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Abstract

Guiding solenoidal magnetic field of the Tevatron beam-
beam compensation device has to be carefully aligned with
respect to a straight trajectory of the antiproton beam. We
present in this paper an optical method which allows to
measure the direction of the magnetic field, results of mag-
netic measurements, and results of the field quality im-
provement with dipole correctors.

1 INTRODUCTION

Beam-beam interactions in the planned Tevatron upgrades
Run II and TEV33 will cause betatron tune spread within
bunch as well as bunch-to-bunch tune spread which will be
high enough to enhance diffusion of particles due to high
order resonances and to limit beam lifetime and luminosity.

Some of these beam-beam effects can be compensated by
use of a counter-traveling electron beam (“electron lens”)
with appropriate charge distribution, which will apply ad-
ditional linear or nonlinear defocusing for the antiproton
beam, while it will pass through the electron beam [1].
Compensation of the beam-beam effects only for the an-
tiprotons is sufficient since the proton bunch population is
significantly higher than the antiproton bunch population.

Parameters of the electron beam for the beam-beam com-
pensation are: beam current Je = 2 A, beam radius a =
1 mm, beam length Le = 2 m, energy Ue = 10 kV. The
electron beam should be born in a weak magnetic field, and
then, in order to provide sufficient “rigidness” of the elec-
trons and also to increase the electron current density by
means of the adiabatic magnetic compression of the beam,
injected and transported in a strong longitudinal magnetic
field. Considerations of electron beam distortions by the
antiproton bunch and of a possible electron beam driven
head tail instability in the antiproton beam suggested that
the magnitude of the longitudinal magnetic field in the re-
gion where the antiprotons pass through the electron beam
should be about 4–5 Tesla, while the field at the cathode of
the electron gun should be about 0.1–0.2 Tesla [1].

2 FIELD QUALITY REQUIREMENTS

The electrons are highly magnetized in a guiding magnetic
field of the beam-beam compensation device and thus
follow the direction of the field, while the trajectory of the
antiprotons, due to their high energy, is almost straight in
the beam-beam compensation device. The straightness of
magnetic field is therefore essential for the beam-beam
compensation to work properly. Deviation of the electron
trajectory from the straight line should be ∆xe

<∼ 0.1a that
is about 0.1 mm. The electron beam deviation is equal to:

Figure 1: Prototype of the beam-beam compensation de-
vice. 1– electron gun, 2– collector, 3– 4kG solenoid with
16 pairs of dipole corrector coils, 4– gun and collector
solenoids, 5– vacuum pipe, 6– current input/outputfor main
solenoid, 7– adjustable supports, 8– assembly table.

xe(z) =

z∫ (
B⊥/B‖

)
dz′. (1)

The requirement on the transverse field then depends on the
wavelength λ of the field imperfection:

B⊥(λ)/B‖ <∼ ∆xe 2π/λ.

For the longest relevant wavelength (λ ≈ 2Le) we get
B⊥/B‖ <∼ 1.5 · 10−4 that is comparable with what is typ-
ically required in electron cooling devices. However, in
our case the requirement becomes less stringent for shorter
wavelength λ, in contrast with electron cooling magnetic
systems. The problem of the field straightness measure-
ment and its correction is nevertheless an important issue,
which inspired development of a suitable technique that has
been tested at a prototype of the beam-beam compensation
device recently commissioned at Fermilab [2].

The goals of the prototype (see Figure 1) were to obtain a
low energy (<∼ 10 kV) 2-meter long electron beam with to-
tal current up to 2A propagating in a precise solenoid mag-
net, to test the current modulation in a few MHz bandwidth,
and to study the electron beam dynamics. Parameters of the
experimental installation are about the same as for the full
scale device to be used in the Tevatron, except for a lower
magnetic field and thus lower electron current density in the
central solenoid.

The “electron-lens” prototype magnetic system consists
of the main solenoid (2 meter long, 4 kG maximum field)
and two additional solenoids (0.5 meter long, maximum
field about 4 kG) where the gun and collector are installed.
The solenoids of the prototype are warm while the full scale
device will require the main solenoid to be superconduc-
tive. The field in all solenoids can be changed indepen-
dently, which provides a possibility to compress adiabat-
ically the electron beam in the main solenoid and also to
optimize the collector efficiency (see Figure 2). The field
straightness tolerance is applicable only to the field in the
main solenoid.
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The main solenoid consists of two 0.96 meter long sec-
tions. The sections have been designed and built for an elec-
tron cooling set-up MOSOL [3]. The sections are placed on
adjustable supports which provides their relative alignment.
The coil of the main solenoid is a precisely fabricated single
layer copper spiral with 32 turns per section and with inter-
nal diameter 20 cm. The spiral cross-section is 26×34 mm,
the current corresponded to 4 kG field is about 10 kA. In
order to provide reliable electrical connection between two
sections with such a high current density, precisely matched
flat surfaces of the corresponding spiral edges of two sec-
tions were connected with high stress provided by four ti-
tanium wedge bolts. Total force applied to the contact is
about several tons. A thin indiumfoil is placed between sur-
faces to increase the effective area of the contact. The cur-
rent is returned to the commutation end by 8 straight copper
bars which have been aligned in parallel with the solenoid
axis. Special measures have been taken to distribute the re-
turn current evenly amongst the bars in order to ensure that
the field direction coincide with the geometrical axis of the
main solenoid.

Fine alignment of the magnetic field is provided by 4
pairs of 50 cm long and 12 pairs of 12 cm long dipole cor-
rector coils installed atop the main solenoid in both planes.
The short coils are placed at the ends of sections and the
long coils in the center. Each pair of coils is fed by sepa-
rate ±2 A power supply and can produce up to ±20 G at
the solenoid axis. One additional dipole coil is installed in
the gap between collector solenoid and the main solenoid.
This coil compensates field distortion produced by current
commutation of the main solenoid.

3 FIELD MEASUREMENTS AND
ALIGNMENT

The probe that allows to measure the direction of magnetic
field is a flat mirror with attached magnetic arrow (see Fig-
ure 3). The mirror has 2 degrees of freedom so that it is ori-
ented along magnetic field lines allowing optical measure-
ments of the field imperfection. The diameter of the reflec-
tive surface is 21 mm, diameter and length of the arrow are
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Figure 2: Longitudinal magnetic field in the “electron lens”
prototype.

Figure 3: Mirror with magnetic arrow. 1– arrow, 2– reflec-
tive surface.

2ra = 5 mm and la = 25 mm. The mirror is installed on
a special nonmagnetic wheeled cart. The mirror with the
magnetic arrow is the most delicate part of this measure-
ment scheme. The mirror has to be sufficiently flat, it must
be well balanced and the friction in axis should be small.
We use a mirror previously used for similar measurements
at the IUCF electron cooler [4].

Autocollimators are widely used for similar measure-
ments in electron cooling devices. Since our field qual-
ity requirements are less stringent, we have chosen less ex-
pensive technique based on a use of a laser beam and two-
dimensional Position Sensitive Device (PSD). Signal of a
PSD is proportional to the laser spot displacement with re-
spect to the PSD center.

The scheme of measurements is shown in the Figure 4.
Diode laser delivers a red light beam with λ = 670 nm, ini-
tial beam size 3 mm and total beam divergence 0.35 mrad,
which provides acceptably small beam spot at the mirror.
The PSD (produced by Hamamatsu) has a 13 × 13 mm2

working area, sensitivity of about 1 V/mm, and resolution
of about 5 µm. An optical filter in front of the PSD is
necessary to separate only the laser wavelength in order to
decrease background of the PSD. The laser, a beam split-
ter, the filter and the PSD were assembled all together and
placed at about 1 m from the collector solenoid. The assem-
bly was placed on a mover which allowed position and an-
gular correction in two transverse planes in order to align
the system with respect to the axis of the main solenoid.

An aluminum tube (380 cm long, 10 cm diameter) was
placed inside the solenoid on axis to provide a guide for the
mirror cart. The cart can move along the tube by means
of a plastic belt and a stepping motor placed in the field
free region near one end of the tube. Standard Hall probes
with longitudinal and transverse sensors can be optionally
installed on the cart. The PSD signals are preamplified and
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Figure 4: Scheme of measurements. 1 and 2 – mirror with
magnetic arrow, 3– diode laser, 4– beam splitter, 5– optical
filter, 6– PSD.
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Figure 5: Angular deviation of the main solenoid field.
Zero position corresponds to the middle of the main
solenoid.

measured by an ADC. The entire system is controlled by
LabView (TM) based data acquisition system.

Precision of the method depends on several factors. If
the magnetic field is weak, then the precision is determined
by friction in the mirror axises. The measured angular
precision (repeatability) of the mirror is αrms ≈ 1.5 ×
10−4 (1kG/B)2. The dependence αrms ∝ 1/B2 is valid
for B <∼ 1.5 kG, then the arrow is saturated and the depen-
dence becomes αrms ∝ 1/B. The precision of measure-
ments in a higher field, at about 4 kG, is also determined by
other factors such as vibrations, electrical noises, etc., and
was of the order of 10–20 µrad.

The region of linearity of the system is determined by the
size of the PSD workingarea and by the laser spot size at the
PSD. The linearity range in terms of the spot displacement
on the PSD face is found to be about ±6 mm, that corre-
sponds to±1 mrad for the mirror located 3 m away from the
PSD. The field deviation at the ends of the main solenoid is
larger than this value. However, this limitation is not sig-
nificant for the procedure of the field alignment by dipole
corrector coils, since the field deviation will decrease in the
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Figure 6: Electron beam displacement without (stars and
circles) and with correction by dipole coils (simulation).

iterative procedure of alignment.
Angular deviation of the magnetic field B⊥/B‖ in the

main solenoid is shown in Figure 5. One can see that the
initial field quality is mostly determined by the edge ef-
fects. Exposure to the support table on which the solenoid
is installed and current commutators at the ends of the main
solenoid are thought to be major disturbances. Deviations
of the field in the middle are caused by the force that pro-
vides electrical contact between sections and which also de-
forms the spiral of the solenoid at the place of connection,
resulting in the field perturbation.

Electron beam trajectory in the measured magnetic field
can be calculated using Eq.1 (see Figure 6). The rms tra-
jectory displacement over 80% of the length of the main
solenoid was found to be σx = 0.05 mm and σy =
0.04 mm, which satisfies the requirements for the “electron
lens”. Use of corrector coils allows further field quality im-
provement. The beam trajectory corresponded to simulated
alignment of the magnetic field by use of dipole coils is
shown in the Figure 6. The rms orbit displacement in this
case is σx = 0.005 mm and σy = 0.003 mm that is 10
times less than required. These results suggest that the same
field quality in the full scale beam-beam compensation de-
vice can be achieved with few dipole correctors at the ends
of the main 5 T solenoid.

4 CONCLUSION

The guiding solenoidal magnetic field of the prototype of
the beam-beam compensation device has been measured
using a simple optical method based on a use of a mirror
with a magnetic arrow, a diode laser and a position sensi-
tive device. The field quality in the test facility was found
to be good enough in the central part of the main solenoid
while a modest correction by dipole coils is required at the
ends of the solenoid. The results will help to determine a
proper field alignment technique for the full scale beam-
beam compensation device.
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