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Abstract: T h e nonlinear fourth order ___- 
rosnnancc of the radial betatron oscillations 
have b 0 en successfully used for a SlOW 

extraction of the electron beam on the 1.2 CeV 
Synchrotron "Pnkhra". 

near by the exterior current sheet Of the 
first septum magnet, whose distance from the 
central orbit is xs,is equal to 

271 
Aa alt = -y-- A& . (2) 

Introduction 

N,>wadaye the family 0 f tllird order 
reL)onanceL: of radial betatron oscillation is 
usod on a wide ZCtllfS for an extraction 0 f 
PaA -titles from cyclic acceleratcrs. However 
sometimes it is rather difficult to 3PDlY 
resonance of these type for the beam 
extraction. ThUS for the 1.2 CCV Electron 
Synchrotron "Palthra" t h e distingished 
resonance uf radial be tatron oscillation 
vx=2/3 lies unacceptly far from the working 
point rjf the synchrotron. At the same time the 
fourth order resonan.ce 'lJx=3/4 is situated muc!1 
close to the point. This fact has impeled us 
to study the opportunity of employment of the 
resonance for the electron extraction [1,21. 
It wxs proved that for exiting the fourth 
order resonance the introduction of the proper 
azimuthal harmonic of cubic nonlinearity of 
trle guiding magnetic field is required. In 
present paper the extraction of electron beam 
from the "Fakhra" Synchrotron is discussed. 

Easic outline 

Required resonant conditions are 
fulfiled by two pole face windings, and therr 
are SeiIlaFatc.’ pairs ,>f quadran:s for ci ther 
winding. The gradient winding plased at the 
first and third quadrants brings the index of 
magnetic field f ram working value ii.51 
(I'x=O .802 ( vz=O.913) to resonant one 0.63. The 
necessary third azimuthal harmonic of cubic 
nonlinearity of magnetic field exiting 
resonance growth of electron oscillations is 
firming by octupoie winding. The winding 
occupies s e con d and fourth quadrants. The 
resonan: build-up of electron oscillation 
results in electron ttirov; into tile firs t 
septlum magnet aperture. This magnet instaled 
in the linear gap between the first and second 
quadrants deflects electron toward the center 
of ttie synchrotron. Having run over the second 
quadrant electron hits into the second 
extraction magnet which kicks it outside with 
the result that passing some part of the third 
quadrant t h e electron beam es:apr from the 
synchrotron vacuum chamber. 

At resonance the amplitude (of the radial 
botatrnn s:bscillation a will increase if the 
following condition will meet 

A .a2,,2. 
3 

I vx-3/4 I , (1 ) 

whare A - Ff$-jd 'k&, /d x3) is the amp1 itude 
0 

,rf naqzetic field, !! 3 , is tl;e equil;brium or!)it 
radiuc in the guiding magnetic field HC. In 

this c a 5 c the amplitude increment at two 
succerive par-cage (within four revolutions) 

U St 

( 2) 

of 
). 

The oxtraction efficiency is determined j 
by this exprsoslon. Having defined A3 from 

the boundary frequency datuning 8; 1’fkO-3./4 1 
can be iind according to known distribution 
the betatron oscillation amplitudes (see (1 

Extraction system equipment 

NGW we are going to description 
individual units of the 5 lOW extract 
system. 

Pole face windings 

of 
on 

Gradient winding: The gradient winding 
contains 38 straight conductors lying on the 
magnet Dolt which arc connected with reverse 
conductors such that 19 are internal and IS 
are external relative to the magnetic gap. One 
ampere current in this winding excites in the 
center of the working space the gradient equal 
to dHz/dx=@.524 Oe/cm. 

Octupole winding: T1.e octupo1e (cubic) 
magnetic field is formed by 17 straight 
conductors. The current in three centraly 
located conductors flows in reverse direct ion 
from current . remaining 
conductors [3]. s'px iE:rnal 

fourteen 
and fivr external 

reverse conductors are Used. The radial 
dependens of the field and the gradient of the 
vdintling are shown in Fi&. 1. 

Fig. 1. Magnetic field (I) and gradient (2) 
distributions introduced by the octupo1 
winding. 

On5 ampere current excites in the center of 
t.c 

3 s 
w rking s*ace 

d Hz/ax ~0.0445 Oe/cm'. 
the octupo1c field 

Besides required nonlinearity there are 
others accompaying nonlinearities. Thus it is 
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rather vssantinl the presence of the constant 
(dipole) comp.?nent of the f icld iiT,=-0.1 60 Oe. 

L 

At the large distances from the equilibrium 
orbit it ic appreciable fifth order 

nonlinearity d 'Hz/dx5=-0.~~~4 ~c/cm?. 

It can has an influerlc? on the particle 
mot ion at x a5 1 s result, the amplitude 

increment Aa B7c can be rnduced in comparison 

with value given by (2) [41. Indeed for the 
real "Oc tupole" field distribution shown in 
Fig. 1 dramatical changing is observed. The 
electron motion, on phase plane at the azimuth 
of the first septum magnet for 
parameters IAn= 4.956 A, 

following 
I 

x3 
= 10.5 A is shown 

in Fig. 2. The rate of the betatron 
oscillation growth reduce in compariscn with 
equation (2). 

-u 6 
? 
E 

.c 6 

aw 

0, * 
CA 

2 

0 

-2 

-4 

-6 

.’ *. *.* 

‘* l - . 
*:. .,.” . 
’ i ‘.,..en’ ‘.’ 

.” ,, . : 
. . 0.. 

. . . * -5 * :‘*.i,.. 9 ,. ‘*. . . 
+I- -. 

..-..” . 
. . 

*p lay ( 

. . .-:‘... *fi ~ g+ *,.. *?:;t , -. . *- . * 
. . * * 

,;<,.-.; *: 

? 
5 .: 

, : 

. . 
-4 -2 0 2 . 6 

DISPLACEMENT in ems 

Fig. 2. Comp,dted phase plot of the electron 
resc:~nance betatrnn oscillation. 

The third azimuthal harmonic 0 f the 
pertubation ir; produced b;l reversing the 
current direction in the 
going f 

octupole winding in 
rom 

amplitude 
secoyd c(u <(rant to fijurth one.-Its 

is iJ~HZ/d~~::=0.53(E-H_/dx7), WI1 c I' e 

(6 'Hz/dx3) iz constant Tii thin the quadrants 

[ 2 1 . linder r-uch connection circuit the dipole 
component of octupc'le winding introduces first 
ha:*manic of the azimuthal distcsrtion elf tklo 
eluilibrium orbit. 

Ejccti,jn mnp;nrl,:: 

F i r s t c "I'ti.LK __- inagne t : The fir: t s ug turn 
magnet consist of fcaur magnetic blocks wh i ch 
3 r c splitcd by three copcr bracket- [',I. The 
rlim+znsion of tht? gap are I.2 cm height and 3.f, 
cm vii dt k . Septum thickness is 0.1 cm. The 
fringing field at diztanco more than 0.1 cm 
from septum is less than 2% of the field in 
t h 0 core gap. At the maximum current at the 
first zepttim magnet equal to &?OO A strength ol 
the magnetic field in the gap is 80il De. The 
magnet length is 42 cm. 

Second Scpf,um mnxn.2 t : The second rep turn 

magnet is composed of four just the same 

magnetic blocks as first one. Its septum is 
water cooling and has 0.5 cm thickness. The 
field strength in the gap of this magnet can 
be raise up to 4000 Oc at the current 4DCiO A. 

Both magnets location relative to 

central orbit can be changed by means of the 
displacement equipment, in 5 cm range. 

PulPers 

The polo face windingc and 

mngn e t G 
scp turn 

are fccdod by four current pulsers. 
The pulres shapes are designed to work on the 
flat toI> part of tile puise nf the guiding 
magnetic field of the rynchrotron. Ttic leading 
edge of these puJ.sez is 1 mzec and their flat 
p6akS range 
rate is 

from .1 mscc to 3 mscr. Rcpetjt ion 
:> <I !-Iz . 'The: accuracy of current 

stabilization nt the flat peak is 0.3%. The 
possibility oi' dcformation of the top of the 
gradient winding current pulse ir forcscen. 
The range of this change is few per cent of 
the height. A standard current pulse in the 
gradient winding ir, rhown in Pig.3 at ttle 
bottom. All current pulses arc turn on 

Fig. 3. Oscillogram of a 
current pulse (bottom 

gradient 
trace ) , 

winding 
time structure 

of the external beam, 2 ms/r;quarc. 

simultan~o~~~ljr. Tlic triggering moment measured 
from the in,jcction can be YariatCd over a wide 
range. 

Ex5rnctinn~rnccsr -- 

T h e ~catraction wap .2 accc,mplizhcd after 
the electrons had rcaclled 6'70 MoV energy not 
far fi*sm maximum (of 
which has be c II 

synchrotron magnetic field 
sinuso idaly 

amplif,udo ,3 f 
changed. The 

accelcratinp voltage on 
synchrotron cavity was 31mc:st constant. 

the 
Duo to 

the rh arp radial 
intro due c il b y 

dop~zntlence sf the: gradient 
tki e octupctle 

csential to accurate 
fiincling it iL: 

select the frequency of 
ncc~zlerating voltage which dctcrminoz porition 
0 f the equilibrium 0 r 1) i t . The 
detuning of 

starting 
ttle radial betatron oscillation 

frequancy at whj cl1 extraction 
det,ermilled not 

is beginning is 
only by the amplitude of tklir; 

oscillation bul, ale<> by zyncllI*otron une. The 
dynamic of tkl c e1cctrnn beam at it 
acceleration in the "Paktlra" Synchrotron was 
invcrrbigal,uLi in Ref. [ti. It is 111 o'im t h a t 
both betatrcn and radial-phase ol;cillationz 
make :L xbntributioll into radial beam dimension 
and the latter is twice n:: mucil fnrmel,. In th e 
circum.ztances the range of the resonance 
3 c t i0 n i c ividenod in 
(,I ) 

bc i np, camp nrl T on v;i t}i 
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Time dependence of the circulating 
current at x : 0 w extractii‘,n mock is shown in 
Fig. 4. The gradient and octupole currents arid 
accordingly I*n=4.4 A and I ,3=2O A. Thiz 

picture is very sensitive to the Illn current, 

whose value is choosing that way to obtain the 

Fig. 4. Circullating current during extraction 
IjrO C CC 1; , 2 ms/oquare. 

*,ery smo;!th fall d<lwn of circulating during 
extraction currcznt. The typical extraction 
duration is between 2 and 3 msec, which at 5C' 
Hz frequency of repetition magnetic cycle 
cnrrfsponds to a dut,e factor of 15 per cent. 
Fig. 4 ttisplaies more than 80% of accelerated 
garticl<ds leaving the synchrotron vacuum 
chamber. The OCtUpOle winding current wa e 
chooseit to minimizs the gamma-quanta flux from 
the currfrit sheet of the first septum magnet. 
The flux given by electrons striking the 
sheet vias regictred by a scintillation 
Iletecto:- and al-1 ior,ization chamber pl3ced 

I: p p 0 c i t e thti r:cptum this 
reason there is ;r c,,ci~:"~~~,,~"l~ tag" I ~3 c uum 

chamber. Thcrl fine tuning of Ic,i currant W&Z 

carry *>ut. . Tile beam gocz VU% the ‘I' c uum 
cl!am!?ar t llroupk. an r n 12 - m 2 1 1 1 m c t u r aluminkm 
win&v;. 

External beclm - 

The wir,dow azimuthal ,position (3,h@ from 
t t; .2 z t a T t ,.,f the quailrant) i: detormincd by 3n 
amtrazurc for the extracted beam in 3 n 
3cCe:c1'3ti'r hall wall. Rcqulrod current: in 
tt1c f i r : t, a:7d the second -leI;tum naqr,ets arc 
eql,?l t 0 450 A znd 2460 A respectively. A 
pi-qfilc~ 0: t!lc external beam right av:ay the 
win do :'J ;Y a ; fintied by pho tograprry. The 
t,rnri::.ib2rcc ccc 1. ion of the beam is ellipse with 
.Jc-tical naiz ir . 6 cm and horisontal one 1.2 
3 m . (: en 6 82 1. i, f the beam at thr; window is 12.5 
cm away the zyn~ -hrntron central orbit. 

Time L: true t ure c,f the external beam is 
L' I i 0 wn in Fig.3 (uppfle- line). Located close to 
+, t-1 c L' 0 12 t c 0 f t h 5 beam scintillation 
gmma -qua:i ta dctcc tar h&r t, e 1-3 r: used. T h i :I- 
pulse inl:omoi?_unity a3 well AZ nature of :;tcgr; 
c, n Fig.4 -Jery likely ic cauzed by the 
manifestation of synchrobctatron resonances. 

Moving :hrough the machine fringing field 
ul~:ctron; undergo radial defocusing and 
vertical focusing. The bcnm sizes at five 
meter<-s aN3y from the exiting window 31'f 
vertical 1.2 cm radial 12 cm. Certain 
c 0 I: t I‘ i but i 011 s 1 n t c these sizes are making by 

multiple electron scattering 
air as well as changing 
synchrotron magnetic field. 
intensity has been measured 

in the window and 
of the guiding 

The external beam 
by an ionization 

About a third of chamber and a quantometer. 
all extracted particles has been catchcd by 

Measurerd beam intensity was 
the q"antometer'rO elcctror,s p,,p second. approximatly IO 

Conclusion 

Thus it has been caperimentaly proved 
that fourth order bctatron oscillation 
resonnnce can be succcssfuly used for slow 
extraction of particles from synchrotrons. 
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