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Abstract

We explore the possibility of compensating long-range
beam-beam interactions in the Tevatron by current carry-
ing wires. Compensation strategies depend on whether
the compensation is done close to the interaction or non-
locally, on the aspect ratio of the strong beam and on other
details. Strategies for each case have been developed and
applied to the Tevatron. We discuss the results of these
strategies at injection and collision energy.

INTRODUCTION

The idea of compensating the effects of long-range
beam-beam interactions by current carrying wires was
originally proposed for the LHC [1]. Machine studies per-
formed at the CERN SPS in 2004 and 2005 have tested the
effects of a single wire and of two wires on a single beam
[2, 3]. While these results are not yet conclusive, they do
suggest that wires could be helpful in reducing beam losses
in the LHC. It is a natural extension to apply the idea of
using wires to compensate the long-range beam-beam in-
teractions in the Tevatron where they are known to cause
beam loss at all stages of the operational cycle. The LHC
is well suited to this compensation principle since al the
long-range interactions on one side of an interaction region
are at nearly the same betatron phase. In the Tevatron on
the other hand, the long-range interactions occur all around
the ring and at very different phases. Given these differ-
ences in the the optics and dynamics of the long-range in-
teractions, we expect the compensation strategiesto be sig-
nificantly more complex in the Tevatron than in the LHC.

LOCAL COMPENSATION OF ROUND
BEAMS

The compensation principle is based on the observation
that the field of along straight current carrying wire hasthe
right symmetry and dependence on distance to cancel the
field of around beam at large distances from the beam In
the region closer to the core of the beam where the expo-
nential part of the beam-beam force is important, the can-
cellation will not be exact. Figure 1 compares the kicks
from a round beam with that of a round wire. At separa-
tions larger than 3o, the field profiles match very closely -
to better than 1%.

To test the compensation principle for a near ideal case
in the Tevatron, we chose a parasitic interaction at top en-
ergy where the beams are nearly round. The separation at
this parasitic was increased to 100. The wire was placed at
the same longitudinal location and at the same transverse
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Figure 1: Kicksfrom around beam compared to the kick of

around wire as a function of distance. At distances larger

than 3o, the kicks agree to better than 1%.
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Figure 2: Diffusion coefficients for the local correction of
a parasitic interaction where the beams are round and the
separation approximately 10c.

distance from the anti-proton beam as the proton beam on
the other side of the anti-proton beam. We used severa
measures to calculate the impact of the wire on the anti-
protons. One measure, shown in Figure 2, were diffusion
coefficients at several transverse amplitudes with and with-
out the wire. These coefficients were cal culated with multi-
particle tracking using the wesak-strong code BBSIM [4].
Fig. 2 shows that diffusion coefficients for all amplitudes
up to 60 are practically vanishing with the wire in place.
The simulations confirmed what we expected from the-
ory.While this simulation demonstrated the compensation
principle at work, it is not very practica for the Tevatron
for at least two reasons: (i) beams are not round at most
locations and (ii) wires cannot be placed at every location
of abeam-beam interaction.
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Figure 3: Minimum beam separation required to match a

1/r field as a function of the aspect ratio of an elliptical
beam.

LOCAL COMPENSATION OF
ELLIPTICAL BEAMS

The aspect ratios in the Tevatron range between 0.25 -
3.5 with the extremes occurring at low beta at the nearest
parasitics around BO and DO. The difference between the
kicks due to a very €lliptical beam and a round wire can
be substantial. Figure 3 shows the minimum distance from
an elliptical beam at which its field matches a 1/r field to
within 1%. If the beam sizes in the two planes differ by
more than afactor of 2, then the minimum beam separation
exceeds 140. However the range of beam separations at all
the parasitics lies between 5.5 to 120 and the field of the
strong beam at several parasitics cannot be well approxi-
mated by a round wire.

We therefore examined alternative compensation strate-
gies. Instead of directly compensating the field, we can
compensate some of the effects due to the field For exam-
ple, tune shift compensation, nonlinear map minimization,
resonance compensation, and numerical optimization were
examined. After detailed exploration of these strategies[5],
we concluded that the best strategy for local correction of
dliptic beam-beam kicks with round wires is to place the
wire to ensure that the kicks have the right orientation, and
adjust the current to match their magnitudes. However this
strategy did not reduce diffusion with the wire placed at the
location of the parasitic.

We next looked at a different wire cross-section to better
match the field. Elliptic cylindrical wires are a very good
approximation of the elliptic Gaussian beam-beam kicks
outside the core of the beam. Asseenin Figure 4, therela-
tive error at distances larger than 30 from the strong beam
centroid is smaller than 2% and decreases monotonically at
larger distances. The transverse position and current of the
elliptical wire are the same as in the round beam case, and
the transverse size of the wire is related to the rms Gaus-
sian beam sizes[5]. Detailed simulations with these elliptic
wires have not yet been performed.
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Figure 4: The relative error between an dlliptical wire and
elliptic beam-beam kicks asafunction of amplitude outside
the core for small aspect ratio.

NON-LOCAL COMPENSATION

If the wireis not at the same location as the beam-beam
interaction, then simply cancelling the kick at a distant lo-
cation is the wrong strategy. This can increase the phase
space distortion depending on the phase advance between
the beam-beam interaction and the wire. Instead we could
use the wire to restore the phase space trajectories back to
their original pathsin the absence of the beam-beam inter-
action. If asingle parasitic interaction with a round beam
is compensated by a wire at some distance, then from the
above principle it follows that the three conditions for the
compensation to be exact for al particles are [5]

ﬁy,w _ 6y,b
ﬂx,w ﬂm,b7

Iyl = ecN,

@)
Thefirst condition states that the compensation can only be
effective if the wire is at an integer multiple of = away in
phase in both planes. This is a very restrictive condition.
The second condition requires that the beta functions at the
wire have to bein the sameratio as at the beam-beam inter-
action. The third condition determines the integrated wire
strength in terms of the bunch charge N,,.

If multiple parasitics are to be compensated by a single
wire, then the conditions for the wire location can also be
found by minimizing the phase space distortion [5]. How-
ever the compensation cannot be exact for al particles in
the bunch but can only be satisfied in an average sense by
averaging the kicks over the anti-proton bunch distribution.

We tested non-local compensation in 3 different cases:
i) compensating the nearest parasitics around BO by a sin-
glewire, ii) compensating the nearest parasitics around DO
by asinglewireand iii) compensating all 4 of these nearest
parasitics by 2 wires. The placement of the wiresis compli-
cated by the fact that longitudinal locations of the = phase
advancesin each plane correspondsto different positionsin
the Tevatron. Calculations were done with the wire placed
at locations where the phase advance from the parasitics

Yy = Mg, 'll)y = My,
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Figure 5: Phase space point following several beam-beam
kicks, phase rotation between these kicks and ending up at
awire.
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Figure 6: Horizontal diffusion coefficients of the two near-
est parasitics to BO, without wire and with wire placed to
cancel the average kick felt by the anti-proton beam.

was 7 in the horizonta plane, vertical plane and averaged
between the two planes. In amost al cases, the best results
were obtained when the average phase advance was .

The results showed that the nonlinear map norm can be
reduced by up to 25-35 %. This should be compared to
the local compensation of around beam where the wire re-
duced the map norm by nearly 2 orders of magnitude. De-
spite this small decrease in the map norm, the diffusion co-
efficients increased with the wire. As an example, horizon-
tal diffusion coefficients with and without wire are shown
in Figure 6 for case i). The wires increased the vertical
diffusion aswell in all cases.

RESULTSAT INJECTION

At injection energy we followed a different approach.
We used alattice model that includes all known lattice non-
linearities, and asfigure of merit we used the dynamic aper-
ture (DA). Thelength of the wireswere set to 1m, the num-
ber of wiresto four, and were placed in long drifts available
in the Tevatron, where the proton and anti-proton beams
are well separated. When the parameters of al four wires
had been optimized by short term tracking, the long term
(106 turns) DA was estimated. The results are contained in
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Table 1. The long-term DA increased by almost 20. An
independent check of the solution has been performed with
another code [6], but neglecting al nonlinearities except
the beam-beam. It was found that the DA increased ver-
tically by roughly 1.5¢ for these wire parameters. More-
over, these results are not very sensitive to placement and
current of the wires. For example a +-0.5mm offset in the
wire transverse position did not alter the DA. The sameiis
true for small static errorsin the current values. Therefore,
these results seem to show that in principle an improvement
is feasible by current carrying wires, but a simple rule for
their placement and current that can be used during opera-
tionsisyet to be found.

DA [o] Number of turns
10* | 10° | 10°
Beam-beam on, no wires 6.0 | 40 | 3.7
Beam-beamon, best casewires | 7.0 | 65 | 55

Table 1: At injection energy, using 4 wires and optimiz-
ing each of them individually by rastering we obtained an
improvement of the DA by amost 2¢.

SUMMARY

Our purpose was to determine the feasibility of com-
pensating the long-range interactions in the Tevatron with
wires. At collision energy we found that local compensa-
tion of asingle parasitic by a round wire works well when
the strong beam is round but not when the beams are dl-
liptical because the field profile from the strong beam can-
not be matched by a round wire. Strategies for non-local
compensation helped specify the ideal phase advances and
transverse positions of the compensating wire. Particle dif-
fusion however increased with the optimum wire settings
for al cases studied. At injection energy we placed a wire
in each of 4 warm straight sections and found currents and
positions that increased the dynamic aperture by about 20.
However an operational strategy for optimizing wire pa-
rameters was not clear.

We conclude that there is no simple strategy for com-
pensating the long-range interactions in the Tevatron using
single wires at a few locations that will work at injection
and collision. A successful strategy might involve multi-
ple wires, perhaps with elliptical cross-sections, at several
locations.
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