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Abstract

Analytic closed orbit analysis is performed to evaluate
the tolerance of quadrupole misalignment and dipole errors
{bo, ap) in the RHIC insertion. Sensitivily coefficients of
these errors are tabulaled for different 8* values. Using
these sensitivity tables, we found that the power supplies
ripple of 1074 can cause closed orbit motion of 0.05 mun at
the 1P in comparison with the rins beam size of 0.3 mm.
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 RHIC,
the closed orbit at the high-@ 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 RHIC inserion layout. There are nine
quadrupoles on both sides of the interaction point (IP).
The closed orbit can result from (1) quadrupole misalign-
ment, (2) dipole error. etc. This paper discusses an ana-
lytic method iu the closed orbit analysis.

“8s) .
A
18.5mr g Bm -
225mr_ 70 550

T 146mr <7

iP

|
BC2 397me

BC

ot §9. 255 ———el
1Om 13m

3"

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!
d?y
— + K(s)y =
Toz (s)y

AB(s)
Bp

(1)

where y represents either the radial or vertical coordinates,
K(s) is the focusing function. For the horizontal closed
orbit error, A B(s) arises from the vertical dipole ficld error
due to gnadrupole horizontal misalignment and dipole field
errors. For the vertical closed orbit error, AB(s) arises
from the horizontal dipole field ertor due to guadrupole
vertical misalignments and dipole rotations.
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2.1 Orbit kick due to a quadrupole

When a single quadrupole is shifted away from the
central closed orbit by A,, the angular kick due to the
quadrupole is given by —(y — Aq)/f; in the thin lense
approximation, where fy is the the focal length of the
quadrupole and y is the actual closed orbit. For a fo-
cusing quadrupole, f, > 0 and similarly f; < 0 for a de-
focusing quadrupole. Thus the particle closed orbit after
the quadrupole is related to the closed orbit before the
quadrupofe by,

Ya 1 0 AO 1)
vl=|-7 1 7] |% (2)
1 0 1 1

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

Ya 10 0 s
vol=10 1 as| | (3)
1 0 0 1 1

where A6 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 mnatrices of appropriate drift spaces.
The procedure is equivalent to integrating Eq.(1) along
the beam line. This procedure remains valid in the thick
lense calculation. Thin lense approximation however sim-
plify the calculation greatly. The final closed orbit distor-
tion can then be expressed in terms of the angular errors
of dipoles and quadrupole misalignments of quadrupoles
by substituting the quadrupole strengths correspondingly.
The actual result of these calculations? for RHIC will be
discussed in the next section.

3. Closed Orbit Kicks in a RHIC Insertion
Table 1 lists the sensitivity coefficients for the horizontal
closed orbit error at Q5, Q3, Q2, QI and IP as a function
of the error fields discussed in section 2. As an example,
table 1 gives the closed orbit deviations at Q3 and IP { for
0*=2m ) as,

Al
g3 = T wg — 123 &g + 2.72 Ag —~ 125 A7 + 3.5 A(T+

+4.26 Ag+ 1.1

Af
g L _8.17 Ag + 5.76 Ay

s
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and
, Al
2, = 1.3 a5+ 18.1 2 — 0.97 Ag+3.32 A7 — 0.85 —=
A6,
~0.85 Mg — 0.18 2" 4 114 Ay~ 0.53 By = 2.62 Az
']
Ad A8
1318 Ay — 2.37T Ay +0.30 =22 4021 =7
c2 ecl

We observe cleatly that the closed orbit, z3, at Q3 (sim-
ilarly at Q2 and Q1) is very sensitive to zg. A 0.1 mrad
error in zj can give rise to 12 mm error at Q3 location by
assuning a perfect machine elsewhere. This sensitivity is
due to betatron phase advance between Q3 and Q9 and a
large betatron function at Q3 position. At the same time,
#3 is also sensitive to quadrupole misalignunent at Q7. A
0.25 mm alignment in Q7, Q6, Q5 and Q4 can cause 3 mm
rms closed orbit error at Q3. Similarly, the closed orbit at
1P is sensitive to Q1-Q3 quadrupole alignment.

Table L: Sensitivity Coeflicients of the horizontal Closed
Orbit Displacement. Here §0 = AB8/6 represents percent-
age dipole field error.

!

3'=.5m Ts T3 Ty zy T,p z
Trg -1 -15.5 -8.6 -10.3 3.1 0.5
Ty -11.2 | -246 -137 | -164. ] 46.4 8.6
Ag 1.06 B.57 4.71 562 | -1.89 | -0.3
Az -3.37]-342 | -188 | -225 | 7.19 1.2
60 79 8.68 4.8 5.74 -1.8 | -0.31
Ae 27 3.85 2.14 2.56 | -0.77 | -0.13
&0, 07 1.63 0.91 1.1 -0.31 | -0.06
As 0 0 0 0 0
Ay 5.3 3.03 3.72 | -0.65 | -0.18
Ag -0.59 | -1.23 | -2.57 | -0.05
A, 0.6 3.16 0.1
Ay -242 | -0.1
66, 0.30 0.02
80,4 0.21 0.01

B'=2m | =s T3 Zq T Z,p x|
T -0.8 -7 -3.8 -4.6 1.3 0.2
Ty -2.5 -123. ] -69.1 } -83.5 18.1 4.1
Ag 1.46 2.72 1.4 1.68 | -0.97 | -0.1
Ar -3.91 | -12.5 -6.7 -7.8 3.32 0.45
86 0.9 3.5 1.88 2.21 | -0.85 | -0.12
Ag 0.64 4.26 2.34 2.78 { -0.85 | -0.15
&4, 0.07 l.1 0.61 0.73 | -0.18 | -0.04
As 8171 -4.59 | -5.56 | 1.14 0.27
Ay 5.76 3.3 4.05 | -0.53 | -0.19
An -0.59 | -1.23 | -2.62 | -0.06
A, 0.6 3.18 0.1
Ay 237 -0.1
86,2 0.30 0.02

Af. 0.21 0.01

The table also gives us a guide line for the stability re-
quirement in the power supply. As an example, we find

Al A Al A
— 085 27 _ 018 27 1 0.30 =2 4 0.21 =5
9 91 ch ecl

:EIP

from table 1 at 3*=2m. A power supply ripple will affect
A6/6 for all dipoles coherently. At Af/6 ~ 10-1, we ex-
pect the orbit will be shifted by 0.05 min in comparison
with the opeam size = 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. 1t is
therefore important to achieve the power supply ripple less
than %—Q < 1075, At 3* = 0.5 m, table 1 gives

A8 9
2 =18 A9 o3 Ab. +0.30 =<2 +0.21 A0y

T g 9, Oe2 0.

At AB/6 ~ 1078 ripple will give Az, ~ 0.02 mm in com-
parison with the proton beam size o = 0.08 mm at 250
GeV/c. Thus the power supply stability is especially im-
portant to the proton collision mode.

Table 2: Sensitivity Coeflicients of the Vertical Closed Or-
bit. Here ¢ is the dipole rotation angle.

(*=.5m zg z3 2y 2z Z,p zl
29 -1.4 3.6 6.7 4.2 -2.5 -0.3
zé 18 -79.3 | -141. | -87.9 | 60.5 6
Ag -4.5 17.08 | 30.7t | 19.41 | -12.5 | -1.28
Az 244 | -8.78 | -15.8 | -9.86 | 6.36 0.66
@ .62 -1.94 | -3.53 -2.2 1.35 0.14
Ag =27 0.55 1.03 0.65 | -0.31 | -0.04
W, 07 0.02 0.01 0 -0,08 0
As 0 0 0 0 0
Ay -5.3 -9.27 -5.7 4.49 0.41
Aa 0.59 0.53 1.4 0.04
Aq -0.6 -6.05 | -0.22
Ay 2.42 0.1
Pez 0.30 | 0.02
Ve 0.21 | 0.01

B*=2m zy z3 zy z1 Z,p z;P
2g -1.1 2.5 4.7 3 -1.5 | -0.2
2h 9.4 -40.8 | -73.1 | -45.5 | 31.8 3.1
Ag -3.21 9.31 17.05 | 10.72 | -6.34 | -0.69
Ar 1.77 | -4.52 | -8.36 | -5.27 | 2.91 0.33
7. 0.51 | -0.95 -1.8 -1.15 0.5 0.07
Ag -0.64 0.42 0.94 0.64 0.14 | -0.02
Py 0.07 0.11 0.15 0.09 | -0.17 { -0.01
Ds 2.07 3.b4 2.16 -2.02 | -0.17
Ay -5.76 | -10.0 -6.2 5.04 0.45
Aa 0.59 0.53 1.39 0.03
A -0.6 -6.00 | -0.22
Aq 2.37 0.1
Cez 0.30 | 0.02
Pet 0.21 | 0.01

Table 2 lists the sensitivity table for the vertical closed
orbit by integrating Eq. (1) along the insertion, where the
quadrupole vertical misalignment is given by Ay, ..., As
and the dipole rotation is given by ¢, ¢,, @c2 and @, for
the corresponding dipoles B, BS1, BC2 and BC! respec-
tively.

Similar to that of the horizontal motion, the quadrupole
alignment of Q1-Q3 is important to the proper collision at
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IP. Power supply ripple is also critical for the operation at
gt < 2m.

4. Closed Orbit of the Accelerator
We have calculated the closed orhit error propagation
from the begining of the insertion to the interaction point,

Yrp app @12 413 Yo
y',r = | @21 @G22 Q23 v | (4)
1 0 0 1 1

where the matrix elements a;; may be obtained directly
form Tables I and 2. For example, a;; = 3.1,a;2 = 46.4
and aja = ~ 1.89Ag+ T.19A7 — 1.860 + - - - etc. for the hor-
izontal closed orbit propagation at 8* = 0.5 m. To obtain
a proper closed orbit of the entire circular accelerator, we
shall assume that the orbit is propagated through the rest
of the machine, i.e.

Yo My My Bls e
vp | = | M2y Maz Mas 7. |- (5)
I 0o 0 1 1

where 2x2 matrix corresponds to the propagation of beta-
tron motion from the 1P through the rest of the accelerator
to the end of Q9. The matrix elements M3, Maj are re-
lated the orhit kicks associated with the rest of the acceler-
ator. The total closed orbit is then obtained by multiplying
matrices of Bgs. (4) and (5) with the following constraints,

gyp = Yips g’!p = y,,p’ (6)

The 2x2 matrix of the final product corresponds to the
one turn betatron transfer map. They are given by

ayi My + ajady = cos 2mv + o sin 27y,

138 ]‘[12 + CL121”22 = )6‘ sin 27‘”/,
ay Myt + azzMa = *‘—’Y' sin 27wy,
asi Mg + aza Mag = cos 2w — a sin 27y,

where v/ is the betatron tune for either horizontal or vertical
betatron motion, a*, 3% and y* are the Courant-Snyder
parametrization of the betatron functions at 1P. Normally
a* = 0 and v* = 1/3*. Solving the closed orbit condition
of BEq.(6), we obtain then

1 . .
——'~'—~v*{(‘(l11 ﬁ’[13 + (112]”23 - CL13) sin v

Yre = 2 sin xv
<3 (aqy Mg+ aza Moz + aa3) cos T/} (7
, i i
V,p = 2-511{-1_;/{ /—3; ((1,11]‘{13 4+ ayaMag + 013) cos T
F(azi Mys + azaMas + aza)sin v} (8)

Note here that the orbil error is enhanced by the nearness
of the betatron tune to an integer. The sensilivily factor
is however still propartional to the tables | and 2 through
ay3 and ay3 coefficients in Egs. (7) and (8).

5. Conclusion and Discussion

The closed orbit analysis for the RHIC insertion is an-
alyzed in an analytic model in terms of the quadrupole
alignment errors and the dipole errors. We calculate the
sensitivity coefficients for various 3* values. The closed
orbit error becomes large at the high-3 gnadrupoles, Q1-
Q3. To minimize these errors, one should properly align
the quadrupoles in the insertion. One should also measure
¢, ¢, zg and 2z} so that a proper orbit correclion scheme
for the insertion can be established due to the fact that the
closed orbit is sensitively dependent on the parameters zg
and zj) (see Tables | and 2).

Using the table, we can also sel the tolerance on the
power supply ripple. At low 2* value, the power supply
ripple of 1075 is critical to obtain a proper beam-beam
colliston.

Finally the ground motion due to the high tide, local
traffic, etc. will shift quadrupole alignment. A shift of 10 4
in Q1-Q3 can also cause beam movement at the I[P by 0.01
mm, which will affect the performance. Fortunately, the
ground motions which does not change the relative motion
of the accelerator component do not affect the luminosity.
The random noise is however normally small, =~ 1 g. Thus
the effect should not be important. Realistic measurement
of the effect in RHIC tunnel should be confirmed.

The method described in this paper is useful in eval-
uating the effect of few important magnetic elements on
the closed orbil distortion. Another possible application is
analyzing the orbit distortion of a beam tranfer line.

* Work performed under the auspices of the U.S. Depart-
ment of Energy.

t On leave of absence from Brookhaven National Labora-
tory
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