= "/m.} /

#
-

BROOKHPILVEN

NATIONAL LABORATORY

BNL-73485-2005-CP

Beam-Based Non-Linear Optics Correctionsin
Colliders

F. Pilat, Y. Luo, N. Malitsky, V. Ptitsyn

Presenfed at the Patticle Accelerator Conference (PAC’05)
Knoxville, Tennessee
May 16-20,2005

Collider-Accelerator Department

Brookhaven National Laboratory
P.O. Box 5000
Upton, NY 11973-5000
www.bnl.gov

Managed by
Brookhaven Science Associates, LLC
for the United States Department of Energy under
Contract No. DE-AC02-98CH10886

This is a preprint of a paper intended for publicationin ajournal or proceedings. Sincechanges may be
made before publication, this preprintis made available with the understandingthat itwill not be cited
or reproducedwithout the permission of the author.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor
any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied,
or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any
information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government
or any agency thereof or its contractors or subcontractors. The views and
opinions of authors expressed herein do not necessarily state or reflect those
of the United States Government or any agency thereof.

FOR UNCLASSIFIED, UNLIMITED STIPRODUCTS
Available electronically at:

OSTI:

http:/Aww.osti.gov/bridge

Available for a processing fee to US. Department of Energy and its
contractors, in paper from:

US. Department of Energy

Office of Scientificand Technical Information
P.O. Box 62

OakRidge, TN 37831

Phone: (865) 576-8401

Facsimile: (865) 576-5728

E-mail: reports@adonis.osti.gov

National Technical Information Service (NTIS):
Available for sale to the public from:

US. Department of Commerce

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22131

Phone: (800) 553-6847

Facsimile: (703) 605-6900

Online ordering: http://www.ntis.gov/ordering.htm

Feintend an senyednd papac



BEAM-BASEDNON-LINEAR OPTICS CORRECTIONS IN COLLIDERS*

E.Pilat, Y.Luo, N. Malitsky, V.Ptitsyn

Brookhaven National Laboratory, Upton, NY, USA

Abstract

A method has been developed to measure and correct
operationally the non-linear effects of the final focusing
magnets in colliders, that gives access to the effects of
multi-pole errors by applying closed orbit bumps, and
analyzing the resulting tune and orbit shifts. This
technique has been tested and used during 4 years of
RHIC (the Relativistic Heavy lon Collider at BNL)
operations. | will discuss here the theoretical basis of the
method, the experimental set-up, the correction results,
the present understanding of the machine model, the
.potential and limitations of the method itself as compared
with other non-linear correction techniques.

INTRODUCTION

The IR bump technique has been developed to correct .
operationally local errors in the interaction regions (IRs). '

The dynamic aperture of a hadron collider is typically
determined by beam-beam effects and by the errors from
the magnets in the low-£* sections. Non-linear effects
become significant at RHIC only for f*< 2m. Local non-
linear corrections can improve dynamic aperture, beam
lifetime and operability. Non-linear corrections, together
with emittance reduction by electron cooling, a planned
RHIC upgrade, can allow decreasing £* from the present
Im to 0.5m, a potential 50% increase in luminosity. We
describe here a general formulation of the IR bump valid
for all orders, followed by examples of applicationto the
normal and skew sextupole and octupole effects. Then we
will outline the experimental set-up, procedures and
results of the correction achieved so far in RHIC, mainly
sextupole and octupole, followed by a discussion on the
feasibility of higher orders measurements. Finally, we
will discuss the correlation of observed non-linear optics
distortions with field measurements of the IR magnets

*Work performed under the auspices of the US DoE

IRBUMP METHOD - THEORY

The magnetic errors in an accelerator magnet can be
described in terms of the multipole errors @, and 5,

defined as:
a,,)[“ iyj )
RI‘

By represents the main field of a magnet measured at a
reference radiusR,.

A local orbit excursion through a region with nonlinear
fields generates feed-down effects to lower order
harmonics. The most useful observables come from the
feed-down to the zero and first order harmonics, which
affect respectively the beam closed orbit and betatron
tunes. The magnitude of the orbit and tune changes
depends on the size of the orbit excursion. For an orbit
bump built with 3 dipole correctors (3-bump), the bump
amplitude 4., is the measure of the orbit excursion and
is defined as the orbit excursion at the location of the
dipole correctorin the middle of the bump. The tune shift
arise either from the feed-down to the normal gradient or
from the effect of linear coupling. The tune shift AQ and
the linear coupling term e for differentbump planes (H
and V) and for different multipole errors can be expressed
as follows:

AQ(H: 7’107771) = g(bn ) co)
AQWV, skew,even) = -1"’2g(a,, 2Veo)
Ac(V ,norm,even) =—1"2" 1, , v,.) @
AQWV , norm,0dd)=—-1"""2g(b,,3,)
Ac(H ,skew) = h(a,,x,,)
Ac(V, skew,odd) ==1"""*k(a,,y.,)
where the functionsg and h are:
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¢, stands for either the a, or b,,and =z stands forx ory. The
tune shifts for horizontal and vertical tunes are then as:
40, @ AQ , AQ, a-AQ .

Whether the feed-down from a given multi-pole affects
the normal gradient or the linear coupling depends on the
plane of the bump, on whether the multi-pole is normal or
skew and on the parity of the multi-pole order » as
summarizedin Table 1.

Table 1:Measurable quantities for multipoles

Bump b, az b; as by a4 bs

H AQ | Adc | AQ | dec | 40 | Ae | AQ

\ Ac | A0 | AQ | Ac | Ac | AQ | AQ

In order to simplify the identification of individual
multipoles from the observed tune shifts, the
measurements conditions should be such that the tune
shifts produced by coupling are negligible compared with
the tune shifts from the normal gradient change. For this
condition to be valid, the residual coupling in the machine
has to be well corrected. The coupling compensation and
the tune separation must satisfythe relation:

lc, Tad” 1440, <<a0 @)
Where C, is the residual component of the coupling and
0, is the betatron tune separation.
As seen from Table 1 some of the nonlinear errors, like
the a; error, do not produce tune shifts due to the normal
gradient feed-down when either horizontal or vertical
orbit bump is used. In these cases a diagonal bump can be
used.

IR bump: multipole by multipole correction

Here we apply the IR bump relations, (2) and (3),
explicitly to low-order non-linear errors to allow easier
discussion later of the experimental results for sextupole
and octupole. The essence of these corrections is the
minimization, respectively; of the linear and quadratic
tune shifts from an orbit bump.. Here we discuss
explicitly the sextupole, skew sextupole, octupole, and
skew octupole nonlinear effects and will show that the
correction of the tune shift versus bump amplitude is
equivalent to the compensation of resonance strength
driven by the given nonlinearities. Two assumptions are
crucial for this analysis. First, that the betatron phase
advances across the triplets on each side of the IR are
negligible, which is equivalent that sources of nonlinear
errors and correctors are at the same betatron phase.
Second, that the betatron phase advance over the IR
between the triplets is very close to ©. Both assumptions
are typical for low-8" IRs and certainly are satisfied at
RHIC.

The perturbation Hamiltonian for a sextupole error is
given by

AH=R6%-~(x3 —39%) (%)

The sextupole strength#; is proportional to the 5, magnet
error and also describesthe sextupole corrector strengths,

_ 1 asz _ 2B,b, ()
' (Bp) & (Bp)R
In order to evaluate the resonance strengths, we use
action-angle coordinates.

x=4J2J B cosWw, %)
y= JZJyﬂy cosy/y,

From substituting (7) into (5) and expanding, it follows
that normal sextupoles can drive the Q.~p, 3Q0,=p, and
the Q.+20,=p resonances. For full correction, the
following resonance strengthsneed minimization:
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The sums are taken over all quadrupoles and sextupole
correctorsin the IR. The correction weight factors for the
resonances are £,and 3,4, In the approximation of
negligible phase advance in the triplets and a phase
advance between them, from (8) one obtains:

S
2B B ds =Y ik, B,ds =0

where -L and R denotethe left and the right side triplet.
Accordingto Table 1, a horizontal orbit bump should be
used to produce the tune shift due to normal gradient
feed-down ftom sextupoles. The tune shifts from a
sextupole is proportional to the horizontal beam orbit
offsets,

1
AQx - Ezklﬂxxwds (10)

1
AQ, = i Z kB, x,,ds

Again in the stated approximation, the horizontal orbit in
the triplet from an IR bump is approximately proportional

to ﬁxllz:
i1 1/2
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respectivelyon,the left and right triplets in the IR, A, is
the orbit bump amplitude and £, is the beta-function at
location of the central corrector of the bump. The total
tune shift from the sextupoles in the triplets region from
onelIR; dueto the horizontal IR bump are then given by:

4,
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The sextupole field errors in the triplets can be corrected
by minimizing the linear coefficients of the tune shifts
with the horizontal bump amplitude with two local
sextupole correctors. Comparing (11) and (9), one
concludes that for a normal sextupole the tune shift
correction is equivalent to the resonance compensation.




A similar demonstration of the equivalence of tune shift
from bump amplitude and resonance compensation has
been done for skew sextupole, normal and skew octupole
and can be found in [1]. We will report here onlythe final
results.

The tune shifts from skew sextupoles are produced by a
vertical bump and are given by:

00, =Sk s (3 e BB s~ Tk B ds) e

4zf’

10 LSty (S b s )

Two IR skew sextupoles can eliminate the Ilnear
dependence of the tune shifts from the vertical bump
amplitude. For octupoles, if only a horizontal IR bump is
used, the tune shifts from the IR octupoles are
proportional to the square of the bump amplltude

AQ, —aZk;ﬁxxmdsoc (X efds+y kB ds) sy

67,
1 2
AQ, =—5Zkzﬁyx;ds (3 kB.Bds+y. k. B.B,ds) :’b ﬁ”
A tune shift correction using only a single plane bump
does not compensate all octupole resonance. One has to
also correcttune shifts caused by a vertical orbit bump'

AQ, ——Zkgﬂywdsoc(z kB, B,ds+ Y nk, B B,ds )2

}bump
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A minimum of three IR octupole correctorsis needed.
For the skew octupole, according to Table 1 separate
horizontal or vertical orbit bumps generate to linear
coupling Ac, not AQ. Simultaneous horizontal and
vertical orbit bumps can however create the needed AQ
due to gradient feed-down. Assuming equal bump
amplitudes, Aupmp = Aypump =Apump . the tune shifts
produced by this diagonal bump are:

A

00 = Sk SR b Sk A d) s

TSR A )

A dlagonal IR bump and two skew octupole correctorsare
therefore necessary to cancel skew octupole effects, and
that is equivalent the skew octupole resonance strengths
compensation.

IR BUMP METHOD: OPERATIONS

An operational environment has been developed at RHIC
for local IR corrections. We will describe the IR layout,
the correction tools, procedure and results. Sextupole IR
correction is now operational and past of the machine set-
up for the RHIC nun. IR sextupole corrections have been
validated by lifetime observations and dynamic aperture
measurements. Higher order correctionis subject of beam
experiments.

The RHIC IR layout and correctors

The 6 IRs £* are tuneable from 10m to 0.9m. The typical
operation configuration has the 6 IR ’s tuned to £*=10m
at injection. £* is squeezed on the to Im (or 0.9m) in IR6
and IR8 (high-luminosity IRs) and to 3m in IR10 and
IR2. The beams are horizontally separated after the
interaction point (IP) by the DX and DO magnets and
focused by the triplets (Q1 Q2 and Q3). Every triplet has
three 4-layers corrector packages, as schematically
described in Figure 1.

Figure 1. Schematic view of the IRs and bumps
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burnp across IR
w===== bump over triplet

angle bump

The multi-layered packages include 2 octupole, 2
dodecapole and 1 sextupole per triplet. Correction
packages are installed in every IR, presently only the
correctors in IR6 and IR8 are powered by bipolar 50 A
corrector supplies.

The skew quadrupole correctors in package C2 are
routinely set to compensate the coupling effect of the IR
triplets arising from residual roll alignment errors. [2]

IR bump application

A control room application has been developed to set-up
IR bumps and to analyse data for IR corrections.

For high-resolution and continuous tune measurement we
use the phase lock look (PLL), a 245 MHz system, that
outputs tune data at 100 Hz and with a resolution can be
better than 5x107 [3].

The application provides communication to power supply
and ramp managing software for IR bump set-up and
activation, reads in and plots PLL and orbit data in real
time and allows online data analysis to support
operational corrections..

We can set-up several types of IR bumps for different
purposes, as seen in Figure 1. Triplet bumps, 3-bump
centred at one triplet, used for local correction at the
individual triplet. The bumps across the IR span 2 triplets:
in this case we measure the integrated effect of the IR
quadrupoles. It is worth noticing that in order to correctly
measure errors from the IR magnet only, the dipole
correctorsmust not be interleavedwith the IR magnets, so
for the bump across the IR we still use only 3 dipole
coi-rectors, using the natural property of the IR optics to
produce a bump anti-symmetric with respect to the IP.
The application allows to set up bumps at every IR, to
define the maximum bump amplitude and the duration.
Tune (100Hz) and RMS orbit data from the arcs (0.25-1
Hz) are collected and displayed as a function of time and
as a function of bump amplitude. The application allows



polynomial fitting of the tune shift and orbit data as a
function of bump amplitude.

Experimental set-up for IR correction

Good operational preparation is needed for successful IR
measurements and correction, in particular:

1. The 2 rings must be longitudinally separated, by at
least 3 RF buckets to avoid beam-beam effects.

2. Measurements are performed at the beginning of a
ramp, when the transverse emittance is smaller and with 6
bunches, to avoid risking magnet quenches in case of
accidental beam loss.

3. The machine must be well decoupled, with coupling
corrected to a minimum tune separation AQp, < 0.002.
The tunes are separated before the measurements by 0.01-
0.012 to further minimize coupling effects.

4. Good overall orbit correction with horizontal and
vertical orbit rms < 1mm, and good (<2mm) centring of
the orbit in the IR triplets, to insure symmetry during the
measurement.

5. The choice of bump amplitude is a critical one. Large
bump amplitude is desirable to enhance the measured
effect but this must be weighted with practical aperture
considerations. Maximum bump amplitudes of 5mm
proved enough to resolve sextupole effects, 10mm for
octupole effects, and 15mm for higher orders.

IR sextupole effects and correction

The sextupole correction proved to work for all machine
optics we have run so far at RHIC [4]. Table 3
summarizes the IR sextupole correctors strengths
necessaryto operationally cancel the linear dependence of
tune shift versus bump amplitude, that typically is in the
range of 0.00003-0.0003/mm for different IRs and
different machine configurations.

Table 2. Sextupolecorrector strengths.

IR Run-3 Run-3
sextupole | d-Au p-p
corrector | B*2m | P*lm | B*Im  B*Im  B*0.9m
4500A | 2000A | 4500A | 2000A | 4500A
Yo5-sx3 | 0.0014 | -0.003 | -0.006 | -000L | -0.007
Yi6-sx3 | +0.004 00 +0.003 | +0.001 | +0.0035
YVi7-sx3 | +0.003 | +0.007 | +0.0005 | +0.00 | +0.003
Yo8-5x3 | -0.01 0038 | 00 -0.0012 | -0.003
Bi5-sx3 +0.0012 | +0.001 +0.0011 | -0.0022 | +0.0025
-0.004 -0.003 -0.001 +0.001 -0.005
Bo7-sx3 | 00 -0.003 00 -0.007 | -0.005
Bif-sx3 0.0 -0.0005 | 00 +0.002 | +0.0025

Table 3 compares the strengths during for different runs
and IR optics configurations. There are 2 sextupole
correctors per IR (Figure 1), one at a location of higher g,
that is more effective in the horizontal plane, the other at
a location of higher B, more effective in the vertical
plane. The sextupole correction is done with the bump
spanningthe entire IR, and that includes effects from all
IR triplets separator dipoles. Although a bump of 5mm is
enough to measure the linear effect, we typically use

10mm bump amplitude to check the residual octupole and
higher order effects.

The Au-Au d-Au data are taken at the collision energy of
100GeV/u — with the main quadrupole bus powered at
—4500 A —while the polarized proton (pp) data are at 100
GeV, a lower energy, with the main bus at —2000 A. The
magnetic errors in the IR dipole and quadrupoles depend
on current, so the errors configurationsare different. The
quality of experimental set-up and correction improved at
everyrun.

Figure 2. Tune shift versus bump amplitude before
and after IR sextupole correction
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Figure 2 is an example of measurement and correction of
an almost purely sextupole effect in both planes.

IR skew sextupole effectsand correction

As discussed, a vertical bump provides all necessary
information for the correction of skew sextupole effects.
That was tested in IR8 in the yellow ring where we
measured a substantial tune shift vs. vertical bump
amplitude. Tune shifts before and after corrections are
compared in Figure 3:

Figure 3. Skew sextupole correction

IR octupole effects and correction test

The application supports online fitting and plotting of the
polynomial coefficients. We have 2 octupoles corrector
layers per triplet, so it is possible to correct for the



octupole effect — ie. the quadratic term, at every
individualtriplet.

Figure 4. Octupole term before and after correction.
Figure 4 shows the result of correction of the quadratic

dependence of the tune shift at one individual triplet with
the 2 local octupole correctors. The octupole correction at
the individualtriplets was not used so far in operations, as
the relatively strong octupoles affected negatively beam
lifetime and dynamic aperture. In operation we rather
minimized in Yellow IR8 the octupole quadratic
dependence acrossthe entire IR. In this case the octupole
strengths are small and we have measured no adverse
effect on lifetime and dynamic aperture.

Higher order effects

On-line polynomial fitting allows us to evaluate the
feasibility of measuring effects higher than octupole. For
example, Figure 5 shows the polynomial fitting up to 4®
order for the dependence of tune versus bump amplitude,
for a 15mm diagonal bump centred in IR8, yellow ring,
during Run-5 (Cu-Cu collisions).

Figure 5. Measurement of higher orders
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for the horizontal tune,  (purple: octupole, green:
decapole, black dodecapole)after Correction of the linear
sextupole term. The plot on the right side of Figure 8
shows the change in the higher order harmonics after we
powered up the yi7-dod3 dodecapole in IR8. A bump of
15mm was necessary to resolve the effect, and that
requires careful preparation of the beam (6 bunches of
low emittance, good initial orbit). This is a practical limit
at top energy, to go beyond 15mm pencil beam could be
used.

IR BUMP METHOD: MODEL

An effort is on going to compare the experimental non-
linear effects measured in the IR with our present
knowledge of the magnet data €or the the IR triplets and
separationdipole DX and DO.The off-line model has been
used to analyse the dominant sextupole harmonics. The
DO separation dipoles have been identified as the major
source of sextupole error in the IRs. The comparison
between the operationally measured sextupole tune shift
and that predicted by the magnet measurements is
summarized in Table 4 for differentIRs.

Ta
IR section Measurement by IR | Off-line
bump Model
Blue IR6 -1.1107 -4210°
Blue IR8 -2.0107 -2.410°
Yellow IR6 -3.910° -3.610°
Yellow IR8 -0510° -2.210°

In 2 IRs the agreement is good. Analysis is in progress to
understand the discrepancy in the two otherIRs.

CONCLUSIONS

The IR bump method allows an order-by-order
compensation of tune shifts. It is equivalent to the
compensation of corresponding non-linear resonance
strengths, and more operational than the action-kick
minimization [5]. The sextupole, skew-sextupole and
octupole  correction have been experimentally
demonstrated and are part of the RHIC machine
operational set-up. Work on the measurement and
correction of orders higher than octupole is in progress.
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