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A bshct 
Analytic closed orbit analysis is performed to evaluat,e 

the tolerance of quadrupole misalignment and dipole errors 
(&I”, (x0) in the HHlC insertion. Sensitivity coefiicients of 
these errors are tabulated for different ,P values. Using 
these sensit.ivity tabIes, WC found that the power supplies 
ripple of 10-~ can cause closed orbit motion of 0.05 mm at 
the IP in comparison with the rms beam size of 0.3 11~1. 

It is desirable to have the power supply ripple less than 
10-5. 

1. Introduction 
The closed orbit error in the insertion region is of fun- 

damental important, to the collider physics. For RIIlC, 
the closed orbit at the high-0 triplets may also affect the 
dynamical aperture. Evaluation of the sensitivity on the 
quadrupole alignment errors and dipole excitation or rota- 
tion angle error gives us a feeling of the alignment toler- 
ance. Some correction schemes may also applied to obtain 
proper orbit control in the insertion region. 

Fig. 1 shows the R.lTIC inserion layout. There are nine 
quadrupoles on both sides of the interaction point (II’). 
The closed orbit can result from (1) quadrrrpole misalign- 
ment, (2) dipole error. etc. This paper discusses an ana- 
lqtic method in the closed orbit analysis. 
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Fig. 1: Schematic Layout of a RHIC insertion. 

2. Method of Orbit Error Analysis 
For a particle in the accelerator, the equation of motion 

is given by’ 

no(s) 
2 t- K(s)y zzz -&- 

where y represents either I.he radial or vertical coordinates, 
K(8) is t,he focusing function. For the hcJrizOnkd closed 

orbit error, AB(s) arises from the vertical dipole licld rrrgr 

due to quadrupole horizontal misalignment and dipole field 

errors. For the vert,ical closed orbit error, AB(.sj arises 
from the hc~rizorrtal dipulr field error due to quadrupvle 
vertical misalignments and dipole rotations. 
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2.1 Orbit kick due to a qnadrnpole 
When a single quadrupole is shifted away from the 

central closed orbit by A,, the angular kick due lo the 
quadrupole is given by -(y - A,,)/f, in the thin lense 
approximation, where f* is the the focal length of the 
quadrupole and y is the actual closed orbit. For a fo- 
cusiug quadrupole, fq > 0 and similarly fq < 0 for a de- 
focusing quadrupole. Thus the particle closed orbit aft,er 
the quadrupole is related to the closed orbit before the 
quadrupole by, 

(5)=(-i ; $@I). (2) 
2.2 Closed Orbit Kick due to a Dipole 

When a particle passes through a dipole, the closed orbit 
is modified by the dipole field error. Using a thin dipole 
approximation, we obtain then 

(;)=(I ; ;) (ij). (3) 
where A0 is the dipole field error. 

2.3 The Closed Orbit Error Propagation 
The error propagation of the closed orbit is then ob- 

tained from multiplying matrices of orbit kicks discussed in 
previous sections and matrices of appropriate drift spaces. 
The procedure is equivalent to integrating Ey.(J.) along 
the beam line. This procedure remains valid in the thick 
lense calculation. Thin lense approximalion however sin- 
plify the calculation greatly. The final closed orbit distor- 
tion can then be expressed in terms of the angular errors 
of dipoles and qnadrltpole misalignments of quadrupoles 

by substituting the quadrupole strengths correspondingly. 
The actual result of these calculations’ for HHIC will be 
discussed in the next section. 

3. Closed Orbit Kicks in a RHIC Insertion 
Table 1 lists the sensitivity coefl”lcients for the horizontal 

closed orbit error at Q5, Q3, Q2, Ql and IP as a funclion 
of the error fields discussed in section 2. As an example, 
table 1 gives the closed orbit deviations at Q3 and II’ ( for 
0’=2rn ) as, 

x3 = -7 zg - 123 z; + 2.72 As -- 12.5 A7 -t- 3.5 3;+ 

$4.26 Aa + 1.1 9 - 8.1’i As -t 5.76 A4 
1 
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and 

ZIP = 1.3 x0 + 18.1 x:, - 0.97 As + 3.32 A7 - 0.85 y 

-0.85 A8 - 0.18 fi$ $ 1.14 A5 - 0.53 A4 - 2.62 A3 
I 

A@c2 
t-3.18 A, - 2.37 A, + 0.30 B 

aec1 

c2 
+ 0.21 7 

cl 

We observe clearly that the closed orbit, ~3, at Q3 (sim- 
ilarly at. Q2 and Ql) is very sensitive to EL. A 0.1 mrad 

error in Z; can give rise to 12 mm error at Q3 location by 
assuming a perfect machine elsewhere. This sensitivity is 
due to bct,atron phase advance between Q3 and Q9 and a 
large betatron function at Q3 position. At the same lime, 
~3 is also sensitive to quadrupole misalignment at Q7. A 
0.25 mm alignment in Q7, QF, Q5 and q4 can cause 3 mm 
rms closed orbit error at Q3. Similarly, the closed orbit at 
IY is sensitive to Ql-Q3 quadrupole alignment. 

Table 1: Sensitivity Coefficients of the horizontal Closed 
Orbit Displacement. Here 68 = Ad/P represents percent- 
age dipole field error. 
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The table also gives us a guide line for the stability re- 
quirpment in the power supply. As an example! we find 

from table 1 at /3’=21n. A power supply ripple will affect 
A13/0 for all dipoles coherently. At A0/0 E 10v4, we ex- 
pect t,he orbit will be shifted by 0.05 mm in comparison 
with the Ubenm size E 0.3 mm for heavy ion beam at 100 
GeV/u. The effect will be very harmful to the beam life 
time due to the presence of beam-beam interaction. It is 
therefore important to achieve the power supply ripple less 
than y < 10-5. At p’ = 0.5 m, table 1 gives 

XT, = -1.8 7 - 0.31 += + 0.30 
A@,2 A@cl 

e c2 
+ 0.21 

I 
7 

rl 

At A6/@ 2: Joe6 ripple will give Azrp 2 0.02 mm in com- 
parison with the proton beam size r = 0.08 IIIIII al 250 
GeV/c. Thus the power supply stability is especially in- 
portant to the proton collision mode. 

Table 2: Sensitivity Coefficients of the Vertical Closed Or- 
bit. Here 4 is the dipole rotation an 
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3 
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-- 

‘Table 2 lists the sensitivity table for t,he vertiral closed 
orbit by integrating Eq. (1) along the insertion, where the 
quadrupole vertical misalignment is given by Al, , As 
and the dipole rotation is given by ‘p, pc,, ~~2 and ~~1 for 
the corresponding dipoles B, BSI, DC2 and t3Cl resprc- 
tively. 

Similar to that or t,he horizontal motion, the quadrupole 
alignment of Ql-($3 is importanl to the proper collision at 
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IP. Power supply ripple is also critical for the operation at 
p* < 2 111. 

4. Closed Orbit of the Accelerator 
FVe have calculated the closed orbit error propagation 

from the begining of the insertion to the interaction point, 
i.e 

(i;:) = (:“: :;: :‘t:) (;) > (4) 
wlirrr the matrix elements Uij may be obtained directly 
forln ‘I’ables 1 and 2. For exanlplr, all : B.l,alz = 46.4 
and CC]3 - - 1.89As + 7.19~i - 1.868 -t.. etc. for the hor- 

izc)rrtaI cl~srd orl)it propagation at @’ := 0.5 III. To obf,airr 
a prc.lper closed orbit of the entire circular accelerator, we 
shall ~JSII~IC t,hat the orbit is propagated through the rest 
of the machine, i.e. 

YQ 

0 ( 

n111 Al12 All3 Y,, 

Y: = AI,, A!l22 iI123 

i( i 

i& (5) 

I 0 0 1 1 

where 2 x 2 matrix corresponds to t.he propagation of beta- 
tron motion from the IY through t,he rest c~f the accelerator 
to the rnd of Q9, ‘I’he matrix elemeuts hiIs, M23 are re- 
lat,rd the orhit kicks associated with the rest, of the accrler- 
ator. ‘l’he tot.al closed orbit is then obtained by multiplying 
matricrs of Eqs. (4) aud (5) wit,h the followiug constraints, 

5. Conclusion and Discru3sioIl 
The closed orbit analysis for the Rlllc’ inscrtiou is an- 

alyzed in an analytic model in terms of the quadrupole 
aligunlent errors and the dipole errors. We calculate I,lle 
sensitivity coeflicients for various p’ values. The closed 
orbit error becomes large at the high-0 quadrul>oles, Q1 
Q3. To minimize these errors, one should properly align 
the quadrupoles in the insertion. One should also measure 
~9, z;, t9 and ~6 so that a proper orbit correction scheme 
for the insertion can be established due to t,he fact. that the 
closed orbit is sensit,ively dependent on the parameters Z; 
and 2; (see Tables 1 and 2). 

Using the table, we can also set the 1,olerauce on the 
powrr supply ripple. At low /I!?’ value, the power supilly 
ripple of 10- 5 is critical to obtain a proper b?itJll-httlll 

collision. 
Finally the ground ruoliorl clue t,o the high tide, local 

traflic, etc. will shift quadrupole alignment. A shift of IO ~1 
in Ql-Q3 can also cause beam movement at the It’ by 0.01 
nlm, which will aflect the performance. Fortunabely, t,hr 
grouud nlotions which does not. chauge the relative mot.ion 
of the accelerator component do not affect the luminosity. 
The random noise is however normally small, E 1 CL. Thus 

the elect should not be important. Realistic measurement 
of t,he effect in RtilCl tunnel should be confirmed. 

The method described in this paper is use1111 in rval- 
uating the effect of few important magnetic elements on 
t,he closed orbit distortion. Another possible applicat ivn is 

Y,P = Y . Y:, = Y&. IF 1 (6) 
analyzing the orbit distortion of a beam t#ranfer line. 

‘I’hr 2 2 matrix of I,he linal product corresponds to tlte 
clue turu bct,atjron transfer map. They arc given by 

* Work performed under the auspices of the U.S. l)epart- 
iuent of i?nergy. 
t On leave of absence from Brookhaven National Labora- 

tory 
uli nr, i i- ulzAIzl z cos 27rv -t LY’ sill 27rv, 

a,11 AZlz t alzitfzz = jL?* sin 2xv, Reference 

a211\fll + a22A121 .I -y* sin27rv, 1. E.D. Clourant and 1l.S. Snyder, Aim. of l’hys. 3, I 

n21Ai~2 -t- a22Al22 = cos 2~v -- a* sin 2Ku, (1958) 

wlltw v is the I)etatroll tune for either liorizonl~al or vert.ical 2. S.Y. Lee and S. Tepikian, AD/RRlC-GI, Feb. 1990. 

I)rtntron motion, (x1, /!P and -y* are the Courant-Suydrr 
I’ar~trI”triz:ltirlIr of the betatron fuuct,ions at 1Y. Normally 
o+ :: I) aud 7’ = 1 ii?*. Solving the closed orbit condition 
of I?q.(6), WP rrbtain then < 

YlF 1. 5-~~-~;{(a,11’lll~ + nlzn,123 I c113) sin 7rv 

_ p* (a21 Af,,7 +- a22Af23 t- a,23) cos 7ru). (7) 

!I: p --- 2si+;,{ ---ii (allit + alzAlz3 + 012) cos rI’ 

t-(a21Af13 t a22Af23 + U23) sin TV}. (8) 

N0t.r hrre t hal, l,hr url)il error is crlh;tIlred by tall? IlCRTII?SS 

OF t,tir brtatrr,n t.utie to an integrr. ‘rhe sensi1,ivit.y fact,cjr 
is howevrr still pr~~pr~rti~>nal t,o thr t,ables I. and 2 through 
al3 and u23 cc,efficient,s in I’:qs. (7) and (8). 
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