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Summary

The linear coupling of betatron oscillations for Vg = Yy
is driven by the average skew quadrupole field in the ring.
The purpose of this note is to point out that, since the driv-
ing term in the Hamiltonian is in general a complex quantity,
a complete elimination of the coupling may require a correction
skew quadrupole field with two independent parameters. Be-
cause of the long straight insertions which do not follow the
FODO symmetry of the regqgular part of the lattice, the present
correction scheme of the main ring, either with the correction
skew quadrupoles at stations #27, #37 and #43 or with the rolled
regular 7' guadrupoles at stations #25 and #43, cannot meet this
requirement. It may be necessary to have correction skew quad-
rupoles at stations #11 and #49 and to roll gquadrupoles in long

straight sections. Numerical examples which demonstrate this are

presented.
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I.

Since the emittance of the beam injected into the main ring
is now practically indentical in two transverse directions, one
may very well question the necessity of eliminating the linear
couplings of the type Vg T Yy = integer which simply transfer the
transverse oscillation energy from one direction to the other in a
periodic manner. Under the normal operating condition, there is at
present no evidence that the coupling is causing any problem. Thus
it must be admitted that the continuing effort of the main ring group
to reduce the coupling is partially for an esthetic reason; people
naturally want the ring to be "clean". Lest this statement should
lead to some misunderstandings (and possibly cause a few raised
eyebrows as well), one should emphasize that a "clean" accelerator
is usually much better than a "dirty" one for reasons which are not
always so obvious. More logical argument may cite an increase of
the vertical emittance, which may induce the beam loss during the
resonant extraction when the horizontal excursion of the beam is
necessarily large. There is still a possibility (remote though it
might be) that the multi-turn injection into the booster and even
a two-turn transverse stacking in the main ring may regain their
lost popularities. At the least, the coupling is a real nuisance
when one wants to measure the tunes accurately.l This will become
increasingly important when the main ring must be operated as a
storage ring in the not-too-distant future.

Two methods have been in use in the main ring to reduce the
amount of linear coupling, one mostly for the injection and the

other for high field. There are eighteeen correction skew quadru-
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poles distributed around the ring, three in each sector at stations

#27, #37 and #43 which are all vertical stations (that is, BV ~ 95 m
and BH =~ 35 m). In order to control linear coupling resonances of
the type Yy * vy = N (# 0) each element can be excited independently.

The maximum current is *5 A (not pulsed) and the gradient length is
I(BBX/ax) dag = - I(BBy/ay) d? = 0.064 kG/+1A (1)

It is convenient to define the quantity

0 = fdt (3B,/3%)/(Bp) (2)

where (Bp) in kG-m = (beam momentum in GeV/c)/0.02998. The maxi-

mum amount of Qs one can get from the correction system is then

+(18%x5A%x.064 kG/A)/(Bp)

= i1.94><10_2 n T at injection (3)

Q

S

At higher momenta, this is not large enough to compensate for the
skew quadrupole field in the ring and twelve 7' regular quadru-
poles are rolled to create the necessary skew field. This roll
is commonly known as the "Edwards-Stiening Roll".

In 1972 Rae Stiening made a series of coupling measurements at
169 GeV and the data were analyzed by Don Edwards.2 In order to
reduce the amount of coupling, they rolled quadrupoles at vertical

3 The direction of the roll is

stations #25 and #43, each by 8 mrad.
"wall-side" down and this corresponds to

Q = - 7.37x10° > m L for 96 mrad. (4)

Possible causes of the skew quadrupole field in the main ring have

been explained by Lee Teng in his TM report4 which also contains a
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simplified analytical treatment of the coupling. One of the find-

ings by Edwards and Stiening is that the coupling behavior is con-

sistent with the average skew quadrupole field in the ring and this
field seems to be distributed all around the ring. They could not

detect any localized sudden increase of the coupling.

The interest in the subject was aroused in late 1976 when all
dipoles were rolled to the proper position. A dipole roll usually
makes a change in the average position of the vertical closed orbit.
This is coupled with the sextupole field in dipoles to create a skew
quadrupole field.4 Indeed measurements at 290 GeV before and after
the dipole roll revealed that the value of QS in the ring increased
from (l~2)><10_3 n ! to (2.5.3.5)x10" 2 m 1. There were complaints
from the switchyard group on the increased extraction beam loss. The
subsequent measurement in May 1977 was somewhat ambiguous but the
result was not in disagreement with QS: 3><lO_3 m_l. It was then de-
cided to roll the same twelve quadrupoles by 2.5 mrad each (corres-

3 m_l) and the roll of six quadrupoles at

ponding to QS = -2.3x10
stations #25 (total 13.6 mrad) was made on July 5-7. Unfortunately,
the confusion regarding the sign of the horizontal beam excursion on
page 47 of the applications program resulted in the wrong choice of
roll direction. As a consequence, the value of QS was further in-
creased to (3~4)><10_3 m_l. The corrective measure was taken in Sep-
tember by Roy Rubinstein who also measured the roll angle of all

quadrupoles. The following is presumably the true status of the

present main ring (plus sign indicates "wall-side" down) :

Stations #25 and #43 + 126.3 mrad
All other vertical stations - 7.7 mrad

All horizontal stations - 3.8 mrad
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(In computing these numbers, roll angles of short gquadrupoles
are multiplied by 1.32/2.13.)

Measured value of Q_ (September and December) = +(1.3~1.4)x10 3m L.
From this, one would surmise that the total skew quadrupole field

in the ring at high field was, before any correction.

_ -2 -1
QS = + 1.1x10 m (5)

The present value of Qs suggests a further roll of ~18 mrad (1.5
mrad each at #25 and #43) in the same direction. The total roll of
each quadrupole at #25 and #43 will then be +12 mrad of which 8 mrad
is the original Edwards-Stiening roll.
IT.

Since rolling a quadrupole is always a painful undertaking,
it may be wise to review the problem again in order to avoid any
pitfalls in the project. The main purpose of this note is to
point out that a further roll of the guadrupoles may not reduce the
amount of coupling substantially. There is an indirect evidence to
support this contention. Stan Pruss has found out that, even with
the full range of *5 A, one cannot eliminate the coupling completely
at 8 GeV using the correction skew quadrupoles. It is of course
possible (but unlikely) that the remanent skew field is stronger
than what the correction system can handle. One should really con-
firm that, by changing the current from +5 A to -5 A, the quantity
QS changes its sign from positive to negative. This can be seen
from the change of pattern in the induced vertical oscillation when
the beam is horizontally kicked by the pinger at E48. For example,
with v.. = 19.42~19.43 and v_, = 19.38~19.39, a horizontal kick will

H v

produce on page 47 of the console program
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QS positive

Turn number x at E46 turn number y at E49
4 large positive 8 positive
5 large negative 9 large negative
6 small positive 10 large positive

When QS is changed to negative, the vertical pattern gets reversed
with the same horizontal pattern.

Theoretically, it is entirely possible that the coupling does
not vanish as Qs goes through zero. When the beam is kicked hor-

izontally, the maximum fraction of the energy that can be trans-

ferred to the vertical direction is 1,5
2 2 2
2le 2/ 82 + (2]e ?] (6)
where Az v - v
- 'H v
(7)
and (s=distance along the central orbit)
c5 = kl + i k2 .
= (1/4m) § ds (8,802 (em_sox) (Bp) tet (OO (8)
— S -
ex(y) at s ﬁo ds/BH(V) vH(V)e (9)
(6 = s/average radius of the ring)
In analyzing the data on coupling,l it has always been assumed
that the complex parameter ¢, can be replaced by a real parameter
- 1/2
k = (1/4m) ¢ (BgB) (3B, /93x)/(Bp) ds (10)
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Except in the long-straight insertions, (BHBV)]‘/2 ~ 53m and

k =~ 4.2 m X QS (11)

In this approximation, the coupling will vanish when QS is zero.
On the other hand, the more rigorous treatment with <, shows that
a complete elimination of the coupling requires both kl and k2 to
be zero. The defect of the present correction scheme in the main
ring is that the quantity (@X - @y) takes almost the same value
at all stations where gquadrupoles are rolled or correction elements
exist. Consequently, it is not possible to make both kl and k2
vanish simultaneously.

Because of the six-fold symmetry of the main ring lattice,
both OX and @Y are periodic with the same periodicity six. For
[vy = vyl
is less than 0.05x60° = 3

< 0.05, the contribution from (vH - vv) 6 in (OX - Oy)

o
and

6. - Oy o fds/BH - fds/Bv

x (12)

The choice of the origin s = 0 (6 = 0) is of course immaterial and
the only relevant quantity is the variation of (@X - @y) as a func-
tion of s. When the origin is chosen to be at the center of one of
the horizontal gquadrupoles, (OX - Gy) is negative from there to the
next (vertical) quadrupole and positive in the next half cell. The
pattern repeats in succeeding cells but changes significantly in
the long straight insertions. This is shown in Fig. 1. With this
choice of the origin, one can never modify k2 (imaginary part of co)
using either rolled quadrupoles or correction elements since (@X -
@y) = 0 at all stations (except at #49 and #11). How much one can

accomplish with the present correction scheme depends entirely on
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the magnitude of k2 which exists in the ring; a complete elimina-

tion of coupling is possible only if [kzl happens to be very small.

ITT.
It has been pointed out in the appendix of reference 1 that,
in principle, one can gain information on the imaginary part of Cq

by including the parameter § = tan™1

(kz/kl) in the analysis of
coupling data. However, this requires a very accurate measurement
of the induced vertical oscillation. A more orthodox way5 is to
kick the beam in the direction dz/dx = /§E7§; . The shift of the
amplitude modulation from what follows after a simple horizontal
kick (dz/dx = 0) is related to the ratio (kz/kl)'

A simple but reasonable model, with a thin-lens skew quadru-
pole field of the identical strength at the end of each quadrupole,
has been used in the following examples which illustrate the impor-
tance of controlling both kl and k2. The integrated total strength
of the skew field in the ring is assumed to be Q_ = + 1.1x107% n7 L.
Case A

Quadrupoles at stations #25 and #43 are rolled by +10 mrad
each and the current of all correction skew quadrupoles at #27, #37
and #43 is varied such that the combined skew field strength cor-

3 -1 3 -1

responds to the wvalue of QS from - 2.7x10 - m to + 3.35x10 " m .

For each Qs' the beam is kicked horizontally at E48 (initial condi-

tion x = y = dy/ds 0, dx/ds # 0). Thereafter, transverse motions
are numerically traced for 100 revolutions. Fig.2 shows the maximum
vertical excursion of the beam at E49 in arbitrary units as a func-

tion of Qs' The amplitude takes the smallest value near QS = 0 but

it is not significantly less than the amplitude at QS = +(1.3~1.4)%x
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10_3 m"l (indicated by arrows in the figure) which is the measured
value of QS in the present ring. For Qs = 0, Fig. 3 is a simulation
of what one would see on page 47 of the console program where the
vertical scale is believed to be 2/3 of the horizontal scale.6
Case B

Correction skew quadrupoles are placed at stations #11 and
#49 instead of #27, #37, and #43. If the roll angle of gquadrupoles
at #25 and #43 is taken to be 9.6 mrad each, the ratio k2/kl is
constant as the current of the correction elements is varied. Fig.
4 is similar to Fig. 2 but the induced vertical amplitude for kl =
k2 = 0 is smaller by an order of magnitude compared to the amplitude
for Qs = 0. It should be emphasized that there are only twelve
correction elements in this case compared to eighteen in case A.
Clearly one does not get a better compensation by merely increasing
the number of correction elements. What is essential is the simul-
taneous control of kl and k2.

Iv.

Although it is reasonable, the model used here is after all
just a model and not the real picture of the main ring. For example,
it is almost impossible to have skew field in the ring with exact
six-fold symmetry. The effect of the 39th harmonic component, which
does not exist in the model, could be equally important for the
coupling because of the contribution from the resonance Vg T oVy = 39.
One must then control another complex quantity like <, (altogether
four parameters7) but with the phase @X + Oy - 396. At high field,

one may have to roll quadrupoles at stations #11 and #49 but the

amount of roll is an unknown quantity unless a good measurement of
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k2 is made. Besides, rolling quadrupoles in the transfer hall is

a dangerous game to play. For the injection, the future program

may proceed as follows:

1. Establish that QS changes its sign when the current of correc-

tion elements is varied from +5A to -5A.

2. Find out whether the 39th harmonic component created by correc-

tion elements affects the amount of coupling.

3. Install correction skew quadrupoles at #11 and #49.

The project is somewhat academic at present inasmuch as there is no

obvious reason to believe that the reduction of the coupling during

injection will improve the performance of the main ring.
Discussions with the members of the main ring group have been

invaluable in preparing this note and I am grateful to them for

providing me with coupling data.

References

1. EXP-85, September 14, 1977.

2. EXP-27, November 8, 1972.

3. The amount of roll will be the same, with the opposite direc-
tion, if quadrupoles at horizontal stations are to be rolled.

4. L.C. Teng, TM-382, July 21, 1972.

5. G. Guinard, Selection of Formulae Concerning Proton Storage
Rings, CERN 77-10, 6 June 1977, p. 63.

6. Frank Turkot, private communication.

7. S. Ohnuma, TM-393, September 25, 1972,



I

H - 1 T T
REBREERN ERRaub hasn Nakad Rl i
FRE AT R i
! : T
4 ' -k IRt 1 I
: ! H {
i t i
i - :
SuERESSRaN in i 4LE BORE \
t i Lo+ -+ -t o b1 -
FobE ARG anabal Reieuatsk
AR 1
! ! 7
NS EY O A5 EER RN i L
Ty e
rr . LT T nhgan
4 ] u
4 :
: 7 { g

EEaNn sty YRS NARN T
1 pRunA e LJ\ I S A
RENN. y RASENE BAK. .

1 ERRN i T RN L b
1) AL L LR L L
o -

L it \ Ak SRR INS ERRRRRRNENE Fe
i ilFAHIE T
D : “

e Sk, \En T T

99L-WL




TM-766

Page 12

j I s T RN o
I 5 - T
7 : 1 e e

i

RS RN

£t RGN shun T un
- X aE .
Q A N ,
l { 1 H T 11 L ;
AN 1 \J - H T e F L
R ASaRaRANLRRRRRRR - RS SRBENERE Ras T A o
R R e - - R s - Tt - s
‘.if N 1 v“‘ lT jnas L - ,m. ot [T [T e il R JxJH T RRNARY u b
o [N RUEANAR SRSy N os T C -
.SN,, ~ T ] -
I ] o REAS T Tt - A RE3Re e i :
I i i
HAT 3 RERERE ESEnbRbNaad 1 gERER R dnnliy {Eduiucan ' - - i
P i HH T QRsNRRRRRLS ENRREANRE ri e
+ T 5 w x asaaes
Cl I - i -3
kNN [ BN - it H
RENREN ‘ RN Ar I I RN L : w
- " ] - : R BERRERRARE SRR SR ELES o : jsay -
i g iy T I..‘ L - LA}\!yl I -~ B e 1 .M r” lz)“
3 RN e O % it 1 T EN ERE NS _.MM.MW w:
T - Ein unN N o I T - AEEuqNApRRGY yaREREN R
AENN L T AR T gaN RaRiNuEAs r gERERSuR s antanRs
, i is - : 1 j hE RS . !
o ARSRERAREunsd ks LE - r / gais ; RNNaaS ] B i e «
- -+ - - . wv . M- L - B S DU 1 O - - § L - +,. L,
b -+ TRt ey
R is 1T nu
&
il BN SENN . ]
; TR : x Ny . A pRSASERRAN
T a T X ARaY Il BA MG REe i Balnadd Euna RS ERaRARE
o ’ i Frperh T . WESRN NN E Fi SgREaaaninata
I 1 T i - - - - -
AR SRR AR 2 ik ] RAdRARNRER - T FHEE THH T T
[Rass - T : - ESuREuuqud Fr R ANRRRERE N - RRAS N RE nns
! v : g ias B RN Ehndnannkus A 1 8 . -
- ! widalll
! et L SAERN kl ERINE a HidlL L 1 i
_r_l 7 . - Py s o L - ] 1 - I
s o SRRasSunin T LTI FET IO r BENNA s
- $ 1 4 - ke 3
Hy : - M e uERs HH : : 14
1T ot RNSRERS e
EREinEy ne - " PR RN RENNN T - " p

Figure 2



; TTH i Tl fuig: i i

§ i protiork Ik SuuAGARAEN [RE { ;

3 W ey | _
ok . SiRs : i risH

L

; T RN i gai fou
T N P g T T T TEIEE wAK ingy YA Ty T
RS NN EEIIE N [ o} bdemt -
: T | K REES AN 1 n
M ; ] i . i
1 L b "
e : j RERS] AX i % (aat
H -

3 EE pan NN BR8N : ] HENS L REY SENN ;A E] i DEENEuNN CLIYE T ] R Banns g
T T T
isas L e uet (Bdd SR FansnRuangAeRaly kanARan] |65 SESR] funduananndndy LT H) RS A BenuEkaay Ih I
- i huad NN LN Swly Py gRpiais unnl AR SRURAARRRAS nud SSakasudp
ot SES a bk BRSNS ... - - - - - 4 b T
! - - a g !
T 3 I - + T b THAHT O TR 1 LT i H
[RERARRandNR RS ; EARAREN SRS NA R RSy suE R ] R AN ’ Eui I Sl uaN I N m B
Ragas iy B3 IA AR Rua r L S TH R e b
7 pan T SRR Raun
- Huw T EEngas Sngl ’
NN " RS C CEH T o RN NN ¥ r - RN
T A)‘\
r T T TR I T T - T O 0 A r r
4 NEN RN | E i 4k - IR S HES S
REnREEN RENN COT TR LT pais S99 hs ke
A R - (1 1 Tt [T [ i Ty e K. RN
Hor - - A FH -H 1T - EEaNEREEE Pt FTHA e REaet I -TissRia
Huil L Sanuant B NANEuk
nNS RN ¥ yan RN . 1T : S HESuE] MENE Rt
Resinduunin SEERREanD [HN Raesi 1S 3
i ; T T
I T
T - y £ T
i o e - = - Lt = -+ B 4 o b . - ]
! L AR \ L N NEE AR ERER
ki (13 I RS FRNANN
EREndEaRageunnny DukiEe Jun) Euk Irunak in i uy |Rul EnRr Y puun NEud (e sdux dnun ol IRRA 1§ : 1 sy idnue ing Rl RERRu RS
- 3] nei . - - - 8 d - -
wawn EaE I 2 UK SN EY pma LAY JREX » ua fmay |y 1ns - - TR T
i < - : - -H
i . H RET T iy
ﬂﬂr, %
: 7 ./ Ao e YW ML St} i T i : 58 COTTETT
FE b A Ly g RN HoH R R TH
Fm i T X I T - 1T ENANE T
o bt - o ol At -+ - -~ 8- 1 |- b i - - ~}~1- R - -1 -t - !
i o I ; e N e e p e
: N - pas S - SERRENN . - N L i RANNN ..} gt | R - NENNEN -
| - J ! w ! | 1] EEREES 1 . i SERRE
y AaSEnaN Rl AENN I RRANR RSN + - A HenENN N Aaggnant id : ] £ I- BENERRSUN AR SSISRAEN
T I T T MR FENEEmER g — T wpEwEw T - ~gEaw
[T § TR T AT r RAESHRNN AR NN T SRR

99.-WL



TM-766

Page 14

ey

1L

T
e e

e o

T

adkal 8 ENERS !
EannEs R84 !
REE i 4
m i ;M wr Thrt
1] a\ T 1L ]
NDM § ~ I 0] 8 : :
R il . . i - N .
i ; {1 :
ISt [ R T < g
i RGNS i N A

TTJ. r % 54

1T BENGARASE 3
I T Bduk NN s %
Gty 1 Y ! 1
$-+ - nEs
] i i T
: : 1 RX " - —~ ganuy
r m T 1 A4 e
ot . - - - by 740 R 1t
, - T
- s . REw 1 T
i ! R iy T uN e S a: Cn
T rr - T
it T T
~ : . CECET AN ;
H ;_ GRS (0 00 00 1 A 0 U O 5 0 5 0 O I A 000 O 0 0 0 O 0 2 A A ) 0 " I O N 0 L O 0 0 O 00 0 0 0 N 30 255 S0 O 5 0 S - A +
H T rr T
+ - T - - 5 i i
! A ,
| RARRYN HENEN T LIEHT
p i I a1 CLr
1 , a1
I ! ‘ |
_ - ] T
1 A ﬁ

I

s

gy

Figure 4



