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TRANSVERSE SINGLE PARTICLE INSTABILITY

1 X ’ Abstract

! Experiments reveal that single particle resonances,
driven by field iczperfestions lizit the 8 GeV acceptance
of the NAL main~accelerator to protoas with betatron
oscillation amplitudes less than 8 . It is observed
that resonances drivea by randca azizuchal field
fluctuations are much weaker than those driven by )
average field errors acting in concert with the super=
periodicity of the accelerator. This consideration
dictates the choice of cperating tune. Correction
magnets are installed to cozpensate zero harmoaic skew
quadrupole, sextupole and octupole ELTOTS. Suparate‘
control of dv /dp, dv /dp, d-v /dp , and d-u fdp  is
possible in an energy-dependeuc mzaaner, QLbﬂ azizuthal
harzonic patterns correctioa magnets are used to
eliminate, dipole, gquadrupole, sextupole and skew
.sextupole resonances adjacent to the operating point.
‘A lescriptioa of these systezs aand the izprovemeats
‘obtained are givena. .

. Iatroduction . X
4 i —_— 14
- ; The KAL main ring is fed with twelve batches of
*: " '8 GeV protons delivered at 15 Hz repetition rate by the

fast cycling bocster. These are loaded head to tail to
£ill che circuzference of the wain ring and during the
loading sequeace which lasts 0.8 seccads the cmaia ring
®ust act as a d.c. storage ring. Once the loading is
. cozplete the guide field rises parabolically until, at
abouz 20 GeV, the caxizum acceleration rate is reached
‘and sustained to full energy.

Soor after this injection scheme was first
‘izplemented it becaze clear that a considerable fraction
©f the injected team was lost during the loadiag
sequence, Each batch decayed exponentially with a tize
constant of less than 1l secend and this loss continued
during the parabola, tailing off to zero near 20 CeV
(Fig. 1). The fraction of the injected bean which

' ‘survived to full enerzy was rarely h'gﬁer than 35Z and
.the peak intensity was licited to 10i2 protens per
‘ pulse. '

* ' I;provemeots in the intensity delivered by the

‘

booster, which inevitably resulted ia a larger trans-
verse eaittance, did little to raise the high erergy
,lntenSlty but merely augren:ed the losses.

i .
H Prelicinary experizents showed that switching off

i
the r.f. did not affect the loss rate nor was the loss |
,dxmxnxshed on those days when the brightroess of the
injecced bean was low. This suggested that the loss
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;was due to a transverse single particle acceptance

,techniques for measuring betacron motion and the
-installation of muylctipole correction magnets, with the
‘intention of compensating the non linearities and.
‘reducing the tune spread in the beam. The remiinder of

,of the bean presented by the booster,
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FIG.? toss dunng main ring loading and parabola

"lizitation rather than a loagitudinal or collectxve
phenozenon.

The acceptance limitation seeced not to be a
purely cechaaical obstruction, Measurements of tean
profile and the closed orbit distortion after correction
revealed that the beax occupied only a 20 tma diazater
central core of the 100 2 x 30 =a sectieon vacuum
chazber., Moreover, one could buzp the beam locally at -
any point in the machire almost to the vacuum chazber |

wall before any mechanical obstacle killed the bean, ;
: i
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On the other hand we found that the loss rate was'!
very sensitive to the current in the main quadrupoles
of the FODG lattice which affect the tune (v , v )} aad
to the strength of the sextupole magnets which hid been
installed to reduce the large chrcmatic time spread ia -
the injected beanm, . L

i

We suspected that there were strong rescnacce lizes

.in the working diamond driven by non limear izper-

fections in the guide field and that these were res—
ponsible for the losses. We therefore cocmenced a
prograa of studies, which included improvezeats ia

this report describes this work which, at the time of
writing, has icproved the main ring to the point that |
.it will accept and acceleratg over 10!3 protons per
.pulse rejectinz under the best conditions only 10 to 207

the United States nor the United States Atomic Enecgy
Commission, ner any of their employees, nor any of
their contraciors, subcontractors, or thcis employees,
makes any warranty, express or n‘nplned Or assumes any
fegul lability or responsibility for the accuracy, com-
pleteness or usefuiness of any information, apparatus,
product or process disclused, or repiesents that its use
woutd not infringe privately owned rights, —
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-2, Expleration of the NAL Working Diamond i
’ {

Figure 2 shows the position of the nominal in-
jection tuae of the main rirg in relation to the more
‘important resonance lines. The lines are excu_:ed by
randoa azimuthal variations in the non linear im=

‘perfections in cthe guide field. . o
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.- FIG 2, Working diogram,  * : il

The F and D sets of main ring quadrupoles are
‘connected in series but are powered independently of
[ By chaaging the ratie of quadrupole to
beading wagnet current we were able to scan the working
point aloag 3 line v_ - w_ = - 0.08, parallel ta the
‘diagonal coupling resonanfe v - v = 0, The small
difference in the tuaes is due to zuide field im-
perfections, The configuration of the F and D quadru~ .

"pole bus bars alloved us to shunt a saall fraction of

the current froo the F to the D system through a pulsed
the tune splitter. 1In this
way we were able to contro!l the tume split, e T N
and scan aiong a variety of lines mapping the vorkzng

" diamond at injectioa. i
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' We calibrated these manipulations of the F and D
quadrupole currents against reasurezeats made by '
kicking the beas vith a "pinger” dipole. This consisted

" of two turas of copper pulsed within a machine

Tevolution from a small capacitor bank. By injecting a
single booster batch azd photcgraphing an oscilloscope
‘trace of the signal from one of the standard capacitive
beam position detectors one could examine the beat
}requency of the coherent betatron oscillations and
calculate the fractional part of v or v , dividing the
puober of beats by the nuzber of machine’ revolutions.
Ve also deduced the tunc spread in the beam froa the .
rate of decay of the cohereat signal and from the !
vertical oscillations induced by a radial kick could P
weasure coupling between the two planes., We did not
feel we could eatrust disentangling these three
signatures to a more convenient automated process at
this stage.
]
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! - Since we were interested in the influcnce of the
! resonances on beam lcss we measured the fraction of
‘the beam surviving by sanpling and digitising a bean

: intensity monitor just after the injection of a singzle
: booster batch and again 400 milliseconds later, This ;
. quantity, the transmission, we measured-with steady

'8 CeV magnet excitation and with the r.f. switched on.
- It proved to be a powerful probe in exposing the

"resonance lines and reliable index of the overall ~ .} -.

‘ transmission of the main ring to high energy. .
We vere fortunate in that we were able to make

these injection studies parasitically with a special
"booster batch injected each machine cycle before the
main bateh sequence destined for acceleration to hig

‘energy. .
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Figure 3 shows a contour plot obtained at the H

‘outset of these studies by measuring 8 GeV traascission
as a function of v_ and v,. Clearly the influeace of |
the resonance lines extcnzs over the vhole working

!space and there is no one place vhere zore than 70% of

' the beam survives. : - .

: Beam survival is best close to the diagonal
‘coupling resonance v, - v, =0, But in this region

"there is a danger that this coupling will traasier a
large horizontal emittance into the vertical plane and
our pethod of v measurezent becaze confused., Cae of
the first corrections applied was to cozpensate the |

:skew quadrupole imperfections the guide fivld which
drive this coupling. . oL T

.
t
Il

'»  Correction of Skew Quadrupole Coupling B

[

H Coupling between vertical and horizontal phase !
zplnnes can be driven by systezatic skew quadrupole ]
; inperfections in the guide field such as might resule !
{if all the quadrupoles of one type vere rotated by a
ifraction of a milliradian about the beam axis. an .
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Evera;o rol) of thiz sagnitude could quice easily creep
in during the surveying of the ring but could be
'compensated by rolling a few quadrupoles in che opposite
sense. Significant coupliog is to be sxpected in a
fcgjon ceatred on the line Vet Yyt 0, of width:

I: J‘:’y kds

- 1
Ve TV T 20E0)

mars ame

&t is the skev quadrupola 53*133. 33,137
Bp, the magaetic rigicicy
3‘3, the becacron functions

vhere:

» emtmn . o mcm

. o

Vichin this band a verzical ping would generate 3
‘coupled hotizontal cohercat ozcillition of freguency
v, = v_ aad of asplitude:, '

x Yy
kds

T3

1 N 2--——‘———!‘
P a Z(Ia}(vl-v,) o-“x"y

H vhere 35 is the coupled azplitude horizentally
a is the pinged azplitude vertically.

"1 7o distizguish Letveen this effect and skev

Quadrupole cocpaneats dug o fezanent and stray [ields
the experizent vas serfvgzed at 150 CeV. With & tuse
splic, v_ - v, - Q.1, the coupied acplitude ohzarved
wvas LOY of thaz zenerzivd by tho ping i{a ity owm plane
and the oscillcirass clearly showad tne bedt frequcncy
¢ {ten turns per wavelengen fof v = v @ O, §).
zea:s vere of ©zfosite Phase in !gt :vg 2lazes.
Utzing above cxpressicn ve calculated the sngle of coll,
about B Tillirstisns, 1o be applies to LI egually
spaced quadnipoles to neverdlise the coupling. This
adjustzent recuced the coupling efiect dy alsost a2
order of cagaitude.

.

' ve Fepeated the experizent af injectisn, correctin
the average saev quidevrule cospinent by 3fjusting
tvelve 4d.¢. secv Quadrupaie Sagnels Ind ve found ve
could elizinate the coupling tven when LR L cuch
less tham O.1. 4

4o Correction of Chrazsticicy ]
3 .
! Fagnetic ceasurescats show that the XAk main ging
dipole z2gnets haove 3 rexanent field whose predaziesnt
-isperfectiva is 9 scaiupnle term. The fiele fatls

parabolically towards enz edpes of the zoles. Iha
sverage derivative isz= .
‘ - v
€ fext 10,03 T2 2 :
: This ficle distortion can by underscosd gualicac~ |

dvely if one receszers thag flun lines in the iron
tooted at the contre of the poles are lonser fhan those
froo the cdoe. The cecencnt cagnets Sutive forew,
jﬂcdl v is larger oear the pole ceatre. g

. The chrozaticity ‘in cach phase plane produced by
~:hit sextugole shape is :

.

: Ldviv)iiéplp) = ¥

L]

seven tizes larger Chia that due to the cazentud
dependence.of she fosuzing strength of the Lattica.
Uncorescted it wosld intradcco 3 tune spresd of .
Ao ® 2 0.0) for a z:zentun sptaad within tse Soa% of
#2 0.5 oloo, ccasured by odsatving he tine taxen for
;thu coasting injosied 20an €o lose its 3) Mic r.f.

C ety e

‘stryctute. The half wvideha 'quoted are thoss at the
;half heighe of the distributions. oo :
During the early cormissioning of the cachine air!
‘cored sextupolas had deen installed to everoct chis i
;large chrezaticity, These 113d teeo placed ia all but
‘8 fav of the shore straight section spaces which follow
‘gach sain ring quadrepoie.  Thewe aear F quadgupales
_and those near D quadtupoles should ideally have been !
‘separataly povered to noutedlise av fip and dv /ip E
indepandently but for proctical eeasons all !Egzupblch
.vare in seties and poversd wich & sizmple square julie |
covering oaly the injection puriod and che patavola.
They vare therefore not ideal cools for accurate
chrozaticity contrel. ' L~

- v

Ve esasured the v spresd do esch plang at 3 tesber
‘of goints in the accelerztion cycle by counting the
aunyec of zaching revoluticns that 3 pinged codersnt ¢
. betatron oscillation took o zmeat o half fis orizinal
signal strergzh. For o Caussian tune diseribution iua
reciprozal of ehis aucbtet is a measure of the ensseze
(29) spread o tuno. Figure & shows the wvay i whicn ¢
the tune spread dewcloped during the cyele. Stareing ;
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‘fron slzost perfccs corpensazien in the vertical plzac
the ehronaticity cxaazes io cash plame furins She
P30 3% ey cureent senlspole {ieids Sovelas in
the vscwud chavbar,  The 280c¢ntud 3predd A1 awcoils,
peaking at 3lzaxt Zoudle its injection value in sassing
Shrouph teansiticn, this fufeier adds to Iw. The
adges of the proten population cross the third ix
Loureh order stejuands.
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H Me thetelore installed 3 nev set of fron corad
Suntupolaes vith tadepondent contgol of thy sl moxe to
JF quadrupoles and ehu zet muNt o O guidtusnles.  The
Lurteats in F and D rets see telated €0 The da Sip amg
dv Jdp vis 3 sinpla 2 x 2 satein traasforsstied anian
wad Juile dnzo eha custrol sofewate Lo give intorendent
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The tios lnuulo’-nu: of saxtupole inpecfections
a steady ooe dus O :

i
coscaloed threk conponants:
‘anejtation {B) 258 dud to the geozatey of tha cais ving
dipotes and Linally 3 conpacent grs exing 3% ¢3Mdt,
-genacated by eddy currents in AR whtuud chazder. N

therafore ponpred the corrcctors vith » currant vavafors:

¥ st .
3 Imae et 8 ?
;lcrlsiﬁ; the €8/¢c and B signals from the cain ring .
refarents oighet, ;b

.

Each of the confficients, o, 9, € oultiplicd by
ehe 2 x 2 oatin could bu contralled diveszly froz a
page em. the waia ting £essele Cispiay. .

Ne 122 up aach ceefficicnt in turs
‘at savegios at whied its indiucnce peadoninates (¥,
LY and €2 Cov), zamisisiss ke ddcay tize of pinged
bacatrea sasiliations and, ce,c;a:xg s tune Epcad
sxpericents, ve feund Zv ¢ 2 QL35 throughost Lhe
scceluratios cycie.

f A3 axpected ¥oad survival izsrsved as 3 result of
this cerrectics and the machine de2ane puch {els
Samsiive ko adjuseseats in cke ratio of gualtupele to
dipole cureeot éuting  the pacsunlae. -
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The cadle lisln the eosssninses azd theie 4f€¥iﬂ
tepns oMk afw 4L eles Foursse marzinbes of 2k
Arizuthal patders of sesturale inpeéersisng wvelghicd
stcording te the loral secsives fonzziens.,  The $iest
UP FeRoaInLEs Afw Sriven and % ke Lovtrerled by
repular sorlupoloy wils spmnetey S$5aul 2 E
The BARE MTEOLPF &1 ORe Gapegis fron The Sm3Lh fi.;
Wignles.  Tha laze palr are driven Bp dhew  aes
of symmeery stent iR Tedisn planw., IO gATIedl AI! :
fwat 32¢p Lands ona u3t use sostrode csgnecs of Lath
regular and sacv Lypes. i
t
' e wveighting (acCees ave tuch that 8 fusehor sube
divisien of correc:ars inte tuose neav F suadtupole
Isestions whore 2, ic darze anl :u stall and Lnose poar
~D jocations viere Ehe oppseite is CLfue rives oaag al:as;
JSrthopoasl cooteol of each rersasace. ;
[ .
' Te geacrate the correct phate aad aapbitsde of the
Ut haveanic a2 acelratesn ok driving ters &
current seftings of the individuslly powered seviupoles’
vere pasged up ehrou the concsol tyzeen fo
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" iwldats bad clesvly beeeme very ouch soabler and

Tuning the cichine to sit anactly on one of the
stopbands va could adjuse the asplitudes of the sine
and cosine coxponrents to achicva 702 transcission. A
contour plot varsus the tvwo vnrnablcl ravealed a siepl

sanias, i
Vs calculated zhe wideth of the stopband from the
for a proton at tha
pcrip?ery of the Yraz {1 ea a =plicude 2t 3 = 100 =)
&v §» goeacar than 2 0.0). %e had expected these stops
bands Ce o dus ko variazions in the szimuthal pattésn’
.of the rexzvent sencupole ficlds responsible for che !
« echrozacicity. U kwew that the vensnont {iolds in cha!
digols zagnets construcesd fron vastufiled laminastiens,
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vacied dy as tuch as = 02, Yec this could enly account
for & 32o3%nd Ly » 2 0,000, i
; Clearly other, strcnger sextupoles ucrc pt!!lnt H

and v 3000 dirgovared L3l 2he GAEVEn patters of ;

chrozatigizy carrailion soaRupoisd Cateomined by the

aLsd Lo Seauu cu:: in sme hore seraight sackicns for

fothor oRuiprant contalned eriving ceens of the i
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' Seeking to izpreve ¢he limearity of the =3chise
<. s still furerer va moasured ehe azplitude dosendence of
‘ehe tune by piapiny coterent orcillotisns i 2 Tinge

- -of azpiitudes and adjustisg & sot of d.c. series paveted

wctupeles €9 ake #ulrat zero.  2ete Barrenic serupole
7 i ioparfecticas in tha latcize aiss genmcdie o curvaturs
. {0 the ehrszaicity 3 .fipt. Ve sedsuecd the shape of
s v{P) By pinging and stesring to varicus zesn 1a2ii
iwith an £.f. bump. e optimised the eztuzsles to give
T ea flat curve. T S21h tecknigues Mrrives at Ly fate
‘sgtupole straneeh.  Trey proved effective ia ispravieg
. T the twae spread. Ot cauld zmaingaia celesent
esciliasions undisinished for_teeeral buzuted curny
Cindicacing 2 iv of 2 fow a B0, Mer 1 risisgly the
packisy bocane 5o lizesr a8 %8s 20isE fhut & fesiscive
wall instabaiity ezerged. Tte diagnosis Jud cure of
- ehis dustabiiity is the sudject of amoiner pager in
+ this cenforence. ,
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VT, Aleernative Wariins Paist ) .
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¥ *
} The €elivition of oue resonant stans had inproved

it

s dulfleiently by 14d
'thrct dicesticnal sadeln of che Lraninissicn over (53
c8iazTad: 20 € v, o ¢ 20,9 zed cenld iduneidy the
-valleys ef eie thics inleger Fesenanecs Az well ax less
«vell delfined deprotsions #t tie localica ef Cocotly and
 highar order cersnazeas. .

N .
\ ‘ Tha joteger stophands vor v, ® 20 vers vty wide
1aad vs suspected ehat cne of ‘taele caln eczsonents vas
© i the syrtezatic rescaadce 3
¥ |
i Jve 0= 10 1
z H

{vhete & fs the zuparpesicdicicy of the fenp straiphe
.. sagtions and thente of the systazatic Scatvpale

.

illpcllactioa.

Such systexacic relations caoecur ae sil oven v .
8 0 weTy vide taphands,
ord the diazing just abwve

bets stroag,

;valuas for S « 6 and give ¢i
: Ve therefore decided to engl

tl’ 80 sco il tho integes was
[]

.
TSI ed ot 1% S | 4 4D D A Y o i 5 8 e e—

$ Tita €% wo wate aSle Lo cumstruse

@ width of Su % 2 0,05 coeupared with = 0.1 i ghe- \
orizinal diamond.

igher trans=ission and such sare elscy tosn o N
acceTiaiate changes in tRe vorsing poine due te magmee .
tizaie and guadesyele puver susple topulation. :
Accardinply, it vas decided to craznze the epavationad §

4

warhong goint petzasently frem I90.2 ¢o 39.2 an H
Sprovenent in dceelecazed bosa has resubced. i
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