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Comparison of Off-lineIR Bump and Action-Angle Kick Minimization*

Y. Luo, F. Pilat, V. Ptitsyn, D. Trbojevic,J. Wei
Brookhaven National Laboratory, Upton, NY 11973,USA

Abstract

The interaction region bump (IR bump) nonlinear cor-
rection method has been used for the sextupole and oc-
tupole field error on-line corrections in the Relativistic
Heavy lon Collider (RHIC). Some differenceswere found
for the sextupoleand octupole corrector strengthsbetween
the on-line IR bump correctionandthe predictions fromthe
action-anglekick minimization. Inthis article, we compare
the corrector strengths from these two methods based on
the RHIC Bluering lattice with the IR nonlinear modeling.
The comparison confirms the differences between result-
ing corrector strengths. And the reason €or the differences
is found and discussed.

ACTION-ANGLE KICK MINIMIZATION

Tominimize the action change for each order of IR non-
linear field error, it is equivalentto minimize the following
quantities simultaneously[11,

7{ dsCuen F (1) 7( dsCyen, o
L R

where L and R mean the left and right sides of the inter-
action region, z stands for x or y plane, ¢,, stands for the
normal or skew field errors b, or a,, N is the field error
order. C. is the weight factor, which is different for dif-
ferent order of errors and for differentz or y plane. The
integrations or summationsare taken acrossthe interaction
region. The correctionweight factors are given according
to the multiples as

ﬁé"“) 2 for by,
C, = , 2
% { /2 75/2 for a,, 2)

; { B2 for odd by, and evenas, 3)
y = BY282% for evenb,, and odd a,

For each order, there are two quantities to be minimized,
oneinthe horizontalplane, oneinthe vertical plane. There-
for, at least two nonlinear correctors are needed for each
order correction. A natural choice is to place one corrector
in either side of the interaction region. In order to facilitate
the followingdiscussion, Table 1 liststhe weight factors for
differentfield error b, and a,.

The action-angle kick minimization assumes that the
phase advances in the horizontal and vertical planes across
theinteractionpointare closeto «. And itignoresthe phase
advancein the triplet because of the small 5*. It assumes
the beam is round beam, therefore, only the leading reso-
nances in horizontal and vertical planes are corrected.

*Work supported by US. DOE under contract No DE-ACO02-
98CH10886

Table 1: Weight factors for action-angle kick minimization

Order | C, C, Tnl | (=171
Jknsl
b B2 1/2@, feal 1
ba 32; ksl 1
ba o ”2[3?, al 1
bs ,Bf ﬂd ksl 1
i ﬂmﬂ;b/z ﬂ3/2 ksl -1
a3 372 1/2 ;/2 372 Feaul 1
(L2 :8:1: 1/2 5/2 ksl -1
. 2/2 1/2 é/z 3/2 fsal 1
IRBUMP CORRECTION

The IR bump correction method [2, 3, 4] is an elegant
way for the operational IR nonlinear Correctionsin a real
machine. It creates a local horizontal or vertical orbit bump
across the interaction region. The small tune shifts due to
the bump are measured with a high resolution phase lock
loop( PLL ) tune measurementsystem. Sincethe relations
between the tune shifts and the bump amplitudes are dif-
ferent for differentorders of nonlinear errors, the IR bump
correction is performed order by order by minimizing the
polynomial fittirg coefficientsof the tune shifts.

For example, to correct the sextupole errors in the IR,
we minimizethe linear term of the tune shiftsfrom the hor-
izontal TR bump with respect to the bump amplitude. Ac-
cording to Hamiltonianperturbation theory, the tune shifts
from the sextupoleswith the horizontal beam orbit offsets
are givenby

AQ, = =3 (6baxcofs)ds
{ AQy = gg;z( 61212zcoﬁJ)ds . )

Considering the phase advance = between the interaction

region, we assume that the local horizontal orbit bump is
proportional to the g/,

{ Teo X /2 in one side of IR
Teo X ~ﬂw/2,lnanother5|deoflR

®)

For simplicity, in the followinganalysis and simulation, we
assumethat the orbitat one point in the IR bump is propor-
tional to the bump steps. The orbitbump at differentbump
steps are givenby

Teo =Zeo1 X k, 6)

Zeo, 1S the orbit bump amplitude increment, & =
—N,—(N-1),...,(N—=1), N. N is the maximum bump
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Figure 1: The orbitswith the horizontal bump in the RHIC
Blue ring IR8.

step No.. Then, the total tune shifts due to the X plane IR
bump are

{AQm x (3 bzdsﬂ3/2—sz2dsﬂ2/2)-k

AQ, o« (X, badsB’ B, — Y pbadsBs’*By) -k

If we use the sextupolecorrectorsinthe IR bump to min-
imize the linearpolynomial term of the tune shifts with the
bump steps%, we obtain

{ . uzdSﬂz —E bods, '83/2
S, badsBa 2B, =3 badsfa! 2B,

0 @®
0 ®)
Eq. (8) gives the same weight factors 3/ and 8/*8,

as that from the action-angle kick minimization method
shownin Table 1.

OFF-LINE COMPARISON

IR bump Simulation

The MADX code [5] is used to simulate the IR. bump
correction. At each bump step, we set the right dipole
kicker strengths to produce the desired orbit bump ampli-
tude. MADX calculates the tune shifts at each bump step.
By fitting the tune shift with the bump steps, the different
orders of polynomial coefficientsare obtained.

For simplicity, in the followingwe only simulate the IR
bump correction in the 8 o’clock interaction region in the
RHIC Blue ring. Inthe simulation, the maximum orbitam-
plitude in the IR bump is chosen below 5 mm. Figure 1
shows an example of the orbitwith the horizontal IR bump.
The orbit leakage due to the IR bump is seen in Figure 1.
However, the bump closure is still acceptable. Fig. 2 gives
the tune shifts from the simulation. The tune shifts are ob-
tained with respect to that at zero bump amplitude. Up to
seven order polynomial fittings are performed, the fitting
curve is also shown in Fig. 2. Fig.3 showsthe tune shift
contributionsfrom the first three polynomial terms.
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Figure 2: The tune shifts and the polynomial fitting.
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Figure 3: The tune shift contributions from the first three
polynomial terms.

Sextupole Correction

For the horizontal IR bump, the linear terms of the tune
shifts are contributedfrom the sextupoles. e use two sex-
tupole correctors bo7-sx3 and bi8-sx3 to minimize these
linear term tune shifts in the Blue IR8. The three dipole
kickers bo7-th4, bi8-th3 and bi8-th3 bump produce the de-
sired TR bumps.

Table 2 givesthe linear orders from the off-line IR bump
simulations. The second block gives the residual linear
term of the tune shifts from the IR bump in the IR§. The
third block gives the two correctors’ contributionsto the
linear terms with %, = 0.001. Based on Table 2, the cor-
rection strengths for bo7-sx3 and bi8-sx3 are calculated to
cancelthe residual linear terms.

From IR bump simulation, the correction strengths for
bo7-5x3 and big-sx3 are —4.54 x 1073 m~2 and 2.74 x
103 m~%, respectively. While from the action-anglekick
minimizationanalytical calculation, based on the nonlinear
opticsmodel and Eq.(1), the integrated correctionstrengths
forbo7-sx3 andbig-sx3 are —3.99 x 102 m~2 and 2.973
m™2, respectively. There is about a 10%differencein the
correctionstrength of bo7-sx3.



Conditions Plane | Linearterm
Coefficient
onlyb, X 10.08407°
errors y —9.26 x 10~°
bo7-sx3 X 5.65 x 106
kol =0001m~2 | y —143 X 107°
big-sx3 X —2.74 x 107
kol =0.001m~2 | y 1.01 X 107°

Octupole Correction

We use the two octupole correctors bo7-oct2 and bi8-
.oct2 to minimizethe quadraticterms of the tune shiftsfrom
the horizontal IR bump in Blue IR8. The three dipolekick-
ers bo7-th4, bi8-th3 and B18-TH5 bump produce the de-
sired IR bumps. Table 3 gives the residual quadratic terms
from the octupole errors from the IR bump simulations.
The correctorsbo7-oct2 and bi8-oct2’s contributionsto the
quadratic termswith &3 = 0.001 are given, too.

Table 3: IR bump simulation for octupole correction in
Blue IRS8.

Conditions Plane | Quadratic Term
coefficient

only b3 —1.68 x 107
-eITOrS y 6.40x1078
bo7-oct2 X 1.58x107
k3l =0.001m—3 y -8.74x10°8
bi8-oct2 X 7.94%10~%
k2l =0.001 m—3 v -1.43x10~7

From the IR bump correction simulation, the inte-
grated correction strengths for bo7-oct2 and bi8-oct2 are
0.121 m~3 and —0.029 m™3, respectively. While from

the action-anglekick minimization analytical calculation, -

based on the IR nonlinear modeling, the integrated correc-
tion strengthsforbo7-sx3 and bi8-sx3 are 0.0768 m—3 and
—-0.023m™3 respectively. There are about30% difference
in the correction strengths of bo7-oct2.

ANALYSIS

From the off-line IR bump correction and the action
angle minimization analytical calculation, we found that
there are about 10% difference for the sextupole corrector
strengths, and about 30% difference for the octupole cor-
rector strengths. They verified the discripancies found in
the sextupole and octupole correction strengths from the
operational IR bump corrections and the off-line action-
angle kicker minimizationanalytical calculations.

Here we check the ratios of the linear and quadratic
terms Of two individual sextupole's and octupoles, respec-

tively. For sextupoles, according to Eq. (8), the horizon-
tal linear term should be proportional to ﬁﬁ’ % for two sex-
tupoles if they have the same integrated strength. From IR
bump simulations, the ratio of the linear term of the hori-
zontal tune shiftsfrom two sextupolesbo7-sx3 and bi8-sx3
with the same integrated strength 0.01 m=2 is

AVylpor—s23 + AVsg|bis—sa3
=5.29 X 16~5: 27.79 x 107° ®
=1:525
The ratio of the 5%/2 of the two sextupolesare:
B3/2|bor—sz3 B lhig—sz3

=479.033/2 -1297.893/2
=1:446

(10)

Therefore, from the IR bump simulation, the ratio of the
hear tune shift terms is not proportional to the ratio of
B3/2 for two sextupoleswith the same integrated strength.
This onlyreason for the inequality is

wcolbo’(’——sa::i H xco[biS—swiﬂ
1/2 1/2
o 65 bor—s23 : B2 *lpig—sea-

This guess is verified by the followingorbitbump check at
these two sextupole correctors. From the IR bump simula-
tion with MADX,

an

zcolbo7~—3:z:3 : xcolbiS—smS
y = 1:1.955,
2 2
Joi lbo7—sz8 : B lbis—szs
=1:1646.

(12

If we substitute the orbitratio of =, instead of the ratio
of ,Bi/ into Eq. (4), we get the horizontal tune shift contri-
bution ratio from the two sextupoles:

(mcoﬁm) Ibo7~—s:n3 : (mcoﬂfc)lbiS—sz?,

=1:5.30, (13)

which is much closer to the linear term tune shiftratio we
getfromthe IR bump simulation.

Similarly, we check the quadratic term tune shift ratios
of two individual octupolesbo7-oct2 and bi8-oct2 with the
same integrated strength 0.001 m~3. From the IR bump
simulation, we get

Av, |bo7—oct2 : Avg |bi8-oct2

=158x10"7:794 x 10~8 (14
=199 :1
However, ]
ﬂilbo7—-sa:3 : ﬂglbis—st
=1042.11' :577.37 (15)
=3261:1

Theratio of the tune shifts are not equal to the ratio of 82 as
assumed from Table 1, either. The ratio of orbitamplitudes
at the two octupolesis:

xcolbo7—ocf2 : zco'bis—octﬁ

=1.051: 1 (16)



Substitutingz,, ratio instead of ﬂi-/ % ratio to calculate the
tune shifts due to octupoles, we obtain the horizontal tune
shift contributionratio &omthe two octupoles:

(mzaﬂm)lbcﬂ—sm}} : (m%oﬁm)lbiS—saB

=1.995: 1 an

which is almostthe same as that from the IR bump simula-
tion.

DISCUSSION

From the abovecalculation, we find the difference of the
correction strengths from the IR. bump correction and the
action-angle kick minimization comes from the fact that
the horizontal orbitis not exactly proportional to the 8/2.
The sourcefor this differenceisthat the phase advance over
the interactionregion is not exactly equal to 7 and there is

a small phase advance in the triplet.

Presenting the phase advance as AT =7 + Al) in an-
other IR side, one can getthe ratio of orbitpositions onthe
left and right sides of the interactionregion as

Teol, VB rsin(To)
Tco, R \/@ sin(Wo+-AT) (1 8)
.3:1: L
~ 1 —cot(Wo)A
R (1~ oot (W) A9)

Although A$ is small, the coty can reach 15 units for
RHIC IR bump. It leadsto considerabledifferencebetween
the ratio of the orbits and the ratio of v/3,. Thenthe cor-
rection strengths from the IR bump correction are not the
same as that from the action-anglekick mintmization ana-
lytical prediction.

Action-anglekick minimizationignores the small phase
change in the IR bump on both sides of the IP, while the
IR bump correction method takes into account the phase
shifts. Base on the Hamiltonian perturbation theory, sex-
tupoles could introduce @, =p, 3@, =p, @z +2Q, =
resonances. To fully correct all the resonances, we should
minimize all the followingresonancestrengths 6], that is,

Z kzlﬂl/zﬁ ei¥=

E kzlﬂ3/2 EAN

Z k lﬂ3/2 13U,
Z k2lﬁ1/2,3 i(Ta—20y)
E kzlﬁl/zﬁ ei(Tat20,)
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—
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Octupolesinduce4@s; =p, 4, =p,2Q, =p, 26, =p,
2Q £ 2Q, =p resonances. To correct all the resonances,
we should minimize all the followingresonance strengths,

that is,

Z k lﬁ2 4%,
E k lﬂ2ez4wu
2 k3l,8.r.ﬂ e2¥s
z k l,B2 2%,
> kalﬂmﬁJ 20y
E k lﬂz 12,

Z k3lﬁ :3 ez(2‘I!I+2‘l!y)

z k3lﬁ£ﬂy€z(2q’ »—2%,)
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So the two methods, IR bump correction and the action-
angle kick minimization, have different approximationsin
the betatron phase advance. Action-anglekicker minimiza-
tion ignores the not exact = phase jump across the IP and
the samll phase change inthe one side triplet. The IR bump
correctionmethod uses a local orbit bump to minimize the
introduced polynomial terms of tune shifts. However, the
tune shifts from IR bump are proportional to sin™ ®, in-
stead of ¢?® from Egs. (19) - (20).

The action-anglekick minimization is used for & non-
linear field correction off line up to b1 at CERN [7}. The
IR bump correctionis applicable for the on linear IR non-
linear field correction. It has been verified and used in the
RHIC IR nonlinear corrections. Limited by the bump am-
plitude and the tune measurementresolution, it is generally
used for the lower order nonlinear field error corrections.

CONCLUSION

The correction strengths from the off-line IR bump cor-
rection simulation are compared to that from the action-
anglekick minimization. It verifies that there are some dis-
crepanciesin the correctionstrengthsfromthese two meth-
ods. This is caused by the fact that the not exact = phase
advance between the two sides of the interaction region,
which makes that the bump orbitnot exactlyproportionally
to the #1/2. Both methods make different approximations
in the betatron phase advances. The action-anglekick min-
imization is used for IR nonlinear field correction off line,
while the IR bump correction is applicable for the on-line
IR nonlinear field correction.
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