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& EDITOR'S NOTE =

The All-Union Conference on the Physics of ng1 -Energy Particles was he 1d in Moscow from May 14 to.
‘May 22, 1956. Papers on elementary particle accelerators were reported and discussed at the sessions of one of
the sections. Abstracts of the majority of the papers were publlshed before the start of the conference ("Abstracts
of tha Reports to the. All-Unlon Conferenca on the Physics of High Energy Particles,” Acad. Sci. USSR Press, 1956)

At the present tlme many of the’ reports have already been published in a number of joumals 1ncluding the
journal "Atomic Energy e

The present Supplement to the journal "Atomic Energy offezs the reader a group of reports which at the
present time, either have not been published at afl or published in incomplete form

Certain of the papers included in the collectlon were contributed to the CERN symposium on charged parti-
 cle accelerators (Geneva, june,1956), These Anclude the following: ‘"Magnetic Characteristics of the 10-Bev
Proton Synchrotron” by A.A. Zhuravlev, E.G. Komar, 1.A. Mozalevskii, N.A. Monoszon and A.M. Stolov, "Certain
Features of High-Energy Cyclic Electron Accelerators by A. A. Kolomenskli and A,N. Lebedev. and "The Sector

yclotron" by E.M. Moroz and M.S. Rabinovich, . e
The papar "Concegning the Theory of Particle-Beam Focdsing in a Linear Accelerator by System of ‘l'nm-

verse Lenses” by A.A, Sharshanov deals with the contents of part of the paper "Strong Focusing in Linear Electron
Accelerators” ( KN, Stepanov and A.A. Sharshanov) presented at the All-Union Conference on the Physlcs of High-/ ;

Energy Plrucles. ‘ : i
The reports published in this collection should be useful for s?ecl‘austs working with cyclic or'ltnear ele-

~ mentary -particle accelerators. <
: .
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PHYSICAL FACTORS IN THE DESIGN OF THE 10-BEV FROTON-SYNCHROTRON

Vi ngs,ier:_bA.A. Kn_ie,ménskii. ‘V.A. Pauﬂ_\'hov and -M,S, Rabirovich

Cyclic accalerators of the synchrotron type are uged to obtain protonswith the highest energies presently
available. All accelerators in operation or preposed forisccelerating protons to energies greater than 1 Bev are
' synchrotron machfnes.* In the majority of cases the apprn,atian of snong foruslrg is 2 cencomiiant of synchrotron

acce leration,

-

The theery of synchrotmn operation, deve loped by us in 1948- 1950 in conjum:ticn with the work carried

- out in studies of a 180-Mev machige of this iype at the P.N. Labedev Institits of Physics, Acauemy of Sciences,

USSR, and the construction of the 10-Bey tym:hretron have furmshed a reliable basis for delineating the design

principles. of machines of this typs,

In the present report, which is devmad to the physical facusn involvad in the- dasign of the 10 -Bev prown
sypchrotron at the Acadsmy cof Sciences, USSR,** the following topics are considerad:

. 1) a general theory for the moticn of particlas at different stages of thc acceleration cycls: injection by
the injector-accelerator, parncle injaction (..apture). the accalemtion phau particle extraction; :

2) the offect of different perturbanons, resonances in betatron and synchron'gn oscillations; = -

3) tolerances for the various parameters;

4) basic requirements for the auxilisry apparatus.

A number of related problems are.considered in reports devoted to a. 180 Mev proton synchro'tron model
which has been built and oparated at the Physics Institute of the, Acadomy of Seiences s e

We now give certain of the basic r.hnracteristics of the accelazator at the Academy of Sciences USSR wh!"h

arg used in the presemt reeort

Maximum particle enargy

Energy at injection

“Length of acceleration cycle
Mean particle -energy incremsnt per revo],ution

TR Oxbit radius

Number of suaight sections.
Length of each swraight secifon
5 Aperture of vacuum chambey
Width of working region (maguetic fielg index n = 0 55-0 75)
with the correction wlndlngs energized-
a) at injection .
b) at the end of accaleration ~

s e

10 Bev _ -
~9 Mev
3.3 sec
~2.2 kev

28 m
A

~8m

200 x 36 c® pos i

~135 cm .
~90 cm

~*In the Russian 'llteramre a proten -synchrotron (Qynchrcphasoimn) is 'customarily taken to mean a circular,

self-phasing accelerator with fixed radius, variable magnetic field, and variable accaleranon-voltage frequency.
*%As is known, this accelarator, which has been turned ovar to the Joint Institute for Nuclear Resenrch was

: ﬁrst put into operation in April of 1967.
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- be written in the form

* at any azimuth o can be given as follows:

. Effect of .Distortions of the Magnetic Field on.Particle’ Motion

s right-hand side of Equation (1), To

-

‘Betatron Oscillations . : BleS e
v 7 =

We consider the particle motion ina coordinate system based on-the family of coordinate lines formed
from the inst?‘ntangous closed orbits and the curves orthogonal to these orbits. It can be shown that the oscilla-
tion equation assumnes the following form e :

S 5 oy ) : ; :
shi Aol A (o) g (o) =0, Tz=p 5 (1)
where p and z are resp&ctivélythe radial and vertical coordinates and the primes denote the differentiation with
respect to o, the length taken along the orbit: . s - e :
; . 1-n(o) for radial oscillati
20 = 1 —n(o) for radia oscillations

n(o) for vertical oscillations

X is' the deviation from the orbit; :"kg(u) = ?:!'(—a)_; ' R(o) is the radius of curvature..’ ’l’hé“functjior: g (o) is periodic

with period op. In the cases which are of practical interest (far from resonance) the salution of Equation (1) can

G : ‘
z == De °°¢(c)+o.c.*), - t2)
where ¥ (o) is a periodic function (the compléx Floquet function).

The modulus of the function ¥ (o) and the complex -conjugate function y* (o-),. which wa i e
the Wronskian is equal to —2i, has a number of interesting properties.” The maximum deviation of the particles

Do)

A e D (o;) [Tiﬁt +®g (q‘i) (Y[nt o ,YOPI )2]v ' : )
’ : v LE din ® :
Yo = =) -

where yopt Is th optimum 'va;lue of the ﬁngular deviation 7.. The foéusing is characterized by e quantity #*(op)
which may be assumed to be the effective radius of the machine. If we reduce tb’(ai) it is possible to increase

, the angular deviation without increasing the oscillation amplitude. The minimum amplitude is achieved with

¥ = Yopt Where Yopt depends on Xinp.- This fact is of importance in long injection when x = p changes from
zero to pinj. the distance from the injector plates to the mean orbit. o :

.

" For the synchrotron which is being considered

L
“ CI’ (G;)=r13:‘—1.1,
whence it is obvious that the focusing. does not deteriorate by more’ than-5% because of the straight sections. Thus,
if the only éffect of the straight sections were on the focusing properties, these sections could be several times
longer. During the time of injection yopt varies from 0'to 3", “This quantity fs significant if one takes account
. of the fact that an error, in-the injection angle of approximately 10’ is sufficient to prevent particles from being
-captured in the acceleration phase. - ‘ Sl M : : ~

-

__ Distortions of the magnetic field can be taken into account if we introduce the functionq = q(o) on the
: y"describe any "nonresonance® perturbation it is sufficient to find the distorted
closed orbit. Of all the solutions of Equation (1), we are interested only in those which are periodic, i.e.,

-

~ sc.c. denotes the complex conjugate. -




5 .

: - : ol - S eg
% _t_]J_ (a) ¢t e - ;
Eu(e) = = (- *uva) S q(e) ¢“(¢)d¢ +oic. @
where # (o) is the Floquet functlon. N is the number of sualght se.ptlom; II is the petimatar of the orblt and u h
a characteristic, exponential index. :

This formula is not sultable for practical calculatlon- hence it is conveniant to expand Equation (4) either
in a Fourier series or in a series of eigenfunctions of Equation (1). ! ¢

' The.eigenfunctions of this equation have been determined and tabulated for the 10 ~Bev machine. These
functions were used in a calculation carried out to check thﬁ effect of dlstortions of the mngnetic field on particle
motion. . i . : Y

-Here we shnll limit outselves to a comxderation of certain examples. - Suppose the solution in (4) is expanded
in a Pourler series. As is well known, in circular accelerators (without straight sections) a decisive role is played
by the first harmonic. We introduce the resonance factor in the axp:emon fcm the orbit dlstortion :

a3
§

g S 1 ‘ i
: ~ == = for radial osci lntl
M, = ,';'req T G g e ra o l ons
] s oS : o Yoo, ‘1, S | ‘ ; e
e Mg : ksl for vertical oscillations.

ngs TE.s ot '
The frequency of rotation is taken as unity, Hence the ﬁm factor conesponds to resonance wnh the radial oscil-
lations for npgg ~ 0; the second corresponds to resonance ‘with the vertical oscillations for Nege ™1 Ina circular

accelerator these :esonances are found at the boundaries of the stability region; however, the presence of straight.

sections shifts the resonances toward the inside of this region. For example in the 10-Bav synchmtron Nres = 0.16
for the radial oscillations and “res = 0,84 for the vertlcal osclllations. ;

From the expression for the resonance factor My, o it is clear that because of changes in the values of
(Dres)p,z due. to the presence of the straight sections, the effect of field perturbations is increased significantly,
_All other things being equal, distortion of the instantaneous orbit turns out to be 30-40% gteamr and distortion of

" the medium plane is as much as 2-3 times greater than in & corrésponding accelerator without straight sections.

Calculatipns and experiments with the modals have shown that a magnet is required in which the distortions
of the orbit do not éxceed + 20 cm'in the radial direction and % 6 cm in the vertical direction. These require-
ments have been satisfied using straight sections approximately 8 metsrs in length; these sections are also accept-
able from othet points of ‘view (radiofrequency system, particle extraction, etc. ). A further increase in the length
. of the straight sections would impose more stringent requirements on the accuracy. of the magnetic field.

Resonances with Fast. (Betatron) Osciilauons

.

Resonances with fast oscillations are extremely dangerous. It is this effect which datemmm to a great ex-
tent t.he choice of the magnetic-field. index n. . s : 7

We use the symbol Qp z = _&p..z to denote the number of betatron oscillations exocuted by the pamcle

per turn. -
L

In a periodic magnetic syste m, such as the weak-focusing accelerator with straight sections being considered
here. the following resonances appear in the linear approximation: a simple (external) resonance in combination
with the parametric resonance Qp,z™ k, where k is a whole number); 'a parametric rasonnnce,(Qp z ™ K+ 1/2);
and combination resonances (Qp & Qz ~ k) — sums and differences bf the values of Q

The oxpresston for the' chuacteristic number pp z s of the form:

‘_,___‘ 2. 1.E. 2mn. . -
: noa Bp 2= cos_'TV_\—-"ZTI 8IN & _ : (9



e L is the langth of the straight section, * < '
'}.’or ésiinpié resonance with the parameqici‘resbmvnce"(o ~ 1) : 7

e
-

’7) ‘ R : NL - : ‘_NL‘ : : 5
Feetie s e - (Nyes), = 1:“3;;1‘*- o Anpesh &~ ooq = i (8) -
: ‘which ytélds »(rwxres)zv = 0.84. The first am_i-sécbnd_e1g§nfunc.;ions"_(harmonicé) of AH, are reio:_mm for p -motion,
- the first harmonic Hy for z-motion and the second harmonic of ‘An for p -motion and z-meotion (AHZ. H, and
~ An describe the perturbations). , -

R

- In the #ammetric resonance (Q ~ %)
e S N | i AL - =
. = » {?lreg)::‘ ’?‘ 0,75 -+ oy . (nms)z f\‘: 0,2{) — SnR : = = (‘7)’
~which yie 1ds (npgg)y = 0.79, (fireg)y = 0.16. The first harmonics of AH, and An are resonances for p -motion and -
the first harmonic of An for z-motion. - : = : :

: In »1ar'ga‘sync:hmtrons' (with N = 4) such as that being considered here, the nu;nsi-ical Qalues. in (6) and (7) e
- turn out to bs very close: ' 2 5 _ : : 3 : !

-

(Mres)p - 0.8, (npeg)p,z ™ 0.2.

e £ i -

- 4

= The difference resonance, which appears in the transfer of oscillation energy from the radial motion to the
vertical moticn and vice versa, corrssponds to a value : : == =

nres ~ 0.5, ' = =0
- when the frequencies of the p - and z-motions are 'eciual‘. If there are ‘_str_aight sections, in addition to (8)’thére
are still'two other values fygg, which lie inside the stability region alchough very close to the boundaries:

s NES = " NL \2 -
i g A g )er - TN AT CRR L,
. The sum resonance is encountered in a circular accelerator only at the boundaries of the stability region (g =
=0, Bpgy = 1). If thers are straight sections which satisfy the usual condition NL/4mR « 1, the production of
this resonance in 2 weak-focusing magnet is iropossible. - = ‘ : 5

_ In addition to the linear ‘resonances, under certain cqnditiqr}s»it turns out that certain nonlinsar resonances
are dangerous,-for example the resonance atn ~ 0.2, which corresponds to Qg = 2Q, and plays an important rele
in frequency ~modulated cyclotions. - -

- -

s An investigati.onmhas shown that the danger zone (in terms of resonamﬁe‘s) in the present machine is the re- -
gion in which-the following condition applies: / ‘ : :

- e

P

i = ' 0.55 < n < 0.75.

The widths of the resonances, which'depend essentially on the magnitude of the perturbationsiave been cal-

culated; an estimate has also been made of ‘the oscillations (or resqqanéé" damping) in passing through a resonance
during injection, the time during which the beam spirals into the target, and extraction. -

All these data have been used in setting up the requireménts on the configuration of the‘magnmic field in
the accelerator gap. : ' = :

We may note that different resonances play different roles in the acce iétaltion process. It has been shown
- that under certain conditions the effect of certain rasonances, particularly at n ~-0,79, n =~ 0.84, n ~ 9.5, may ;
be beneficial, for example in increasing the .injection efficiency or in extraction of particles from the chamber.

A :



. Resonances aind Noise Os-cilvlations of the'S’ynch’rotrou Osci'llationi

.We have considered the problem of resonance "blow-up due to the synchrotron osclllations in the accelera-
. tion process The results of the theory hlave been compared with experiment in an operatlng modal of a.synchro-
tron which accelerates protons.to energies of 180 Mev. It should be noted that the analytic calculations involve
'mmber of mathematical difficulties because of the nonlineamy of the basic phase equation, The calculations
were cartied out on a basis of asymptotic methods developad-by N.N. Bogcliubov and Iu.M. Mitropel'skii for use

m nonlinsar mechamcs. et

In the linear approxlmatlon the followmg expressions are obtatned fox the amplitude of the phase cscilla-

tions aftet passage through resonancss

ki

~_lin SR ‘ o | .
Amax = e . (1 =1 P :
B Tiept TERET TRl ;
alln & > u_15___ e - = S i i : -
% max - ‘)im@| 72 : 2 l. > (10) :
in S o = : . :
Imax = l/ z. ‘”ocot Pob;, > ‘ = . =

where hj, cj, bj are the amplitudes of the resonance harmonics for H, w,, V,, wy 18 the frequency of the acceler-
ating voltage, the amplitude of which is Vg u{, is the frequency of the small synchronon phase oscillations; ¢¢
is the equzhbrium phase. . :

In the nonlinear case which ls applicable to osclllatzons of H we use the approximatlon fo:mula

non-l . .l/'*‘ 3 g /e
e ngi-*"!u:ot’%[ “’m H (T:—n)—a;] i

- On the basis of Equations (10) and (11) we have sst the allowances on the resonance hatmonics h, “j and hJ
for whlch the amplitude of the phase oscillatlors remain less than one radian (the excursion of the facto; in brack=-

8t tu the right of @g approxlmately 1.5 radians)

(11)

il

_ The supply for ‘the electromagnet winding of the accelerator is a six- phase full-wava rectlﬁer the fn:st
harmonic of the field ripple is at a frecpeney of 600 cps.  For this reason the magnetic ﬁe 1d npple was. mvesti'
gated with ar oscilloscope. -

.Below ara shown the results of an analysis of these curves (obtained without energizing the special circuit
for suppressmg ripple) in a Fourier series*:
hege = 35\ 107 gauss; S : —— =
’h,,., = 107 gaﬁss; - .
 hygpp = 3.5 107 gauss.
~*In accordance with the last data the following values are obtained for the ripple ampntudes (in percent of the -
main field H) = : Lo

~ Fleld strength, | _ Frequency, cps’
3 gauss 800- " 1300 1808 . -
ey - 3 ~
150 - 2,3 0 0.3
A‘ 4000 Sy g £ -
11 600 7.8 o $.5 7
¥ !
= ; S i e
2 - o :
7 i 5 5 ?



: Calcu,lauons have shown that these harmonics. though smell in ampntude cun lead to an important excur-
sion of the phase oscillations. In the radio-frequency apparatus there is provmen for adjusting the amputudé" Vo .
”.'during the accelerauonr process 30 that the frequency of wg does not pass through 600 and 1800 cps.

b

E Hence ‘the most dangerous harmonlc is at 1200 cps; passage through this frequency cannot be avoided. The
: results of a caleulation of the amplitude of the phase oscillations produced by this harmonic are given in the fol-
lowirrg table where we show data eorresponding to different values of V. x

~

T - Vo, kv cos %0 %r};lx’ rad “goalxlrnn' rad fooa
; V& . ’ : ] . ) 4 e
] 9.8 - 0.25 0.9 0.70
5.8 0.40 1.3 0.85 /
4.8 0.48 1.5 1.00
4.0 0672 i “4.05
3 e Usix‘g a spec.al schame for suppressing ripple it was. possible to reduce the amplitude of the resonance har -
~monics by a factor of € or 7. : : S E o 7

Anotheér extreme ly dangerous factor for;the operation of the accelerafor is the effect of noise in the mag-
_ netic fleld, and frequency and amplitude of the accelerating voltage. The square root of the me an-square amp-
litude of the phase oscillations (at the end of acceleration) due to noise, is given.-by the expression

¢

(a”)’fﬁw—(mi’T)l/ﬂ, 45 7 s : (12)»

: where T is the acceleration time K is a factor which depends on the type of noise (for the magnetic field K =

= - Ry ; @is the spectral density of the norse defined by the expression :

< H@TDT

€

L N
® ¥ =
oo

So@

0

T :
= 7§ UL e (13) .
=0 o < 5

where () is the noise (for example, H = Hy + (1), Hy is the calculated freld) Starting from the requirement
that amax & 1 rad we can set the allowable spectral densities on the noise for H, w, and Vg:

QH 2.5 107 g /rad fsec),
W rad/sec,

@V ~9-1077 sec.

-

It should be amphasrzed that the methods used in the calculations do not allow us to solve completgly the
e complex mathematical problem involved in the loss of phase stability due to. resonance harmonics and noise and
- that these theoretical results must be supplemented by experimental work :

/

Injection and'Ca‘pture in the Acceleratron Phase

Different methods of injection have been mvestrgated- betanbn synchrotron, etc.; on the basis of the re -
sults of the mvesti.gation a system of fnjection which takes place in two stages has been chosen,

The first stage  in which the instantaneous orbxt spirals in with the accelerating field shut off — lasts ap-
proximately 200-300 psec. The second stage — in which the acceleratmg voltage is switched on and capture and
acceleration occur — is approximately as long as one period of the synchrotron oscillations (approximate Iy-1 psec).

Using a specrally developed analyt!cal approach we have calculated the injection efficiency for different
initial conditions and beam characteristics as well as various values of Vo and other parameters. To increase the
mjection efficiency provlsion is made for control of (compensatton) the first and second harmonics of the azi-

{



muthal asymmatry and the first harmonic of the pertu:bation of the ‘median plane of the magnetic field as well
as the values of n in the operating ragion over a range of approximately £ 0.1,

Entrance of Particles into the Vac'uum Chamber

A ligear proton accelerator with an energy W =9 Mev (with pteliminary injection at §00 kev) is used as
the injector fot the machine; this linear accelerator satisfies the foliowing requirements which derive from the
capture conditions: energy sprefad at the output — 10% of the particles have AW/W < 0.003;_ tha cross section of

-the beam fis approxlmatoly 1 cm, the ahgular spread is approximately 0,17,

To.achieve optimum conditions for trapping in the region between the linear accelerator and the vacuum
chamber of the synchrotron changes can be made in the opening angle of the beam. its cross sections (with respect
top and z) and the point at Whiuh it is inflected with respect to the axis of the chamber.

In addition, provision 15 made for changing the mflebtion angle of the beam axis in the horlzontal and ver -
tical directlons

Of the various possible Wa,rs of ¢ ouplhg the injector to the accelerator, which has a twolegged magnet yoke.
.it was decided to use that variant in which the beam exiting from the linear accelerator, first moves perpendicular -
ly with respect to the straight section. ‘The beam is deflected through 920° by passage through a deflection mag-
net (~175°) and a deflection condenser (~15%), In addition, the beam passes through a system of double correction
magnets (for parallel displacement of the beam), alignment condensars, which bend the beam axis and a systom
of magnetic focusing lenses. The deflection magnet also serves as an additional lens. A special system is pro-
vided which makes it possible to change the pole tips and faces of the magnet, thus making it possible to change
independently over wide limits the focal distances in the horizontal and vertical plana:

Extraction of the Particle Beam

_ The construction of the machine makas it possible to carry out experimental work with tha—ex‘uacted pra-
ton beam as well as neutron and meson beams which are generated on targets located inside' the chamber, The
targets which are intended for this purpose are displaced along the radius as the magnetic field is changed. This .
provision guarantees collisions of the beam with the target within the operatmg region which is reduced because

. of the effect of saturation of the magnetic field,

The geometry of the straight sections makes it possible to extract (on the outer sido) nagativo mesons with
energies almost equal to the maximum energy possible, i.e., approximately 9 Bev. In principle, positive mesons
with energies up to 4.5 Bev can be axtracted (on the inner side)-in the region inside the accelerator ring, The
beams of extracted mesons are analyzed and partially focused by the magnetic field of the synchrotron, Itis
proposed to achieve further focusing by the use of a system of quadrupo]n lenses. It should be possible to extract
comparatively low -energy secondary particles through a window 1in the magnet yoke in which are located lense; \
which provide addiuonal focusing : -

we hive investigated the possibility of exttacung the proton beam using the discontinuity of the Imtanta-
neous orbit due to loss of particle, energy in the target and the application-of a deflecting magnet. A detnilod i
calculation was made to study the paramcters of the beam extracted froih the synchrotron chamber as a function = ..
of particle scatnering in the target, energy f!uotua‘tiom. and the dimensions of thie particln spot" on the target.
It was found that the use of'a deflection magnet\with an inhomogeneous field improves significantly the charac-
teristics of the beam for extraction in the' straight sectiom both the” beam cross section'and the divergence angle
~ in the horizontal plane are reduced and the panlch damity is increased by approximately a factor of 10.

By steering the beam -onto a' target using a slow reduction of the accelarating voltage i is possible 'to 'stretph
out” the pulse 0 100 psec; this fean.ue is found useful in a number of experiments with the baam,
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MAGNETIC CHARACTERISTICS OF THE 10-§EV PROTON SYNCHROTRON OF-
SLE IOINT II\QTITUTE FDR NUCLEAR RESEARCH

Y . 4 L 3

2K Z,h.ura_lev,‘ E. G. Komar; 1. A.'Mozalevskizi,,N. A, Monoszun.
and A, M. Stolov. :

General Remarks

R The magnetrc field of the proton synchrotron at the ]‘olnt Institute for Nuclear Research is characterrzert .
- by the followmg parameters:

Peak magnetic-field mtensttv at the equilibri.um orbn: (R = 2800 cm) “Hmax“‘ 13, 000 gauss.
‘ Freld intensity at inj ection. Ho= 150gauss. ,
: Gap hetght between the poies at r.he equilibzium orbit § == 40 cm.
. width of the pole piece b =200 cm, '

‘The quality of the magnetic field can be charactenzed by the relauve dimensmns of the chamber region

5 =

(with respect to width}), over which the fieid mdex n= ﬁ—%f-— : }R{_ is approximately of constant value. by the

size of the azimuthal non-uniformines in the magnetic fiel.cl, .and by the departures of the surface of magnetic
% grhere H, 00) from the median plane of the chamber (r =R--Ry is the depatture of the radial coordi -
nate TV

Any increase in the energy of the accelerator which is assocﬁted with an increase in the ratio of the radius
to the intensity of the magnetic field at the equilibrium orbit requires more stringent maintenance of a given
 radial relation for the magnetic field intensity since insignificant departures in‘the 1m:ensity of the field from
the desired relanon lead to a sizable change in the index n. :

\

. Distortions of the ' " gradient" of theintensity of the magnetic field can be produced by inaccurate

dr
: machinmg of the gap proftle, by residual magnetization, and by gynamic effects w}nch are associated with the
¢ time vanitmn of the intensity of the magnetic field, Changes in n due to maccurate fabrication increase-as

the ratro -—~ decreases. In the electro»magnet of the proton syﬁchzotron at the Ioim; Institute for Nuclear

Researcn the relative gap stge is small being 1 43% The effects of the residuaL magnetitation and dynamic

k R ]
processes in the magnetic system are proportional to !-?:5_ . The field mtensity at mjecutm Hg usually decreases

as the maximum energy of the accelerator is increased Wi.th relatrvely weak Injection fields and small values

“of the rano —:- the distortmg effects of the residual rnagnetization and. dynamic procetses are increased.

Because of the small radfal dimensinn of the chamber, which is 7% of the total radim “the tolerances on
the azimuthal non-uniformitres of the magnetic field are much more stringent

S The relatively small di.mensmm of thie air gap of the accelerator tend to restriet pq,ssible devrations of

.
e
>



the surface of magnetic symmetry of the acceleratot from a plane; in turn,this makes more severe the :equlre-
.ments on the displacements of the pole piecec and on the eddy currents in various construction elements {for
example, the vertical walls of the chamber). :

Because of the need for meeting extremely severe magnetic tolerances, 1t was necuaary te work out
effective methods for correction of the magnetic field before the accelerator was built: A smail model was
built for preliminary investigation of the magnetlo characteristics; the final study of the magnetic characteristics
and the development of methods for oorrecting the magnetic field were performed on several segments; each
segment is 1/48 of the cireular magnet

., Static Characgeristics ;

The required magnetic field index was provided by using ¢onical pole pieces (Fig. 1) (with an angular
opening o« = 9.3* 1078 rad ) with beveled edges In Fig. 2 are shown curves for the magnetic field index n
over the width of the magnet gap, obtained in 3 segment with field intensities varying from 2 tc 13 kilogaun
The measurements were carried out in the median plane of the' magnet under static conditions (with the exciting
coil of the segment supplied by direct current). With a field intensity of H, = 2000 gauss at the center of the
chamber the width of the effective working region, defined by values of the field index which da not come too
close to resonances (0. 56 <n< 0.75), is approximately 160 cm, An experimentally determined magnetic field
distribution curve is in rather good agreement with the results of a calculation based on the assumption that the
magnetic permeability u = . With-a field intensity of 10,000 gauss the width of the working region is 90 cm;
with a field intensity of 13,000 gauss it is 35 cm. The use of windings located inside the chamber makes it
possible 10 ificrease the dimensions of the effective working region up to 80 cm, at 18, 000 gauss a value which
is more than sufﬁmem at the e;{d of acceleration,
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y In Fig. 3 are shown values of the field index at a field-intensity of 150 gauss, obtained for various values
of the residual field Ho, prior to excitation of the magnet cofl.” When the current is reduced slowly the residual
‘field is 43 gauss, Under these conditions the dimensions of the working region at the beginning of infection are
found to be too smali because of distortions due to the residual field. : :
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Fig. 4. Azimuthal vatiatidn’of magnetic field under static conditions. :

¥

By ‘emagnetizing the magnet with ac it is possible to reduce considerably the value of the residual field
“ and its distorting effect. With a residual field intepsity of 3 gauss the width of the working region is 160 cm
with a field of H, = 150 gauss at the center of the chamber. A spécial device has been developed which operates
automatically in the period between acceleration cycles to reduce the remanent field. This apparatus makes it
possible to change the demagnetization conditions and provides the required accuracy in reproduction of the
mode'of operation. : 2o & g o Ban, ‘

A In Fig. 4 is shown the azirruthal variation of the magnetic field intensity under static conditions as obtained
in‘a segment of the accelerator magnet with various values of the magnetic field. The distribution curve con-
tains negl/i'gibly small Harmonics; these have virtually no effect on the acceleration process. The cores of the

. magnet are provided with special windings which make it possible to compensate for azimuthal non-uniformities
at the first and second harmonics. There-are‘two windings for each of these harmonics and each is shifted in

- phase with respect to each other by 90°; thus it is possible to vary both the amplitudes and phases of the correct-

. ing fields, o : : ' il

}
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- Because of the rigid requirements on the azimuthal uniformity of the magnetic field, it is nece.u'lry\to
. takKe into account inhomogeneities introduced by leakage currents in the water which cools the winding. Por
this reason a scheme for cénnectihg the quadrants of the magnet was developed such that the leakage currents
could not produce a first harmonic inhomogeneity in the fleld Al i o T ‘

¢ A L Ry
i ; : P (R .

Z- 1z

. Fig. 5. Diagram showling the connections of the quadrant e bt
windings and the effect of leakage currents on the azimuthal
~ fleld distribution. - e ' 1

3

~ : In Fig, 5 is shown a schematic ﬁiqgtatﬁ of the method of connectt ;the quadrant ijn_tl;ngs: and a roujﬁ ,
picture of the azimuthal field non-uniformity AH produced by leakage currents in the water which cools the
windings. . Al S e ' . T i

Az

Dynamic Characteristics ‘

j The dynamic studies of the magnet segments were cagried out by supplying the windings from a special
source which furnished triangular current pulses. The field rate-of-rise H was approximately 3,000 and 1500
_gauss / sec. As is apparent from Fig, 6 the azimuthal vaiiation of magnetic ﬁel&mLmnb(;y under dynamic
conditions does not differ essentially from the field distribution in the static case, The only differences are in
-, the somewhat larger amplitudes in the higher harmonics of the azimuthal field non-uniformities.
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J Fig. 6. Azimuthal magnetic field distribution under dynamic conditions,

; In' Fié. ’} are éhowp curves of the magnétic field index as ap‘ﬁzp'c't'ibn; o}'_ coordinﬁte (across the width of 1
the accelerator chamber) for a field rate-of-rise H = 3000 gauss/ sec. In this case the residual field s not
~ taken into account. i Nty : T S e T
: : 'vln;comzras,t to the statil_c cm, in which the functions n = f(r) are approximately horizqntal"unu within \
~the limits of the working region, in the dynamic case these functions are approximated by lines which are
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inclined with respect to the honzontal axis (Pig 8). The slope angles are reduced as the absolute values of the
field mten,sity are iﬁcreased and at 150 ges essentially independent, of the rate-of-rise of the field..

In Fxg 8 is also plotted mtensity dismbunon for the additional ﬁeld AHg produced by the dynamic effects.

In: contrast with the effect of the residual field, ‘the dynamic effects lead to an increase in the field intensity

at the edges of the ehamber as companed with'the central part.
!

N

It is easy to show that ;{,the dy&’amac distortion of the field index is defined by a straxght line of slope
. B wit respect to the abscissa this dlstomon can be compensated for. by a current of densny i at the surface of
/the po‘e pieces, where the densny increases in approxunately linear fashion from the center to the periphery:

J 5 ” ’
[ \ 2

i ~;=OBH¢ )‘p [1+ B ]a;mp.(cm.

The effect of a surfacé current with vanable densny can easily be obtained by non-umformly dismbuted
conductors, through which the samie current ﬂows.whlch are placed over the surface of the pole pieces; this -
~ current has a time variation that corresponds 10 the changes of. AHg _ voltage to supply the compematmn
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' windings is provided by the électromotive force induced in these windings &s the sccelerator field {ncreases, A
schematic dia.gram of the compmnuan-windlng circuit is shown in Pig ‘9. The required cusrent time variation
= is obtained by an apprqpriate seiection of the rqal and inductive parts of the. load.
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 Fig. 9. A) Compensation scheme for &ymmic dis~
" tortions (R in ohms, L in henrys); B) the current
rate~of-rise in the compensating winding.

/ " T
=075
b ’ :
7[;’" At . 7-0.554 /.
5 H a5 S
SRR U T | [weonog)

S s 7 A e SR RGN T e R | SAT A .
\ O Re3900 o Redgc o Re2900 ;

Fig 10. Variation of the field index in the 8ap after compensation of dy-
namic distortions, : ;
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In Fig. 10 is shown an expeumental curve for n=f (r) obtained with the compensation wmding connected
as shown in the diagram. The methods’developed to correct distortions in the fleld index make it possible, by
changing the mode of operation of the c‘ompensatmg units, to use the mutually compensating effect of the re~

: ..idugl magnetization and dynamic effects. s e e

1 -The departures o£ the surface of magneﬂc symmetry from the median plane of the chamber are due to
s dynamic effects and inaccurate adjustmpnt of the pole pieces :
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