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Principle of Global Decoupling with Coupling Angle Modulation*

Y. Luo, F. Pilat, S. Peggs, D. Trbojevic, T. Roser
Brookhaven National Laboratory, Upton, NY 11973,USA

Abstract

The global betatron decoupling on the ramp is an im-
portant issue for the operation of the Relativistic Heavy
lon Collider (RHIC). A new scheme, coupling angle mod-
ulation, was found. By modulating two orthogonal skew
quadrupole families, an extra rotating coupling is intro-
duced into the coupled machine. The skew quadrupole
modulation frequency is about 0.2Hz for the RHIC ramp,
and 0.5Hz at injection and store. The eigentune changes
are tracked with a high resolution phase lock loop (PLL)
tune measurement system. The global coupling correc-
tion strengths are determined by the modulation skew
quadrupole strengths at the minimutn eigentune split mul-
tiplied by a factor k. k is determined by the uncoupled
eigentune split and the maximum and the minimum tune
split during the skew quadrupolemodulation. This decou-
pling scheme is fast and robust. It had been verified at the
RHIC and hasbeen applied for the RHIC global decoupling
on the ramp. In thisarticle, the principle of the couplingan-
glemodulationis presentedin detail. Simulationresults are
also shown.

INTRODUCTION

A fast and robust global decoupling scheme, coupling
angle modulation, is found and reported in this article.
It modulates two orthogonal skew quadrupole families
with the same modulation amplitude and modulation fre-
quency, but with a 90" initial phase difference. This
skew quadrupole modulation introduces an extra rotating
coupling coefficient into the coupled optics. Presently,
the eigentune split is used as the global coupling observ-
able [1, 2]. The two eigentunes are tracked with a high-
resolution phase lock loop (PLL)tune measurement system
[3, 4]. The global couplingcorrectionstrengthsare directly
obtained fromthe modulating skew quadrupolestrengthsat
the minimum tune split during the modulation multiplied
by a factor k. & is given by the minimum and maximum
tune splits, together with that without the modulation.

Coupling angle modulation is a fast and robust decou-
pling scheme, compared to other coupling measurementor
correction schemes [5, 6]. According to the beam exper-
iments at the Relativistic Heavy lon Collider (RHIC), the
modulation frequency for RHIC is chosen as 0.5 Hz at in-
jection and store, 0.2 & onthe ramp. Sincethe correction
strengths can be determined in one modulation period, the
decoupling strengths can be found in seconds. This advan-
tage makes this scheme viable for the global decoupling
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on the non-stop energy ramp of superconductingaccelera-
tors[7, 6].

The correction skew quadrupole strength combination
comes from the skew quadrupole modulation currents at
the minimum tune split. And the exact modulation ampli-
tude combinationofthe skewquadrupolefamilies is proved
to be not strictlyrequired. Therefore, this scheme is less
connected to the optics model. And since only the min-
imum and maximum tune splits are used to calculate the
factor k, the scheme is robust. The data processing is sim-
ple, too.

COUPLING ANGLE MODULATION
Tune split

From the linear difference coupling's Hamiltonian per-
turbation theory {8, 9, 10, 11], the two eigentunes Q1,2 in
the coupledsituation are given by

A 1
Q1 =Qzp0— 2 + 5 AZ+|C-J2, 4y)

Q=Quo+ 5 —3VETIOE, @

where Qz,0, @y,0 are the uncoupled tunes when all cou-
pling sources are removed. A is the uncoupled tune split,

A= Q:c,O - Qy,D - Db, (3)

where p is the integer tune split. €~ is the coupling coef-
ficient, which normally is a complex number. It is defined
as

C™ = |C—|e’bx = l—% Vﬂwﬁyksei(@”_QU_A;{_s')dl'
2

Q)
|C~| is the coupling amplitude, x is the angle of the cou-
pling. B and B, are the unperturbed betatron amplitude
functions, @, and @, are the unperturbed betatron phase
advances, k; is the skew quadrupole strength, L is the
ring circumference, and s is the distance betweenthe skew
quadrupleand the reference point to calculate the coupling
coefficient.

From Egs. (1) and (2), the eigentune split AL is given
by

AQ] = |Q1—q2 —pl

— JETFICP.

Thistune split AQ can be measured experimentally.
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Rotating coupling coefficient

Coupling angle modulation modulates two orthogonal
skew quadrupole families. The coupling coefficientscon-
tributed by the orthogonal families differ by 90”. If their
coupling coefficient modulation amplitudes and modula-
tion frequenciesare same, and there is a 90° differencein
their initial modulation phases, the total introduced cou-
pling coefficientis

O;z,od = !Cr—r_zod,ampl ) e‘i21rft’ (6)

where f is the modulation frequency, and (C,__; ..ol iSthe
coupling modulation amplitude.

FIG. 1 shows the schematic plot of the coupling angle
modulation. The horizontal and vertical axises are the real
and imaginary parts of the complex coupling coefficient
C~. The blue line represents the rotating coupling given
by Eq. (6).Thered line represents the residual coupling.

Residual coupling

< Rotating coupling

Imaginary Part of C

Real Part of ¢

Figure 1: Schematicplot of coupling angle modulation.

Correction strengths

The total coupling coefficient C;_,,, during the coupling
angle modulationis

Ctotal

= Cres + Cron: )
where the residual couplingCp, is

01;3 = le:‘gs,ampleiqé"”. ®

According to Eq. (5), the tune split’s square during the
modulationis

|AQ12 = A2 + |Cr—cs,amp|2 + lc;ad,amplz

+2lC7—‘;s,amp] [Cn:od,a.mpi cos (27rft - ¢TCS)'
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Assuming the rotating coupling’s amplitude [C’;wd,mpl

is constantduringthe couplingangle modulation,we define
ICre k|C;, (10)

s,amp| = od,amp l .

& is a non-negative number.

From Eq. (9) and FIG. 1, we obtain the maximum tune
split when the rotating coupling has the same direction as
the residual coupling, and the minimum tune splitwhen the
rotating coupling has the opposite direction to the residual
coupling.

Therefore, accordingto Egs. (9) and (10), the maximum
and minimum tune split’s squaresare

AQ%im =N 4 (k= 1)* [Crpgampl™ (D)

AQZ oy = A2+ (k+ 1)+ [Crpgampl®  (12)
Consideringthe tune split A@Qq without modulation,
AQE =N+ 1 |Crog ampls 13)
the factor k£ can be determined,
2 2
b= U(gmee —E00 Ly (g

Aanam - AQ?m‘n 2

The factor % has a significantrole in determining of the
strengths of the global coupling correction. The minimum
tune split is obtained when the rotating coupling takes the
opposite direction to the residual coupling. Therefore, the
right decoupling skew quadrupole strengths’ combination
is given at the minimum tune splittime stamp.

If the skew quadrupolemodulationcurrents are recorded
during the coupling modulation, from which the skew
quadrupole modulation strengths at the minimumtune split
time stamp can be determined. Then, accordingto Eg. (10)
and Eqg. (14) , the global decoupling strengths are obtained
fromthe modulating skew quadrupolestrengths at the min-
imumtune splitmultiplied by the factork.

Discussion

The advantage of the coupling angle modulationis very
clear. It doesn’t need FFT or FIT to the PLL tune data.
Only AQZ under no introducedcouplingsituation, AQZ, .,
and A@?2,;, during the coupling angle modulation are
needed. The correction strengths are also easily obtained.
They arejust the modulationstrengthsat the minimum tune
split square time point multiplied by the positive factor /.
We doesn’t need to determine the residual coupling first.
The correctionstrengths are directly obtained in the modu-
lation procedure.

The time period occupied by the coupling angle modu-
lation is much shorter. In principle, one modulation period
is enoughto find the correction strengths. Sincethe power
supplies’ currents need to rise from zero current, the co-
sinuous function modulation is obtained operationally by
starting a sinuous function medutation 1/4period ahead
the coupling angle modulation, as shownin Fig. 2. So the
time occupied in the modulationis about 2 medulation pe-
riods.

This correction scheme is also robust since only AQZ,
AQ?,.. and AQ2,.. are needed. It doesn’t care too much
about the spikes in the detailed tune data from PLL. In
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Figure 2: Skew quadrupoles' Currents in the operational
coupling angle modulation

order to get rid off the large spikes, the fitting according
Eq.( 9) canbe used to findthe AQZ, . and AQ?,....

It is also easy to prove that the orthogonal modulations
are not strictlydemanded. The above solutionto factork is
still valid even if the two modulation is not strictly out-of-
phase, or the two modulationamplitudesare not exactly the
same. Under that situation, the rotating coupling traces out
an ellipse instead a circlein Fig. 1. Consideringthe radial
symmetry of the ellipse, the rotating coupling at the max-
imum and the minimum tune split are 180" different, the
rotating coupling amplitudesat the minimum and the max-
imumtune splitsare the same. So we still canuse Eq. (14)
to compute . So the coupling angie modulation scheme
has less connectionsto the optics.

SIMULATION

Each RHIC ring has three correction skew quadrupole
families, F1, F2 and F3, each having 12 skew quadrupole
magnets, with four activating power supplies.To produce
the rotating coupling coefficient, we use skew quadrupole
familiesF1 and F3 to generate a new skew quadrupolefam-
ily (F1F3) that is orthogonal to the coupling contribution
only from family F2. To equalize families(F1F3) and F2’s
coupling modulation amplitudes, the amplitudes of modu-
lation strengthsfor familiesF1 and F3 are setto % of that
of family F2. To get a 90° difference in the initial modu-
lation phases, family F2 modulation starts a quarter period
earlier than familiesF1 and F3.

Here we give an simulation correction example based
on the smooth accelerator model. The residual coupling
is introducedby setting the constant integrated strengths of
F1,F2,F3 to 0.m™%, -0.001 m—%, -0.0015m~*. Please be
reminded that there are only three skew quadrupolesin the
tracking model to represent the three families. The inte-
grated strengths given here is not the same to the individ-
ual skew quadrupole integrated strength in the real lattice
model.

We modulate F3 with integrated strength amplitude
0.0005 m™*, modulate F1 and F2 with 0.0005//3 m~1,

The modulationfrequency is 0.2 Hz. And F3’s strength is
modulated like co-sinuous function,F1 and F2 ’s strengths
are modulated like sinuous function. The correction
strengths are givenby the modulationstrengths at that time
point multiplied by the factor & = 5.0. After correction,
we see in Fig. 3 that the tunes restore to the designtunes.
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Figure 3. The tunes in the whole procedure of global de-
coupling in the simulation.

CONCLUSION

Couplinganglemodulationis a fast and robust global de-
coupling scheme. In this article, the principle is presented
and the simulationis done. Couplinganglemodulation cor-
rection has been verified at RHIC injection, store, and on
the ramp. It has been applied to RHIC global decoupling
on the ramp.
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