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Head-on beam-beam compensation has been implemented in the Relativistic Heavy Ion Collider in order
to increase the luminosity delivered to the experiments. We discuss the principle of combining a lattice for
resonance driving term compensation and an electron lens for tune spread compensation. We describe the

electron lens technology and its operational use. To date, the implemented compensation scheme
approximately doubled the peak and average luminosities.
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The particle motion in storage ring colliders can be well
described by Hamiltonian mechanics, where the formalism
is applicable over the time scale of possible damping
mechanisms such as radiation damping in lepton machines.
The stability of motion in Hamiltonian systems is limited
by nonlinearities, and in colliders the strongest nonlinear-
ities that a particle experiences are typically created by the
electromagnetic fields when passing through the other
beam. This head-on beam-beam interaction gives rise to
resonance driving terms and widens the tune distribution
thereby limiting the achievable beam lifetime and Iumi-
nosity, as is the case in polarized proton operation in the
Relativistic Heavy Ion Collider (RHIC).

The strength of the head-on beam-beam effect is para-
metrized by the beam-beam parameter ¢, the tune shift
experienced by a small amplitude particle due to the
electromagnetic forces of the other beam in an interaction
point (IP). The beam-beam parameter for proton-proton
collisions is &, = —(r,N,)/(4xe,), where r, is the
classical proton radius, N, the bunch intensity, and €, =
(B,7,)0%/P the normalized rms emittance. (f,y,) are the
relativistic factors of the proton beam, o, is the transverse
rms beam size, and f is the lattice function. &, is
independent of the beam energy. In beam-beam limited
colliders with round Gaussian beams at the IP like RHIC,
the luminosity can be written as [1]

_ ey

_ _ 4”fc (ﬁpyp)en
dr 0;‘,2

L
r% B

HE, (1)

where f . is the collision frequency, 67, the beam size at the
IP, H is a geometric factor <1 that accounts for the
hourglass effect and crossing angles, and f* is the lattice
function at the IP. Because of the quadratic dependence of
the luminosity £ on the beam-beam parameter &, gains in
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¢, implemented through an increase in N, at constant ¢,
translate into more than twice the gains in L.

Soon after the first colliders went into operation in 1962
[2], compensation of the head-on beam-beam effect was
contemplated. The first and only scheme implemented until
now was the four-beam collider Dispositif de Collisions
dans 1Tgloo (DCI) in the 1970s with two electron and two
positron beams, all meeting at the same interaction point
[3]. With the beam-beam space charge forces eliminated a
luminosity increase of up to 2 orders of magnitude was
expected. The compensation was not successful due to
the unexpected coherent motion of the beams [4], and the
luminosity in 2-, 3-, or 4-beam operation was about the
same [3]. Later, head-on beam-beam compensation with
electron lenses was proposed for the superconducting super
collider (SSC) [5], Tevatron [6], and LHC colliders [7].

A head-on beam-beam compensation [Fig. 1(a)] can be
implemented in a single turn. We are using transverse phase
space coordinates (r, ') with ¥/ = dr/ds, s being the path
length. The transverse kick Ar/,, that a particle receives
when passing through the other beam is reversed in the
same turn when the particle passes through a correction
element and receives the kick Ar/,,. Two conditions need to
be fulfilled for exact compensation for all amplitudes r
[8,9]. (i) The correction element is placed at a phase
advance of kz, k being an integer, after the beam-beam
interaction in order to minimize the beam-beam resonance
driving terms (k = 0 for DCI); (ii) The amplitude depend-
ence of the correction kick A7/, (r) is the same as for
the beam-beam interaction, Ar’p » (r), in order to reduce the
beam-beam induced tune spread.

For RHIC a lattice with a kz phase advance between one
IP and one of the two electron lenses was developed for
both rings [10] and implemented [11], which had the added
benefit of a larger off-momentum dynamic aperture than
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FIG. 1 (color online). (a) Head-on beam-beam compensation in
aphase space view. A defocusing kick Ar),, that a proton receives
from the other proton beam is reversed by a focusing kick A7/,
from the electron lens after a phase advance z. (b) Amplitude

dependence of the beam-beam kick Ar’ on the radius r.

the previously used lattice. The tune spread reduction of the
electron lens works as follows. For round bunches short
compared to f*, the kick Ar),, is [12]

+w [1 —exp <—r—22>] (2)
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Figure 1(b) shows the nonmonotonic amplitude depend-
ence of Ar/(r), which cannot be created with magnets.
However, the same amplitude dependence can be created
with another beam. In our case, a low-energy electron beam
stabilized in a longitudinal solenoid field is used, a device
known as an electron lens (DCI used a high-energy beam).
With the electron beam direction opposite to the proton
beam, the electron lens creates a kick

2n,Lery(1+Byp) {1 ~exp <_r_2>}

AY,(r) =
Yot 262

pe

(3)

where n, is the electron line density and L, the length of the
lens, f, the relativistic factor of the electrons, and o, the
rms electron beam size, also assumed to be Gaussian. For
ultrarelativistic beams, 8, = 1, the compensation condition
A7, (r) = FAr,,(£r) (different signs for k even or odd)
is fulfilled for 6, = o, in the electron lens with an electron

beam current of
N
1, = (_ﬂ> ecp (4)

L)1+B.
The beam-beam parameters from the proton-proton and
proton-electron collisions with &, = —¢, are then
r, p° N
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where f3,; is the lattice function at the electron lens. The
operational implementation of the compensation principle
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FIG. 2 (color online).

One of two RHIC electron lenses. The
electron beam moves from left to right and collides with the
proton beam, moving from right to left, inside the superconduct-
ing solenoid.

requires an understanding of the tolerable deviations from
the ideal case described above, and technical implementa-
tions within the allowable tolerances [8,9].

Electron lenses were first used in the Tevatron [13,14]
where they cleaned the abort gap in operation [15], and
demonstrated a better lifetime of bunches with long-range
beam-beam effects [16]. Electron lenses with hollow
electron beams were also tested as collimation devices
[17]. The main parameters of the RHIC electron lenses
(Fig. 2) [9,18] are shown in Table I.

A major design consideration was the creation of a low-
noise (dc) electron beam with a Gaussian transverse profile
[18]. The electron beam is fully magnetized; i.e., it is
transported along a solenoidal field from the electron gun to
the collector. The stability of the electron beam during the
interaction with the proton beam is provided by a super-
conducting solenoid with a field of up to 6 T [19]. The field
lines deviate only 50 pm from straight lines, a fraction of
the rms beam size in the lens (Table I), as studied in
simulations [8], in order to maximize the overlap of the
proton and electron beams.

Instrumentation is a critical part of the electron lens
operation, as the position of both the electron and proton
beam need to be monitored, and their overlap within a
fraction of an rms beam size. This is reliably achieved with
a novel monitor that detects electrons backscattered by the

TABLE I Typical electron lens parameters for 2015 and design
values (for up to 250 GeV proton energy).

2015 Design
Quantity Unit  value value
Distance of center from IP10 m 33
Magnetic length L, m 24
Gun solenoid field B, T 0.31 <0.69
Main solenoid field B,, T 50 2-6
Cathode radius (2.70) mm 75 41,75
rms beam size in main solenoid o, um 650 > 300
Kinetic energy E, keV 50 <10
Relativistic factor f, 0.14 <02
Electron beam current /, mA 600 <1000
Beam-beam parameter from lens £,  0.001 +10 < +15
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FIG. 3 (color online). Proton-electron beam overlap monitor.
Electrons backscattered off protons are bent upwards in the gun
solenoid bend (GSB) (see Fig. 2), pass through a 0.1 mm thin
titanium alloy window, and are detected with a scintillator [20].

protons (Fig. 3) [20], and allows for a fast and robust
alignment of the electron and proton beams.

The function of the electron lens is the reduction of the
beam-beam induced tune spread. The tune distribution is
measured with a transverse beam transfer function (BTF),
which is the coherent response of the beam to a small
harmonic dipole excitation of variable frequency Q. In the
absence of coherent modes the width of the tune distribu-
tion is given by the nonzero imaginary part of the complex
BTF R(Q), i.e., Im(R) > 0 [21]. In RHIC coherent modes
are not self-excited, not harmful to operation, and are
almost unaffected by the electron lens. Although successful
in simulations [22], the tune distribution widths could not
be measured via the BTF if coherent beam-beam modes
were present, as is the case in polarized p + p operation.

However, the effect of the electron lens on the tune
distribution was measured with proton beams without
beam-beam collisions (Fig. 4), and with proton-aluminum
beam-beam collisions (Fig. 5). Different from p + p
operation, in p + Al operation the fractional tunes in the
two beams differ by a value much larger than the beam-
beam parameter £,, and therefore the beams exhibit no
coherent oscillation modes when excited.
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FIG. 4 (color online). Measured tune distribution as a function
of the electron beam current without beam-beam collisions and
with an electron beam size of o, = 0.55 mm. The curves are
aligned to the left with an offset for better visibility of the effect.

Figure 4 shows that, as expected, the width of the
horizontal tune distribution increases with increasing elec-
tron beam current. This tune spread is used to compensate
the beam-beam generated tune spread, which is shown in
Fig. 5 with p + Al collisions. The tune spread is increased
due to two beam-beam interactions, and decreased again
with the electron lens.

For operational use it was verified that the electron lenses
do not introduce additional emittance growth, and only
small additional beam losses (1-2%/h). The increased loss
rate did not measurably affect the luminosity as it stems
from particles in the tails that contribute little to the
luminosity. For physics stores the electron lenses were
turned on while the electron and proton beams were
transversely separated and before the proton beams went
into collision. Then collisions were established in one
experiment, which allowed setting the collimators to store
positions. In a second step the beams went into collision in
the second experiment and the electron lenses simulta-
neously. Because of the tune compression, higher beam-
beam parameters can be accommodated with the lenses.
With too large beam-beam parameters £, fast emittance
growth or larger beam loss rates can be observed. After
commissioning, 112 out of 156 p + p stores used both
electron lenses, without any turn-on failure. One of the
lenses exhibited unstable electron beam currents =500 mA
leading to emittance growth in the proton beam. Its current
was then limited to 430 mA, 30% lower than the electron
beam current shown in Table I.

Table II shows the main operational parameters in 2012
without beam-beam compensation and in 2015 with com-
pensation, as well as parameters for maximum ¢, reached
in operations with 111 bunches, and tests with 30 and 48
bunches. With fewer bunches brighter beams can be
created. In RHIC only 1 of the 2 beam-beam interactions
is to be compensated. This provides enough luminosity
gain for the upgrade goals and leaves enough tune spread
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FIG. 5 (color online). Tune distribution width reduction with
the electron lens, measured in the proton beam with p + Al
collisions. The distribution widens due to two beam-beam
interactions, and narrows again with the electron lens. The curves
are aligned to the left with an offset for better visibility of the
effect.
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TABLE II.

Main parameters for polarized proton operation at 100 GeV beam energy in 2012 (without) and 2015 (with head-on beam-

beam compensation), and conditions for the maximum beam-beam parameters achieved in operation and tests in 2015 without and with

electron lenses.

Tests for max |&,|

Operations (avg. over 10 best stores)  Without e lens  With e lens With e lens

Quantity Unit 2012 2015 2015
Bunch intensity N, 10 1.6 2.25 2.6 2.15 2.0
No. of bunches k; 109 111 48 111 30

Yy at IP6, IP8 (p + p) m 0.85 0.85 0.85
Py at e lens (p +e) m 10.5 15.0 15.0
Lattice tunes (Q,. 0,) (0.695,0.685) (0.695,0.685)
rms emittance €, um 33 2.8 35 24 1.9
rms beam size IP6/8 o), um 165 150 170 150 125
rms beam size e lens o, pm 630 700 645 520
rms bunch length o, m 0.63 0.70 0.77 0.70 0.56
Hourglass factor H 0.74 0.75 0.78 0.81 0.86
Beam-beam param. &, /IP 0.001 -5.8 -9.7 -9.1 —-10.9 —12.6
No. of beam-beam IPs 2 2+41° 2 24117 241°
Luminosity Ly 10 cm™2 57! 46 115 72 115 40
Luminosity £, 10 cm257! 33 63

*One p + p collision in IP6 and IP8, and a compensating p + e collision in IR10.

for beam stabilization. In operation the maximum beam-
beam parameter increased by 67%, and the peak and
average store luminosities by 2.5x and 1.9x, respectively.
Further increases in the luminosity were limited by the
bunch intensity and brightness available from the injector.

The maximum achievable beam-beam parameter £, with
lenses was determined with operational data, and with and
without lenses in tests with fewer but brighter bunches. To
determine the maximum &, under different conditions, both
the emittance and the relative beam loss need to remain
below a certain limit. Figure 6 shows the initial emittance,
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FIG. 6. Top: initial emittance and its increase after 5 min
(vertical lines) as a function of the beam-beam parameter.
Bottom: reduction in the bunch intensity N, over 5 min.

its increase after 5 min (top), and the relative beam loss over
5 min both as a function of the beam-beam parameter. The
horizontal dashed lines are averages from the distribution of
good operational stores; the vertical lines mark the maxi-
mum demonstrated £, without and with lenses. Parameters
of the cases with lenses are also shown in Table II.

The maximum demonstrated beam-beam parameter
achieved without electron lenses is &, = —0.0091. The
best operational stores with electron lenses reached &, =
-0.0109 (+20% in |£,]), and a test reached —0.0126
(+38% in |£,[) (Table II). Note that it is possible that
higher beam-beam parameters can be demonstrated in the
future in all situations, thereby changing the relative gains.
For the cases with electron lenses, the achievable £, was
limited by the intensity and brightness available from the
injector.

The head-on beam-beam compensation implemented in
RHIC consisting of a new lattice and an electron lens in
each ring with transversely Gaussian electron beam,
increased the peak and average luminosities by approx-
imately a factor of 2. A limited number of tests to
demonstrate the highest possible beam-beam parameter
|£,| showed an increase by +38% through the use of the
electron lens, limited by the available brightness from the
injectors. Therefore, with upgrades in the injector chain
even higher beam-beam parameters and luminosities can be
expected.
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