,;‘./' /’_)

BROOKHFIVEN

NATIONAL LABORATORY

BNL-73472-2005-CP
Possible Phase Loopfor The Global Decoupling

Y. Luo, P. Cameron, A. Della Penna, R. Jones, A. Marusic,
S. Peggs, T. Roser, D. Trbojevic

Presented af 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 publication in ajournal or proceedings. Since changes may be
madebefore publication, this preprintis made available with the understandingthat itwill not be cited
,orreproducedwithout 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:/Amww.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

Oak Ridge, 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://ww.ntis.gov/ordering.htm

Feintet on reyelead papne



POSSIBLE PHASE LOOP FOR THE GLOBAL DECOUPLING *

Y .Luo, P. Cameron, A. Dellapenna, R. Jones, A. Marusic, S. Peggs, T. Roser, D. Trbojevic
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract

The two eigentunes @1 and Qrr, two eigenmode am-
plitude ratios Ry and R;r, and two eignmode phase dif-
ferences A¢r and A¢;z, are defined as the coupling ob-
servables for the linear weak difference betatron coupling.
Simulations were carried out to investigate their behaviors
in global decoupling scans. It was foundthat the amplitude
ratios Rz, zr are more sensitivethan the tune splitwhen the
decoupling scanis approachingthe globaluncoupledpoint,
and that the phase differences A¢r, rr tell the right global
decoupling direction, the right strength combinationof the
skew quadrupoles or families. The analytical solution to
these six coupling observablesis calculated through both
the strictmatrix approachandthe perturbation Hamiltonian
approach. The constant phase differences in the right de-
coupling directionhint a possible global decouplingphase
loop. Dedicated beam experimentswere carried out at the
Relativistic Heavy lon Collider RFIC). The preliminary
results from the beam experimentsare presented. These six
parameters can be used for the global decouplingin feed-
back mode, especially on the non-stop energy ramp.

INTRODUCTION

The global decouplingon the ramp is very important for
the Relativistic Heavy lon Collider (RHIC) polarized pro-
ton run,and for the Large Hadron Collider (LHC). The tra-
ditional skew quadrupolescan can not be used for the ramp
decouplingpurpose. The skew quadrupolemodulationwas
put forth at RHIC to fulfill global decoupling on the ramp
in feed-forwardmode. The coupling angle modulation cor-
rection scheme has proven to be fast and robust. It has
been applied to accomplish RHIC ramp coupling correc-
tions. However, if consideringthe changes from ramp to
ramp, the global decouling feedback is necessary.

Tune feedback uses the high resolution phase lock loop
(PEL) system[1] to track the eigentunes. This system has
two limitationsthat have prevented the implementation of
tune feedback during normal RHIC operations. The first
results from the large dynamic range required to accom-
modate the coherent spectrum generated by short bunch
lengths and fast orbit shifts at transition. The second re-
sults from the effect of coupling on the functioning of the
PLL, and on overall system stability when tune feedback
is turned on. Measures to deal with these limitations are
being taken [2].

During normal operation at RHIC, and more so during
the perturbation of skew quadrupole modulation or chro-
maticity measurement, the PLL tune meter occasionally
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fails to properly track both eigentunesunder some coupling
situations. Beyond this, when tune feedback is turned on
and the loop is closed to the quadrupole magnets, the feed-
back system becomesunstable when couplingrotates either
of the eigenmodesmore than 45 degrees. This poses a big
challenge to the robust PLL system to be used for RHIC
and LHC tune feedback on the ramp [3]. Thejumping be-
tween eigenmodes happens when the machine is working
closeto the couplingresonance, that is, @z,0 —@y,0 —p =
0, where p is the integer tune split. For the purpose of im-
proved coupling measurement, during the 2004 RHIC run
the PLL was re-configured to measure the projections of
both eigenmodes in both planes. In addition, a formalism
[4] was developed to properly parameterize this measure-
ment.

In this paper we presentthe six couplingobservablesde-
fined in that formalism, namely two eigentunes, two eigen-
mode amplitude ratios, and two eigenmode phase differ-
ences. It was found that the amplitude ratios are more sen-
sitive to coupling than the tune split when the machine is
working close to the couplingresonanceline, and the phase
differences tell the right global decoupling direction. If
these six parameters can be continuously measured on the
ramp, the coupling feedback mode can be applied. There-
fore, the robust PLL system is assured on the ramp. For
this purpose, during the 2005 RHIC runthe PLL was re-
configured to measure the projections of both eigenmodes
in both planes.

In the following, we first define the six coupling observ-
ables, then present simulations to investigate their behav-
iors in a 2-D decoupling scan. Their analytical solutions
are given in both strict matrix and perturbation Hamilto-
nian approaches. Results of the six parameter measurement
wWith PLL system at RHIC are presented. A possible global
decouplingphase loop is proposed and discussed.

SIX COUPLING OBSERVABLES

For the linearly coupled circular accelerator,z and y co-
ordinates of the free oscillation include the contributions
from both eigenmodes. Here we assume that eigenmode |
is more linked to the horizontal plane, and eigenmode 11is
more linked to the vertical plane. The particle's nth turn z
and y coordinates can be castas

Tw = Argzcos2mQi(n —1) +¢r )+
Arrecos2nQa(n — 1) +¢11.3) 1
Yo = Arycos2rQi(n —1) *¢r,l+

Arrycos2nQa(n — 1) +érry]

where Qr and Q)77 are the eigentunes. A4;., i = 1,11,
z =uz,y, isthe amplitude of the eigenmode’s projection



onto the z plane. They are non-negative. ¢, is the initial
phase of the eigenmodei’s projection onto the the = plane.
Besides the two eigentunes @r and Qrz, here we define
another four observables as the weak difference coupling
observables. Ry and Ry are the eigenmode amplitude ra-

tios.
As

RI = AK_L:‘LI,:B (2)
Ry = e

R; is linked to eigenmode i. Under the uncoupled situa-

tion, Ry, rr = 0. A¢r and A¢yr are the eigenmodephase
differences,
¢I,y - ¢I,m

A =
{ Adrr = Pz — 11y ®

Ad; is linked to eigenmode i. Under the uncoupled sit-
uation, A¢r and A¢;zr have no meaning. The fractional
eigentune split |Qr — Qrr — p} has been used as the
coupling observablein the conventional skew quadrupole
scan decoupling, and it is also currently used in the novel
skew guadrupole modulation. The shortcoming to use the
eigentune split as the coupling observable is that the skew
quadrupole settings have to be changed in order to detect
the residual coupling and/or to check the decoupling ef-
fects. The eigentune splitis not suitable for the decoupling
in the feedback mode onthe ramp.

SIMULATION

Here we carry out the global decoupling scan simulation
to investigatethe behaviors of the 6 coupling observables
defined above [4]. The smooth accelerator model is used.
Theuncoupled tunes are Qz,0 = 28.22, Q4,0 = 29.23, and
the ring circumferenceis 3813m. Three skew quadrupoles
are equidistantly inserted in the ring. Here we give a 2-
D decoupling scan example. Before the 2-D scan, the
first skew quadrupole’s strength is set to (%.dl); = 0.005
m~!, The other two skew quadrupoles are scanned to
compensate the global coupling introduced by the first
skew quadrupole. From the optics model, the correction
strengths for the second and the third skew quadrupoles
shouldbe (ksdl)2,3 =0.005m™2.

Fig. 1 showsthe eigentune split|Q; —Qrz|- Fig. 2 shows
the amplitude ratios Ry, ;7 duringthe 2-D scan. Compared
to the tune split, the amplituderatios decrease more drasti-
cally when the scan is approachingto the uncoupled point
at (ksdl)a,3 =0.005m™1. At the uncoupled point, the tune
splitreaches its minimum and Rz ;1 =0.

Fig. 3 and Fig. 4 show the phase difference A¢r and
Adir, respectively. It is noticed that all the phase differ-
ence contour linespoint to the uncoupled point(ksdl)a s =
0.005m~1!" in addition, along each contour line when the
phase differences crosses the uncoupled point there is a «
phasejump.

From the above 2-D decoupling scan, the amplitude ra-
tios are more sensitive than the tune split when the accel-
erator is working close to the globally uncoupled point.

ratios
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Figure 2: Amplituderatios.Rr,zr in 2-D decouplingscan.

However, their values at one scan point do not tell how to
achieve the smaller amplitude ratios. They can be used to
check the right or wrong skew quadrupolescan direction.

From Fig. 3 and Fig. 4, the phase difference A¢r and
Ad¢rr keep constant if the decoupling scan is in the right
direction. The scan direction is determined by the skew
quadrupolestrength combinationratio. Therefore,if know-
ing the relation between the scan direction and the phase
differences, from the phase differencemeasurement at one
point it is possible to determine the right skew quadrupole
combinationto the global uncoupled point. The right di-
rection decoupling scan is the shortest way to get to the
global uncoupled point. In the right direction decoupling
scan, if a7 jump is met, thenthe global uncoupled point is
reached. The amplituderatios can be helpful for the cross-
check during the decouplingscan.

ANALYTICAL SOLUTION

Inthis sectionwe give the analytical solutionsto six cou-
pling parameters throughthe strict matrix and the perturba-
tion Hamiltonian approaches.



Figure 4: Phase differences A¢zy in 2-D decouplingscan.

Action-angleparameterizationapproach

In the strict matrix approach, single particle motion is
represented by [7, 4]

T 2T, cos @,

z | _ P. —/2J1 sin®, @
y |- V2J2cos®y | _

y' —-\/E sin @9

where Jr,r1, ®7,77 are the actions and betatron phases of
the two eigenmodes. Then,

X = pu+v2Jcos®i+
P13V/2J2 cos®g — p14+/2J;3 sin By

Yy = paiv2Jicos®; —paay/2Jyisin @i+
P33v/2J5 cos By

-~

5)

Therefore,

Il

{ R; VD3 + Pia/Pu
) (6)
/D3y + D%, /D33

arctan(psz/ps1)

R =

A¢r =
) M
A¢rr = arctan(pia/pi3)

V/Bick, + 2a1639¢12 + Y1012 [ (TV/B1)

or in the Twiss and couplingparameters,
{ .
R = /Bacd; —20aciiciz + 12012 / (T\/ﬁ—z)(g)

{ A¢] = arctan(—c;z/(ozlclg -+ ,31622))
®
Adyr =

= arctan(cia/(—azci12 + foc11))

where we define v; = (1 +a2) /B, 12 = 1+ o3)/Be.

Hamiltonian Perturbation Approach
The perturbation Hamiltonian theory [8, 9, 107 givesthe
isolated linear difference coupling Hamiltonian as

H = |C7|\/Gatiy cos(¥y — Uy +A- o Tx) (10)

where A isthe uncoupled fractionaltune split, A = Qz,0 —
Q4,0 —p. The couplingcoefficientC™ is

L
C~ = |C—l6ix — i/ \/ﬂ—w"é;kgei[@m—-@u—%rA-s/L]dl
2w 0 (1 1)

After some algebra calculations, the single particle motion
is given by

z(s) = 2Bz{acos[Ty+ (v —A/2)p—x/2)+
beos[¥, — (v + A/2)p — x/2)]}
y(s) = /2Py{ccos[¥y + (v +A/2)p +x/2)+
dcos[¥y, ~ (v — A/2)p +x/2)]}
12)
where 1
v= -2-1/A2+|C—|2 (13)
§ =
£ = 2u+t (14)
aQ —
[
{ % S - 2v +
According to Eq. (12), the eigentunesare
Qr = Quo—3iA+3/A24]C-P? 15)
QII = nyo-l—-;—A'—%\/Az“l‘ 0_2 :
The fractional eigentunesplitis
Q1 —qun —p|l = VA2 +|C-[? (16)
ComparingEq. (12) to Eq. (1),
= B O
Br = \g, w+¥ an
Rir = B . _1C~
I = B, 2w+
Apr = x 18
{ Agprr = w—x 18



Explanations

The action-angle parameterization approach gives the
strict expressions of the amplituderatios and the phase dif-
ferences. This can be used to calculate the 4 observables
numerically. However, for the weak coupling, Eg. (17) and
Eq. (18) fromthe Hamiltonianperturbationtheory are more
convenientthan these from strict matrix approach.

According to Eq. (17), when the coupling gets weaker,
that is, |C—| gets smaller, the amplituderatios R; and Ry
get smaller. When{C~| =0, By = R;r = 0. And it
is noticed that Ry Ryr isindependentof local 8 functions.
Knowingthe measured eigentunesplitand £y, Rrz, theun-
coupledtune split A and the couplingcoefficient amplitude
|C~| can be determined,

—_ 2VERRy
IC™| = T+ BB |Qr — Qrr —pl, 19

1—RiRyy
A== (01 Qrr—p). 20
15 By Rur (Qr—Qrr —p) (20)

Accordingto Eq. (18), the phase difference A¢y is the
phase of the coupling coefficient C~. From Eq. (11),
the phase ¢ of coupling coefficient is only decided by the
strength combination of the skew quadrupoles. That is, if
the combination of the skew quadrupole strengths is the
right combinationfor the global decoupling, the phase dif-
ferences A¢y and A¢rr should be constant. The correction
coupling coefficient's phase shouldbe (% TXmeas ). Xmeas
is the total coupling's phase, Xmeas = Ad;.

Knowingthe measured phase differences, the right com-
bination of the correctionskew quadrupolesor families can
be calculated from the optics model accordingto Eq. (11).
Therefore, phase differences Ay, 71,6 hinta possible global
decouping feedback. The key issue is how to measure the
6 coupling observables on the ramp.

MEASUREMENT WITH PLL

The PLL system {17 is chosen instead of the beam po-
sition monitor (BPM) to measure the six coupling parame-
ters. The combination of good pickup sensitivity and nar-
row bandwidth permits to continuouslytrack tune with tol-
erable emittance blowup. In the classical PLL tune tracker
implementation, the horizontal plane is configured to track
eigenmode | and the vertical tracks eigenmode Tl. How-
ever, there is nothing that prevents tracking the projections
of both eigenmodesin both planes. The reconfiguration of
two planes of the present PLL data acquisition to accom-
plish tracking a single eigenmode in both planes is shown
in Figure 5.

In the present RHIC PLL, to track the projections of
both eigenmodes in both planes requires dedicating all
four planes of data acquisition to a single ring, leaving
the other ring without a PLL tune measurement system
during the duration of the desired studies. In the base-
band system presently under development]2}, the phase-
synchronous demodulation will be accomplished entirely

H pickup
A A/D [+ DsP
_LJ ] J
eigenmode 1 |mult NCO1
V pickup
[ ¥
A A/D | DSP
1 > l
eigenmode | mult [« NCO2

Figure 5: PLL setup to measure eigenmodeprojections
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Figure 6: Tuneand coupling data from ramp 7041

in the digital domain, unlike the present system, which re-
quiresindependent phase-synchronousmixers.

A variety of measurements have been completed during
RHIC beam experimentsusing the configurationshown in
Figure 5. Decoupling scans such as those illustrated in
Figs. 1thru 4 have been completed. ' A presentation of
the data in a form most familiar to the accelerator physi-
cist is easily obtained by using four of the six measured
parameters to calculatethe coupling coefficientand uncou-
pled tune splitvia Egs. (19) and (20). Fromthese, Eq. (15)
can be solved to yield the unperturbed 'set' tunes. Data
taken during a portion of a RHIC acceleration ramp and
evaluated in this manner is shown in Figure 6. This data
was taken during the polarized proton run, when a working
point favorableto polarizationwas selected above the half-
integer, unlike the working pointbelow the half-integerthat
was used in the Copper run and mentioned in the previous
simulation section of this paper.

The lower image shows the measured eigentunes Q¢
(blue continuous trace) and @ rr (green continuoustrace),
aswell as the same eigentunesmeasured at 2 second inter-
vals by the kicked tune system (purple and grey dots). The
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Figure 7: Tune and coupling data from ramp 7042

upper image shows the coupling coefficient (red) and un-
coupled tune split (black), calculated as described above.
From these, the fractional portion of the unperturbed 'set'

tunes Q0 (black) and @y,0 (red) are calculated and dis-
played in the lower image. We see that for the first 40 sec-
onds of the ramp the machine is reasonablywell decoupled,
and the tune split is due almost entirely to the uncoupled
tune split. For the next minute or so the couplingbecomes
large, at times so large that the tune split is due entirely
to the coupling. And for the last 30 seconds of data the
machine is again reasonably well decoupled. During the
interval in which the coupling is large, the PLL continues
to track the correct eigenmodes, however the kicked tune
measurement clearly becomes confused regarding which
plane correspondsto which eigenmode. It is also interest-
ing to note that while the PLL tune measurement is appar-
ently unperturbed by the firing of the tune kicker every two
seconds, the coupling measurementis strongly affected by
the resulting coherentmotion. Strong dependence of cou-
pling on orbit has been independently observed in RHIC.

Datatakenin the ramp immediately afterthat shownin Fig-
ure 6 is presented in Figure 7.

This data demonstratesthat the measurement is repeat-
able. The kicked tune system did not operate for this ramp,
and the absence of the resulting perturbation to the cou-
pling is quite evident.

CONCLUSION

A method to continuously measure both prajections of
both eigenmodes has been developed, as has been a proper
formalism to parameterize these measurements. Simula-
tionshave been carried out to investigatethe behaviorofthe
resulting six parameters during 2-D skew quadrudrupole
scans. Analytical derivationsof these parameters were pre-
sented, both viathe linear coupling action-angle minimiza-
tion and via the Hamiltonian perturbation theory, The am-
plitude ratios were found to be favorably sensitive around
the globallyuncoupled point. From the eigentunesplit and
the amplituderatios, the uncoupled tunes and the coupling

coefficient can be determined. Data from two RHIC ramps
was presented, showing the eigentunes and these uncou-
pled tunes and coupling coefficients. It was shown that the
phase differencestell the decouplingdirections, or the cou-
pling coefficient's angle. From the phase difference mea-
surement, one can combinethe correctionskew quadrupole
strengths and scan them to reach the globally uncoupled
point. In summary, both a techniqueand a formalism have
been demonstratedfor measurementand correction of cou-
pling via non-perturbative observation of all projections of
the eigenmodes.. Efforts to implement this developmentin
normal operations are underway.
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