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. P-Bar Notes #525
A Study of the Effects of Betatron Coupling

the Accumulator using a Tracking Program

GOALS

This report will summarize some tracking simulations I
performed to demonstrate that in a strongly coupled machine all or
most of the transverse energy associated with betatron motion can
at times reside in a single dimension. In this case the maximum
excursion from the closed orbit is larger than what is expected
from the known emittances, and can cause beam loss when it

otherwise is not expected.

THE MODEL

This study was performed using the lattice design program
DIMAD and our current state of the art lattice for the accumulator.
This model includes all dipoles, quadrupoles, and sextupoles, as
well as an accurate description of the fringe fields from the
dipoles. I adjusted the values of SEX10 and SEX12 to give
chromaticities of about +1.5 and -1.0, and the tunes were adjusted
to be exactly 6.612 and 8.612 on the central orbit. These
chromaticities are somewhat larger than our current operating
point. Two sgew quadrupoles were added to the lattice in
approximately the same position as our sgew quads, and were given
a strength equal to the difference in their settings between the
injection and core orbit. There is evidence that there is a strong
sqew sextupole field in the accumulator, see PBAR note 427. This
was not added to the lattice, but explains why we cannot remove
the coupling at more than one momentum in the accumulator.

With the coupling turned on in the model I launched a number
of test particles from position A10. The lattice parameters at
this point are: betax=6.851, betay=7.224, alfax=0., alfay=—
0.0058. This is approximately a dispersionless location in the

lattice; this subject will be discussed in more detail below.



Figures 1 and 2 show the x and y position of the test particles
every other revolution around the machine for particles launched
with an initial displacement in x. For each revolution the
emittance in each dimension is calculated from the known lattice
parameters using positions and angles given by the tracking
program. Note that in a coupled machine the emittances and lattice
functions projected into an x-y coordinate system are an ill
defined concept, but in this case the dominant motion on the
timescale of a few revolutions is still uncoupled betatron motion,
so I expect the calculated emittance to adequately describe the
particle’s motion over the time period of a few turns.

Close to the central orbit the coupling is essentially 100%,
while farther away the coupling is strong but not quite 100%. In
both cases the energy oscillates from one dimension to the other
with a half-period of about 60 turns. Note that the sum of what I
call the emittances is roughly an invariant, but the "emittance"
in each dimension varies as a function of time.

Figure 3 shows a typical measurement of injection oscillations
on the accumulator injection orbit taken with the BPM system. The
coupling is also about 100%, and the half-period of energy
transfer from one dimension to the other is about 50 turns, in

excellent agreement with the model.

CHECKQUT

To show that the program could track particles without
emittance blowup I turned the coupling off and launched a number of
test particles at various momenta. Figures 4-6 show scatter plots
of x-y positions at AlO for a large number of turns with test
particles launched with offsets in a single dimension, and Figures
7-9 show the results for particles launched with initial offset in
two dimensions. These results agree with what is expected for
normal non-coupled motion.

For higher dp/p it was necessary to correct for the finite
dispersion of the lattice at Al10. This point should be

dispersionless, but the addition of higher magnetic elements adds



a small dependence of closed orbit on dp/p.
locations found using the tracking program are displayed in Table

I. The dispersive effects are non-linear,

.....................

high dp/p.. TABLE I
Tunes used for tracking test particles
dp/p Qx Qy Closed orbit location (meters)
-.02 .56821779 .6313082 -0.006392
-.008 .8000711 .6197233 -0.001982
.0001 .6121491 .6119035 -0.000009
.0003 .6124473 .6117104 +0.000023
.001 .6134911 .6110346 +0.000137
.002 .6149822 .6100692 +0.000278
.005 .6194556 .6071729 +0.000569
.0105 .6276566 .6018632 +0.000598
.02 .6418221 .5926918 -0.001800

The closed orbit

and are important at

SINGLE PARTICLE MOTION WITH COUPLING
Figures 10-12 show the population in x-y phase space for

several particles launched with about "14 pi" of emittance in each
plane. Comparing these distributions to Figure 7 it is clear that
the maximum excursion of the particles is increased with coupling
turned on. Figures 13 and 14 show this effect in more detail. In
each case the particles were launched with "14 pi" of emittance in
each plane, and in each case the the initial transverse energy
oscillates from one plane to the other with a period of about 60
turns. The energy transferal for the case shown in Figure 14 is
nearly 100% complete, therefore the physical aperture required to
hold such a particle is twice as large in phase space as it need be

without coupling.

TRACKING STATISTICAL ENSEMBLES OF PARTICLES

Several ensembles of particles with gaussian distributions in
betatron phase space were generated and tracked for 400 turmns in
the above model. The generated beams had about 4 pi of emittance
in each dimension, roughly equal to the expected size of pbars
from the debuncher. The ensembles were tracked both with and
without coupling to ensure that coupling was indeed the cause of

the increased beam sizes.



For each particle on each turn the emittance was calculated
from the known lattice parameters using positions and angles given
by the tracking program. Again, I am using the term "emittance"
rather loosely here to mean the amplitude of betatron motion of a
particle over the time scale of a few turns. For each plane the
maximum "emittance" found after 400 turns was saved. Figures 16-20
show histograms of both the maximum "emittance" and the injected
particle emittances. The arrows on each distribution show the 90%
point of the tail. For small dp/p the effective beam size of
coupled beams determined from these marks is roughly twice that of
the injected beam, and the distributions appear to be hollow. At
dp/p = .5% the coupling is still visible, but its contribution to
the beam size is small.

These results agree remarkably well with the measured beam
sizes in PBAR note 519. At the injection orbit on 1/13/92 the
tunes were split by .008, at dp/p = .5% in this model the tunes
are split by .012. This result says that the measured beam size at
this point should be 10-30% larger than the uncoupled beam size.
At the central orbit the coupling was seen to be severe, the
measured emittance distribution is larger than at injection, and
it’s distribution in phase space is hollow as it is in this model.
The beam size falls as the beam is carried away from the central
orbit, and then close to the core the cooling systems cool the
beam.

To eliminate this beam size blowup we will need to either
split the tunes by more than .012, compensate for the sqew fields,
or eliminate the abnormally large sqewed focusing fields in the

accumulator.
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