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Summary 

The slow extraction from the main ring at 
NAL utilizes the half-integer resonance at 
UX = 41/2. Extraction elements are three quad- 
rupoles and one octupole. Two quadrupoles 
control the tune during the extraction while 
the third one is used to compensate for the 
tune fluctuation, thereby reducing the amount 
of the beam intensity modulation. The turn 
separation is produced by the average octupole 
field in the ring as well as by the special 
cctupole which is located in phase with extrac- 
tion quadrupoles. The size of turn separation 
is also controlled by a local bump in the 
closed orbit near the extraction septum. The 
beam has been extracted with the spill time 
up to 700 ms and with the efficiency of 85-90%. 
Together with a pinger, it is also possible to 
extract over 90% of the beam in less than 
400 ps. 

Since the tune is normally 20.25 - 20.30 dur- 
ing the acceleration, the resonance will be 
approached from below. The convenient ar- 
rangement is then to have the resonant quad- 
rupole and octupole fields in phase and of 
the same polarity. ?leasurements of the hori- 
zontal tune as a function of the orbit radius 
indicated the existence of a rather strong 
average octupole field (B"'/B' = 3-4 m-') in 
the ring up to -200 GeV excitation.6 Beyond 
200 GeV, the strength of the octupole field 
decreases and becomes negative above -400 GeV. 
The role of the octupole field is to produce 
a stable central region in phase space and to 
provide a proper turn separation. The stable 
area will be gradually squeezed as the 
strength of the extraction quadrupole is 
increased. Portion of the beam which is 
spilled out of this area moves along an un- 
stable flow line and eventuallv aets extract- 

Half-Integer Resonance ed. If the average octupole field in the 
ring is non-zero, there are two outer stable 

For the slow extraction of the beam from fixed points so that the beam always stays 
the main ring, two different schemes, one with within a finite area. However, these points 
the non-resonant target scattering and the are so far away from the origin that, for all 
other with the third-integer resonance, were practical purposes, the entire phase space 
originally planned. In spite of the promising 
prediction of numerical calculations,"' the 
performance of the scattering extraction at 
200 GeV was rather disappointing. The extrac- 
tion efficiency never exceeded -20%. Admit- 
zedly, the scheme was not tested extensively 
and there may be ways of improving the perfor- 
mance.lf3 The resonance extraction at 
IJx = 61/3 has been numerically studied in 
detail.+ For this scheme to be successful, it 
is csscntial to control the ripple in the main 
quadrupole current (10m5 or 1'~s~) and to com- 
pensate for the average octupole field in the 
ring. Lance tnere 1s no stopband, tne srabie 
phase space area reappears when the tune 
I~ro.ss~s the rrqcnant value and ccrtai n f:ac- 
tions of the beam remain in the ring unex- 
tracted. Correction octupoles, which are 
needed to avoid the beam getting trapped 
around outer stable points in phase space, arc 
tz) ri 0 ;~lejn5 trivial. For tiiese reasons, it 
was decided to try the half-integer resonance 
~er:'lractlr=n cat 'I.. = 41j.2 vith t5.e o?tioL of 
,-sing th i third:integer resonance kept open. 

':u3litativc teaturcs of t::e half-integer 
r~~scnat-~12 can best be scrn in the !!‘amiltonian 
:crm,ili.sm in which only a.Jer;,cJ,:+ 2nd rL-~sonating 
terms , that is, 41st harmonic cnnipcnrint of 
quadrupole field plus 41s: ;ind 82nd k+zmonlc 
,-cnpnnc.r.::; of 3ckupo! c' Se-Id, art2 retaizcd. " 

*r)l;I:rLlt;-J by CJr,i-;crsitii-;s fL:sc~;;rci: Association 
Il?C. 1;r.dl.r ccntract with the United States 
I'i:~:;iic I:n~:rqy Co1rmi:,:;.i~3:I. 

can be regarded as unstable when the strength 
of the extraction q-Ladrupole field exceeds a 
certain value. The similar damping effect of 
the average octupole field on the third- 
integer resonance is much more serious." 
Also, unlike the third-integer resonance, the 
central stable region does not reappear and 
the entire beam will be extracted. The nomen- 
tum dependence of the tune arising from the 
chromatic aberration of main quadrupoles 
!I;:~,- -2?Jp/p) and from the sextupole field 
in dipoles (C‘;x = -17'p/p) will make particles 
,with lower momentum extracted before those 
with higher momentum. In acaition to the 
octupole field strength, the size of the turn 
separation depends strongly on the radial 
position of the extraction septum measured 
frcm the closed orbit. For an efficient .ex- 
traction, a local bump in the closed orbit 
is essential ar.d this should be adjustable 
indup~ndectly 50r ,Josition and angle. 0 n Y 
disadvantage of the half-rntegcr resonanc'e is 
the eff‘cct of thi 4lst h,?rmcr,ic comI:o:lo:i of 
the main yuadrupole fiela (imperfc:ction 
field). If this component is too large, the 
>:,h<lsc of quadrupole and octupolc fields r,:-la- 
tive to the sept,zm may beccme uns>uitable fcr 
the ci=-tr7*cti ori 1. a. . 'The lz;czm ;%7ilIL 'i!:e2n "con:~: ec;;i:." 
at piJCC5 different from the siiptI= locaticn. 
The magnitude of :he imperfection field can 

Lc iound bv i-~,i;;-r-i!:~j th.2 
!:~ar.d arounr? = 41,/i. 

width of the :+t.:a::- 
"I% :llthough th:iria arc 

still some uncertaintie:;, the width si:i:m to 
be narrocer than 0.015 bc:yond '.200 GeV. If 
the extr.2ction quariru:>ole wcrc 3 tror.9 I:ncu(Jil 
t0 prG*3~iCc: 2 :;to~:bLsnd :: id-:ii t!lit i.; mucl; 
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larger than 0.015, the perturbation caused by 
the imperfection in the ring quadrupole field 
should not change the overall features of the 
extraction. 

Numerical Studies 

Extensive numerical calculations have 
been performed to investigate the character- 
istics of the half-integer resonance. In 
particular, the effect of ripples in the main 
quadrupole current on the modulation of the 
beam intensity has been studied in detail. 
The choice of the quadrupole and octupole 
locations, which is a compromise between the 
best possible place and the most convenient 
one from practical considerations, has been 
found to be satisfactory. Particles are ini- 
tially distributed in an ellipse of the area 
0.25-i nun-mrad and are traced until they are 
either extracted or lost (radial oscillation 
amplitude larger than 5 cm) in the ring. The 
starting value of the tune due to main quadru- 
poles alone is 20.395 which is sufficiently 
away from 20.5 so that the linear betatron 
oscillation parameters of the ring are expect- 
ed to be almost identical to those given by 
SYNCH calculation. When the tune fluctuation 
is more than iO.0001, which corresponds to a 
ripple of i0.25 x 10m5 in the main quadrupole 
current, thcrc is a distinct structure of the 
same frequency in the extracted beam. HOW- 
ever, this structure is mostly eliminated by 
adding another quadrupole and making its 
strength oscillate out of phase with main 
quadrupoles. 'The average octupole field 
assumec for the caiculation is B"'/B' = 3.6m-' 
which may be an overestimate for energies 
1:igher than 200 GeV. With this average field, 
the maximum turn separation of 1 cm for two 
turns is produced at the septum position cf 
2.5 cm. When the maximum allowed turn separa- 
tion is 1 cm, which is the aperture of the 
septum, the average turn separation for all 
particles is approximately 6.5 mm. Thus the 
theoretically predicted extraction efficiency 
is 96-98; for the effective thickness of the 
septum between 5 and 10 mils. 

Extraction Elements 

rL-- prizar;, zxtractien e1ement.s are two -ajc 
iron-ccre quadrupoles, one air-core quadrupole 
ar.i; one iron-core octupole. Another octupole, 
-.+hich Ls identical to \lhat is nclw in use, will 
be inst:;rllcd later. The maximum field . A 
strzngtb of iron-core quadrupoles is E'.6 = 120 
;,: ̂ , ;>p. ,-; L!-,'+ i;.d~i:?iux cf the cctupole is 
fi IIf ,, r 7 1 , r, i: 0 kc;;'m . "he first iron-core s:;'L-'d- 
rugole i.s ariven by a specially mollified power 
,-. 'J:>,*, 1.J. Ihis consists of tt;c parallel 
,Ci40~2:0A :or,2nsor. power s;pplie:;. Modi.fi.ca- 
ir. i ,J :-. 5 ~ri: 2-1 de to Ijrcv-de r:?i:pl ng ,73!;2Lbllitil::j 
'O-JZiij; :.,ith 5-11~ bnndwidt::) w:th inductiT1e 

,n;l,li!:l-j. TL'J GCttiiJole is driT7en by ;1 similar- 
;;' ::~cd.iL ieli s I;;-ply wi i_il ths2 .j;i:i:c C,ip<ibllitii;s. 
'I' 'iI Fe, ~;zhar lrcn-car> g-iuddrupole i:; a servo 
~;iL,LLlriJjil5LC Lund ;s driven by a 507j-5,Tn transis- 
,,;i *i -in.. ",,it:.A lco-:lz :---.._a..: &Cl- .i‘*l.iinL-ii“ t:: ;;.-.'c spill 
.-;mi:o!;ll.-:lij . ';':lih servo i;r,-:ser.tly utilizes the 
cir2~1,itin~; Lt~dn intens lty ir. thib ring to pro- 
-,1& -Lt.~:&,ic.c information. Xaj or componi~nti; 
:,2-:,.8j :1-z, 720 II::, 1,.140 llz ..nr! ?.,I63 Hz) of 
iLilt- Fi ;,[>I.i i?. Tii< n&in :juadrul;cl~- current are: 

detected and recombined to excite the air- 
core quadrupole with suitable phase shifting. 
The maximum amount of tune compensation is 
0.004. The test of this quadrupole has not 
yet been completed. It is hoped that this 
quadrupole would be very useful in reducing 
the amount of intensity modulation. In the 
typical mode of operation, the main quadru- 
pole excitation is increased to raise the 
tune from 20.27 at 300 ms before flattop to 
20.4 at flattop. The first iron-core quadru- 
pole is ramped from 100 ms before flattop to 
40 ms into flattop. At 50 ms into flattop, 
rf is turned off and the servo quadrupole is 
activated. Three sets of local bumps provide 
the vertical and horizontal position control 
and the horizontal angle control of the 
closed orbit near the septum. Additional 
bump to control the vertical angle will be 
added in future. 

Results of Performance Tests 

The extraction system is still being 
tested for optimizing all parameters involved. 
However, no unforeseen difficulties have heen 
encountered so far. There have been almost 
1,000 hours of 200-300 GeV experimental runs 
with the slowly extracted beam. Three modes 
of extraction have been tried, each for dif- 
ferent requirements of experiments. The 
first mode is the standard slow spill with 
the spill time up to 700 ms. Examples of 
this mode, shown in Figs. I - III, are all 
buffered ion chamber outputs. Modulation by 
the ripple in power supplies can be clearly 
seen in these pictures. In Fig. III, the 
structure with the revolution frequency 
(50 kHz) is caused by the ring only partially 
filled with the beam. Efficiency of the 
extraction depends critically on the align- 
ment of the electrostatic septa and the 
Lambertson septum magnets. Positions cf 
these units are remotely adjustable and they 
have been carefully aligned ;Ising efficiency 
anl loss monitors. Fig. IV shows the cffi- 
ciency and losses on the electrostatic septa 
and Lambertson magnets for different radial 
positions of the septa. The efficiency given 
in this graph is defined as 

E = SRM,/internal beam intensitll 

where the extracted beam intensity is meas- 
ured by integrating the output oT a seccndary 
emission monitor (SEX). Thi effz.cier.q is 
increased by approximately 7!; when the cctu- 
pok! is c,:citad to its: naxim:um ~,aluo . l-1 ow - 
cover , there Las been nc .;yst?matic optiniza- 
tion of parameters for this case. The second 
mode of extraction, >z::ic!l may be <calleA a 
coherent resonant cxtractlon, is accompII.::i:~d 
by brinq:nc: the: hi-rim clc:X to t:11; riis;ri;ainCe 
and t::en kicking it by a :>in3er' into the 
unstable region in phase :ipdcC. Fig. TJ L' >‘ gr,.j s 
i:hc s::crtest spill prlsstint;;r nttainabl2 w_ t:-. 
the maximum rate of ~._:cri,.isi i,l 'ihC E.xti;lcf.LCil 
guadrut;ole strength. bih::~ tht- p<.ng,:.r II- l~s~dd, 
9 0 'L, oc !:k:: besp, C-lJl I,*.- e,:Ji:r,?.cl:,~<j :17 -'I-..;,; ::i1,,n 
,400 i-3 with r.c loss of ce:!l:icic+lc;j. 'lni-1~5 is 
shown Ln F;g. ‘$1 whori- the beim is ~::Ctr,i,ci;i:~i 
once cvcr;: two '-urn:;. 'Tile third ;r.odi, r;f i':i- 
'traction IS a ccnhination of IL:-.e:;e t;,io ::lGd.':; . 
i+.pi,roxlmaiti~l.y 80': of t::i- beam i:; ~~:.:tr,:,ct~~i: 
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slowly and the remaining 20% is coherently 
extracted with a short spill time. 

Major problems to be solved are: 1) opti- 
mization of the octupole strength for the 
best turn separation, 2) unpredictable change 
in the composition of various frequency com- 
ponents in the main quadrupole power supplies, 
and 3) tune fluctuations (-iO.001) due to the 
ripple in the dipole current which is not 
regulated as well as the quadrupole current. 
The tolerance requirements on the tune fluc- 
tuation will become less stringent if the 
range of the tune to be covered during the 
extraction is increased from the present value 
(-0.002 or less to cover the beam emittance 
and '"0.004 to cover the momentum spread). The 
momentum spread of the beam can be enlarged 
by simply switching the rf phase at the end 
of the acceleration such that the beam bunch 
sits on the unstable synchronous phase. A 
trial at 100 GeV increased the total spread 
from 0.13 x 10d3 to 0.9 x 10s3 after 2.5 ms. 
One disadvantage of this scheme is the possi- 
ble motion of the extracted beam spot at 
places in the external transport line where 
the horizontal dispersion is large. 
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Fig. I. 

Fig. II. 

Fig, III. 

Figs. I-III. Examples of slow spill. The 
tlmc scale is 10 ms, 2 ms and 0.1 ms/div, 
respectively. In Fig. I, the frequency of 
the dominant component of modulation is 
120 Hz. In Fig. III, the ring is partially 
filled with the bdarr. and the structure with 
the revolution frquency (50 LIiz) 1s clearly 
:;een. 
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Fig. IV. Extraction efficiency and losses 
for different radial positions of the septum. 

Fig. VI. 

Fi . g V-VI. Coherect resons~.ce extr:lction. 
The time scale is 2 IT.5 and 50 ;,s/div, rC:jl, 
ively. Fig. V is the shortest spill atta: 
ble without the pinger. In Fig. VI, the 
pinger time is the sCame as the trigger tii- 
The beam is extracted cvcry two turns (42 
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LC . 
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