cathodes are used, due to

|the possibility of oxygen "poisoni%g“ at high temperatures.
}
|

l
|Faraday cup 1s used to measure bea? current in various orbits. Ita

d) Auxiliary equipment for obsgrving electron acceleration. A

|
|
l
l
|
|
l
{holder 1s lead out from the chambef through a s1iding vacuum seal. :
|A luminophor-covered screen, attacped to a_handle with the same kind |

| FIRST LINE OF TITLE Ao |
lof“ae'tl, is used for visual observation of the beam. The luminescencﬂ

lof this screen when it is bombardeh with electrons 1s observed throush

;a window; a system of mirrors and televiaion apparatus may be used [Gg

|An unusual system is used in the. Syedish microtron for visual obnervaL

{tion of the beam [39]. Fifteen tu?ggten filaments, with a diameter of

oné aboye the other, at intervals of
|

{cqver of the chamber, approximatel% along its diameter. During operar

|11.25 mm, are mounted on a long rrage, which 1s set up on the Iower

|tion of the microtron, these filaments glow in those places where |

|the-e1ectron orbits pass, and, thug, all orblts may be observed aimulL

‘tanpously and infermation obtainedion the dimensions of the electron-;

)

fclupter cross section in each orbit. l
|

ling feature of the microtron is t+e change in the energy of the par-|
‘ticle being accelerated after eachlpaallsc through the resonant cavit%
_and, &8 a result of this, the ;roap distance between adjacent orbits.|
h?”%hi "spacing” Y of the spirsl p*th of an electron is nnluure&‘"IGﬁk
Egg:zin.on dlameter of the orbits, then ¥, = D ., where D 15_323%
[diameter of the v-th orbit. Prom tﬁe well known relationship between-|
hﬁi‘iﬂgn.tic rigidity @ of the eloctron and 1ts total energy E, od““j

ettt o o ottt s ik o v ot i o —

e s kit -

. l
| e) The extrsction of electrons from the chamber. The diatinguii%-




| ? -ysing Pormulas (21) a.nd:(as) , 1t is easily found that ;
: | EDV="V/@“-2+VV-"% (v=2,3...). . . {
. o | | | (36) }
Ewhcn v 25 and ¢ 0.5, the approximate formula |
o | !

l b oA, |

; Dvu—n—(m—2+v) ‘

| R (31) |
|glves the result with an error of less than 6%. Thus, at high values
S U |

lof + mnmwmwwnj |
} fmvch%. ;
1 | (38) |
1 |

which, when A = 10 cm, 1is ~ 3.18.?m. When the spacing is this large,
| .

Ithg~prgb1en of extracting a beam of accelerated particles from the
magnetic field 1is not difficult.

i .

|
!
|
I

|
|
|
|
|

|
|
|
|
l
|
|
|
|
|
|
!
}
|
1
I
|
|

|
|
|
!
|
|
l

5

|
|
|
T ' -
—PFig. 24. Various devices for %xtracting the beam from the , |
| vacuum chamber. 1--iron tube;'2--sliding vacuum seal ( of
—véried structure); 3--short iron tube. Versions a), by, 3—
}__..__-gga ;nd d) described in [37], l[“]’ [45], and [46] respec- $-———J{
‘ vely.
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anny types of extraction deviqea have been developed so far. Anl
ST LINE OF TEXT

l"a.ntimasnetic channel® is used 1nleach of these; an iron tube in the |
]hoﬂlow of which the strength of thie magnetic field is very low, due

|

I

:to %he shielding action of the w&ﬂla of the tube. An elegctron beam l

| moves almost rectilinearly througﬁ this tube and 1s easily extracted;
Ifrqm the chamber. The most univeqaal extraction device satisfies thd f
:rollowing requirements: 1) it musq be possible to extract electrons
:rrom any orbit (starting from the_kecond)iyz) the extracted beam

I

|

|

|
|must hit the samErfigédoaperture 1? the experimental apparatus in : '
I |

l

|

|

|

{

|

,which it is used, regardless of which orbit it has been extracted
lfrom; and 3) the beam must enter t%is fixed aperture in the same di-
;roction. Fig. 24 shows schematically all suggested versions of the
lextraction device except the earlipst version, which was designed to

I
1oxtract the beam only from the lask orbit. All four versions satin-]

T

. {ry the first requirement, but only*versions ¢) and d) satisfy the |
|second and third requirements. sq far no information has been receiJed
]on the use of version ¢) in practike. |

| A combined system of heam extraction is used in the Swedish micrq-
_ l
ltron [39]): first of all the beam is deflected by an electrostatic de-

l

|flector with E = 45 w/cm, and then;enters an "antimagnetic chnnnel."l

: In microtrons, the cuwrrent of %he extracted beam is usually 50 |
I
|

|
|to TO% of the current circulating ;n the cor-sponding orbit.

. i In conclusion, let us sumnarizf the main parameters of the work- |

ing microtrons and of one under cohstruction [47] (Table III). Sone}
tlicnqtrons were not described in drtail in the literatwre, and only—|

‘ Itnaﬁ!blete data can be given concepning them. 4———
e | 3-—]
. L rj Various suggested modifications and improvements in nic:gtron:
|design. 1In 1946, a short article l}] appeared concerning a modifioca-

N o J b 0. _ _
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|
18 aplit magnet be used. It is madp up of the two sectiornis formed |

}wheb a magnet with cylindrical pol%s 18 cut along their dlameter and:

|the halves are separated by a cert%in distance. The accelerating |

I
:syatem may conslst of one or severfil resonant cavities; in the latter

Icase the resonant cavities must belexcited from & single generator :
|and have the proper phase shift relative to one another. The resonant

!
cavities are placed in the space bLtween the sections of the magnet.
|

| FIRST. LINE OF TITLE |
'This makes it possibly to increase

| terpolar gap of the magnet, making}it only a bit larger than the
l

|
considerably the height of the 1n-;

|
diameter of the gap in the resonant cavity. :
A powerful accelerating system}can impart a high energy gain to |

|

system will be very compact. | |

|
|
:electrons in each orbit. ¢, 22 mhy be obtained, so that the magnetic
| |
| |

In this version of the microtr%n, as in the ordinary microtron,
1there is only a weak beanm focusing'during transit through the'resonaqt
;clvity. However, a more powerful lens may be installed together witm
lthe resonant cavity, for example, huadrupole magnets., In addition, !
Ithc electron beam may be well rocu?ed even bhefore entering the mlgneﬁic
‘fiold, since in this version thereiis sufficient space for setting | -
,up & high-quality electron gun; 1n]th1a case high-energy injection mﬂy
:also be obtained. f i

! In a microtron with a split maénet, the resonance conditions havJ
‘a form which is somewhat dirferentlfrom that in the usual microtron |
(tIB“SO, 12]. Some problems of thpory, particularly the proble& 65”4
E_e_wmtn of the phase-stability region as a function of the dutancj
tbetween the sections of the mngnet; have been examined by Turi {50Lr4

{llﬁi‘bthor problems, for example, concerning the effect of a dibiifidd

____________________ 0. __ |
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Ln!gnetic fleld upon electron motiop, have yet to be treated.

| FIRST LINE OF TEXT
ISo far no information has apperred concerning the construction oﬁ

{a‘nﬂcrotron of the type described here. !
| |In 1953, in the Soviet Union [sh] and Japan [52], and 1ndependentﬂy
lin the United States in 1955 [52],;cyc11c, strong-<focusing accelerat%rs
!were proposed which have a constant (with respect to time) magnetic |

I
i .

'rield (in English they are called{"FFAG accelerators") . I
‘ Data on the possibilities of applying the principle of these ac-:

|

‘ e e — ——— __._.;A

rcelerators to thdRﬁwdﬂd%&bﬂfhas sozfar not appeared in the literature,

!
with the exception of the initial discussion [18]. o :

|
I
| Another new type of acceleratoL having a constant magnetic field |

|
’and strong focusing, theAso-calledlaccelerator with contiguous orbitsP
lhaa been proposed and treated in dptail theoretically in a number of |
| |
{works by Ye. M. Moroz [53, 54, 55]} The magnetic system of thia<aca|
:celerator consists of seyeral sect%ona of a speclally designed shapei
jand has a uniform magnetic field in the interpolar gap of each sectiok.
| .
|

Ithe outer magnetic field at the points of entry of the particles beinp

Strong particle-focusing is tc#ompliahed as a result of the acticP

|
laccelerated into the magnetic sections and at the points of exit from

l

;thqse sections. Thus, a microtron!with a magnetic system of this typf
|w111 have the same virtues as a nibrotron with a split magnet (descriped
!above), but will have magnetic parpicle-tocusing, the lack of which 1L
3the main drawback of a microtron with a split magnet. Calculation l
{ahonod that a sectional magnetic a*atem can be constructed with a vcr%
%lide_;ango of stability of motion bf accelerated electrons. 5 -
[~ Uhfortunately, there is so flr]not work in which all these thcoré&i-

3 3 —
cal conclusions haye been checked gxperinontally It was roporggg_g_r

;contly [32] that the construction b a 4- to 12-Mev mierotron with-a|

b ]

e 0 ]
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Lﬁ?ﬁ”w@’S?%&? magnetic system is nearing completion. Interesting data
‘on phe design and operation of thi? mi¢rotron may be found in the |
|art%c1e by Brannen and Froelich [6%]. :

I

| 6. Conclusion ?
3

| |
! At the present time it is difficult to say exactly to what energies

|
lfuture microtrons will be able to.%ccelerate electrons. One of the

'main advantages of a 5- to 10-Mev microtron is its simplicity. It

} |
118 the only accelerator which caque built in any laboratory having

|8implicity is 10st. The 29-Mevy mibrotron, whose parameters are de-~
|

|
1
|complicated system of‘compensating!windingp; after prolonged adJust-

:ment,or the accelerator, the beam turrent attainable in the last Orbik

: - I

was very low. Apparently, the uppkr 1limit of energy of electrona ac-

t
|
|
I
|
;a machine shop. ﬁﬁé#ﬂﬂg;gﬁé to hiFher energlies, the advantage of :
l
scribed above, required a very cargfully .constructed magnet with a :

l

|
. |celerated in a microtron 1is samewh%re between 50 and 100 Mev [7, 56]4

| i
! Modern powerful magnetrons ctn‘dperate when the pulse duration oq

|
Ithe HF voltage does not exceed a definite value (~ 3 to 8 psec). This

|ract imposes a limit on the electrbn energy attainable in a microtrod,

|
!since when the required number of ?rbita is high, the over-all dura-%
'tion of the acceleration process mﬁy;equal the duration of the opera-

|
{ting range of the resonant cavity.] It happens, however, that the ob{

tainable (on the basis of these co%aiderations) values of the limiting
lelectron energy are very high [35]L 80 that the maximum attainable :
electron energy in a microtron 1is getermined, in practice, not by thq
(pﬂIlésduration of the magnetron, b&t by other factors, p;rticulirl?"{'
f?ﬁ:ﬁ@}rriculty of creating a mngnekic field with the required hﬂﬁm—1
. ;;;;;op of uniformity (in a microtrhn without sectional focusing). —|

T‘“‘Ih principle, it is possible tb create a microtron-type lcc&I &
N 0
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*?ﬂ?r&ﬁ?!?4ﬁ?“n°t only electrons, bht 8180 ions, may be accelerated

“““““““““““““““““““ I
|
|
|up to any energy desired, startinglfron ~ 1 Gev [57]. A sectional |

I

i etic system of the type sugges%ed by Ye. M. Morogz [54] and an in-

|Jector in which particles are accePerated to an energy exceeding o.5:

}Qev must be used for this. If is Buggested that a specilally designed

|1inear accelerator be used also, b&t already this device is not a

gmicrotron. The suthor suggested that this accelerator be called an

:%ﬂmumﬁ _w,m__“mi_wwmwwmm“

i FIRST LINE OF TITLE
t The question on the maximum attainable beam current (pulse) of

laccelerated electrons 1s also esseTtial. Its magriitude 1s determined
l

|

lduring acceleration and the'efrect$ve power of the magnetron. If,

|
I
|
|
i
l
|

|
by the maximum injection current, the degree of ‘electron focusing |
|

‘ﬁhen A~ 10 cm, the latter is 800 %w, then, taking the losses in the!
lresonant cavity and its power systém into account, a power of ~300 kw
:may be used for electron accelerat&on This means that when the~elec}
ltron energy is 5 Mey, the beam cur%ent may reach 60 ma (pulse), and ‘

I

iwhen the energy is 20 Mey, the beap current can reach 15 ma (pulse)*.

IHhen the magnetron power 1s highcr? the maximum beam current will beW

| |
Lcorrespondingly higher. | |

’ There is, however, another factor which may limit the beam current.

|
! l
'10se energy by electromagnetic radiation. Radiation energy losses for
|

|
(e.g., when W = 29 Mey and H = 1. 07 kilo-cersted, AW ~ 0.07 kv/rev) |

l
I a microtron electrons move in & curvilinear path and, therefore,
| ¢
|an individual electron are extrenely small in the usual microtron

jand fio influence is exerted on oloptron acceleration. Howover, in '

— | A
S — | R—
k———*ko-enbcr that the beam currents reached in a microtron are220-ma
at at Me .
r___mpov [39] and 5 ma at 12 Mev [T] 1 |
S S Y «
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{ .
that 1 t t t £ highly ¢ ¢ ¥
4¥#§¥aﬁ§o§¥ﬁa“°t hat in a micro ron the electrons form highly compa F »

|
|cluft;e-rs, the role of coherent rad#ation increases greatly [3]. As i
|is known, in this case each,electr?n radiates per unit path length }

I :
!Qnerzy‘propdrtional to the number pf electrons in the cluster. Thus |

{the magnitude of the energy loss 1+.strongly<dependent upen the beam ;
!

|
|ses by radiation will be so high ¢ pat electrons will fall out of the

|
|
:region of phase stability. «,ﬁ_wi__w-*wm» e {
l
1
l
|

eurrent. If the beam current excebdn a detenmined value, energy los-i

| When averaglfig 'tHe vaiteé or th? beam current with respect to

l

,time, 1t is necessary to remembsr the effective duty factor of the
|resonant cayity, i.e., the duty faf:tor calculated taking into dccount

DR A P s

}only that part of each pulse dnrin? which the amplitude of the acceler-
’ating veltage already has a steadyfstate value and maintains that l :
%level In addition, it 1s necessayy to remember the relationship

lbetween the effective pulse durati#n of the resonant cavity and the

;[351 |

| The accelerator with an electr?static generator (ESA), the beta-]

|

|
|duration of the process of accelerating an electron to a given energy ; ?

|

:tron, synchrotron and the linear waveguide accelerator (IWA) are alsol

| l

well developed and widely used.

; Let us compare the microtron with these four types of accelera-

|
|
[tors with respect to some of their|most essential parameters. ;
| |
|
ithe ESA i1s inferior to the nicrotr#n, while the other three accolera{

[toru—nakn it possible to obtain clhctron energles tens and hundreds—| |

I

[of tikes greater than those pouible in the microtron. 4-——]

3 !

, 2, The upper limit of beam current In betatrons and lyncgrozmj

ferons) the pulse beam current (ov.p if the pulse duration 1is nlle~—~{
0

N R

|
1. The upper limit of electrgg energy. In this respect, only

S SRS B |
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-
Lwi ~ 2 4 sec) 18 lower by a factor of tens than that attainabne

| FIRS? LNE OF TExr
‘1n 8 microtron. The ESA provides F continuous beanm; the beam current|

RV 'Tmch greater than the average (lkith respect to time) beam current ;

|

i1.n & microtron, but lower than thel pulse current. The INA of medium |

l I
|energy (to 100 Mev) can provide up, to 0.8 a (pulse). |

|parameter, the ESA has an advantage over the microtron. As was al- |

{rqa.dy noted, the _energy spread of plectrons in a microtron does not

lexceed +50 k. dué’ Yo tne’ Mro\mesF of the phase-stability region.
lThus in a nmicrotron wvhen W = 20 Mei{, aWw=1% 2, 5. +10"2. The IWA can

|
l
|
l
|
la.pproa,r.zh the microtron with respecp to the magnitude of 3 W only when {
l

|special measures are taken re,gardi*xg beam-intensity losses.

: 4, Constancy of the average ehe,rg of accelerated electrons ov_eﬁ
| ' |
|an_extended period of time. Regarding this parameter, the microtron |

‘lalao has an advantage over the ch%r dccelerators except the ESA.

The constancy of the energy of accelerdted electrons is ensured by

gsttbilizins the strength H of the xinaster magnetic fleld; since a ,

l
l
I

|constant magnetic field 1s used m’l the microtron, a very high stabil-]

zity factor of H may he obtained. 1 {
E 5. The pulse duration of the electron current striking the tar- |

}‘_e_'.c_._ Here we dontt mean macrqpulslés » whose width 1s determined by =
the pulse duration of the supply -t@a the megnetron and is usually 1.5 |
!to 2 psec, but "micropulses,” whosle duration is dependent upon the l
1ength of the individual cluster or electrons and is in all about |
‘5*1:0 =11 gec when A = 10 cm (and undor certain conditions 1t 1is sven—

smailér [31]) . The microtron givqs‘the shortest micropulses of all |
'_.___.__—

M pulse accelerators, which ror certain applications is agd;::%

tetded! advantage. * ) =]

! “’”'Q’”“""““s‘ﬁ:?’nﬁ?“ e s T T T T Stop HERe o -
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| 3. The energy wuniformity of albcclerate.d electrons. Regarding th}h,
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Table 3 \\

. e o e A N I S N
| . Location of Microtron b E
} = |8 T -1 §% § 5 “i - B = t
Parameters " A T 5 0% A £ 0 §g~ -~ l8fa | =R N '5?'§ 3
D | [ % | 89% |84wa0 g AR "1 S Iy BHEIY
| R D il 4% 2 (3¢ (528 989 (3 & |43¢ %S
g | E 385138 §2 |32 |58 |BE3ed RC |3 si’i-.ii
’)n.xj.mn kinetic energy of ) . _ . ‘ !
|electrons, Mev o o o v . . . o 68 | 3 H] &5 | 08 | 3,3 | 3,06 | 46 | 25 2 29 wopae
{ " ' (1t,6) A . ‘ ¥
; ; Electromagnet . L
{Pole dlameter, cm. . . . . . o 70 35 4 1 4,2 ~20 | 56 | 60 1 46 2021 41 |
Eﬂeight of interpolar gap (or . .o ;o
j internal height of chamber)em.| i 12,5 9,5 : i W ’ 11,7 12,7 3 ' f
| Nominal strength of magnetic ; {
[field, kilo-cersted. . . . . .\ 4,18 [ 4,077 ~! ~1 to to to 1 0,52 | 0,5 1,07 1,28
! (1,95) 1,68 | 1,68 | 1,68 1
%Pwer aupply, MW. . . . . . . . ° 0,45 . <0,3 .
'Wetght, to o o v v v v e . 20 8,7
| High-frequency system ’
i N 1
]Hlvelensth, CMe o o o o o o » 10 [V 10,7 10 3,2 3,2 B2 10,7 | 10,25 | 10,61 {1 2,95 i
| Bquilivrium voltage, kv. . . .| 62 | 51 | 5t1 1 490 ~500 | 255 | 230 | 5 ass !
, (932) 265 | 255 | 255 - : .
- . Length of accelerating slit, 16,3 o 7,8 10 7,95 7 7,8 10
Lo (23,2 : ‘
! Dismeter of gap in resonant
TCRVALY, M. . s b e e e s o s 10 | 9,5 Tlon 7,2 8,5 8 ,}
. . Q-factor of resonant cavity , : . '
(without load). . « « « + « 104 9500 4100 7000 8000 5300 A0 6000 | ¢
L © ] 4500) }
St eststunce of resorant 2 0 os | 1 -2 om i
} 1
t t - .
g St S S saava R I 30 | 250 <o | aw | 20 | 125 | ~p00 3
4] (with-
'} out
:Pul duration of reaonant bean) )
se on - )
cavity supply, ssec. . . . 2 0,25 0,82+ 13| 1,6 2,2 + 27 |
| =1
X .
t t
jPse repestutonTate L] (s | a8 | | oo a0+ | g | 20| w0 | d 12,
’ 103 <2000 | 1000
Bean characteristics
.
Number of orbits. . + « « . 12 B 8 14 12 8 10 $ b
" Diameter of last orbit, cm. AL ) 349 » 15,22 | 14,0 ] ~m¢ | W 18%
. N .
Bean current (pulse) in 5 1| oes 008 |00 | a0 1] oot ] o
. ) . {3) 0,1
Maximus beam-extraction ef- . -
. ' fieiency, ® -]} 70 70 w 3
\ - - - | o
: |
o .
— |
1 |
I e o . ) o .
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| __|Regarding only the first four parpmeters examined above, it may |
| FIRST LINE OF TEXT ‘
be Faid that only the IWA could a.l?nost in all cases replage the nicrd,-
|trqh In a nore detalled comparispn of the varicus electron acceler-|
|Ato£'n,- mede taking the required tyL:e of operation of the given micrb—{
ltmn into account, other pumterr may prove to be esgsential, for {
| example, the cost of the spparatus, its mobility, over-all and speci-|

l
I:I.'ic volume (1.e,, the volume requi%ed per 1 kw beam power, the pawer |

|crficiency of the accelerator; thel possibllity of varying the energy

|
l
jof accelersted elertivnsr vortinuouply and within wide limits, the |
|
icha.ra’.qteril.tic,s of the extracted blpam (the yleld factor), the beam :
|dlameter, and the angular diverge,n,l:e. |
} The inherent parsmeters of thel microtron make it a very effective }
(mJector for a large synchrotron [18, 16, 17], and a conyenient ac- |
yn

|oolerator for generating submill:lm%ter waves [31, 32] and for nuclen-:
}phyaics research using the transit;-time method [18]. |
! Note that the microtron is used to study electron acattering (it |
:1: suggested that the radiative coi‘rection be determined in the elast}ic
Iaoattering of electrons [58]) and tor studying the action of electronrs
lwith an energy of 2 Mey upon the r};tttion angle of the plane of polar-
luauon in a f£luid [59]. i {
| The shart duration of electronl micropulses, inherent in microtronp »
I
jmakes 1t difficult to set up experpnents in which particle or quantt;
lcounters are used which have a .cq*mratiyely long dead time [6]. |

|
However, this drawback may be ovu'ho-e by using reasonably designed |
|
m;tu. l 5 ]
——S0 far the articles published py laboratory workers who have——

;b\ult microtrons have been dcvoted'r for the most part, to problm as |

i

pt_lt\ldying the accelerator muu"r No doubt, in the future, mere |
pnbn%attmmymwmm—pm&cﬁ -studies mpde -using’an — !
62~




T 7

H?@TBMW from a microtron. | }
|

|

l

|

B [

. ! |The modern 10- to 20-Mevy micro#:ron, designed on the basis of
|pro#:reaa made in this ares, will bE a compact accelerator with suf-
|ficiently high beam current. Thial microtron will probably supercede

. lthe betatron, which is at the prespnt time used in industrial defecto-
!scopy and in medicine. l

. |
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