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Th i s pape r desc r i bes t he progr ess made i n 1992 t owa rds i nc r eas i ng t he ve r t i ca l e l ec t ron beam po l a r i za t i on a t HERA . U t i l i z i ng
ha rmon i c sp i n - orb i t cor r ec t i ons and beam t un i ng , t he ve r t i ca l po l a r i za t i on has been i nc r eased f rom 15% t o nea r l y 60% a t a beam
ene rgy o f 26 . 7 GeV . The l ong - t e rm r eproduc i b i l i t y o f t he po l a r i za t i on i s exce l l en t . Measur emen t s o f t he bu i l d - up t i me and t he
ene rgy dependence o f t he po l a r i za t i on a r e a l so desc r i bed .

1 . I n t roduc t i on

The HERA e l ec t ron - pro t on co l l i d i ng beam f ac i l i t y
was des i gned w i t h t he a i m o f s t or i ng po l a r i zed e l ec -
t rons. The s t or ed beam can become ve r t i ca l l y po l a r i zed
t hrough t he em i ss i on o f synchro t ron r ad i a t i on i n t he
a r cs . Sp i n ro t a t or s i n t he s t r a i gh t sec t i ons can be
u t i l i zed t o prov i de l ong i t ud i na l sp i n po l a r i za t i on a t t he
i n t e r ac t i on po i n t s . The f i r s t pa i r o f sp i n ro t a t or s [1] w i l l
be i ns t a l l ed i n ea r l y 1994 .

Ve r t i ca l po l a r i za t i on o f t he e l ec t ron beam a t t he
8% l eve l was obse r ved i n Novembe r 1991 a t t he cur -
r en t ope r a t i ng ene rgy o f 26 . 7 GeV . The HERA po -
l a r i me t e r and t hese f i r s t measur emen t s a r e desc r i bed
i n de t a i l i n r e f . [2] . The f o l l ow i ng s t eps we r e t aken t o
i nc r ease t he po l a r i za t i on :

- t he a l i gnmen t o f t he quadrupo l e magne t s was
checked and se l ec t ed magne t s we r e r ea l i gned ,

- t he t i l t o f t he e l ec t ron beam e l l i pse was cor r ec t ed
w i t h an orb i t bump d i s t r i bu t ed a round t he r i ng ,

- t he orb i t a l t unes we r e changed t o i nc r ease t he
ene rgy sepa r a t i on o f t he f i r s t orde r be t a t ron r eso -
nances ,

- t he ha rmon i c sp i n - orb i t cor r ec t i on scheme was
pr epa r ed and t es t ed w i t h s i mu l a t i ons .
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Pa r as i t i c measur emen t s i n Apr i l and June 1992
showed t ha t ow i ng t o t he f i r s t t wo s t eps t he max i mum
po l a r i za t i on had i nc r eased t o abou t 18% . A f t e r op t i -
m i za t i on o f t he orb i t cor r ec t i ons nea r l y 60% ve r t i ca l
po l a r i za t i on was ob t a i ned . Pr e l i m i na r y r esu l t s can be
f ound i n r e f . [3] . Th i s pape r de t a i l s t he pr epa r a t i ons
made t o i nc r ease t he expec t ed po l a r i za t i on , i n pa r t i cu -
l a r t he ha rmon i c sp i n - orb i t cor r ec t i on scheme ; t he
i mprovemen t s made t o t he po l a r i me t e r s i nce Novem-
be r 1991 ; and t he r esu l t s o f t he orb i t cor r ec t i on s t ud i es
and o t he r measur emen t s pe r f ormed dur i ng Augus t and
Sep t embe r 1992 .

2 . The ha rmon i c sp i n - orb i t cor r ec t i ons

2 . 1 . Po l a r i za t i on i n s t or age r i ngs
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2 . 1 . 1 . The Soko l ou - Te rnov process
A s t or ed e l ec t ron beam becomes sp i n po l a r i zed

t hrough t he em i ss i on o f synchro t ron r ad i a t i on . Th i s
e f f ec t was f i r s t pr ed i c t ed by Soko l ov and Te rnov [4] ,
who cons i de r ed t he case o f e l ec t rons mov i ng i n a
p l ane , pe rpend i cu l a r t o a un i f orm , cons t an t magne t i c
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f i e l d ' . The po l a r i za t i on P bu i l ds up i n t i me accord -
i ng t o r e f . [5]

P( t ) = PST( 1 - e - ` / 7ST)

�

(1)

whe r e TST i s t he po l a r i za t i on bu i l d - up t i me and PST i s
t he equ i l i br i um po l a r i za t i on . The po l a r i za t i on d i r ec -
t i on i s an t i pa r a l l e l t o t he gu i de f i e l d , and t he asymp -
t o t i c va l ue , P ST , i s 92 . 4% . The bu i l d - up t i me i s a s t rong
f unc t i on o f t he beam ene rgy and t he bend i ng r ad i us o f
t he magne t i c f i e l d p :

whe r e A e and r c a r e t he r educed Comp t on wave l eng t h
and t he c l ass i ca l r ad i us o f t he e l ec t ron .

I n r ea l e l ec t ron s t or age r i ngs t he magne t i c f i e l ds
expe r i enced by t he beam a r e much mor e comp l i ca t ed
t han assumed i n t he Soko l ov - Te rnov case , be i ng de -
s i gned so as t o con f i ne t he e l ec t ron orb i t s and con t a i n -
i ng unavo i dab l e m i sa l i gnmen t s and f i e l d e r ror s . I n ad -
d i t i on t o caus i ng sp i n - f l i p w i t h ve r y l ow probab i l i t y [5] ,
t he em i ss i on o f synchro t ron r ad i a t i on produces
s t ochas t i c k i cks o f t he ene rgy o f t he e l ec t rons ow i ng t o
t he d i sc r e t e na t ur e o f t he pho t on em i ss i on . These k i cks
can , i n a r ea l s t or age r i ng , l ead t o a d i f f us i on o f t he
sp i ns and t hus p l ay an i mpor t an t ro l e i n de t e rm i n i ng
t he ach i evab l e po l a r i za t i on l eve l i n a r ea l r i ng . A
comp l e t e desc r i p t i on o f t he po l a r i za t i on process i n r ea l
mach i nes , wh i ch i nc l udes t hese e f f ec t s i n a un i f i ed way ,
r equ i r es a quan t um mechan i ca l f ormu l a t i on wh i ch
t r ea t s t he orb i t a l and sp i n mo t i on i n t he sem i c l ass i ca l
l i m i t [6 , 7] . For our purposes he r e , i t i s su f f i c i en t and
i l l um i na t i ng t o d i v i de t he desc r i p t i on i n t o t wo sepa r a t e

processes , name l y t he bu i l d - up o f po l a r i za t i on by t he
Soko l ov - Te rnov e f f ec t , desc r i bed us i ng quan t um me -
chan i cs ; and t he depo l a r i za t i on due t o sp i n d i f f us i on ,
r esu l t i ng f rom t he c l ass i ca l s t ochas t i c mo t i on o f t he
s t or ed e l ec t rons .

The d i scuss i on beg i ns w i t h t he equa t i on o f mo t i on
o f t he sp i ns i n t he magne t i c con f i n i ng f i e l d . The po l a r -
i za t i on vec t or P , de f i ned i n t he r es t f r ame o f a r e l a -

t i v i s t i c e l ec t ron i n a s t or age r i ng , pr ecesses accord i ng
t o t he Thomas - BMT equa t i on [8]

# f The r e f e r ence f r ame we use has t he d i po l e magne t i c f i e l d
a l ong y ; i n r ea l i t y , due t o t he t i l t o f t he HERA e l ec t ron
r i ng , t h i s d i r ec t i on i s 10 mr ad f rom t he ve r t i ca l .

whe r e B 1 , B , 1 a r e t he magne t i c f i e l ds pe rpend i cu l a r
and pa r a l l e l t o t he t r a j ec t or y , T i s t he d i s t ance a l ong
t he i ns t an t aneous pa r t i c l e d i r ec t i on , and g i s t he e l ec -
t ron g - f ac t or . The pe r i od i c so l u t i on o f eq . (3) f or a
non - r ad i a t i ng e l ec t ron on t he pe r i od i c ( c l osed ) orb i t i s
deno t ed by t he un i t vec t or n o ( s ) . F rom t urn t o t urn ,
t he sp i ns o f pa r t i c l es on t he c l osed orb i t pr ecess a round
n o( s ) and t he numbe r o f pr ecess i ons pe r t urn , t he
so - ca l l ed sp i n t une , i s deno t ed as v . The n o ax i s i s
un i que , prov i ded t ha t v i s no t an i n t ege r .

The Soko l ov - Te rnov r esu l t has been gene r a l i zed t o
t he case o f nonun i f orm f i e l ds , and can t hen be used t o
desc r i be t he bu i l d - up o f t he po l a r i za t i on o f pa r t i c l es
t r ave l l i ng on t he c l osed orb i t o f a r ea l i s t i c s t or age r i ng
[9 , 10] . The cor r espond i ng expr ess i on f or t he bu i l d - up
t i me TST i s ob t a i ned f rom eq . (2) by r ep l ac i ng p w i t h
an e f f ec t i ve bend i ng r ad i us pe l f [5] . I n gene r a l , t he
pe r i od i c so l u t i on n o ( s ) i s no t eve r ywhe r e ve r t i ca l , as i t
i s i n t he i dea l Soko l ov - Te rnov case . I t i s a l so f ound
t ha t t he equ i l i br i um po l a r i za t i on d i r ec t i on i s , i n gen -
e r a l , a l ong n o and no t a l ong t he l oca l d i r ec t i on o f t he
magne t i c f i e l d .

I n t he case when t he r e a r e no hor i zon t a l f i e l ds on
t he c l osed orb i t (B . = B11 = 0) ( and i n add i t i on when
t he r e a r e no r eve r sed - f i e l d d i po l es ) t he r esu l t s a r e ve r y
s i m i l a r t o t hose i n Soko l ov - Te rnov case : n o i s ve r t i ca l
eve r ywhe r e ; t he equ i l i br i um po l a r i za t i on , PST , i s equa l
t o 92 . 4% ; and t he sp i n t une v equa l s ay , wh i ch a t t he
HERA ope r a t i ng ene rgy o f 26 . 7 GeV i s 60 . 5 . The
cor r ec t i on t o t he bu i l d - up t i me (2) i s due t o t he dr i f t
spaces be t ween bend i ng magne t s , and t he e f f ec t i ve
bend i ng r ad i us peep i s

1 ds
Pe f f =

C~ I P(S) I 3 ,
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whe r e C i s t he r i ng c i r cum f e r ence and s i s t he d i s t ance
a l ong t he des i gn orb i t . The cor r espond i ng bu i l d - up
t i me T ST a t HERA i s 23 m i n a t an ene rgy o f 30 GeV
and 43 m i n a t t he cur r en t ope r a t i ng ene rgy o f 26 . 7
GeV .

I n t he case when hor i zon t a l f i e l ds a r e pr esen t on
t he c l osed orb i t , t he pe r i od i c so l u t i on no i s t i l t ed away
f rom t he ve r t i ca l and v can dev i a t e f rom ay . I f no i s
no t pa r a l l e l t o t he ve r t i ca l f i e l ds o f t he d i po l es (whe r e
t he Soko l ov - Te rnov e f f ec t occur s ) t hen t he bu i l d - up
process i s weakened , and t he equ i l i br i um po l a r i za t i on
i s l ess t han t he max i mum va l ue , PST . I n mos t e l ec t ron
s t or age r i ngs , i nc l ud i ng HERA , t he des i gn d i r ec t i on o f
n o i s ve r t i ca l i n t he d i po l es , and t he r es i dua l t i l t due t o
f i e l d e r ror s i s sma l l . The ach i evab l e asymp t o t i c po l a r -
i za t i on o f such a r ea l r i ng can be s i gn i f i can t l y r educed
as a r esu l t o f t he magne t m i sa l i gnmen t s , bu t t h i s i s no t
due t o t he weaken i ng o f t he Soko l ov - Te rnov e f f ec t ,
bu t as w i l l be exp l a i ned , t o t he e f f ec t s o f t he s t ochas t i c
d i f f us i on o f t he sp i ns .
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2. 1 . 2 . The sp i n d i f f us i on process
The s t ochas t i c em i ss i on o f synchro t ron r ad i a t i on

exc i t es osc i l l a t i ons o f t he s t or ed pa r t i c l es abou t t he
c l osed orb i t . When t he f i e l ds on t he c l osed orb i t a r e
no t eve r ywhe r e ve r t i ca l , t hese osc i l l a t i ons can r esu l t i n
a d i f f us i on o f t he sp i ns . Th i s process i s mos t c l ea r l y
desc r i bed i n an i dea l examp l e , i n wh i ch t he probab i l i t y
f or sp i n - f l i p i s neg l ec t ed .

Cons i de r a bunch o f e l ec t . m- i n i t i - l l y on t he c l osed
orb i t , w i t h t he i r sp i ns a l i gned a l ong t he pe r i od i c ax i s
n o . I f t he e l ec t rons r ema i n on t h i s orb i t , t he i r sp i ns
r ema i n a l i gned a l ong n o . The em i ss i on o f synchro t ron
r ad i a t i on exc i t es ene rgy osc i l l a t i ons , wh i ch , due t o t he

ve r t i ca l and hor i zon t a l d i spe r s i ons , r esu l t i n osc i l l a -
t i ons o f t he pa r t i c l es abou t t he c l osed orb i t . The mag -
ne t i c f i e l ds (ma i n l y i n t he quadrupo l es ) expe r i enced by
t he pa r t i c l es o f f t he c l osed orb i t cause t he sp i ns t o
process , accord i ng t o eq . (3) , away f rom t he i r i n i t i a l
d i r ec t i on n o . Because o f t he s t ochas t i c na t ur e o f t he
pho t on em i ss i on , t he pr ecess i on r esu l t s i n a d i f f us i on
o f t he sp i ns , and hence , depo l a r i za t i on . The s t r eng t h o f
t h i s depo l a r i z i ng process can be quan t i f i ed w i t h a t i me
cons t an t o f t he d i f f us i on , TD . I n t h i s scheme , sp i n
d i f f us i on i s cons i de r ed t o be wor k i ng s i mu l t aneous l y
w i t h t he Soko l ov - Te rnov bu i l d - up , and t he va l ue o f
t he asymp t o t i c po l a r i za t i on Pmax i s de t e rm i ned by t he
r e l a t i ve s t r eng t hs o f t he t wo processes accord i ng t o

Pmax = PST
T D

TST + TD

Ana l ogous l y , t he equ i l i br i um s i ze o f an e l ec t ron bunch
i s de t e rm i ned by t he r e l a t i ve s t r eng t hs o f t he exc i t a t i on
and damp i ng processes.

The e f f ec t i ve bu i l d - up t i me T i s a l so r educed by
sp i n d i f f us i on , and TST i n eq . (1) mus t be r ep l aced by

TST
T - Pax ( PST

�

.
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For examp l e a t HERA a t 26 . 7 GeV , w i t h a TD o f 10
m i n , t he e f f ec t i ve bu i l d - up t i me T i s 8 m i n and Pmax i s
0 . 18 .

Sp i n d i f f us i on i s pa r t i cu l a r l y s t rong ( so t ha t To i s
sma l l ) when t he pr ecess i on o f t he sp i ns i s synchronous
w i t h t he orb i t a l and ene rgy osc i l l a t i ons wh i ch dr i ve t he
d i f f us i on , i . e . when t he sp i n r esonance cond i t i on

v = m + mxQx +MY QY + msQs

�

(7)

i s sa t i s f i ed whe r e Qx , Q � and Q , a r e , r espec t i ve l y , t he
hor i zon t a l , ve r t i ca l and synchro t ron t unes o f t he ma -
ch i ne and m and m , , s a r e i n t ege r s . The s t ronges t
r esonance sys t ems f or a t yp i ca l r i ng a r e t he f i r s t orde r
r esonances , w i t h I mx I + I m y I + I m , , I = 1 . For a r i ng
w i t h h i gh ene rgy and l a rge ene rgy spr ead l i ke HERA ,
t he synchro t ron s i deband r esonances a r e a l so s t rong ,
name l y t hose w i t h I m x + m y = 1 and m , , equa l a
sma l l non - ze ro i n t ege r .

I n t h i s s i mp l i f i ed p i c t ur e t he f r ac t i on o f t he t o t a l
synchro t ron r ad i a t i on powe r wh i ch con t r i bu t es t o
sp i n - f l i p i s ve r y sma l l , bu t each synchro t ron pho t on
em i t t ed can con t r i bu t e t o sp i n d i f f us i on ; t hus , sp i n
d i f f us i on i s a po t en t i a l l y s t rong e f f ec t , and t he ach i ev -
ab l e po l a r i za t i on Pmax may be much l ess t han t he
max i mum va l ue , PST . I t i s i mpor t an t t o ca l cu l a t e t he
r esonance s t r eng t hs and t he po l a r i za t i on t ha t one can
expec t i n a r ea l mach i ne , and seve r a l compu t e r codes
a r e ava i l ab l e . L i nea r approx i ma t i ons t o t he sp i n mo -
t i on based on t he progr am SL I M [5] , wh i ch l ead t o t he
f i r s t orde r r esonances , a r e o f t en used as a gu i de , and
ana l y t i c t echn i ques [7 , 11] can be used t o es t i ma t e h i ghe r
orde r r esonance e f f ec t s . The sp i n d i f f us i on process can
a l so be s i mu l a t ed us i ng Mon t e Ca r l o t r ack i ng pro -
gr ams , e . g . S I TROS [12 , 13] , a l l ow i ng TD t o be es t i -
ma t ed unde r r ea l i s t i c cond i t i ons .

2. 1 . 3 . Con t ro l l i ng sp i n d i f f us i on
A l t hough sp i n d i f f us i on e f f ec t s a r e po t en t i a l l y

s t rong , t hey can be m i n i m i zed by pay i ng prope r a t t en -
t i on t o t he des i gn o f t he magne t i c gu i de f i e l d and t o
t he a l i gnmen t o f t he magne t s . I n sp i t e o f t hese ac t i ons ,
sp i n d i f f us i on i n a r ea l r i ng may s t i l l be s t rong , and t he
use o f orb i t cor r ec t i on schemes may be r equ i r ed . The
d i scuss i on o f me t hods o f con t ro l l i ng sp i n d i f f us i on can
be c l a r i f i ed by de f i n i ng t he r i ng cha r ac t e r i s t i cs " f l a t "
and " pe r f ec t " .

- A r i ng i s " f l a t " i f , as i n mos t e l ec t ron s t or age
r i ngs , none o f t he ma i n d i po l e magne t s bends i n t he

ve r t i ca l p l ane ( i . e . t he d i po l e f i e l ds a r e ve r t i ca l ) . Cor -
r ec t i on co i l s m i gh t be needed , t hough , t o cor r ec t f or

ve r t i ca l magne t m i sa l i gnmen t s . An i mpor t an t coun t e r
examp l e w i l l be t he HERA r i ng a f t e r i t s sp i n ro t a t or s
[1] a r e i ns t a l l ed t o ach i eve l ong i t ud i na l po l a r i za t i on a t
t he co l l i s i on po i n t s .

- A r i ng i s " pe r f ec t " i f t he r e a r e no magne t i c f i e l d
d i s t or t i ons due t o magne t m i sa l i gnmen t s ( t i l t s and d i s -
p l acemen t s ) or gr ad i en t e r ror s . The dom i nan t d i s t or -
t i ons i n an " i mpe r f ec t " r i ng a r e , i n pr ac t i ce , t he m i s -
a l i gnmen t s o f quadrupo l es .
An assump t i on we sha l l make , i n orde r t o s i mp l i f y t he
d i scuss i on i n t h i s sec t i on , i s t ha t t he r i ng con t a i ns no
so l eno i ds or skew quadrupo l es .

I f a r i ng i s f l a t and pe r f ec t , t hen t he n o ax i s i s
ve r t i ca l , as i n t he i dea l Soko l ov - Te rnov case . Fur t he r -
mor e t he osc i l l a t i ons exc i t ed by t he em i ss i on o f syn -
chro t ron r ad i a t i on a r e l i m i t ed t o t he hor i zon t a l p l ane
( i . e . t he r e i s no ve r t i ca l d i spe r s i on ) . Thus t he f i e l ds
expe r i enced by t he e l ec t rons i n t he quadrupo l es as
t hey a r e s t ochas t i ca l l y exc i t ed o f f t he c l osed orb i t a r e
ve r t i ca l , N . B . pa r a l l e l t o t he po l a r i za t i on d i r ec t i on h o ,
so t he osc i l l a t i ons produce no d i f f us i on o f t he sp i ns ,
i . e . To = - . Hence t he asymp t o t i c po l a r i za t i on Pmax i s
equa l t o PST .
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Hor i zon t a l magne t i c f i e l ds a r e , by des i gn , pr esen t
on t he c l osed orb i t o f a non - f l a t mach i ne , t hus t he û o
ax i s i s no t ve r t i ca l eve r ywhe r e . An ex t r eme case i s t ha t
o f a r i ng w i t h sp i n ro t a t or s , wh i ch a r e used t o ro t a t e
t he po l a r i za t i on vec t or i n t o t he hor i zon t a l p l ane . I n
t h i s case t he t i l t i s 90° , bu t occur s on l y i n a l i m i t ed
por t i on o f t he r i ng and i s gene r a t ed i n a we l l de f i ned
manne r . Two s t rong sour ces o f sp i n d i f f us i on a r e ex -
pec t ed i n a pe r f ec t , non - f l a t r i ng :

i ) Because n o i s no t ve r t i ca l eve r ywhe r e , t he ve r t i ca l
f i e l ds o f t he quadrupo l es expe r i enced by e l ec t rons un -
de rgo i ng hor i zon t a l osc i l l a t i ons o f f t he c l osed orb i t a r e
no t eve r ywhe r e pa r a l l e l t o n o . Thus , con t r a r y t o t he
case o f a f l a t r i ng , t he hor i zon t a l orb i t a l osc i l l a t i ons
can cause sp i n d i f f us i on , and g i ve r i se t o depo l a r i z i ng
r esonances w i t h I mX I = 1 and m , equa l a sma l l i n t ege r
or ze ro , i . e . t o (Q . , Q S ) r esonance sys t ems .

i i ) I n add i t i on , t he hor i zon t a l f i e l ds on t he c l osed
orb i t produce ve r t i ca l d i spe r s i on , t hus t he ene rgy osc i l -
l a t i ons exc i t ed by synchro t ron r ad i a t i on cause orb i t a l
osc i l l a t i ons i n t he ve r t i ca l p l ane . The hor i zon t a l f i e l ds
o f t he quadrupo l es expe r i enced by t he e l ec t rons ve r t i -
ca l l y o f f - se t f rom t he c l osed orb i t a r e a sour ce o f sp i n
d i f f us i on even i n pos i t i ons whe r e no i s ve r t i ca l . The
ve r t i ca l orb i t a l mo t i on g i ves r i se t o r esonances w i t h

I m y I = 1 and m , equa l a sma l l i n t ege r or ze ro , i . e . t o
(Q y , Q S ) r esonance sys t ems . Thus , t he ve r t i ca l bends i n
a non - f l a t r i ng can l ead t o s t rong sp i n d i f f us i on due t o
t he hor i zon t a l orb i t a l mo t i on comb i ned w i t h t he t i l t o f
h o , and due t o t he ve r t i ca l orb i t a l mo t i on . These e f -
f ec t s can be r educed by t he spec i a l des i gn o f t he op t i c ,
a t echn i que ca l l ed sp i n ma t ch i ng [1] .

The r e i s a l i m i t t o t he pr ec i s i on t o wh i ch t he mag -
ne t s can be pos i t i oned and or i en t ed w i t h r espec t t o t he
des i gn va l ues and t he dev i a t i ons f rom t he l a t t e r f o l l ow
an approx i ma t e l y Gauss i an d i s t r i bu t i on . For examp l e ,
a t HERA t he rms t r ansve r se m i sa l i gnmen t s o f t he
quadrupo l es v , , y a r e 0 . 3 mm , and t he rms t i l t e r ror s
a , - , y , a r e 0 . 35 mr ad . The c l osed orb i t o f a nom i na l l y
f l a t e l ec t ron mach i ne w i t h m i sa l i gnmen t s does no t l i e
i n t he hor i zon t a l p l ane . The rms d i s t or t i on o f t he
ve r t i ca l c l osed orb i t i s r educed us i ng ve r t i ca l cor r ec t i on
co i l s and orb i t cor r ec t i on a l gor i t hms . The hor i zon t a l
magne t i c f i e l ds on t he c l osed orb i t , due t o bo t h t he
m i sa l i gnmen t s and t he cor r ec t i on f i e l ds , t i l t t he pe r i -
od i c ax i s n o f rom t he des i gn va l ue and a l so cause
ve r t i ca l d i spe r s i on . Thus t he t wo sour ces o f sp i n d i f f u -
s i on d i scussed i n t he case o f a pe r f ec t non - f l a t r i ng a r e
a l so pr esen t i n a nom i na l l y f l a t r i ng w i t h m i sa l i gn -
men t s .

I n a nom i na l l y f l a t HERA r i ng w i t h r andom m i s -
a l i gnmen t s w i t h i n t he a l i gnmen t spec i f i ca t i ons and a f -
t e r t he orb i t has been cor r ec t ed by conven t i ona l me t h -
ods w i t h cor r ec t i on co i l s , t he rms t i l t 1Sn o l o f t he
pe r i od i c ax i s f rom t he ve r t i ca l can be t yp i ca l l y 30 mr ad .
S i mu l a t i ons sugges t t ha t a f t e r t he conven t i ona l c l osed

orb i t cor r ec t i on , t he s t ronges t componen t o f sp i n d i f f u -
s i on i s t ha t due t o t he t i l t o f t he n o ax i s comb i ned w i t h
t he l a rge hor i zon t a l orb i t a l osc i l l a t i ons . The ve r t i ca l
m i sa l i gnmen t o f t he quadrupo l es wh i ch causes t he t i l t
canno t be eas i l y con t ro l l ed . The sp i n ma t ch i ng cond i -
t i ons , app l i cab l e i n t he case o f a f ew ve r t i ca l bends ,
canno t be app l i ed t o cor r ec t f or t he r andom m i sa l i gn -
men t s o f hundr eds o f quadrupo l es . Bu t c l osed orb i t
cor r ec t i ons u t i l i z i ng a sma l l se t o f ve r t i ca l cor r ec t i on
co i l s can be used t o gene r a t e add i t i ona l con t ro l l ed t i l t s
and t he r eby r educe t he rms t i l t and hence r educe sp i n
d i f f us i on .

I n summa r y , sp i n d i f f us i on can be a ve r y s t rong
e f f ec t ( r e l a t i ve t o t he Soko l ov - Te rnov e f f ec t ) i n a r ea l
s t or age r i ng , and i n orde r t o ach i eve a h i gh degr ee o f
po l a r i za t i on , i t i s necessa r y t o m i n i m i ze i t . I f t he r i ng i s
no t f l a t , as i n t he case o f HERA w i t h sp i n ro t a t or s ,
t hen t he op t i c can be op t i m i zed us i ng t he t echn i que o f
sp i n ma t ch i ng . The magne t s i n t he r i ng shou l d be we l l
a l i gned , and t he ve r t i ca l d i spe r s i on caused by t he m i s -
a l i gnmen t s can be m i n i m i zed w i t h conven t i ona l c l osed
orb i t cor r ec t i ons . A f t e r t hese s t eps , t he max i mum po -
l a r i za t i on may s t i l l be r educed by t he sp i n d i f f us i on
r esu l t i ng f rom t he t i l t o f no f rom t he des i gn d i r ec t i on ,
caused by t he hor i zon t a l magne t i c f i e l ds on t he c l osed
orb i t . The cor r ec t i on o f t h i s t i l t r equ i r es a spec i a l orb i t
cor r ec t i on scheme , an examp l e o f wh i ch i s desc r i bed i n
t he nex t sec t i on .

2 . 2 . Cor r ec t i on o f t he h o t i l t
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The me t hod used a t HERA t o cor r ec t t he t i l t i s
based on t he f orma l i sm desc r i bed i n r e f s . [14 , 15] and
t he cor r ec t i on scheme i s desc r i bed i n r e f . [16] . Gene r a l
f ea t ur es o f t he a l gor i t hm a r e desc r i bed he r e , f or com-
p l e t eness . An ea r l i e r , l ess gene r a l f orma l i sm i s de -
sc r i bed i n r e f . [17] .

The " des i gn " c l osed orb i t o f a s t or age r i ng i s de -
f i ned on t he bas i s o f t he des i gn pos i t i ons o f t he mag -
ne t s . The " ac t ua l " c l osed orb i t o f an i mpe r f ec t s t or age
r i ng i s de t e rm i ned by t he m i sa l i gnmen t s o f t he magne t s
and t he f i e l ds o f t he cor r ec t i on co i l s ; t he d i s t or t i ons o f
t he des i gn f i e l d on t he des i gn c l osed orb i t a r e deno t ed
by AB( s ) . For sma l l pe r t urb i ng f i e l ds AB , one can
wr i t e t he d i f f e r ence bn o be t ween t he un i t pe r i od i c
so l u t i ons no o f t he Thomas - BMT equa t i on a l ong t he
ac t ua l and t he des i gn c l osed orb i t s i n t he f orm

8n o = a î n o + B1o ,

w i t h I a I << 1 and 1131 << 1 ; î h o and t o a r e ( i n gene r a l
non pe r i od i c ) so l u t i ons o f t he Thomas - BMT equa t i on
a l ong t he des i gn orb i t , chosen t o f orm t oge t he r w i t h no
a r i gh t - handed or t honorma l bas i s . 8n o i s pe r i od i c , so i t
i s conven i en t t o desc r i be i t i n a pe r i od i c bas i s . Th i s i s
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done by i n t roduc i ng t he vec t or s n t and Î , r e l a t ed t o rh ,
and to by

[ r î m + i l ] ( s ) = e - ' ~G ( s )
L m r ~ + i l o ] ( s ) ,

whe r e 0 i s chosen so t ha t

0( s + C) = i P( s ) + 2 , r ( v + k ) ,

w i t h C be i ng t he c i r cum f e r ence o f t he r i ng and k
be i ng any i n t ege r . For HERA , k and 0 a r e chosen
such t ha t 0( s ) = 2a r vs / C , whe r e v i s t he f r ac t i ona l
pa r t o f t he sp i n t une , w i t h t he phase 0 se t t o ze ro a t
t he Eas t I P .

Us i ng t he pe r i od i c bas i s and desc r i b i ng t he coup l i ng
o f t he sp i n mo t i on t o t he orb i t a l mo t i on i n l i nea r
approx i ma t i on , one f i nds f or a and ß t he f o l l ow i ng
Four i e r expans i on

C f k i 2 , r ks / C( a - i , 6) ( s ) =
- r2Tr k - ve

�

(10)
k

The f k a r e t he Four i e r componen t s o f a " sp i n - orb i t
f unc t i on " f ( s ) _ [ f ae - i f rm ] ( s ) wh i ch i s a l i nea r f unc -
t i on o f t he c l osed orb i t and t he pe r t urb i ng f i e l ds AB
[15] :

4B S (1 + a )
e

Fx - - 4Bx (1+ay )

E° dB Y ( l +ay )
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whe r e e i s t he un i t e l ec t r i c cha rge , Eo i s t he beam
ene rgy , L i s a 2 x 3 ma t r i x con t a i n i ng t he componen t s
o f m and l i n t he orb i t a l r e f e r ence sys t em , F i s a 3 x 6
( ene rgy dependen t ) ma t r i x con t a i n i ng t he nom i na l
f i e l ds and gr ad i en t s , x i s t he ac t ua l 6 - d i mens i ona l
c l osed orb i t , and AB , AB , AB y a r e t he l ong i t ud i na l ,
hor i zon t a l , and ve r t i ca l componen t s o f AB .

For t he common case o f a mach i ne w i t hou t ro t a -
t or s , so l eno i ds and skew quadrupo l es , t he dom i nan t
sour ce o f t he t i l t i s t he d i s t or t i on o f t he c l osed orb i t yco
caused by t he ve r t i ca l m i sa l i gnmen t s o f t he quad -
rupo l es , and t he sp i n - orb i t f unc t i on f t akes t he s i mp l e
f orm

f ( s ) = - ( I + ay ) e ' [ ' ( s ) - - ha ( s ) l yco , (12)

whe r e y , o i s t he second de r i va t i ve o f t he ve r t i ca l c l osed
orb i t and O B i s t he cumu l a t i ve bend i ng ang l e . Thus i n
t h i s f orma l i sm , f ( s ) f or t hese mach i nes i s s i mp l y r e -
l a t ed t o y , o ( see a l so r e f . [17] ) .

The pr i nc i p l e o f t he ha rmon i c sp i n - orb i t cor r ec t i on
scheme i s t o make add i t i ona l orb i t cor r ec t i ons us i ng
ve r t i ca l cor r ec t i on magne t s , and r educe t he rms t i l t by
chang i ng and m i n i m i z i ng t he Four i e r coe f f i c i en t s f k i n
a con t ro l l ed manne r . Unde r t he assump t i on t ha t t he
t i l t i s dom i na t ed by t he componen t s f k f or k nea r v ,
t he depo l a r i z i ng e f f ec t s due t o m i sa l i gnmen t s can be
r educed by cance l i ng on l y a f ew ha rmon i cs; f rom eq .
(10) one can see t ha t 6n , i s sens i t i ve i n pa r t i cu l a r t o

t he sp i n - orb i t ha rmon i cs w i t h k equa l t o 0 and 1 .
I mpor t an t c r i t e r i a f or se l ec t i ng an orb i t ad j us t men t
scheme f or gene r a t i ng t he cor r ec t i on ha rmon i cs i n -
c l ude t he f o l l ow i ng :

- Max i mum t i l t cor r ec t i on w i t h m i n i mum d i s t or t i on
o f t he or i g i na l c l osed orb i t . La rge orb i t dev i a t i ons i n
sex t upo l es i nc r ease t he ve r t i ca l d i spe r s i on , wh i ch i t se l f
i s a sour ce o f sp i n d i f f us i on t hrough t he r esu l t i ng
ve r t i ca l orb i t a l osc i l l a t i ons . Thus i f t he orb i t d i s t or t i ons
r equ i r ed f or t he sp i n - orb i t cor r ec t i on a r e l a rge t hen
t he e f f ec t o f t he t i l t cor r ec t i on may be spo i l ed by
i nc r eas i ng t he sp i n d i f f us i on f rom o t he r sour ces .

- Or t hogona l i t y o f t he componen t s , t o a l l ow an
i ndependen t ad j us t men t o f t he amp l i t ude o f each ha r -
mon i c .

- M i n i mum orb i t dev i a t i on a t t he e l ec t ron - pro t on
i n t e r ac t i on po i n t s UP) and t he e l ec t ron - l ase r beam I P
o f t he po l a r i me t e r . Changes o f t he cor r ec t i on amp l i -
t udes can t hen be made w i t hou t i n t e r rup t i on o f t he
l um i nos i t y ope r a t i on o f t he co l l i de r and o f t he po l a r -
i za t i on measur emen t .

- App l i cab i l i t y o f t he cor r ec t i on scheme f or gene r a l
d i s t r i bu t i ons o f m i sa l i gnmen t s and orb i t e r ror s .

- Success f u l i nc r ease o f t he po l a r i za t i on a l so when
h i ghe r orde r e f f ec t s a r e i nc l uded .

The f i r s t ha rmon i c sp i n - orb i t cor r ec t i on scheme t o
be app l i ed t o an e l ec t ron s t or age r i ng was t ha t deve l -
oped f or PETRA [17] . The same scheme has a l so been
used mor e r ecen t l y a t TR I STAN [18] . Tha t orb i t ad -
j us t men t a l gor i t hm i s based on t he ad j us t men t o f i nd i -
v i dua l ve r t i ca l cor r ec t i on co i l s d i s t r i bu t ed a round t he
r i ng , and i s r es t r i c t ed t o t he case whe r e n o i s nom i na l l y
ve r t i ca l eve r ywhe r e . I n con t r as t , t he f orma l i sm de -
sc r i bed he r e i s des i gned t o be ab l e t o hand l e a nom i -
na l l y non - f l a t mach i ne , and s i mu l a t i ons i nd i ca t e t ha t i t
i s mor e success f u l i n t he compensa t i on o f t he m i sa l i gn -
men t s i n HERA w i t h sp i n ro t a t or s i ns t a l l ed [19] .

2 . 3 . The i mp l emen t a t i on a t HERA

S i mu l a t i ons have shown t ha t t he ha rmon i cs - 1 , 0 , 1
and 2 o f f mus t be con t ro l l ed ; each ha rmon i c has a
r ea l and an i mag i na r y pa r t so t ha t e i gh t r ea l compo -
nen t s fi , i = 1 , 2 , . . . , 8 mus t be gene r a t ed . Th i s i s done
by pe r t urb i ng t he ve r t i ca l c l osed orb i t us i ng ve r t i ca l
cor r ec t i on co i l s . I n orde r t o no t pe r t urb t he orb i t
eve r ywhe r e , t he e i gh t componen t s a r e gene r a t ed us i ng
a " f am i l y " o f e i gh t c l osed orb i t bumps l oca t ed i n t he
a r cs o f t he r i ng . The pe r i od i c magne t l a t t i ce i n t he
HERA a r cs i s shown i n F i g . 1 t oge t he r w i t h t he geome -
t r y o f a s i ng l e c l osed orb i t bump . A bump i s c r ea t ed
us i ng t hr ee consecu t i ve ve r t i ca l cor r ec t i on co i l s : t he
f i r s t de f l ec t s t he beam f rom t he or i g i na l c l osed orb i t ,
t he second r e t urns i t t o t he pos i t i on o f t he or i g i na l
orb i t a t t he l oca t i on o f t he t h i rd co i l , wh i ch f i na l l y
compensa t es t he r es i dua l ang l e . The ve r t i ca l d i spe r s i on
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gene r a t ed by t he bump because t he beam i s o f f - cen t e r
i n t he sex t upo l es i s es t i ma t ed t o be sma l l .

The amp l i t udes o f t he gene r a t ed componen t s f
depend l i nea r l y on t he s t r eng t hs o f t he 24 k i cks B ; , and
t he prob l em i s desc r i bed by t he s i mp l e ma t r i x equa t i on

(13)
whe r e M i s an 8 X 24 ma t r i x ; see r e f . [15] f or i t s
f unc t i ona l f orm . S i nce t he magn i t udes o f t he second
t wo k i cks o f each bump a r e d i c t a t ed by t he magn i t ude
o f t he f i r s t by t he cons t r a i n t t ha t t he bump mus t be
c l osed , M can be r educed t o an 8 X 8 ma t r i x and ,
i ns t ead o f spec i f y i ng t he amp l i t ude o f t he bump w i t h
t he s t r eng t h o f t he " l ead i ng " k i ck , one can use t he
max i mum orb i t dev i a t i on d ( see F i g . 1) . Th i s l eads t o a
new ma t r i x equa t i on

I f M i s nons i ngu l a r , t he r equ i r ed cor r ec t i on amp l i -
t udes d can be compu t ed f rom f by i nve r s i on . The
compu t a t i on o f t he ma t r i x M and o f i t s i nve r se i s done
by a mod i f i ed ve r s i on o f t he compu t e r progr am F I DO
[20] .

The r i ng con t a i ns a t o t a l o f 200 ve r t i ca l cor r ec t i on
co i l s i n t he a r cs ; one can use seve r a l a l gor i t hms t o
organ i ze t hem i n t o f am i l i es o f e i gh t bumps. The de t e r -
m i nan t o f t he cor r espond i ng ma t r i x M i s used as an
es t i ma t e o f t he e f f ec t i veness o f a f am i l y : a l a rge va l ue
o f de t (M) i mp l i es a l a rge cor r ec t i ve s t r eng t h w i t h m i n i -
mum orb i t dev i a t i on . A se l ec t ed f am i l y i s op t i mum
ove r an ene rgy r ange o f abou t ±0 . 5 GeV . I t has been
f ound t ha t t he bes t r esu l t s a r e ob t a i ned by us i ng t he
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F i g. 1 . The pe r i od i c magne t l a t t i ce i n t he HERA a r cs . A s i ng l e " FODO ce l l " con t a i ns t wo d i po l e magne t s , t wo quadrupo l es , t wo
sex t upo l es , and t wo cor r ec t i on co i l s . The l eng t h o f one ce l l i s 23 . 5 m , and t he phase advance o f t he be t a t ron osc i l l a t i ons i s 60° pe r
ce l l . A l so shown i s a schema t i c dr aw i ng o f a ve r t i ca l c l osed orb i t bump u t i l i z i ng t hr ee consecu t i ve ve r t i ca l cor r ec t i on co i l s . The f i r s t
co i l produces a k i ck B I and t he subsequen t co i l s produce k i cks B Z = - 0 1 and 0 3 =01 ; t he k i cks produced by t he quadrupo l es a r e

a l so i nd i ca t ed. The max i mum orb i t dev i a t i on i s deno t ed by d . The t o t a l l eng t h o f a bump i s 47 . 0 m .

a r r angemen t shown i n F i g . 2 , s i m i l a r t o t he symme t r y
o f t he scheme adop t ed a t PETRA . Two bumps a r e
pos i t i oned i n each a r c , each a d i s t ance S f rom t he
cen t e r o f t he a r c . Th i s a r r angemen t i s m i r ror - symme t -
r i c ac ross t he d i ame t e r s t hrough t he I Ps and t hrough

F i g . 2 . A schema t i c dr aw i ng o f t he HERA r i ng show i ng t he
a r r angemen t o f t he e i gh t c l osed orb i t bumps (numbe r ed 1
t hrough 8) . The pos i t i ons o f t he t hr ee co i l s ( see F i g. 1) o f
bumps 1 and 2 a r e a l so shown . The d i s t ance S i s t he d i s t ance
f rom t he cen t e r o f t he a r c t o t he nea r es t co i l i n t he bump .
The a r r angemen t i s m i r ror - symme t r i c ac ross d i ame t e r s
t hrough t he I N and t he m i d - po i n t s o f t he a r cs ; t wo o f t he
l i nes - o f - symme t r y a r e dr awn . The op t i mum d i s t ance S was

de t e rm i ned t o be 119 m; t he l eng t h o f one oc t an t i s 792 m.
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2. 4 . S i mu l a t i ons o f t he op t i m i za t i on procedur e
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t he m i d - po i n t s o f t he a r cs . The f am i l y w i t h t he max i -
mum de t e rm i nan t a t 26 . 7 GeV was ob t a i ned w i t h t he
d i s t ance S = 119 m .

The equ i l i br i um po l a r i za t i on i s sens i t i ve t o t he ac -
t ua l m i sa l i gnmen t s and f i e l d e r ror s i n t he r i ng , and t o
t he cor r ec t i on f i e l ds used t o m i n i m i ze t he r esu l t i ng rms
d i s t or t i on o f t he c l osed orb i t . The r es i dua l sys t ema t i c
e r ror s i n t he pos i t i ons o f t he magne t s and o f t he beam
pos i t i on mon i t or s make i t d i f f i cu l t t o pr ec i se l y de t e r -
m i ne t he f i e l ds on t he c l osed orb i t . Thus , i n pr ac t i ce , i t
may no t be poss i b l e t o accur a t e l y pr ed i c t t he amp l i -
t udes d o f t he e i gh t bumps needed t o cor r ec t t he n o
t i l t caused by t he f i e l d d i s t or t i ons . I n t h i s case t he r e
a r e t wo i mpor t an t consequences : f i r s t l y , t he op t i mum
amp l i t udes o f t he cor r ec t i ons mus t be de t e rm i ned em-
p i r i ca l l y. Thus an ex t ended progr amme , gu i ded by a
f as t po l a r i me t e r , o f measur emen t s o f t he po l a r i za t i on
as a f unc t i on o f each o f t he e i gh t cor r ec t i on amp l i t udes
i s r equ i r ed t o pe r f orm t he t i l t cor r ec t i on . I f t he sys t em-
a t i c e r ror s i n t he orb i t pos i t i on mon i t or s we r e su f f i -
c i en t l y sma l l t hen i t wou l d be poss i b l e t o use t h i s
i n f orma t i on t o speed - up t he op t i m i za t i on process; t h i s
app l i ca t i on o f t he orb i t measur emen t s a t HERA i s
unde r s t udy . Second l y , t he e f f ec t i veness o f t he f am i l y
o f bumps chosen f or max i mum de t (M) mus t be s t ud i ed
t o de t e rm i ne i f t he cor r ec t i on o f a l l e i gh t sp i n - orb i t
ha rmon i cs us i ng t he se l ec t ed f am i l y i s su f f i c i en t t o
i mprove t he po l a r i za t i on unde r a va r i e t y o f m i sa l i gn -
men t cond i t i ons ( i . e . f or a va r i e t y o f d i f f e r en t c l osed
orb i t s ) . The r esu l t s o f t hese s i mu l a t i ons a r e d i scussed
i n t he f o l l ow i ng sec t i on .

I n orde r t o s i mu l a t e t he d i f f us i on processes o f a
" t yp i ca l " r i ng , i t i s necessa r y t o i nc l ude t he m i sa l i gn -
men t s and f i e l d e r ror s o f t he magne t s o f t he r i ng and
a l so t he cor r ec t i on f i e l ds used t o r educe t he rms c l osed
orb i t d i s t or t i ons . The m i sa l i gnmen t s a r e t aken f rom
Gauss i an d i s t r i bu t i ons w i t h rms w i d t hs g i ven by t he
measur ed d i s t r i bu t i ons . Conven t i ona l c l osed orb i t cor -
r ec t i ons can t hen be s i mu l a t ed i n orde r t o ach i eve a
r ea l i s t i c va l ue o f t he rms d i s t or t i on o f t he ve r t i ca l
c l osed orb i t o f abou t 0 . 7 mm . The e f f ec t o f t he n , ax i s
t i l t cor r ec t i on on t he po l a r i za t i on i s t hen i nves t i ga t ed .
The op t i m i za t i on i s pe r f ormed by va r y i ng one compo -
nen t wh i l e keep i ng t he o t he r seven unchanged . The
r e l a t i ve amp l i t udes o f t he 8 bumps wh i ch cha r ac t e r i ze
each sp i n - orb i t componen t a r e g i ven by t he co l umns o f
t he i nve r se o f M . The s t r eng t h o f a componen t i s
measur ed by t he amp l i t ude o f t he bump w i t h t he
l a rges t r e l a t i ve orb i t dev i a t i on , deno t ed by D . The
op t i mum amp l i t ude o f a componen t i s deno t ed by
Dop t .

An examp l e o f t he op t i m i za t i on procedur e i s shown
i n F i g . 3 . The equ i l i br i um po l a r i za t i on Pmax i s p l o t t ed

F i g . 3 . The asymp t o t i c po l a r i za t i on Pmax p l o t t ed as a f unc t i on
o f t he amp l i t udes D o f t he componen t s o f t he 0 and + 1
ha rmon i cs . I n t h i s s i mu l a t i on t he 0 - I mag i na r y and +1 - Rea l
componen t s a r e f ound t o s i gn i f i can t l y i nc r ease t he po l a r i za -
t i on ; i n t h i s case t he r equ i r ed va l ues , Dop t , f or t he compo -
nen t s a r e - 1 . 4 and 1 . 3 mm , r espec t i ve l y . The va l ue o f t he
po l a r i za t i on i s l ess sens i t i ve t o t he amp l i t udes o f t he - 1 and
+2 ha rmon i cs . The max i mum po l a r i za t i on i s i nc r eased f rom
27 . 1% t o 81 . 0% when t he e i gh t amp l i t udes a r e pu t t o t he i r
op t i mum se t t i ngs . The s i mu l a t i ons a r e made i n t he l i nea r
approx i ma t i on [5] , and t hus i nc l ude t he e f f ec t s o f on l y f i r s t

orde r r esonances .

as a f unc t i on o f t he amp l i t udes D o f t he ha rmon i cs 0
and + 1 , f or a " t yp i ca l " HERA r i ng . The po l a r i za t i on
i s seen t o be a s t rong f unc t i on o f t he amp l i t udes , and
f or t he pa r t i cu l a r e r ror d i s t r i bu t i on s i mu l a t ed , t he
componen t s 0 - I mag i na r y and + 1 - Rea l can be used t o
s i gn i f i can t l y i nc r ease t he po l a r i za t i on whe r eas on l y a
sma l l i mprovemen t i s poss i b l e us i ng t he 0 - Rea l and
+ 1 - I mag i na r y componen t s . The e f f ec t o f t he - 1 and
+ 2 ha rmon i cs i s s i gn i f i can t l y weake r t han t ha t o f t he 0
and + 1 ha rmon i cs. Be f or e cor r ec t i on , t he rms t i l t I Sn o I
i s 19 . 4 mr ad , and t he equ i l i br i um po l a r i za t i on i s 27 . 1% ;
w i t h each o f t he 8 ha rmon i c componen t s se t t o i t s
cor r espond i ng Dop t , t he rms t i l t i s r educed t o 12 . 5
mr ad and Pmax i s 81 . 0% . On t he bas i s o f such s t ud i es ,
an equ i l i br i um po l a r i za t i on Pmax a f t e r cor r ec t i ons o f
be t ween 60 and 80% i s ach i evab l e u t i l i z i ng t he f am i l y
se l ec t ed f or use a t 26 . 7 GeV , and t he max i mum r e -
qu i r ed t o t a l orb i t dev i a t i on i s abou t 5 mm .

I t i s i mpor t an t t o po i n t ou t d i f f e r ences be t ween t he
ac t ua l and t he s i mu l a t ed op t i m i za t i on procedur es . I n
F i g . 3 we have p l o t t ed t he equ i l i br i um po l a r i za t i on

Pmax , bu t i n pr ac t i ce one measur es a po l a r i za t i on P( t )
wh i ch may be va r y i ng i n t i me as i t approaches equ i l i b -
r i um . Thus sma l l i nc r eases i n t he equ i l i br i um po l a r i za -
t i on due t o t he cor r ec t i ons may be d i f f i cu l t t o measur e .
I n add i t i on , t he t i l t I 8n o I i s a l i nea r f unc t i on (10) o f t he
magn i t udes o f t he ha rmon i cs , bu t t he po l a r i za t i on i s a
non - l i nea r f unc t i on o f t he t i l t . I t i s t hen poss i b l e t ha t
t he t i l t cor r ec t i on o f a pa r t i cu l a r ha rmon i c componen t



may have a neg l i g i b l e e f f ec t on t he po l a r i za t i on when
t he po l a r i za t i on i s sma l l , bu t a mor e no t i ceab l e e f f ec t

when t he po l a r i za t i on l eve l i s gr ea t e r . Thus a sens i t i ve
measur emen t o f t he op t i mum amp l i t udes may r equ i r e
t ha t t he cor r ec t i ons a r e i t e r a t ed . The e i gh t componen t s
a r e , t o a good approx i ma t i on # 2 , or t hogona l and so can
be i nd i v i dua l l y op t i m i zed and comb i ned t o ach i eve t he
max i mum po l a r i za t i on .

Nex t we d i scuss an examp l e o f t he e f f ec t o f t he
cor r ec t i ons on t he ene rgy dependence o f t he po l a r i za -
t i on . I n f i gs . 4a and 4b we show r esu l t s f or t he equ i l i b -
r i um po l a r i za t i on ob t a i ned f rom Mon t e Ca r l o s i mu l a -
t i ons us i ng S I TROS . A s i ng l e " t yp i ca l " HERA ma -
ch i ne w i t h m i sa l i gnmen t s and conven t i ona l c l osed orb i t
cor r ec t i ons has been s i mu l a t ed ; t he equ i l i br i um po l a r -
i za t i on i s shown be f or e and a f t e r t he op t i m i za t i on o f
t he ha rmon i c cor r ec t i ons. The ene rgy dependence o f
t he po l a r i za t i on and t he r esonance s t ruc t ur e a r e d i s -
cussed i n mor e de t a i l i n sec t i on 7 . As shown i n F i g . 4a
t he max i mum po l a r i za t i on , a f t e r conven t i ona l orb i t

cor r ec t i ons a r e pe r f ormed , i s 23% . The op t i m i za t i on
us i ng t he ha rmon i c cor r ec t i ons i nc r eases t he max i mum
po l a r i za t i on t o 70% . The i nc r ease i s pr ed i c t ed by bo t h
t he l i nea r and non - l i nea r s i mu l a t i ons , show i ng t ha t as
expec t ed , t he sp i n d i f f us i on o f t he h i ghe r orde r r eso -
nances i s a l so r educed by t he t i l t cor r ec t i on .

The s i mu l a t i on o f a s i ng l e " t yp i ca l " HERA ma -
ch i ne i s use f u l f or pr ed i c t i ng t he t endenc i es f or r e l a t i ve
s t r eng t hs o f r esonances . Because t he ac t ua l po l a r i za -
t i on depends ve r y s t rong l y on t he pr ec i se e r ror d i s t r i -
bu t i on , a pr ed i c t i on f or t he expec t ed po l a r i za t i on based
on t he spec i f i ca t i ons f or t he a l i gnmen t o f t he magne t s
and r ea l i s t i c c l osed orb i t cor r ec t i ons can be ob t a i ned
on l y f rom an ave r age o f t he r esu l t s f rom many " t yp i -
ca l l y " m i sa l i gned r i ngs . Such a s t udy has been pe r -
f ormed w i t h S I TROS on f our d i f f e r en t r i ngs ; t he ave r -
age max i mum po l a r i za t i on be f or e op t i m i za t i on o f t he
ha rmon i c cor r ec t i ons i s 26 . 0 ± 6 . 0% , and t he max i mum
i s i nc r eased by t he cor r ec t i ons t o 70 . 7 ± 6. 7% .

3. The HERA po l a r i me t e r
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The ve r t i ca l componen t o f t he e l ec t ron po l a r i za t i on
i s measur ed us i ng t he asymme t r y o f t he Comp t on c ross
sec t i on f or sca t t e r i ng o f ve r t i ca l l y po l a r i zed e l ec t rons
o f f c i r cu l a r l y po l a r i zed pho t ons [21] . Lase r l i gh t o f 514
nm i s d i r ec t ed aga i ns t t he e l ec t ron beam and t he
ene rgy Ey and ve r t i ca l pos i t i on y o f t he backsca t t e r ed
pho t ons a r e measur ed . The po l a r i za t i on PY i s ob t a i ned
f rom t he d i f f e r ence A y i n t he mean ve r t i ca l pos i t i ons
( y ) o f t he d i s t r i bu t i ons measur ed w i t h l e f t and r i gh t

a2 Neg l ec t i ng non l i nea r ( sex t upo l e ) f i e l ds and dev i a t i ons o f
t he quadrupo l e f i e l ds f rom t he des i gn va l ues .
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F i g . 4 . Resu l t s o f Mon t e Ca r l o s i mu l a t i ons o f t he po l a r i za t i on
as a f unc t i on o f t he beam ene rgy and o f t he sp i n t une v ,
be t ween t wo i n t ege r r esonances f or a " t yp i ca l " HERA r i ng .
The r esu l t s o f l i nea r ca l cu l a t i ons ( so l i d cur ves ) a r e shown f or
compa r i son . The max i mum po l a r i za t i on a t t a i ned a f t e r s i mu -
l a t i ng conven t i ona l orb i t cor r ec t i ons , shown i n ( a ) , i s abou t
23% . The e f f ec t o f t he ha rmon i c cor r ec t i ons i s shown i n (b ) ,
w i t h t he po l a r i za t i on r each i ng 70% . The e r ror ba r s r epr esen t
t he s t a t i s t i ca l e r ror o f t he Mon t e Ca r l o s i mu l a t i ons ; t he sp i n
d i f f us i on i s s i mu l a t ed by t r ack i ng 50 pa r t i c l es f or 5000 orb i t s
a round t he r i ng , cor r espond i ng t o 0 . 11 s or 13 t i mes t he
damp i ng t i me cons t an t o f t he ene rgy osc i l l a t i ons . The s t r eng t h
o f t he synchro t ron s i debands can be unde r es t i ma t ed by t he
Mon t e Ca r l o s i mu l a t i ons i n t he case o f s t rong depo l a r i za t i on .
Th i s e f f ec t i s dependen t on t he samp l i ng o f t he t a i l s o f t he
non - Gauss i an pa r t i c l e d i s t r i bu t i ons , and i s v i s i b l e i n t he r e -
su l t s shown i n ( a ) , whe r e t he po l a r i za t i on , w i t h t he e f f ec t s o f
t he h i ghe r orde r s i debands i nc l uded , i s es t i ma t ed t o be s l i gh t l y

h i ghe r t han t he l i nea r r esu l t .

c i r cu l a r l y po l a r i zed l i gh t :

Ay (E) ( Y ) L - ( Y ) R=

y
(15)2

S3 , L S3 , R=
PY nY(E Y)

2

=Py " S3 HY(Ey ) , ( 16 )
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= Py ' l S3 '7y ( Ev ) ,
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whe r e S3 , , and S3 , R a r e t he degr ees o f c i r cu l a r po l a r -
i za t i on o f t he l ase r l i gh t and HY (E Y ) , t he ana l yz i ng
powe r , i s de r i ved f rom t he po l a r i za t i on dependen t
Comp t on c ross sec t i on , as exp l a i ned i n r e f . [2] . The
max i mum va l ue o f I I y (E , , ) i s 180 wm a t Ey = 8 . 0 GeV.
I n pr ac t i ce OS 3 i s nea r l y 1 , and t he ve r t i ca l componen t
o f t he e l ec t ron beam po l a r i za t i on Py i s propor t i ona l t o
Ay . A de t a i l ed ana l ys i s o f t he 2 - d i mens i ona l sca t t e r i ng
d i s t r i bu t i ons has been pe r f ormed i n orde r t o es t i ma t e
t he sys t ema t i c e r ror s i n t he measur emen t [2] .

The HERA po l a r i me t e r has been desc r i bed i n de -
t a i l i n r e f . [2] . The ma j or componen t s a r e br i e f l y de -
sc r i bed he r e t oge t he r w i t h t he mod i f i ca t i ons made
s i nce 1991 wh i ch i n f l uence t he sys t ema t i c e r ror s o f t he
po l a r i za t i on measur emen t .

3 . 1 . The ca l or i me t e r

(16)

The ene rgy and ve r t i ca l pos i t i on o f t he backsca t -
t e r ed pho t ons a r e measur ed us i ng a t ungs t en - sc i n t i l l a -
t or samp l i ng ca l or i me t e r [22 , 23] . The ca l or i me t e r i s
hor i zon t a l l y sp l i t i n t he m i dd l e , and can t hus be cons i d -
e r ed t o cons i s t o f t wo ca l or i me t e r s , one on t op o f t he
o t he r . The ene rgy o f an i ncom i ng pho t on i s t he sum o f
t he ene rg i es i n t he t wo ha l ves :

E , v = E � P + Edown ,

�

( 17 )

and t he ve r t i ca l pos i t i on i s measur ed us i ng t he asym-
me t r y o f t he ene rg i es :

r1( Y ) = EUP - Edown .
E � P + Edown

The t r ans f orma t i on f unc t i on v7( y ) i s r e l a t ed t o t he
ave r age t r ansve r se d i s t r i bu t i on o f t he ene rgy depos i -
t i on o f an e l ec t romagne t i c showe r i n t he ca l or i me t e r
dE / dy by
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F i g . 5 . The norma l i zed showe r d i s t r i bu t i on dE / dy de r i ved
f rom t es t beam measur emen t s (dashed cur ve ) and t he
pa r ame t r i za t i on o f t he EGS4 r esu l t s ( so l i d cur ve ) . A l so shown
f or compa r i son a r e t he r esu l t s o f t he EGS4 s i mu l a t i on ( y > 0;
h i s t ogr am) and t he op t i m i zed pa r ame t r i za t i on ( y < 0 ; do t t ed
cur ve ) . No t e t he ve r y na r row componen t o f t he showe r nea r
y = 0 , no t seen i n t he t es t beam r esu l t s , wh i ch was necessa r y
t o ach i eve t he good agr eemen t o f t he measur ed and pr ed i c t ed

dN / dv7 d i s t r i bu t i ons ( F i g . 6) .

w i t h t he norma l i za t i on cond i t i on ( assum i ng cy l i ndr i ca l
symme t r y o f t he ene rgy depos i t i on )

xdE
- dy ' = 1 .

f o

�

dy ,

The s i mu l a t i ons o f dN / d77 desc r i bed i n r e f . [2] u t i l i zed
an 77( y ) t r ans f orma t i on de r i ved f rom t es t beam mea -
sur emen t s [22] . Bu t d i f f i cu l t i es we r e f ound i n ach i ev i ng
a good f i t t o t he measur ed ve r t i ca l d i s t r i bu t i ons us i ng
t h i s t r ans f orma t i on , t he r e f or e s i mu l a t i ons o f t he showe r
deve l opmen t i n t he ca l or i me t e r us i ng t he Mon t e Ca r l o
progr am EGS4 [241 have been u t i l i zed t o de r i ve a
pa r ame t r i za t i on o f eq . (19) . The pa r ame t e r va l ues we r e
op t i m i zed by f i t t i ng t he measur ed dN / d77 d i s t r i bu t i ons
[25] . The d i s t r i bu t i on o f t he t r ansve r se ene rgy depos i -

- 3 . 0 - 2 . 0 - 1 . 0 0 . 0 1 . 0 2 . 0 3 . 0
y (mm)

(20)

F i g. 6 . The measur ed ve r t i ca l d i s t r i bu t i ons dN / d77 o f t he backsca t t e r ed pho t ons w i t h t he background sub t r ac t ed , shown i n f i ve
ene rgy i n t e r va l s. The endpo i n t s o f t he i n t e r va l s a r e i nd i ca t ed be l ow t he f i gur es . The pr ed i c t ed d i s t r i bu t i ons (ove r l a i d ) have been
ca l cu l a t ed w i t h a Mon t e Ca r l o progr am wh i ch u t i l i zes t he Comp t on d i f f e r en t i a l c ross sec t i on and t he op t i m i zed r l ( y ) pa r ame t r i za
t i on , and i nc l udes t he e f f ec t s o f t he ca l or i me t e r ene rgy and pos i t i on r eso l u t i on and t he e l ec t ron beam d i ve rgence . The agr eemen t i s

sa t i s f ac t or y and much i mproved compa r ed t o r e f . [2] , F i g . 23 .
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F i g . 7 . The po l a r i za t i on measur emen t f or a t yp i ca l run : dr7 i s
p l o t t ed as a f unc t i on o f E , . The f i t t o eq . (22) ( so l i d cur ve )

g i ves AS3Py = 53 . 1 ± 1 . 0% .

t i on dE / dy de t e rm i ned f rom t he t es t beam measur e -
men t s , t he EGS4 s i mu l a t i ons , and t he op t i m i za t i on o f
t he EGS4 pa r ame t r i za t i on a r e compa r ed i n F i g . 5 . The
good agr eemen t o f t he measur ed dN / d?7 d i s t r i bu t i ons
and t he pr ed i c t i ons made u t i l i z i ng t he op t i m i zed 71( y )
pa r ame t r i za t i on can be seen i n F i g . 6 .

The po l a r i za t i on PY can be ob t a i ned f rom t he d i f -
f e r ence o f t he mean ve r t i ca l pos i t i ons (77) measur ed
w i t h r i gh t and l e f t c i r cu l a r l y po l a r i zed l i gh t ( compa r e
w i t h eqs . (15) and (16) ) :

07)L - (70R

=Py AS 3 17 , 1 (EY ) .

The ana l yz i ng powe r 17 , 1 (EY ) has been de r i ved us i ng
t he op t i m i zed 71( y ) t r ans f orma t i on . The measur ed d i f -
f e r ence 077(E , , ) i n a t yp i ca l run i s shown i n F i g . 7 ,
t oge t he r w i t h t he r esu l t o f t he f i t t o eq . (22) . The
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(21)

(22)

agr eemen t i s exce l l en t . For AS , = 1 , t he va l ue o f t he
ve r t i ca l po l a r i za t i on PY f rom t he f i t i s 53 . 1 + 1 . 0% ,
w i t h t he X2 / nd f = 1 . 1 . The ave r age ana l yz i ng powe r i n
t he ene rgy i n t e r va l 5 . 4 < EY < 11 . 7 GeV ( t he r ange
used i n t he ca l cu l a t i on o f on - l i ne r esu l t s ) ca l cu l a t ed
w i t h t he op t i m i zed 77( y ) t r ans f orma t i on i s 0 . 0493 , com-
pa r ed w i t h t he pr ev i ous va l ue o f 0 . 0456 .

The ve r t i ca l po l a r i za t i on can a l so be ob t a i ned f rom
measur emen t s o f t he asymme t r y . sa ' t (77 , EY ) de r i ved
f rom t he 2 - d i mens i ona l d i s t r i bu t i ons NL . R ( r7 , EY ) :

( ~1 , E Y ~ =
N j 77 ,

Ey ) - NR (~7 , EY )
~ rN

- 0 . 5 0 . 0 0 . 5

�

- 0 . 5 0 . 0 0 . 5

�

- 0 . 5 0 . 0 0 . 5

�

- 0 . 5 0 . 0 0 . 5
i' 77

�

77

�

7 ?

L ( r l , Ey ) + NR ( 77 , - y )
(23)

= " S I - V j / O + OS3Py - V2Y /0 ,

�

(24)

whe r e NL , R(77 , E , ) a r e t he numbe r o f sca t t e r ed pho -
t ons a t t he ve r t i ca l pos i t i on 77 i n t he ene rgy i n t e r va l
be t ween E Y and E . , + AE . , � measur ed w i t h l e f t and
r i gh t c i r cu l a r l y po l a r i zed l i gh t . The de f i n i t i ons o f t he
f unc t i ons Z , / 0 and 12Y / 0 can be f ound i n r e f . [2] . The
da t a a r e f i t t o eq . (24) w i t h AS3PY and AS , ( t he
d i f f e r ence be t ween t he l i nea r po l a r i za t i on componen t s
Sl (0) o f t he l e f t and r i gh t po l a r i zed beams [2] ) as f r ee
pa r ame t e r s . Shown i n F i g . 8 a r e t he measur ed asymme -
t r y d i s t r i bu t i ons , . ß ( i 7 , EY ) , i n t he f i ve ene rgy i n t e r va l s
de f i ned i n F i g . 6 . The f i t r esu l t s a r e ove r l a i d i n t he
f i gur e . The agr eemen t o f t he pr ed i c t ed and measur ed
cur ves i s exce l l en t . The f i t y i e l ds i 1 S3PY = 0 . 548 ± 0 . 007
and AS , = 0 . 088 ± 0 . 004 . The va l ue o f AS , PY i s cons i s -
t en t w i t h t ha t ob t a i ned i n t he f i t t o 77(E -Y ) , shown i n
F i g . 7 .

3 . 2 . The pa t h o f t he backsca t t e r ed pho t ons

The backsca t t e r ed pho t ons l eave t he e l ec t ron r i ng
vacuum p i pe t hrough an a l um i num w i ndow 29 m f rom

- 0 . 5 0 . 0 0 . 5

F i g . 8 . The asymme t r y d i s t r i bu t i ons . ß ( r7) ca l cu l a t ed i n t he f i ve ene rgy i n t e r va l s , DE , , de f i ned i n F i g . 6 . The da t a a r e t he same as
used f or F i g. 7 . The s i mu l t aneous f i t t o eq . (24) i n t he f i ve i n t e r va l s g i ves OS 3 Py = 0. 548±0 . 007 , i n exce l l en t agr eemen t w i t h t he

r esu l t s o f t he f i t t o eq . (22) . The e f f ec t i ve l i nea r componen t o f t he l ase r l i gh t AS , = 0. 088+0 . 004 .
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F i g. 9 . The ene rgy spec t rum o f t he background measur ed f or
a bunch cur r en t o f 0 . 28 mA a t 26 . 7 GeV . The pr ed i c t ed
spec t rum o f beam- gas br emss t r ah l ung cor r espond i ng t o a
vacuum pr essur e o f 1 . 6 x 10 - 9 mba r i s ove r l a i d ( so l i d cur ve ) .
The pr ed i c t ed ene rgy spec t rum i nc l ud i ng t he Comp t on sca t -
t e r ed b l ackbody pho t ons , cor r espond i ng t o a t empe r a t ur e o f
310 K , i s a l so shown (do t t ed cur ve ) [26] . A ca l or i me t e r ene rgy
r eso l u t i on o f o"E = 24%

�

E(GeV) was assumed i n t he ca l cu -
l a t i ons .

t he I P and t r ave l 36 m t o t he de t ec t or . Co l l i ma t or s and
sweep i ng magne t s a r e used t o r emove background .
The r e i s a 10% probab i l i t y f or conve r s i on i n t he a i r
be t ween t he ex i t w i ndow and t he de t ec t or . The de -
gr aded measur emen t o f t he ene rgy and pos i t i on o f
conve r t ed pho t ons r esu l t s i n l ong t a i l s i n t he ve r t i ca l
d i s t r i bu t i ons and d i s t or t i ons o f t he cha r ac t e r i s t i c en -
e rgy spec t r a o f br emss t r ah l ung and o f t he Comp t on
sca t t e r ed pho t ons . These e f f ec t s we r e seen i n t he
Novembe r 1991 da t a . The pa t h i s now evacua t ed ( ex -
cep t f or a sec t i on o f 9 m) and t he conve r s i on probab i l -
i t y i s r educed t o abou t 3% . The t a i l s o f t he ve r t i ca l
d i s t r i bu t i ons a r e now neg l i g i b l e ( see F i g . 6) , and t he
ene rgy d i s t r i bu t i ons a r e i n exce l l en t agr eemen t w i t h
t he pr ed i c t i ons . As an examp l e , t he background spec -
t rum a t a beam ene rgy o f 26 . 7 GeV , measur ed w i t h t he
l ase r beam b l ocked , i s shown i n F i g . 9 . The agr eemen t
w i t h t he Be t he - He i t l e r pr ed i c t i on i s exce l l en t excep t
a t l ow ene rg i es whe r e t he background i s dom i na t ed by
t he sca t t e r i ng o f t he e l ec t rons on t he b l ackbody ( t he r -
ma l ) pho t ons i n t he chambe r . The dev i a t i on i s i n good
agr eemen t w i t h t he expec t ed con t r i bu t i on f or a t em-
pe r a t ur e o f 310 K [26] .

A con t i nuous beam o f l ase r l i gh t (10 W , 2. 41 eV) i s
sca t t e r ed on t he e l ec t ron beam . The t r anspor t sys t em
i s desc r i bed i n de t a i l i n r e f . [27] ; on l y t he componen t s
r e l evan t f or t he l i gh t po l a r i za t i on a r e desc r i bed he r e .
The l i gh t i s d i r ec t ed ove r t he 180 m f rom t he l ase r
l abor a t or y t o t he e l ec t ron vacuum chambe r w i t h h i gh

r e f l ec t i v i t y d i e l ec t r i c m i r ror s . No op t i ca l componen t s
a r e i ns i de t he e l ec t ron r i ng vacuum , t hus t he l i gh t mus t
en t e r t he vacuum chambe r nea r l y ( an t i )pa r a l l e l t o t he
e l ec t ron beam d i r ec t i on , and gr ea t ca r e had t o be
t aken w i t h t he i ns t a l l a t i on o f t he vacuum w i ndows t o
m i n i m i ze t he i r i n f l uence on t he po l a r i za t i on o f t he
l ase r l i gh t .

The po l a r i za t i on i s sw i t ched be t ween ve r t i ca l l i nea r
po l a r i za t i on and l e f t and r i gh t c i r cu l a r po l a r i za t i ons
us i ng a Pocke l s ce l l . The Pocke l s ce l l vo l t ages a r e
op t i m i zed on t he bas i s o f measur emen t s w i t h t he po l a r -
i za t i on ana l yze r l oca t ed a f t e r t he ex i t w i ndow . Mea -
sur emen t s i n spr i ng 1992 i nd i ca t ed t ha t t he vacuum
w i ndows we r e b i r e f r i ngen t , w i t h a ne t phase sh i f t o f
t he ve r t i ca l po l a r i za t i on componen t r e l a t i ve t o t he hor -
i zon t a l o f approx i ma t e l y A / 12 . The e f f ec t i ve l i nea r l y
po l a r i zed componen t i n t he l ase r l i gh t a t t he I P can be
measur ed f rom t he backsca t t e r ed d i s t r i bu t i ons [2] , and
t he r esu l t s we r e cons i s t en t w i t h t he ana l yze r measur e -
men t s . Thus on l y t he en t r ance w i ndow was b i r e f r i ngen t
and t he va l ues g i ven by t he ana l yze r cor r esponded t o
t he po l a r i za t i on o f t he l ase r l i gh t a t t he I P . C i r cu l a r
po l a r i za t i ons S3 gr ea t e r t han 99% a t t he I P cou l d be
ach i eved . Measur emen t s o f t he backsca t t e r ed d i s t r i bu -
t i ons i n t he summe r and f a l l o f 1992 i nd i ca t ed an
i nc r ease o f t he l i nea r l y po l a r i zed componen t a t t he I P ,
i n d i sagr eemen t w i t h t he ana l yze r r esu l t s . Th i s i nd i -
ca t ed t ha t t he ex i t w i ndow had a l so become s l i gh t l y
b i r e f r i ngen t . We es t i ma t e t ha t t he va l ue o f " S 3 was
be t ween 0 . 90 and 0 . 99 . The b i r e f r i ngence was no t
obse r ved i n measur emen t s t aken a t t he end o f t he run
pe r i od , i n Novembe r 1992 . The cause o f t he b i r e f r i n -
gence appea r s t o be s t r esses i n t he g l ass caused by t he
w i ndow moun t s , and t he s t r esses appea r t o be sens i t i ve
t o t he h i s t or y o f t he vacuum o f t he e l ec t ron r i ng .

4. The mach i ne cond i t i ons and t he da t a co l l ec t ed

The measur emen t s have been made a t beam ene r -
g i es nea r 26 . 67 GeV , cor r espond i ng t o a ha l f - i n t ege r
sp i n t une o f 60 . 5 , as i n Novembe r 1991 . As no t ed i n
sec t i on 1 , t he op t i c o f t he e l ec t ron r i ng used f or l um i -
nos i t y ope r a t i on was mod i f i ed f or t he po l a r i za t i on
s t ud i es by r educ i ng t he hor i zon t a l and ve r t i ca l be t a t ron
t unes , QX and QY , f rom 47 . 22 and 47 . 35 , t o 47 . 12 and
47 . 20 , r espec t i ve l y . Th i s moves t he ene rg i es o f t he
l i nea r be t a t ron r esonances c l ose r t o t he i n t ege r r eso -
nances , i nc r eas i ng t he ene rgy sepa r a t i on o f t he r eso -
nances and po t en t i a l l y i nc r eas i ng t he po l a r i za t i on nea r
ha l f - i n t ege r sp i n t unes . The s t r eng t hs o f t he syn -
chro t ron s i deband r esonances a r e expec t ed t o dec r ease
w i t h i nc r eas i ng synchro t ron t une . Thus t he r i ng was
ope r a t ed w i t h t he max i mum ava i l ab l e t o t a l c i r cum f e r -
en t i a l vo l t age o f abou t 160 MV , pro f i t i ng f rom t he
supe r conduc t i ng cav i t i es i ns t a l l ed i n t he e l ec t ron r i ng
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[28] . Dur i ng t he measur emen t s , t he vo l t age r anged
be t ween 140 and 165 MV . The measur ed synchro t ron
f r equency r anged be t ween 2. 9 and 3 . 9 kHz , cor r e -
spond i ng t o synchro t ron t unes QS be t ween 0 . 061 and
0. 082 . Th i s cho i ce o f t unes sa t i s f i es Q Y = Qx + Q , s ,

wh i ch pu t s t he f am i l i es o f synchro t ron s i debands o f t he
pa r en t be t a t ron r esonances on t op o f each o t he r . The
orb i t o f t he r i ng i s s t ab l e and r eproduc i b l e ove r many
sh i f t s , t hus spec i a l cor r ec t i on o f t he orb i t be f or e t he
po l a r i za t i on measur emen t s was no t needed . The rms
d i s t or t i on o f t he ve r t i ca l c l osed orb i t ach i eved w i t h t he
conven t i ona l orb i t cor r ec t i ons was be t ween 0 . 7 and 0 . 8
mm . The e l ec t ron r i ng was ope r a t ed i n s t and - a l one
mode : t he so l eno i ds and compensa t or s o f t he ZEUS
and H1 de t ec t or s we r e no t powe r ed , nor was t he
pro t on r i ng .

The po l a r i za t i on was measur ed i n a 1 m i n cyc l e
cons i s t i ng o f 40 s o f Comp t on sca t t e r i ng measur emen t s
wh i l e sw i t ch i ng t he l ase r po l a r i za t i on be t ween l e f t and
r i gh t c i r cu l a r po l a r i za t i ons a t 90 Hz , f o l l owed by 20 s o f
background measur emen t s w i t h t he l ase r beam b l ocked .
The t o t a l e l ec t ron cur r en t had been l i m i t ed t o abou t 2
mA d i s t r i bu t ed ove r t en bunches and hav i ng a beam
l i f e t i me o f abou t 5 h . Unde r t hese cond i t i ons abou t
3500 sca t t e r ed
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pho t ons w i t h
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r ecorded i n a 1 m i n measur emen t , g i v i ng a s t a t i s t i ca l
e r ror 0 PY o f abou t +0 . 03 .

The ma i n ob j ec t i ve o f t he measur emen t s dur i ng
1992 was t o max i m i ze t he e l ec t ron po l a r i za t i on . As t he
ene rgy sca l e o f t he r i ng i s unce r t a i n t o ±50 MeV ,
scans o f t he po l a r i za t i on ve r sus t he beam ene rgy we r e
made ( sec t i on 7) t o f i nd t he op t i mum ene rgy a t wh i ch
t o beg i n t he cor r ec t i on s t ud i es. A f t e r f i x i ng t he ene rgy ,
a scan o f t he RF vo l t age was made t o i nsur e t ha t t he
ope r a t i ng ene rgy was no t nea r t he pos i t i on o f a syn -
chro t ron s i deband r esonance . The max i mum po l a r i za -
t i on ach i eved a t t h i s s t age was 25 . 5% a t 26 . 700 GeV ,
compa r ed t o 8% i n Novembe r 1991 . A f t e r t hese
pr epa r a t or y measur emen t s t he e f f ec t s o f t he 0 and + 1
sp i n - orb i t ha rmon i cs we r e s t ud i ed , f o l l owed by t he
ha rmon i cs - 1 and +2 . The e f f ec t o f t he cor r ec t i on o f
t he t i l t o f t he e l ec t ron beam e l l i pse was a l so measur ed .
These s t ud i es a r e d i scussed i n t he nex t sec t i on.

O t he r po l a r i za t i on s t ud i es we r e a l so pe r f ormed . The
l ong i t ud i na l componen t o f t he po l a r i za t i on Pz was
mon i t or ed , and was cons i s t en t l y ze ro dur i ng t he s t ud -
i es w i t h i n t he s t a t i s t i ca l e r ror (±0 . 01) . The bu i l d - up
t i me - r was measur ed and used t o check t he sys t ema t i c
e r ror i n t he po l a r i za t i on sca l e . The r esu l t s i nd i ca t e t ha t
t he sys t ema t i c e r ror i n t he sca l e i s l ess t han t he s t a t i s t i -
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F i g . 10 . S t ud i es o f t he f our ma i n componen t s o f t he ha rmon i c sp i n - orb i t cor r ec t i ons : 0 - Rea l and 0 - I mag i na r y ; + 1 - Rea l and
+ 1 - I mag i na r y . The measur ed po l a r i za t i ons a r e p l o t t ed ve r sus t he componen t amp l i t udes D ( t he max i mum o f t he orb i t dev i a t i ons
i n t he e i gh t bumps ) . Measur emen t s a r e co l l ec t ed wh i ch we r e pe r f ormed unde r cons t an t cond i t i ons ; f or 0 - Rea l and +1 - Rea l a
second scan i s shown (o ) wh i ch was pe r f ormed t o check t he f i r s t r esu l t . Open symbo l s a r e used t o i nd i ca t e va l ues wh i ch a r e
be l i eved t o be t oo l ow w i t h r espec t t o ne i ghbor i ng po i n t s because o f bu i l d - up t i me e f f ec t s. The measur emen t s compr i s i ng t he t wo
pa r t s o f t he f i r s t scan o f 0 - Rea l a r e connec t ed : t he scan began a t 0 mm , w i t h a po l a r i za t i on o f 48 . 6±2 . 0% , and pos i t i ve amp l i t udes
we r e checked. The scan was con t i nued , f o l l ow i ng l oss o f t he beam , w i t h measur emen t s a t nega t i ve amp l i t udes ; see a l so F i g . 11 . The
op t i ma l amp l i t udes D. P t a r e f ound t o be 0 mm f or 0 - Rea l and +1 - Rea l ; - 1 . 2 mm f or 0 - I mag i na r y and - 1 . 8 mm f or

+ 1 - I mag i na r y. The sys t ema t i c e r ror ADop t i s es t i ma t ed t o be ±0 . 5 mm f or t hese componen t s .
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ca l e r ror o f t he measur emen t (±0 . 10 PY ) , t hus we have
con t i nued t o use t he po l a r i za t i on sca l e desc r i bed i n
r e f . [2] ; t h i s po i n t i s desc r i bed i n mor e de t a i l i n sec t i on
6 . The dependence o f t he po l a r i za t i on on t he beam
ene rgy was measur ed i n f i ve shor t ene rgy scans .

5 . Orb i t cor r ec t i on s t ud i es

5 . 1 . Ha rmon i c sp i n - orb i t cor r ec t i ons

D . P . Ba rbe r e t a l / Nue l . I ns t r . and Me t h . i n Phys. Res . A 338 (1994) 166 - 184

As desc r i bed i n sec t i on 2 . 2 , t he ha rmon i c sp i n - orb i t
cor r ec t i ons a r e spec i f i ca l l y des i gned f or i nc r eas i ng t he
po l a r i za t i on . The op t i mum amp l i t udes f or t he cor r ec -
t i ons cou l d no t be pr ec i se l y pr ed i c t ed by orb i t mea -
sur emen t s , and t he r e f or e we r e de t e rm i ned emp i r i ca l l y ,
gu i ded by t he on - l i ne r esu l t s o f t he po l a r i me t e r . The 8
amp l i t udes , Dop t , can be de t e rm i ned by measur i ng

PmaX as a f unc t i on o f t he componen t amp l i t udes D , as
p l o t t ed i n F i g. 3 . The asymp t o t i c va l ues PmaX can be
measur ed a t each po i n t by depo l a r i z i ng and measur i ng
t he bu i l d - up t i me ( sec t i on 6) , bu t t h i s r equ i r es a l o t o f

beam t i me . I n pr ac t i ce , t he po i n t s we r e measur ed by
wa i t i ng t yp i ca l l y be t ween 5 and 25 m i n (dec i ded by t he
pe r son ( s ) on sh i f t ) a t each amp l i t ude , and r ecord i ng
t he ave r age po l a r i za t i on i n t he l as t f i ve m i nu t es o f t he
measur emen t . The l a rges t sour ce o f e r ror i n t he mea -
sur emen t o f t he Dop t i s t he sys t ema t i c e r ror due t o t he
shor t measur emen t t i mes and t he l ong bu i l d - up t i me T ;

t h i s e f f ec t i s d i scussed i n t he f o l l ow i ng sec t i on .
The ha rmon i cs 0 and + 1 a r e expec t ed t o have t he

s t ronges t e f f ec t on t he po l a r i za t i on ; se l ec t ed r esu l t s o f
t he measur emen t s o f t hese f our cor r ec t i ons a r e shown
i n F i gs . l Oa - d . The f our componen t s a l l s t rong l y a f -
f ec t ed t he po l a r i za t i on , and t he measur emen t s a r e i n
qua l i t a t i ve agr eemen t , w i t h r espec t t o t he shape o f t he
cur ves and t he cha r ac t e r i s t i c amp l i t udes o f abou t 2
mm , w i t h t he cur ves shown i n F i g. 3 . For t he r ea l pa r t s
t he max i mum po l a r i za t i on was ob t a i ned w i t h t he am-
p l i t udes a t ze ro and t hus t hese componen t s d i d no t
i nc r ease t he po l a r i za t i on . The cor r espond i ng va l ues f or
Dop t a r e equa l t o ze ro . The i mag i na r y componen t s
exh i b i t ed t he des i r ed e f f ec t : t he max i mum po l a r i za t i on
was f ound a t non - ze ro amp l i t udes , i nd i ca t i ng t ha t t he
orb i t cor r ec t i ons had success f u l l y cance l l ed t he con t r i -
bu t i ons t o t he sp i n - orb i t f unc t i on f caused by t he
a l i gnmen t e r ror s . The op t i mum amp l i t ude D op t o f 0 -
I mag i na r y was f ound t o be - 1 . 2 mm and o f + 1 - I mag -
i na r y t o be - 1 . 8 mm . The ha rmon i cs - 1 and + 2 we r e
s t ud i ed w i t h po l a r i za t i ons o f approx i ma t e l y 50% , and
t he e f f ec t o f t he cor r ec t i ons was ve r y sma l l ove r a
r ange i n amp l i t udes o f ± 2 mm ; t he cor r espond i ng
measur ed va l ues f or Dop t a r e ze ro .

5 . 1 . 1 . Sys t ema t i c e r ror s f rom t he bu i l d - up t i me
As men t i oned above , t he dependence o f t he asymp -

t o t i c po l a r i za t i on PmaX on t he amp l i t udes D o f t he

ha rmon i c componen t s was measur ed by chang i ng t he
amp l i t udes and r ecord i ng t he po l a r i za t i on a f t e r wa i t i ng
f or some t i me , un t i l t he va l ue appea r ed t o be s t ab l e
w i t h i n t he s t a t i s t i ca l e r ror as j udged by t he pe r son ( s )
on sh i f t . I f t he amp l i t ude o f a cor r ec t i on i s changed t oo
f r equen t l y , t hen t he r ecorded po l a r i za t i ons may d i f f e r
f rom PmaX , a t each po i n t , by mor e t han t he s t a t i s t i ca l
e r ror o f t he measur emen t . A l ong bu i l d - up t i me can
t hus i n t roduce a sys t ema t i c e r ror i n t he measur emen t
o f P� ,a, wh i ch i s much l a rge r t han t he s t a t i s t i ca l e r ror ,
and t he magn i t ude o f t h i s e r ror depends on t he va l ue
o f PmaX , t he va l ue o f t he po l a r i za t i on when t he amp l i -
t ude was changed and on t he l eng t h o f t i me wa i t ed
be f or e t he po l a r i za t i on was r ecorded .

The sour ce o f t he e r ror i s bes t i l l us t r a t ed w i t h a
spec i f i c examp l e . I f PmaX i s 55% t hen t he bu i l d - up t i me
, r i s 25 . 6 m i n , and 33 m i n a r e r equ i r ed f or t he po l a r i za -
t i on t o bu i l d - up f rom 0 t o 40% , and ano t he r 28 m i n
f rom 40 t o 50% . The r a t e o f i nc r ease o f t he po l a r i za -
t i on can be f ound us i ng eqs . (1) and (6) :

dP( t )
- ~PsT~e - * .

�

(25)

d t T s~.

The r a t e dec r eases exponen t i a l l y w i t h t i me and i n t h i s
examp l e t he r a t e i s 0 . 20% / m i n when P = 50% . I f t he
amp l i t ude o f a cor r ec t i on i s t hen changed , i t may be
d i f f i cu l t t o i n t e rpr e t t he e f f ec t f rom t he measur ed
po l a r i za t i on . For examp l e , i f t he change i nc r eases PmaX
f rom 55 t o 60% , t hen t he r a t e o f i nc r ease dP / d t
j umps f rom 0 . 20% / m i n t o 0 . 36% / m i n . A f t e r wa i t i ng
20 m i n t he po l a r i za t i on has r i sen t o 55 . 2% , a d i f f e r -
ence o f on l y 2 . 5% f rom t he va l ue ob t a i ned i f one had
j us t wa i t ed w i t hou t chang i ng t he amp l i t ude . Th i s shou l d
be compa r ed w i t h t he t yp i ca l s t a t i s t i ca l e r ror f or a 5
m i n measur emen t o f abou t ±1 . 5% , ach i eved w i t h an
e l ec t ron cur r en t o f 1 . 5 mA .

Th i s examp l e i l l us t r a t es how t he sys t ema t i c e r ror i n
de t e rm i n i ng PmaX a t t wo success i ve amp l i t udes can
d i s t or t t he measur emen t o f t he dependence o f PmaX
ve r sus D : i f t he po l a r i za t i on i s seen t o i nc r ease a f t e r a
cor r ec t i on i s changed , i t can be d i f f i cu l t t o de t e rm i ne i f
t he i nc r ease i s t he e f f ec t o f t he cor r ec t i on or a con t i nu -
a t i on o f t he bu i l d - up . Open symbo l s have been used i n
F i g . 10 t o i nd i ca t e va l ues wh i ch a r e be l i eved t o be t oo
l ow w i t h r espec t t o ne i ghbor i ng po i n t s ( and can t hus
l ead t o a m i s i n t e rpr e t a t i on o f t he measur ed depen -
dence o f t he po l a r i za t i on ve r sus t he amp l i t udes ) be -
cause o f bu i l d - up e f f ec t s ; t h i s o f t en occur r ed when t he
f i r s t po i n t i n a scan , t yp i ca l l y a t 0 mm , was measur ed
a f t e r an i n j ec t i on .

The poss i b l e d i f f i cu l t i es i n t he i n t e rpr e t a t i on o f t he
scans a r e i l l us t r a t ed w i t h t he measur emen t s o f t he
cor r ec t i on 0 - Rea l , shown i n F i g . 10a . The f i r s t por t i on
o f t he scan was pe r f ormed a f t e r a l ong pe r i od o f s t ab l e
cond i t i ons a t 0 mm amp l i t ude , wh i l e a prob l em w i t h



t he po l a r i me t e r was s t ud i ed. The i n i t i a l po l a r i za t i on
was 48 . 6 ± 2 . 0% , and as t he amp l i t ude o f t he cor r ec -
t i on was i nc r eased t he po l a r i za t i on was obse r ved t o
dec r ease . The beam was l os t shor t l y a f t e r t he amp l i -
t ude was r e t urned t o ze ro , and t he scan was comp l e t ed
w i t h a new f i l l o f t he e l ec t ron r i ng . The t i me depen -
dence o f t he po l a r i za t i on dur i ng t he measur emen t o f
t hese s i x amp l i t udes i s shown i n F i g . 11 . The amp l i t ude
o f t he cor r ec t i on a t t he t i me o f i n j ec t i on was 0 mm ,
and was changed t o - 0. 6 mm a f t e r abou t 1 h , and t o
- 1 . 2 mm a f t e r an add i t i ona l 20 m i n . A t abou t 14 : 00 i t

was no t i ced t ha t t he vo l t age o f a cav i t y had dropped ,
t he exac t t i me unce r t a i n , and t he cav i t y vo l t age was
t hen r es t or ed t o i t s i n i t i a l va l ue . The scan was con t i n -
ued t o - 2 . 4 mm , when i t was c l ea r t ha t t he op t i mum
amp l i t ude was c l ose r t o 0 mm . On t he bas i s o f t hese
f i ve po i n t s , one m i gh t conc l ude t ha t t he op t i mum am-
p l i t ude i s nea r - 1 . 2 mm . Bu t cons i de r i ng t he measur e -
men t s be f or e t he beam was l os t , t he l oss o f t he cav i t y
vo l t age wh i ch m i gh t have pushed t he beam i n t o a
synchro t ron r esonance and t he e f f ec t s o f t he l ong
bu i l d - up t i me , we have conc l uded t ha t t he op t i mum
amp l i t ude i s nea r 0 mm . Th i s conc l us i on i s cons i s t en t
w i t h t he r esu l t s o f a scan pe r f ormed l a t e r , a l so shown
i n F i g . 10a.

I n summa r y , measur emen t s o f t he po l a r i za t i on as a
f unc t i on o f a cor r ec t i on amp l i t ude can be d i f f i cu l t t o
i n t e rpr e t when t he bu i l d - up t i me i s l ong . When nea r
t he max i mum , whe r e t he e f f ec t o f t he cor r ec t i on i s
sma l l , t he e f f ec t s o f t he l ong bu i l d - up can be m i s j udged
as be i ng due t o t he cor r ec t i on . I t may a l so be d i f f i cu l t
t o ex t r apo l a t e f rom measur emen t s o f t he " s i des " o f t he
cur ve t o t he pos i t i on o f t he max i mum , i f t he depen -
dence has been d i s t or t ed or i f t he cur ve i s ve r y asym-
me t r i c . The sys t ema t i c e r ror AD op t f or t he componen t s
o f t he 0 and + 1 ha rmon i cs i s es t i ma t ed t o be approx i -
ma t e l y 0. 5 mm . As a r esu l t o f t he i nsens i t i v i t y o f t he
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po l a r i za t i on t o t he amp l i t udes o f t he

�

- 1 and

�

+ 2
ha rmon i cs , t he cor r espond i ng sys t ema t i c e r ror f or t hese
componen t s i s l a rge r .

5. 1 . 2 . C l osur e o f t he bumps
The e i gh t ha rmon i c cor r ec t i ons a r e gene r a t ed w i t h

a f am i l y o f e i gh t c l osed orb i t bumps l oca t ed i n t he a r cs ,
F i g . 1 . When gr ad i en t e r ror s a r e l oca t ed w i t h i n a bump
t hen t he bump may no t be c l osed , i . e . t he bump w i l l
d i s t urb t he orb i t o f t he beam a round t he en t i r e ma -
ch i ne . The non l i nea r f i e l ds o f t he sex t upo l es i n t he
bumps a l so d i s t urb t he c l osur e , bu t es t i ma t es i nd i ca t e
t ha t t h i s e f f ec t shou l d be sma l l .

The change i n t he ve r t i ca l pos i t i on and ang l e o f t he
e l ec t ron beam a t t he pos i t i on o f t he I P o f t he po -
l a r i me t e r can be mon i t or ed by measur i ng t he mean
ve r t i ca l pos i t i on o f t he backsca t t e r ed pho t ons a t t he
de t ec t or , a quan t i t y wh i ch i s pa r t i cu l a r l y sens i t i ve t o
t he ve r t i ca l ang l e o f t he orb i t . The mean pos i t i on i s
mon i t or ed con t i nuous l y t o keep t he d i s t r i bu t i on cen -
t e r ed on t he ca l or i me t e r ; t he t yp i ca l d i sp l acemen t when
t he amp l i t ude o f a cor r ec t i on was changed , was sma l l .
I n one case , a d i sp l acemen t o f 300 wm was obse r ved
when t he amp l i t ude o f t he componen t 0 - I mag i na r y was
changed by 1 mm , wh i ch cor r esponds t o a change o f
t he ve r t i ca l d i r ec t i on o f t he e l ec t ron orb i t a t t he I P o f
abou t 4 . 6 wr ad mm o f orb i t cor r ec t i on amp l i t ude .

A g l oba l measur emen t o f t he c l osur e o f t he e i gh t
bumps was pe r f ormed by measur i ng t he orb i t a round
t he r i ng w i t h pos i t i on mon i t or s , be f or e and a f t e r t he
add i t i on o f a cor r ec t i on . A Four i e r ana l ys i s o f t he
d i f f e r ence be t ween t he orb i t s i nd i ca t es an i nc r ease ,
due t o t he cor r ec t i on , i n t he ha rmon i c componen t a t
t he f r equency o f t he ve r t i ca l be t a t ron osc i l l a t i ons . Th i s
shows t ha t t he bumps a r e no t comp l e t e l y c l osed [29] ,
bu t t he e f f ec t i s cons i s t en t w i t h t he expec t ed i n f l uence
o f t he sex t upo l es .
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F i g . 11 . The po l a r i za t i on p l o t t ed as a f unc t i on o f t i me ( i n approx i ma t e l y 1 m i n i n t e r va l s ) dur i ng t he con t i nua t i on ( f o l l ow i ng
i n j ec t i on ) o f t he f i r s t scan o f t he ha rmon i c cor r ec t i on 0 - Rea l , shown i n F i g . 10a. The t i me sca l e beg i ns shor t l y a f t e r i n j ec t i on , and
t he approx i ma t e t i mes when t he amp l i t ude was changed a r e i nd i ca t ed w i t h do t t ed l i nes . The ave r age o f t he l as t f i ve measur emen t s

w i t h each amp l i t ude a r e p l o t t ed i n F i g . 10a.
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5. 2 . O t he r orb i t cor r ec t i ons

The orb i t cor r ec t i ons wh i ch a r e ava i l ab l e t o i n -
c r ease t he po l a r i za t i on a r e no t l i m i t ed t o t he ha rmon i c
sp i n - orb i t cor r ec t i ons , wh i ch a r e used t o cor r ec t t he
rms t i l t o f ho . The e f f ec t on t he po l a r i za t i on o f t he
cor r ec t i on o f t he coup l i ng o f t he ve r t i ca l and hor i zon -
t a l be t a t ron mo t i ons has a l so been s t ud i ed . The cou -
p l i ng , be l i eved t o be an e f f ec t o f t he i ron o f t he pro t on
magne t s on t he s t r ay f i e l ds o f t he e l ec t ron magne t s ,
produces a t i l t (or ro t a t i on ) o f t he c ross sec t i ona l
e l l i pse o f t he e l ec t ron beam ; a measur emen t a t 12 GeV
i nd i ca t ed a ro t a t i on o f abou t 12° . Sex t upo l es a r e l o -
ca t ed w i t h i n t he bumps used f or t he sp i n - orb i t cor r ec -
t i on ( see F i g . 1) , t hus t he t i l t cor r ec t i on w i l l a l so a f f ec t
t he coup l i ng .

The coup l i ng i s compensa t ed w i t h a ve r t i ca l " de -
coup l i ng bump " i n t he a r cs o f t he r i ng . Dur i ng t he
measur emen t s i n Novembe r 1991 t he decoup l i ng bump
was l oca t ed i n one oc t an t and an amp l i t ude o f abou t
4 . 5 mm was r equ i r ed f or t he cor r ec t i on . The po l a r i za -
t i on was f ound t o i nc r ease when t h i s cor r ec t i on was
used [2] . Th i s has been unde r s t ood on t he bas i s o f
s i mu l a t i ons w i t h S I TROS [30] , wh i ch i nd i ca t e t ha t t he
r educ t i on o f t he non l i nea r depo l a r i z i ng e f f ec t s ach i eved
by r educ i ng t he coup l i ng compensa t es f or t he depo l a r -
i z i ng e f f ec t s o f t he bump due t o t he i nc r ease o f t he t i l t
o f n o and o f t he ve r t i ca l d i spe r s i on .

As men t i oned i n sec t i on 1 , t he depo l a r i z i ng e f f ec t s
o f t he decoup l i ng bump we r e r educed by d i s t r i bu t i ng i t
a round t he a r cs . The amp l i t ude t hus r equ i r ed f or t he
cor r ec t i on i s abou t 0 . 5 mm . A f t e r t he i n i t i a l s t ud i es o f
t he sp i n - orb i t cor r ec t i ons , t he dependence o f t he po -
l a r i za t i on on t he t i l t o f t he e l l i pse was measur ed . A f t e r
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chang i ng t he amp l i t ude o f t he cor r ec t i on by abou t 0 . 2
mm , ( cor r espond i ng t o a ro t a t i on ba r e l y d i sce rn i b l e on
a synchro t ron r ad i a t i on mon i t or ) t he po l a r i za t i on was
obse r ved t o i nc r ease f rom 33 . 7 ± 1 . 4% t o 39 . 5 ± 1 . 5% .
The e f f ec t o f t he decoup l i ng bump on t he po l a r i za t i on
w i l l be s t ud i ed aga i n i n f u t ur e measur emen t s .

As desc r i bed i n sec t i on 2 . 1 . 1 , ve r t i ca l d i spe r s i on can
be a s t rong sour ce o f sp i n d i f f us i on . Orb i t cor r ec t i ons
a r e ava i l ab l e t o m i n i m i ze t he ve r t i ca l d i spe r s i on , bu t
t he i r e f f ec t on t he po l a r i za t i on has no t ye t been mea -
sur ed .

To summa r i ze t h i s sec t i on we w i sh t o r e i t e r a t e t ha t
t he orb i t cor r ec t i on schemes we r e success f u l i n i nc r eas -
i ng t he po l a r i za t i on as pr ed i c t ed by ca l cu l a t i ons . The
l ong bu i l d - up t i me t oge t he r w i t h t yp i ca l s t a t i s t i ca l e r -
ror s o f 3% pe r m i nu t e a t t he ava i l ab l e beam ene rgy
and cur r en t made a pr ec i se op t i m i za t i on t i me consum-
i ng . Thus t he max i mum po l a r i za t i on measur ed o f 56 . 0
± 1 . 6% (±5% sys t ema t i c ) can be cons i de r ed as a
l owe r l i m i t o f t he po l a r i za t i on va l ue cur r en t l y ach i ev -
ab l e . The e l ec t ron cur r en t expec t ed dur i ng t he 1993
run pe r i od i s s i gn i f i can t l y l a rge r t han t he max i mum
cur r en t ach i eved i n 1992 . The bu i l d - up t i me a t t he
des i gn ene rgy o f 30 GeV ( t he ope r a t i ng ene rgy o f t he
sp i n ro t a t or s ) i s on l y ha l f t he va l ue a t 26 . 7 GeV . These
i mprovemen t s w i l l r educe t he d i f f i cu l t i es w i t h t he op t i -
m i za t i on subs t an t i a l l y .

1
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6 . Measur emen t o f t he bu i l d - up t i me

The measur emen t o f t he bu i l d - up t i me prov i des a
check o f t he po l a r i za t i on sca l e w i t h sma l l sys t ema t i c
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F i g . 12 . The bu i l d - up o f po l a r i za t i on a f t e r depo l a r i za t i on . Se l ec t ed sp i n - orb i t cor r ec t i ons we r e used t o depo l a r i ze t he beam . A f t e r

t he amp l i t udes we r e r ese t t o ze ro , t he po l a r i za t i on l eve l rose f or 1 h , un t i l t he l oss o f an acce l e r a t i ng cav i t y pa r t i a l l y depo l a r i zed t he
beam . A f t e r t he prob l em was f i xed ( a t abou t t =110 m i n ) t he po l a r i za t i on aga i n began t o r i se . The r esu l t s o f t he f i t a r e :

Pmax = 50 . 6 ± 1 . 9% and - r = 21 . 5 ± 2 . 5 m i n.



e r ror . As can be seen by r ea r r ang i ng eq . (6) ,
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and t he asymp t o t i c po l a r i za t i on Pmax can be ob t a i ned
f rom a measur emen t o f r .

One such measur emen t i s shown i n F i g. 12 . The
beam was depo l a r i zed by i nc r eas i ng t he amp l i t udes o f
se l ec t ed sp i n - orb i t ha rmon i c componen t s un t i l t he po -
l a r i za t i on was l os t . Then t he amp l i t udes we r e pu t back
t o ze ro , and t he po l a r i za t i on was a l l owed t o bu i l d - up .
A f t e r depo l a r i za t i on , t he po l a r i za t i on r i ses i n t i me
accord i ng t o ( compa r e w i t h eq . (1) )

f
P( t ) =Pmax l - (1 -

�

Po
J

e - ( t - t 0)1~~
Pmax

(26)

(27)

whe r e t o i s t he t i me t he bu i l d - up began and P0 i s t he
po l a r i za t i on ach i eved by t he depo l a r i za t i on . Dur i ng t he
measur emen t t he beam was l e f t depo l a r i zed on l y f or a
shor t t i me ( l ess t han 10 m i n ) . Due t o t he s t a t i s t i ca l
f l uc t ua t i on o f t he po i n t s f or t = 20 m i n , t he va l ue o f P0
canno t be de t e rm i ned i n a f i t t o eq . (27) , and was
de t e rm i ned by ave r ag i ng t he measur ed va l ues f or 15 . 2
< t < 20 . 6 m i n . P0 was t hus f ound t o be - 0 . 4 ± 1 . 4% ,
and i n t he subsequen t f i t o f t he da t a t o eq . (27) i t was
he l d f i xed . The r ema i n i ng f r ee pa r ame t e r s o f t he f i t
a r e Pmax , - r , and t 0 and t he r esu l t s ob t a i ned a r e 50 . 6 ±
1 . 9% , 21 . 5 ± 2 . 5 m i n and 20 . 3 ± 0 . 9 m i n , r espec t i ve l y ,
w i t h t he X 2 / nd f = 1 . 08 . On t he bas i s o f t he va l ues
' TST = 43 . 2 m i n and PST = 91 . 6% a t HERA a t 26 . 7
GeV #3 , t he asymp t o t i c po l a r i za t i on u t i l i z i ng (26) i s
Pmax (T) = 45 . 6 ± 5 . 3% . Th i s r esu l t i s cons i s t en t (w i t h i n
t he r e l a t i ve l y l a rge s t a t i s t i ca l e r ror o f 0. 12 PY ) , w i t h t he
measur emen t o f Pmax de t e rm i ned i n t he f i t t o eq . (27) ,
wh i ch u t i l i zes eq . (22) and t he es t i ma t es o f t 1 S3 111
d i scussed i n r e f . [2] . Thus t he " po l a r i za t i on sca l e " ,
wh i ch i s used t o r e l a t e t he measur emen t s o f AR t o PY ,
has been l e f t unchanged and we con t i nue t o use t he
sca l e desc r i bed i n r e f . [2] . The sys t ema t i c e r ror o f t he
po l a r i za t i on measur emen t i s es t i ma t ed t o be l ess t han
0 . 10 Py [2] . The h i ghe r e l ec t ron cur r en t s wh i ch w i l l be
ava i l ab l e dur i ng t he nex t run pe r i od w i l l enab l e a
measur emen t o f P. . (T) w i t h a sma l l e r s t a t i s t i ca l e r ror
and t hus a l l ow a be t t e r de t e rm i na t i on o f t he sys t ema t i c
e r ror i n t he po l a r i za t i on sca l e .

The equ i l i br i um po l a r i za t i on i s a s t rong f unc t i on o f
t he beam ene rgy , and a measur emen t o f t h i s depen -
dence i s i mpor t an t t o de t e rm i ne t he ene rgy f or max i -

#3 I n HERA t he r e a r e a sma l l numbe r o f r eve r sed - f i e l d
d i po l es.
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F i g . 13 . Measur emen t s o f t he po l a r i za t i on as a f unc t i on o f t he
beam ene rgy . The f i r s t scan (o ) was pe r f ormed be f or e t he
orb i t cor r ec t i on s t ud i es . The scan was i n t e r rup t ed t w i ce
(dashed , so l i d , and do t t ed cur ves ) and ex t ends f rom 26 . 665 t o
26 . 720 GeV. The second scan (11) was pe r f ormed a f t e r t he
cor r ec t i on s t ud i es , and was i n t e r rup t ed once ( so l i d , dashed

cur ves ) . I t ex t ends f rom 26 . 685 t o 26 . 772 GeV.

mum po l a r i za t i on , and f or compa r i sons w i t h pr ed i c -
t i ons . I n F i g . 13 we show t he r esu l t s o f t wo pa r t i a l
ene rgy scans . Un f or t una t e l y , i t was no t poss i b l e t o
pe r f orm a f u l l scan unde r cons t an t cond i t i ons . The
s t ep s i ze was 5 - 10 MeV . The f i r s t scan was pe r f ormed
as pa r t o f t he pr epa r a t i ons f or t he orb i t cor r ec t i on
s t ud i es . The scan was i n t e r rup t ed t w i ce by t he l oss o f
t he e l ec t ron beam . A f t e r a new i n j ec t i on , ene rgy po i n t s
we r e r emeasur ed t o check t he r eproduc i b i l i t y. The f i r s t
scan ex t ends t o 26 . 720 GeV , w i t h a max i mum po l a r i za -
t i on o f 25 . 5 ± 1 . 5% ob t a i ned a t t he ene rgy o f 26 . 700
GeV . The be t a t ron t unes Qx and QY we r e 47 . 14 and
47 . 20 , r espec t i ve l y , and t he synchro t ron t une Qs was
0. 082 . The second scan was pe r f ormed nea r t he end o f
t he run pe r i od , a f t e r t he comp l e t i on o f t he cor r ec t i on
s t ud i es . The max i mum po l a r i za t i on measur ed was 43 . 6
± 1 . 6% . Th i s scan was a l so i n t e r rup t ed by t he l oss o f
t he beam , and t he be t a t ron and synchro t ron t unes

we r e changed w i t h t he new f i l l : f or t he t hr ee po i n t s a t
t he h i ghes t ene rgy t he t unes Qx , QY and Qs we r e

47 . 15 , 47 . 21 , and 0. 071 , r espec t i ve l y , and f or t he f o l l ow-
i ng por t i on o f t he scan t he cor r espond i ng va l ues we r e

47 . 12 , 47 . 20 , and 0 . 076 .
I n F i g . 4 we show t he r esu l t s o f s i mu l a t i ons o f a

" t yp i ca l " HERA r i ng be f or e and a f t e r t he op t i m i za t i on
o f t he ha rmon i c sp i n - orb i t cor r ec t i ons have been pe r -
f ormed . As d i scussed i n sec t i on 2 . 4 , t he ca l cu l a t i ons
a r e f or a s i ng l e s i mu l a t i on o f t he m i sa l i gnmen t s and o f
t he conven t i ona l c l osed orb i t cor r ec t i ons , and t hus
se r ve on l y as an i nd i ca t i on o f t he expec t ed po l a r i za -
t i on . The va l ues t aken f or t he t unes Q . , QY and QS
we r e 47 . 11 , 47 . 19 , and 0 . 072 r espec t i ve l y , wh i ch a r e
s l i gh t l y d i f f e r en t t han t he measur ed va l ues . The po l a r -
i za t i on peaks nea r t he sp i n t une 60 . 5 , and t he w i d t h o f
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t he enve l ope i s l i m i t ed by t he pos i t i ons o f t he ve r t i ca l
be t a t ron r esonances (m y = ± 1 ; v = 60 . 19 and 60 . 82) .
The synchro t ron s i debands add a f i ne r esonance s t ruc -
t ur e t o t he ene rgy dependence . The spac i ng i n sp i n
t une , Jv , o f t he s i deband r esonances equa l s QS , wh i ch
cor r esponds t o a spac i ng i n ene rgy , 4E , o f 31 MeV .
S i debands o f bo t h f i r s t orde r ve r t i ca l be t a t ron r eso -
nances can be i den t i f i ed : f or m y = 1 and 1 < ms < 4
one expec t s r esonances a t v = 60 . 26 , 60 . 33 , 60 . 41 , 60 . 48 ;
f or m � = - 1 and - 4 _< m , < - 1 one expec t s r eso -
nances a t v = 60 . 52 , 60 . 60 , 60 . 67 , and 60 . 74 . The ene r -
g i es o f t he r esonances depend on l y on t he orb i t a l t unes
and t he beam ene rgy and t hus can be accur a t e l y pr e -
d i c t ed ; t he dom i nan t unce r t a i n t y i s i n t he ave r age
beam ene rgy , wh i ch i s based on d i po l e f i e l d measur e -
men t s and i s known w i t h an e r ror o f abou t ±50 MeV.
I n con t r as t , t he r e l a t i ve s t r eng t hs o f t he r esonances
canno t be accur a t e l y pr ed i c t ed w i t h s i mu l a t i ons , due t o
t he sens i t i v i t y o f t he s t r eng t hs t o t he d i s t r i bu t i on o f t he
magne t m i sa l i gnmen t s and t o t he c l osed orb i t cor r ec -
t i ons .

Keep i ng i n m i nd t he d i f f i cu l t i es o f comb i n i ng t he
i ncomp l e t e and i n t e r rup t ed scans and compa r i ng t hese
w i t h t he r esu l t s o f t he s i mu l a t i ons , t he da t a a r e ove r -
l a i d on t he Mon t e Ca r l o r esu l t s i n F i g . 14 . A numbe r
o f obse r va t i ons can be made :

- For t he bes t f i t o f t he t wo measur ed cur ves w i t h
t he s i mu l a t i on r esu l t s , t he da t a have been sh i f t ed i n
ene rgy by - 64 MeV , cons i s t en t w i t h t he e r ror i n t he
ene rgy sca l e . The sh i f t es t i ma t ed i n t he ana l ys i s o f t he
Novembe r 1991 da t a was on l y - 38 MeV ( r e f . [2] , F i g .
30) . The d i f f e r ence i n t he sh i f t s o f 26 MeV i s approx i -
ma t e l y equa l t o t he spac i ng o f t he s i deband r eso -
nances , and i s mos t l i ke l y a r esu l t o f t he unce r t a i n t y i n
de t e rm i n i ng t he sh i f t (by eye ) f or t he op t i mum f i t o f
t he cur ves , and no t f rom changes i n t he ene rgy ca l i br a -
t i on o f t he mach i ne .

- The measur ed max i mum po l a r i za t i on be f or e cor -
r ec t i ons o f 25 . 5 ± 1 . 5% i s i n exce l l en t agr eemen t w i t h
t he S I TROS pr ed i c t i on o f 26 . 0 ± 6 . 0% and a l so w i t h
t he se l ec t ed " t yp i ca l " r esu l t s. The max i mum i n t he
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ene rgy scan pe r f ormed a f t e r t he cor r ec t i ons i s 43 . 6 ±
1 . 6% , wh i ch i s s i gn i f i can t l y l owe r t han t he S I TROS
pr ed i c t i on o f 70 . 7 ± 6 . 7% and t he max i mum seen i n
t he se l ec t ed " t yp i ca l " case . The va l ues i n t h i s scan
we r e r ecorded a f t e r wa i t i ng on l y abou t 25 m i n , and
t hus may be cons i s t en t w i t h t he max i mum po l a r i za t i on
measur ed dur i ng t he run o f 56 . 0 ± 1 . 6% . The l ong
bu i l d - up t i me w i t h Pmax = 60% and t he non - op t i mum
amp l i t udes o f t he cor r ec t i ons con t r i bu t e t o t he d i f f e r -
ence be t ween t he measur ed and pr ed i c t ed max i ma .

- The shape o f t he measur ed cur ve i s cons i s t en t
w i t h t he s i mu l a t i on r esu l t s , w i t h a f l a t - t op o f t he po l a r -
i za t i on be t ween 26 . 68 and 26 . 74 GeV (HERA ene rgy
sca l e , F i g . 13) .

- The r esonance s t ruc t ur e o f t he synchro t ron s i de -
bands i s v i s i b l e i n t he measur emen t s . As men t i oned
above , t he s t r eng t h o f i nd i v i dua l r esonances canno t be
pr ed i c t ed by t he s i mu l a t i ons . I n add i t i on , t he be t a t ron
and synchro t ron t unes used i n t he s i mu l a t i ons a r e
s l i gh t l y d i f f e r en t f rom t he va l ues measur ed dur i ng t he
da t a t ak i ng , t hus t he ene rgy sepa r a t i on o f t he mea -
sur ed and pr ed i c t ed r esonances canno t be expec t ed t o
pr ec i se l y agr ee . I n sp i t e o f t hese cavea t s , a compa r i son
o f t he r esonance s t ruc t ur es i s i n f orma t i ve . The spac i ng
AE o f t he t hr ee " d i ps " i n t he f i r s t scan i s abou t 20
MeV , and may i nd i ca t e r esonances . The d i ps i n t he
second scan have an ene rgy spac i ng , AE , o f abou t 30
MeV , and may cor r espond t o t he m , = - 3 , - 4 and
- 5 s i debands o f t he f i r s t orde r Q r esonance m y = - 1 .

No t unexpec t ed l y , t he s t r eng t hs o f t he r esonances i n
t he s i mu l a t i ons a r e no t i n good agr eemen t w i t h t he
measur ed va l ues .

- The appa r en t r esonances a t 26 . 700 and 26 . 737
GeV (HERA ene rgy sca l e , F i g . 13) we r e no t r epro -
duced when t he po i n t s we r e r epea t ed a f t e r a new
i n j ec t i on . The r eason may be t he d i f f e r ence i n t he
t unes f or t he t wo f i l l s (pa r t i cu l a r l y Q ) wh i ch r esu l t s i n
d i f f e r en t ene rg i es o f t he r esonances i n t he t wo scans .

I n summa r y , t he agr eemen t be t ween t he measur e -
men t s and t he s i mu l a t i on r esu l t s i s encour ag i ng . The
i n t e r rup t ed scans cou l d be comb i ned due t o t he r epro -
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F i g. 14 . Ove r l ay o f t he s i mu l a t i on r esu l t s (o ) and measur ed va l ues (o ) o f t he po l a r i za t i on ve r sus t he beam ene rgy , shown
sepa r a t e l y i n f i gs . 4 and 13 , r espec t i ve l y . I n ( a ) a r e shown t he va l ues be f or e op t i m i za t i on o f t he cor r ec t i ons , and i n (b ) , a f t e r t he

op t i m i za t i ons . The da t a have been sh i f t ed i n ene rgy by - 64 MeV .
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duc i b i l i t y o f HERA f rom f i l l - t o - f i l l . The measur emen t
and i n t e rpr e t a t i on o f t he da t a i s comp l i ca t ed by t he
e f f ec t s o f t he l ong bu i l d - up t i me ; t he sys t ema t i c unce r -
t a i n t i es may be r educed dur i ng t he nex t run when
h i ghe r e l ec t ron cur r en t s a r e ava i l ab l e , when i t may be
f eas i b l e t o measur e Pmax as a f unc t i on o f ene rgy by
depo l a r i z i ng a t each po i n t and measur i ng t he bu i l d - up
t i me . The S I TROS progr am i s prov i ng t o be a ve r y
use f u l t oo l , bo t h f or gu i dance and f or i n t e rpr e t a t i on o f
t he measur emen t s . A de t a i l ed compa r i son o f t he s i mu -
l a t i on r esu l t s w i t h t he measur ed va l ues has been h i n -
de r ed by t he unknown e r ror i n t he ene rgy sca l e o f t he
beam . The ave r age ene rgy o f a po l a r i zed beam can be
measur ed w i t h gr ea t accur acy us i ng t he t echn i que o f
r esonan t sp i n depo l a r i za t i on , u t i l i zed a t LEP t o mea -
sur e t he ene rgy w i t h a r e l a t i ve e r ror AE / E o f 10 - 5
[31] . W i t h such an accur a t e measur emen t o f t he beam
ene rgy a t HERA [32] i nd i v i dua l synchro t ron r eso -
nances cou l d be i den t i f i ed and t he i r s t r eng t hs com-
pa r ed w i t h pr ed i c t i ons .

A ve r t i ca l e l ec t ron po l a r i za t i on o f 8% was obse r ved
a t HERA i n Novembe r 1991 . A f t e r t he r ea l i gnmen t o f
m i sa l i gned quadrupo l es , a max i mum po l a r i za t i on o f
abou t 18% was obse r ved i n t he spr i ng o f 1992 . Dur i ng
ded i ca t ed measur emen t t i me i n Augus t and Sep t embe r
o f 1992 , spec i a l orb i t cor r ec t i on schemes we r e t es t ed
and u t i l i zed t o i nc r ease t he po l a r i za t i on . The beam
ene rgy and t he acce l e r a t i ng vo l t age we r e f i r s t t uned ,
and a f t e r t he op t i m i za t i on o f t he ha rmon i c sp i n - orb i t
cor r ec t i ons f o l l owed by a cor r ec t i on o f t he coup l i ng , a
max i mum ve r t i ca l po l a r i za t i on o f 56 . 0 ± 1 . 6 ± 5% ( sys -
t ema t i c ) was ach i eved . The cor r ec t i ons w i l l be f i ne -
t uned i n f u t ur e measur emen t s . The l ong i t ud i na l com-
ponen t o f t he po l a r i za t i on was ze ro w i t h i n t he s t a t i s t i -
ca l e r ror o f abou t 1% . F rom t he expe r i ence ga i ned
dur i ng t he measur emen t s , t he po l a r i za t i on has been
f ound t o be ve r y sens i t i ve t o many pa r ame t e r s ( ene rgy ,
acce l e r a t i ng vo l t age , e t c . ) bu t t he shor t and l ong - t e rm
r eproduc i b i l i t y o f t he r i ng i s exce l l en t . Po l a r i za t i on was
obse r ved dur i ng each measur emen t pe r i od i n 1992 : i n
Apr i l , June , Augus t and Sep t embe r . A f t e r t he i n i t i a l
op t i m i za t i ons i n Augus t , t he op t i mum cor r ec t i on co i l
s t r eng t hs we r e wr i t t en i n t o an op t i c f i l e i n t he con t ro l
sys t em , and h i gh l eve l s o f po l a r i za t i on we r e obse r ved
f or l a t e r f i l l s , w i t hou t add i t i ona l t un i ng , on t he occa -
s i ons t ha t t h i s f i l e was used . Good r eproduc i b i l i t y was
obse r ved f rom day - t o - day , and a l so a f t e r t he t wo weeks
wh i ch sepa r a t ed t he f i na l measur emen t pe r i ods i n 1992 .

The bu i l d - up t i me was a l so measur ed , bu t due t o
t he sma l l bunch cur r en t , t he s t a t i s t i ca l e r ror on t he
r esu l t i s l a rge . I t was poss i b l e t o con f i rm , bu t no t
i mprove , t he es t i ma t e o f t he sys t ema t i c e r ror i n t he

po l a r i za t i on sca l e o f l ess t han 0 . 10 Py . Compa r i sons
have been poss i b l e (due t o t he exce l l en t r eproduc i b i l i t y
o f t he mach i ne ) o f measur emen t s w i t h t he r esu l t s o f
s i mu l a t i ons o f t he po l a r i za t i on as a f unc t i on o f t he
beam ene rgy . The agr eemen t i s encour ag i ng , show i ng
t he pr ed i c t i ve powe r o f t he S I TROS progr am . A s i ng l e
scan cove r i ng a l a rge r ene rgy r ange w i t h cons t an t con -
d i t i ons i s p l anned . The compa r i son o f t he r esu l t s w i t h
pr ed i c t i ons w i l l be f ac i l i t a t ed by an accur a t e measur e -
men t o f t he beam ene rgy us i ng r esonan t depo l a r i za -
t i on .

A h i gh pr i or i t y i t em dur i ng t he nex t measur emen t s
w i l l be t o ach i eve po l a r i za t i on dur i ng l um i nos i t y ope r a -
t i on , i . e . dur i ng t he ope r a t i on o f t he so l eno i ds and
compensa t or s o f t he ZEUS and H I de t ec t or s , t he
pro t on r i ng , and t he mu l t i - bunch f eedback sys t em .
Sp i n ro t a t or s a r e be i ng pr epa r ed f or i ns t a l l a t i on i n t he
s t r a i gh t sec t i on Eas t dur i ng t he 1993 / 94 shu t down .
S i mu l a t i ons i nd i ca t e t ha t w i t h ca r e f u l orb i t cor r ec t i ons
a h i gh degr ee o f po l a r i za t i on can a l so be ach i eved w i t h
sp i n ro t a t or s .
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