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TRANSVERSE SIN'CLE PARTICLE INSTABILITY

' IS THE KAL 500 GeV ACCELERATOR

K. Stiening and E.J.N. Wilsont
National Accelerator Laboratory, Batavia, U.S.A.

i . Abstract '

' Experiments reveal that single particle resonances,
driven by field imperfections licit the 8 GcV acceptance
of the NAL =ain-accelerator to protons with betatron
oscillation amplitudes less than 8 ci. It is observed
that resonances driven by random azi—uchal field
fluctuations are cuch weaker than those driven by
average field errors acting in concert with the super-
periodicity of the accelerator. This consideration
dictates the choice of operating tune. Correction
magnets are installed to compensate zero harr.onic skew
quadripole, sextupole and octupole errors. Separate
control of dv /dp, d-j,./dp, i-v /if , and d2vv/dp is
possible in an energy^depecden't nanner. High aziciithal
harsonic patterns correction oagaets are used to
eliminate, dipole, quadrupole, sextupole and skew
•sextupole resonances adjacent to the operating point.
A description of these system and the improvements
'obtained are given. • '• '

1-6 '

FIG.J Loss during main ring loading and parabola

;I.' Introduction • j
: * t

'• The NAL main ring is fed with twelve batches of
8 CeV protons delivered at 15 Hz repetition rate by the
fast cycling booster. These are loaded head to tail to
fill the circumference of the eain ring and during the
Loading sequence which lasts 0.8 seconds the cain ring
Bust act as a d.c. storage ring. Once the loading is
cocplete the guide field rises pacabolically until, at
about 20 GeV. the caxiaua acceleration race is reached
and sustained to full energy.

Soon after this injection schcae was first
implemented it became clear that a considerable fraction
,of the injected teaa was lost during the loading
Sequence, Each batch decayed expose-tially with a tine
constant of less than 1 second and this loss continued
during the parabola, tailing oif to zero near 20 GeV
(Fig. 1). The fraction oE the injected beaa which
'survived to full energy was rarely higher than 35J and
;the peak intensity was United to 10'- protons per
pulse. i

• . • !

1 Improvements in the intensity delivered by the :

booster, which inevitably resulted in a larger trans- ;
verse eaittance, did little to raise the high energy
.intensity but merely augxented the losses.
i

* Preliminary experiments showed that switching off
the r.f. did not affect the loss rate nor was the loss
[diminished on those days when the brightness of the
injected beaa was low. This suggested that the loss
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"was due to a transverse single particle acceptance
limitation rather than.a longitudinal or collective
phenomenon.

The acceptance liaitation seeded not to be a '
purely cechanical obstruction. Measurements ot Lean ;
profile and the closed orbit distortion after correction
revealed that ttye beaa occupied only a 20 D dis=ater
central core of the 100 n s iO a section vacuua !
ohasber. Moreover, one could bu.-p the beaa locally at ;

any point in the cachir.e alcost to the vacuum chamber ;
wall before any mechanical obstacle killed the beaa. ;

On the other hand we found that the loss rate was '
very sensitive to the current in the main quadrupoles ;
of the FODO lattice which affect the tune (v. , v,,) and '
to the strength of the sextupole magnets which hid bear,
installed to reduce the large chromatic tiae spread in
the injected beaa. |

• . - • • • • • • . j

Ke suspected that there were strong resonance lir.es
•in the working diamond driven by non linear imper-
fections in the guide field and that these were res- :
ponsible for the losses. We therefore cocsenced a ;
prograa of studies, which included improvements in '
.techniques for ceasuring betatron motion and the
installation of aultipole correction magnets, with the :

intention of cocpensating the non linearities and.
reducing the tune spread in the beaa. The remainder of
this report describes this work which, at the tiae of
writing, has improved the nain ring to the point that |
.it will accept and accelerate over 10 1 3 protons per .:
pulse rejecting under the best conditions only 10 to ZOZ
,of the beaa presented by the booster.

I
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J2. Exploration of the HAL V'orkine Diamond

i Figure 2 shows the position of the nominal in-
jection tuae of the oain ring in relation to the more
'important resonance lines. The lines arc excited by
randoa aziouthal variations in the non linear im-
perfections in the guide field. . '.
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.FIG2. Working

• The F and D sets of oain ring quadrupoles are ' :

connected in series but are powered independently of
the dipoJes. By changing the ratio of quadrupole to
beading cagnet current we were able to scan the working
point along a line v^ - v « - 0.08, parallel to the
diagonal coupling resoaanie \> - v » 0. The saall
difference in the tunes is due to £uide field ia-
perfections. The configuration of the F and D quadru-
pole bus bars allowed us to shunt a saall fraction of
the current froD the F to the D systea through a pulsed
vacuua tube power supply: the tune splitter. In this
vay we were able to control the tune split, -J - v ,
and scan along i variety of lines Dapping the*worlc¥ng •
diaoond at injection. .

I He calibrated these canipulations of the F and D
quadrupole currents against r.-;asure=eats nade by .
kicking the beaa with a "pinget" dipole. This consisted

• ot two turns of copper pulsed within a nachine
revolution frora a saali capacitor bank. By injecting a
single booster batch and photcjraphing an oscilloscope
trace of the signal fron one of the standard capacitive
beam position detectors one could exaainc the beat
frequency of the coherent betatron oscillations and
calculate the fractional part ot" v or v , dividing the
•nuober of beats by the nucber of nachineyrevolutions.
We also deduced the tune spread in the beaa froa the
rate of decay of the coherent signal and fron the i
vertical oscillations induced by a radial kick could !
measure coupling between the t-.-o planes. Ue did not
jfeel we could entrust disentangling these three j
signatures to a core convenient autonated process at i
this stage. I

j Since we were interested in the influence of the I
• resonances on beam less we measured the fraction of !
;Che beam surviving by sampling and digitising a beaa I
; intensity monitor just after the injection of a single*
booster batch and again 400 Billiseconds later. This i
quantity, the transmission, ve r.easured-with steady '
'8 CeV cagnet excitation and with the r.f. switched on
. It proved to be a powerful probe in exposing the
resonance lines and reliable index of Che overall

; transmission of the nain ring to high energy. :

i We were fortunate in that ve were able to aake
these injection studies parasitically with a special
booster batch injected each cachine cycle before the j
main batch sequence destined for acceleration to high '

:energy.
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Figure 3 shows a contour plot obtained at the j
outset of these studies by ceasurios 8 CeV transmission
as a function of \>x and \i . Clearly the influence of i
the resonance lines extends over the whole working
space and there is no one place where sore Chan 70S of
the beaa survives, i . .

Beam survival is besc close to the diagonal
coupling resonance « x - v « 0. But in this region
there is a danger that this coupling will transfer a
large horizontal enittance into the vertical plane and
our method of v oeasuresent becasc confused. One of .
the first corrections applied w.is to coapensate the |
skew quadrupole imperfections the guide fitId which
drive this coupling. ' . •

;5« Correction of Skew Oujdrupole Coupling x"
i

I Coupling between vertical and horizontal phase

;planes can be driven by systesacic skew quadrupole j
;imperfections in the guide field such as night result !
i if all the quadrupolcs of one type were rot.itcd by a :
fraction of a ni H i radian about the beaa axis. An . i

' • • » < •
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v - v_ i

j where: It is the skew quadrvpoia **„/»*. J» /»y
I |0, the easnetic rigidity
' f ( the betatron functions

i Within this band a vertical pitsj would generate a
'coupled horizontal coherent oscillation of frequency
vx " vy * ° * ot *=? l i t U ! !* :-

«b fcds

• where ab is the coupled asplitude horisontatly
a is the pinged asplitude vertically.

» *
1 To distieguisa between this effect and skew
quadrupolc cc=pasents due to re=.ir.«.-.t and stray fields
Che experistnt was periersrd at ISO CeV. k'tch a tuae
split, vx - v • O.I, the coupled asplitude observed
va« toi of tha; ?*i*r-5:i.4 bf cs« pi<sg jg its own plane
and the o*ctllc«ra:> clearly sr.o<«d en* beat 'regency
v - v (ttn terns per v^veler.gtn for » - v • 0.!}.
Taese beats were of c;;osiee ?->as« in tSe tv5 planes. .
Usiet above exprcitton we calculated the ar-ete of roll,
about 8 cillirjJiJ-5, to be applied to 12 e^-jatly
•paced quadrupotes to neutralise the civ?!it-,;. This
adjustment reduced the coapiinj effect by alsost aa
order of eagnitusic.
I
' Ve repeated the e*^eri=ent at injeceien, corrcctir.f
the average skew qmdri.f«>le ee=?sn«nt by aijustir.t
twelve d.c. skew c/jJir-pjU aj^r.ets and we luur.i we
could elisir.aee the coupling even wiven v - v was even
less than 0 . 1 . *

rir.jt

*• Cowctten of Chrts^ticity

i Kajnetic ceasurcsents shew that the ii
dlpole assr.ets hsve a rcaar.ent fietJ vhoi*
"isperfectioa is a jcxiupsic t«rs. "h« title jails
parabolical ty tewjrii tJ-.c «de«s of the f»tes. K>»
average derivative i*:-

: d'ly/dn* : C O S T »"2

; This field distortios can be undtr»coa<! qualitat-
ively if or.c rc=cs:«r> that itux lin«* in the iron
rooted at the centre oJ tJs« jotes ar* longer ifc*» these
(roe the edge. Zt.t ree^Rent eagr,eto rattvt force,
/Hedt , is larscr eear the pole centre.

The chrosatieity 'in each phase plane produced ky
this sextupote shape is
•

: (dv/v)/(dp/p) • 9 '
i j
seven tises larger than that due to the easer.tus
dependence.of the tesmir,?, *tr«n^th of the lattice.
Vecorrccted it vesid tntr^iuco a tune »t>r«.ii of
.6v • s O.C? for a s t a t u s r,je<ijj Kitlii.i tin beaa «f
}1 O.S o/oo, CCJi-jrcJ I-;/ O3Sofi-i;:,; tiic t i s* t3*cfl for
the coasting inj»s:e«S seas to lo»e its il X.H r.t.

'averate roll of this sagnitude could quite easily creep'
io during the surveying of the ring but could be
'eospensated by rolling a few quadruple* in the opposite
tense. Significant coup H a t i* to be expected in a
.region centred on the line v - v • 0, of width:

'structure. The half widths'quoted are those at the
.half heifhc of the distributions.

. Our inc. the early cesaissioning of the oachine air •
cored seKtupotes nai be«Ti installed to correct this j
; large chresaticiey. These ttad been placed in all bat |
'• (aw oi the «hr>rt straight section (paces which fetlou
each aiin rise quadruple. Ti;o'.c near F cuair-;i3tc« :
iasd those near D quadripoles should ideatty have been !
'separately pavercd to neutrals*e iv ftp and «v /5p <
independently but for practical rej?o;ti all t e M u p o U s t
• ware in series and puvered with a «ir;>!c square ?j!s<t j
coveriflK only t!:« injection period and the parabola.
They vare therefore not ideal coots for accurate
chrosatictty control. ' -

fc'e ceasured the u spread in each plane at a
• •( points in the acceleration cycle by co-jneinj; ihn ,
ouaser tti cjehtne revaJusicij t»«c a pi»^«d cs.'-crir.e >

.betatron oscillation toy* to »s«*r to itaii its criminal
sienat »trett{t». For a Cau«sian tune iJincrib-jiio;: --;.j
reciprocal of this nvsiiet it a seasure cJ the e»«;<=4 i
(2a) spread in tune. Figure 4 sh«vs the way in «hi^i :

the eun* thread deveioped iiurinc the c y e k . Starting

» « > 1 > • i i

1.

i '
-frea als«st pcrf«ss eoT?tns*tten is the vertical
the ehre»ati«ity esansts in eash fjsr.e iariss the
rar^oJm at «&!? current
the vicuva ch«s.'»er. Ifie ftcs

at atsa*: doubte its tajectien vAlve in
u£* transiticn. this ivtixet ttti* to .*v. Tha

ed{c* of the froi^n |rc(fjl.tt ion cross the third anJ
foure:. order

I Ve therefore i n u a l t c d a nev set • ( iron tertt
jteKtupoles viiit i««tafer.<;<!?,t control of tJ.a *tl n s «
§F «A»a«Jruj«!«* *s4 «!t* te t next to 3 q«*ir«?3i<!*. ?!-
.Current* i« F and & u t i *»e tetated to SJ-,*r «£•._ /<{? A
*» /4? via a tinjite 3 * 1 s i trtw tr*:»*forpi:ift v! i«
was S t i l t tnt# the custr«t nil VATS IO

c t s i ro j in the tvo

to

J. I
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• Xtm t in* 4tw»ioj»s«B« of (•ntvpot* ieji#rf«ctio«ii
c*«C*iet*° tht«* <ospc»*att: a *t*ady oa« due to :
ttaintaC f i t Id*, • ces;<9n*nc proportional :o eafntc :
• • c i t a t i o n (I) ar.sl due to th* £«<?=stty o< th* eaift r i n j
4ip»t«t an* ti<i*ily a eos?er,*n; fifi-mt 4* <!3/4(,
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• at th« r«sj.tt$tt **«t-j?oU fitfiij* r«tsossibl* far th* !
• ctwosatUity. •* !«»ev that the r*=3ftet;t iield* tfl tht"
4ifot* csgnatt ccf.itfacetd ires tfnsivufftee Siat^ationt (
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, Setkiag *• is?r««e the tir.s^rity o.' t!s* »c!tis>«
; ftttlt further w* secured tfte *fc£?l&Cti£e d̂ *̂
* (M tase fey fiajir.; centring efcillfttsr.t- ci
• * f aspiitvAt* *si aditfStieg * te: o( d.c

•*Is|4fffciieat in sf.« tattic*

'with aa r.f. t^=?. K*
• a f tat cur.**.' 3a:; arrtv«i *s ih« ear*

« in is
. Cst

. t ! l *«w • K*"'. Sat i
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. thU
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J rt«» * " Contour cadet of . .„. , - . .«. .„„,
» • " •

riptr* i tfcowt a es ie l of t!iis dt4=Md» contemn ;

with (to harseaie c»rrcc«ien »jf?ti*4. The integer f»a» '

oJ origir.at dias«RiJ. The regies 4rcv»j 19.1 giv**
hs£h«r tr^nssittion assJ r,-jch xzt* etss« resa to

in i!w wsriinj paint <!•-•« ec aagset I

r.,-ty, i t v^* decidttf t» c^»s«* Sht «»{><rvj«i<>»4i t
ftg faint fartanenciy Cre-s 20.: to £9,2 *r,4 t

in 4e«cU»s«d bcia hat j

I

? dessastrastd cht
eifees e{ R«« Jsj.*ar fitsd it?ffft<si«a* ia «5-.s «a;4« •
****** •* «* *??«»«« ires sr^««s**iaft »£«» it*.* j
rig. i i t i it aiJ«ii«tJ ©v«r * znh '

tttai tJias (it* eU4*ssiJ 4it,?iMS(j viitH SVBS t&ea I

l int
f a£ she tws*

»iR4 »* t s i l i isift? S

eo «s»*tfvsc

; of tNe fetja lest attcr injeesias.

the

A* a rtfluli of thsee ca^eristflt* «;»i} is
_____ tha feur <ie«!*s5d»ij aiiefsaft.

-valleys ef the tf,inS ias#,t«tr n*«iiutts 4i v*Sl «« u** «*s***^ !<y ais«4t as cr̂ &f ei
.wtll 4tftecd <*pre«sto»s *t the tseatkn ci fssnh JW

aic<t*r order ressaaaet*.
f
I 1b* ietcger ttcpisr.it v , * • 20 ve« wery vitfe
faai vt iu»?cei«4 that c«# oi tht<r Mi« ces»onests «*

••CM »yft*ratic rtsesaftee

j 3« • to • 10 S ,
| | hlth«r ortSrr 3to !̂t.t;v>!< uhi<r3< Arc r.-»; r e s o l v e t:>
|«har« S i t the :upoipt.-ioitcity ef the Un* tsraii 'ht = t»i**i«tn t t^ns at ic.jcctUn tt»t nrfciesi «# fc««v ate there.

- • ••**•«*"» j-.a tR^K.tc of the #y&t^££tic £CA%u» t̂c ••»*-« aff*&tirc*,cnt3 at ?itgni?t ciivrgyi I
j i«j*c(ectio». , | • . . • ;
•• . ! > ' - • " • - {
• *«eh tyttcsjeie r«laei«nt »*a«ur at all ewtn w . ! . • :
. vatuft* for S ' b and f;iv« ri5<; t o very « i . c n " " '
: Ve therefore <!e«iifc<| to esjijara t!;i> Hi-inti j«jt
{If to sea if tt.e i;n«,;«r va Uis jtre:)/. i

further to fee ««-.««*-,;!•«« wish tKp R«»Mkfi«5 »>:« a<
j the vaeuua eha^tvr will rcviifc c««rccti4n «< ««»?:» ss i
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