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A head-on beam-beam compensation scheme was implemented for operation in the Relativistic
Heavy Ion Collider (RHIC) at Brookhaven National Laboratory [Phys. Rev. Lett. 115, 264801 (2015)].
The compensation consists of electron lenses for the reduction of the beam-beam induced tune spread,
and a lattice for the minimization of beam-beam generated resonance driving terms. We describe the
implementations of the lattice and electron lenses, and report on measurements of lattice properties and the

effect of the electron lenses on the hadron beam.
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I. INTRODUCTION

In Ref. [1] the implementation of operational head-on
beam-beam compensation in the Relativistic Heavy Ion
Collider (RHIC) is summarized. The implemented com-
pensation scheme consists of electron lenses for the
reduction of the beam-beam induced tune spread, and a
lattice for the minimization of resonance driving terms.
Here we present in more detail the design and verification
of the lattice, and measurements of the effects of the
electron lenses on the proton and other ion beams.
Reference [1] also provides background information on
the only previous attempt at operational beam-beam com-
pensation in DCI [2,3] as well as the development of the
electron lens technology and use in the Tevatron [4-9].
Details of the RHIC electron lens technology are given in
Refs. [10-14].

For equal normalized rms emittances ¢, in both trans-
verse planes, 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,v,)0%/B.(B,r,) are the relativistic factors of the proton
beam, o), is the transverse rms beam size and f the lattice
function. We recall the luminosity formula for round
Gaussian and equal beams at the interaction point (IP),
as is the case in RHIC [1,15]:

“Wolfram.Fischer@bnl.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL

2469-9888/17/20(9)/091001(15)

091001-1

fe Nf, Anfe Bprp)en .,
Loy e Pl )En |
£ 4Jra;‘,2 rlz, p & (m)

where f . is the collision frequency, 67, the beam size at the
IP, H a geometric factor < 1 that accounts for the hourglass
effect and crossing angles, and * the lattice function at the
IP. Due to the quadratic dependence of the luminosity £
on the beam-beam parameter &, a relative increase in £,
implemented through an increase in N, at constant e,
translates into more than twice the relative increase in £. In
RHIC head-on beam-beam compensation is implemented
in a single turn (Fig. 1) for one of the two head-on beam-
beam interactions, and we repeat the compensation prin-
ciple presented in Refs. [1,16,17].

We are using transverse phase space coordinates (7, r’)
with /' = %, 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
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FIG. 1. Reproduced from Ref. [1]. (a) Head-on beam-beam

compensation in a phase space view. A defocusing kick Ar/,, a
proton receives from the other proton beam is reversed by a
focusing kick A7/, from the electron lens after a phase advance 7.
(b) Amplitude dependence of the beam-beam kick Ar’ on the
radius r [18-20].
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passes through a correction element and receives the kick
Ar),. Two conditions need to be fulfilled for exact
compensation at all amplitudes r: (i) The correction
element is placed at a phase advance of kz, k being an
integer, after the beam-beam interaction in order to min-
imize the beam-beam resonance driving terms; (ii) The
amplitude dependence of the correction kick Ar/,,(r) is the
same as for the beam-beam interaction, Ar/, ,(r), in order to
reduce the beam-beam induced tune spread.

The location of the beam-beam interactions and electron
lenses, one in each ring, is shown in Fig. 1. In RHIC only
one of the two beam-beam interactions is compensated.
Condition (i) is implemented through lattice design with a
phase advance of kx between the beam-beam interaction
at IP8 and the electron lenses near IP10 in both rings
(Sec. III).

Condition (ii) requires an electron beam with a Gaussian
transverse profile since the proton beam also has a Gaussian
transverse profile [14], an electron beam size o, in the

lenses matched to the proton beam size o),

€nﬂel
=0, = |2 2
e =0p = 4| Bt (2)

where f,; is the lattice function at the location of the
electron lens, and an electron beam current matched to the
proton bunch intensity

L= (7)1 %5 5

L) 1+p,

where 3, is the relativistic factor of the electrons in the lens
and L, the magnetic length of the lens. For Eq. (3) it is
assumed that the electrons and protons move in opposite
directions and that the proton beam is ultrarelativisitic
with 8, ~ 1. The more general case is presented, e.g., in
Refs. [9,21]. The beam-beam parameters from the proton-

proton and proton-electron collisions with &, = =, are
then
r, p* N
E,=—--1L —*p and
" A (Byry) oy
r ﬂel (IeLe)1+ﬂe

_.n
‘e +4ﬂ(ﬂ,ﬂ/p) o’

ecp (4)

The operational implementation of the compensation prin-
ciple requires an understanding of the tolerable deviations
from the ideal case described above, and technical imple-
mentations within the allowable tolerances [16,17]. The
main parameters of the RHIC electron lenses are shown in
Table I, and a detailed description is provided in Ref. [14].

TABLE I. Typical electron lens parameters for 2015 (100 GeV
proton energy) and design values (for up to 255 GeV) [1].

quantity unit 2015 value design value
distance of center from IP10 m —3.3—
magnetic length L, m —2.4—
gun solenoid field B, T 0.31 <0.69
main solenoid field B,, T 5.0 2-6
cathode radius (2.70) mm 7.5 41,75
rms beam size in main um 650 > 300
solenoid o,
kinetic energy E, keV 5.0 <10
relativistic factor f, 0.14 <0.2
electron beam current /, mA 600 < 1000
beam-beam parameter 0.001 +10 <+15

from lens &,

II. POLARIZED PROTON OPERATION IN 2015

The head-on beam-beam effect limited the achievable
luminosity in polarized proton operation in RHIC [22].
Figure 3 shows that in 2012 the initial luminosity increased
with the bunch intensity but the average store luminosity
did not, due to the enhanced beam-beam effect. The figure
also shows that in 2015 both the peak and average
luminosity increased significantly due to the implemented
head-on beam-beam compensation scheme, consisting of a
new lattice and the electron lenses [23].

Table II [1] shows the main operating parameters in 2012
and 2015, and parameters for tests for maximum |£ ,| values
with and without electron lenses in 2015. The operational
values for L,,, show an increase in the average store
luminosity of 91%, almost a factor of 2, from 2012 to
2015. To obtain an estimate of the luminosity gain from the
lattice alone we take the beam-beam parameter achieved
in tests without the electron lens (£, = —0.0091, Table II)
and reduce the bunch intensity in the 2015 operational

electron
lenses
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STAR

FIG. 2. General layout of RHIC with locations of the head-on
beam-beam interactions and electron lenses [1].
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FIG. 3. Peak and average store luminosity in polarized proton
operation at 100 GeV beam energy in 2012 and 2015.

parameter set to 2.1 x 10" to obtain this beam-beam
parameter. Further assuming an unchanged ratio of peak
and average luminosity, this yields a calculated average
luminosity of L,,, =55 x 10* cm™s~!, or a 67% lumi-
nosity gain over the 2012 value. The remainder can then be
attributed to the electron lenses. Thus, approximately 2/3 of
the luminosity gain can be attributed to the lattice alone, and
1/3 to the lattice in conjunction with the electron lenses.
In operation the electron lenses were used in the
following way (Fig. 4): Both beams are accelerated to
the store energy, and at time “1” the electron lenses are
turned on with current, before the proton beams are in

TABLE II.

collision. The proton beams are transversely separated in
the experimental IPs, and the electron and proton beams in
the lens are transversely separated in the electron lenses.
At time ‘“2” the beams are brought into collision in the
PHENIX experiment by removing the transverse separa-
tion. After that the collimators, in the same interaction
region (IR) as PHENIX, are set to the store values. At time
“3” the beams are brought into collision at the STAR
experiments and the electron lenses simultaneously by
removing the transverse separation, while the electron
lenses prevent large beam losses and/or emittance growth
for the highest beam-beam parameters &,,. At time “4” the
electron lenses are gradually ramped down when the lattice
can support the beam-beam parameter in order to avoid any
detrimental effects the electron lenses have on the beam
loss rates, emittance growth and background rates. These
effects are presented in Sec. VI. During the ramp-down the
lattice tunes are adjusted to account for the tune change due
to the changed electron lens current.

The electron lenses were on for typically 1-1.5 h at the
beginning of the store, and are only needed as long as the
lattice cannot support the beam-beam parameter &, [1].
The electron beam size was set to exceed the proton beam
size [16], and the electron beam current not to exceed the
strength of one beam-beam interaction. All these measures
were taken to minimize the possibly detrimental effects of
the electron lenses (see Sec. VI).

Depolarization effects from the beam-beam interaction
were not expected [24,25], nor were any observed to
date except via changes of the tune and tune distribution.

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 [1].

tests for max |,

operations without with with

(avg. over 10 best stores) e-lens e-lens e-lens
quantity unit 2012 2015 —2015—
bunch intensity N, 101 1.6 2.25 2.6 2.15 2.0
no of bunches k, e 109 111 48 111 30
pry at IP6, 1P8 (p + p) m 0.85 0.85 —0.85—
Py at e-lens (p +¢) m 10.5 15.0 —15.0—
lattice tunes (Q,.Q,) (0.695,0.685) —(0.695,0.685)—
rms emittance €, um 33 2.8 35 24 1.9
rms beam size 1P6/8 o), pum 165 150 170 150 125
rms beam size e-lens ¢ um — 630 700 645 520
rms bunch length o, m 0.63 0.70 0.77 0.70 0.56
rms momentum spread o 0.001 0.32 0.42 0.46 0.52 0.31
hourglass factor H 0.74 0.75 0.78 0.81 0.86
beam-beam param. &, /1P 0.001 -5.8 —9.7* -9.1 —10.9* —12.6*
# of beam-beam IPs 2 2+1 2 241 241
luminosity Lpeax 1030 cm—2s7! 46 115 72 115 40
luminosity £,,, 103 cm=2 57! 33 63 — — —

One p + p collision in IP6 and IP8, and a compensating p + e collision in IR10.
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FIG. 4. Operational use of the electron lenses in 2015. The top
plot shows the luminosities of both experiments, the middle plot
the rms emittances as measured by the IPMs, and the bottom plot
the electron beam current of both lenses (left scale) as well as the
signal from the backscattered electrons (eBSD, right scale). The
numbers “1” through “4” indicate times for certain events that are
explained in the text.

The absolute polarization is measured in stores with an
atomic polarized hydrogen jet [26,27], and delivers the
polarization averaged over the intensity distribution. In
2012, without beam-beam compensation, the polarization
averaged over all stores was 61.8% (Blue) and 56.6%
(Yellow) [28,29], with only vertically polarized beams
colliding. In 2015, with beam-beam compensation, the
polarization was 53.0% (Blue) and 57.4% (Yellow) but
only a part of the run was with vertical polarization at the
IPs. For the part with vertical polarization at the IPs
the polarization was 56.2% (Blue) and 58.5% (Yellow).
The relative statistical error of the polarization numbers is
approximately 1% [23,29]. The measured polarization
values are consistent with the expectation that the beam-
beam interactions, including the electron lenses, have a
negligible effect on the polarization.

III. LATTICE DESIGN AND VERIFICATION

As discussed in Sec. I the electron lenses have to be
placed at a phase advance of kz, k being an integer, from
the beam-beam interaction that is to be compensated. In
RHIC only one of the two head-on beam-beam interactions
is compensated and the phase advance is constrained
between IP8 and the electron lenses near IP10 (Fig. 2).

Phase errors enhance the beam-beam generated resonance
driving terms [16].

In addition, a transversely large proton beam at the
location of the electron lens makes alignment of the two
beams easier, and suppresses instabilities driven by the
electron-proton beam interaction in the electron lens.

When a proton bunch interacts with the electron beam it
will drive Larmor oscillations of the electrons along the
interaction region resulting in an s-dependent kick onto the
proton bunch. This can be interpreted as an electron lens
impedance, which may be comparable to or larger than the
machine impedance. Its strength depends on the electron
lens parameters and under certain conditions can lead to a
transverse mode coupling instability (TMCI). Under the
approximation of a linear beam-beam force the instability
threshold for the electron lens solenoid field By, can be
expressed as [30]

eN ¢,
P*VAQO;

where p is the radius of the proton or electron beam,
which are approximately equal [cf. Eq. (2)] and p ~ /20
for Gaussian distribution. AQ is the separation between
horizontal and vertical tunes and Q; is the synchrotron
tune. Increasing the beam size at the electron lens by
increasing the p-function mitigates this instability.
Numerical simulations showed that a transverse bunch-
by-bunch damper could also cure these instabilities [31].
An experiment was performed with Au beam in 2014, in
which the solenoid main field was lowered to 1.5 T,
which still allowed for electron beam propagation
through the lens, and for which simulations showed
unstable behavior. No instability was observed in the
experiment [32]. A damper design exists and tests were
made in 2015. So far, a transverse damper was not
necessary in operation.

All RHIC lattices for proton-proton collisions also must
minimize effects that depolarize the beam on the ramp or
during store. This was studied in detail for a future lattice
for 255 GeV beam energy [33].

By =13 (5)

A. Achromatic telescope squeezing (ATS) [34]
optics for RHIC

Previous studies showed that as long as the lattice tune is
not in the proximity of a low order betatron resonance, the
colliding proton beam lifetime is limited by the beam-beam
interaction and the off-momentum dynamic aperture [22].
In the process of developing a new lattice, a dedicated effort
was made to also minimize the nonlinear chromaticity in
order to provide for an increased off-momentum dynamic
aperture [35].

For nonzero chromaticity, off-momentum particles will
experience tune shifts and optics distortion with respect
to the on-momentum reference particle. The resulting
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momentum dependent tunes and p-functions can be
expressed as:

1 1
Q(8,) = Qo +Q'5, +50"5, + 2 0"&, + -+,
1 1
ﬁ(5p) :ﬁ0+ﬁ/5p+§/}//5%+6/)>///5?7+...’ (6)

where Q, and f, are the unperturbed tune and
p-function. The first and second order chromaticities can
be expressed as:

1 C
0y =37 | Kus(5)Biy(s)ds,
1 [c
== | KB (s, )
with
K, = +Ky(5) = Ka(s)D, (s)
K, = —K\(5) + Ka(9)D,(s). Q

where K, is the quadrupole strength, K, the sextupole
strength and D the dispersion. Here, we have neglected the
contribution from bending magnets. The off-momentum
p-function ' is given by:

_ Pey(s) ¢
mA Kiy($)Bry(s)

x €082y (5) = dxy(s1)] = 27Qx)ds.  (9)

ﬂ;,y(sl)

From these equations one can see that a proper arrangement
of chromatic sextupoles would allow us to correct both the
linear and nonlinear chromaticities. This topic has been
described in the literature (see, for example, Ref. [34]) and
will not be discussed further here.

For a squeezed optics, the p-functions at the final
focusing quadrupoles are significantly increased and give
rise to chromatic aberrations, which may be difficult to
correct. An option for a passive correction of these
aberrations is the ATS optics developed at CERN for the
HL-LHC upgrade [34,36]. It uses a f-beat wave propa-
gating through the arcs and low-f insertions to further
reduce the p-function at the IP without changing the
chromatic properties of the lattice. As long as the pre-
squeeze optics (before the wave is applied) is properly
corrected, or naturally features low non-linear chromaticity,
further squeezing using the p-beat wave will not degrade
the chromaticity.

The target * at the two experiments PHENIX and STAR
for the electron lens lattice at 100 GeV is 0.85 m allows for
a lattice design with a naturally low nonlinear chromaticity.
Another advantage of this lattice is that it relieves some of
the strength of the low-# insertions quadrupoles which in
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FIG.5. RHIC Blue ring ATS lattice for 100 GeV protons. Only
a fraction of the 3.8 km circumference is shown.

turn can be used to match the phase advance to the electron
lens. In order to achieve the ideal ATS squeeze the
following constraints have to be fulfilled: (i) In RHIC
the two low-f insertions are in neighboring interaction
regions (different from the LHC) and the f-beat wave will
therefore propagate through both insertions before being
damped down again. In order to squeeze both IRs at the
same time the phase advance between the two IPs has to
be kz, k being an integer. (ii) In order to ensure proper
chromaticity correction a 90° FODO (a cell consisting
of four optical elements in the sequence: focusing, not
focusing, defocusing, not focusing) lattice is required and a
phase advance of 7/2 is required between the IP and one of
the sextupole families in both planes.

These constraints have to be fulfilled before the f-beat
wave is applied, i.e. for the pre-squeeze optics. The 90°
FODO lattice required an increase in the integer tune by
one unit in both planes and as a consequence a new
injection optics was produced involving new power sup-
plies. Details of the design study can be found in [35].

Figure 5 shows the ATS lattice for the RHIC Blue ring.
The f-beat wave is launched in IR4 and closed in IR10. The
phase advance and final S-function at the electron lenses
are set during the ATS squeeze. Using this method it was
possible to exactly match the phase advance to kz and
increase the f-function at the electron lens to 15 m. The
Yellow ring features similar properties. As shown in Fig. 6
the nonlinear chromaticity of the 2015 ATS lattices is equal
to or smaller than the one of the 2012 lattices for all planes
but the Blue vertical one. For the Blue vertical plane the
tune deviation increases visibly for a negative momentum
deviation 6p/p but its value is still smaller than for the
2012 lattice in all other planes.

B. Long bunches

With a proton bunch length ¢, comparable to or larger
than *, 6. f*, the phase advance during the passage of a
proton through the other beam changes, and the phase
advance condition kz between the p + p and p + e inter-
actions is only approximately fulfilled [21].
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FIG. 6. Blue (top) and Yellow (bottom) non-linear tune
dependence on the momentum deviation 6p/p for the 2012
lattice and the 2015 ATS optics. The black line in both plots
corresponds to a linear chromaticity Q' = +1.

Figure 7 shows this effect for 6, = 0.7 m and f* =
0.85 m, the values in 2015 (Table II). The phase space

vector R = (r,7") at IP10 is plotted as a function of the
initial (r;, ;) at IP8, where the particle is launched. At IP10
the particle has undergone a p + p interaction at IP§ and a
p + e interaction near IP10. Figure 7(a) shows R without
head-on beam-beam compensation, and part (b) with
compensation using a matched electron beam size and
current. Part (c) shows the situation with an additional
linear phase advance error i between the p+p and p + ¢
interactions of 5 deg.

For complete compensation one would have R =

|R| = 0 for all (r;, r}) in part (b) and (c). The figures show
that the largest deviations are reached for r; = lo and
large 7}. Deviations from complete compensation are also
created by particles arriving early or late relative to the
bunch center of the opposing beam, mismatches of the
electron beam size to the proton beam size, or mismatches
of the electron beam current to the proton bunch intensity
[21]. The full effect of these deviations can only be assessed

with long-term simulations (Sec. III C).

C. Dynamic aperture studies

Dynamic aperture simulations were performed using
the code simTrack developed at BNL [16]. In all cases the
particles are tracked over 10° turns with a momentum offset
of p/p =1.24x 1073 (3x the typical rms momentum
spread, cf. Table II) and include all magnetic multipole field
errors. The dynamic aperture is taken as the largest ampli-
tude at which particles still survive the full 10° turns, where
10 ratios of horizontal and vertical amplitudes are simulated.

Figure 8 shows a tune scan without beam-beam inter-
actions for the Blue ATS lattice and the 2012 lattices. The
separation between the horizontal and vertical tunes is kept
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FIG. 7. Phase space vector R at IP10 as a function of the
initial coordinates (r;,r}) at IP8 without head-on beam-beam
compensation in part (a), and deviation from full compensation
in part (b) and (c). Part (b) shows the case of a matched
electron beam size and current, part (c) has an additional
linear phase error of +5 deg between the p+p and p+e
interactions.
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constant with Q,, = 0, — 0.01. A tune separation of 0.005
to 0.01 is typical for operation, and ensures that the tunes
are close to the diagonal in the resonance diagram where
the resonance density is low. A simulation showed that the
dynamic aperture is reduced when the tunes are moved far
away from the diagonal.

Figure 9 shows the dynamic aperture as a function
of bunch intensity with beam-beam interactions for the
2012 lattices with and without electron lenses and the ATS
lattices with electron lenses. Without compensation the
dynamic aperture remains constant up to a bunch intensity
of approximately 2.0 x 10'! p/bunch and then decreases
as the beam-beam interactions become stronger. The 2012
lattice featured a phase advance of almost kz between IP8
and IP10 in the Blue ring. This is not the case for the Yellow
ring for which a clear degradation of the dynamic aperture
is observed at high bunch intensity.

The dynamic aperture appears to increase with the bunch
intensity N, for the case of 2012 lattice with the electron
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FIG. 9. Simulated dynamic aperture as a function of bunch
intensity including beam-beam interactions.

lens. This is, however, an artifact of the following phe-
nomenon. To compare the dynamic apertures in simula-
tions, the small amplitude lattice tunes were always set to
(0.68,0.67). In tune scan simulations these tunes were
found to be favorable for operation with high bunch
intensity (cf. Fig. 12 in Ref. [16] and Fig. 21 in
Ref. [22]), and are consistent with the operational experi-
ence. In simulations the lattice tunes are adjusted upwards
with increasing bunch intensities to compensate for the tune
depression from the beam-beam interaction. The electron
lenses only compensate for one of the two beam-beam
interactions, and for the cases with electron lenses the
lattice tunes are also adjusted upwards with increasing
bunch intensity. With half head-on beam-beam compensa-
tion, and the small-amplitude tunes fixed at (0.68, 0.67), the
reduced tune footprint is very close to the 2/3 resonances
resulting in a smaller dynamic aperture. The dynamic
aperture can be increased by moving the tunes up and
away from the 2/3 resonances. A enhancement to the plot
shown in Fig. 9 would require a tune scan at each of the
bunch intensities sampled.

A proper matching of the phase advance to the electron
lenses, as done for the 2015 ATS lattice, allows for a
compensation of non-linear resonances. The dynamic
aperture in this case becomes almost independent of the
bunch intensity as observed for the ATS lattices.
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FIG. 10. Measured phase error (Ay/y), , for the Blue hori-
zontal and vertical planes (top) and the Yellow horizontal and
vertical planes (bottom).
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TABLE III. Design and measured lattice functions, phase advances and nonlinear chromaticities.
Blue Yellow

quantity unit design measured design measured
lattice functions ./, at IP6 m 0.85/0.85 0.76/0.78 0.85/0.85 0.90/0.95
lattice functions f,/p, at IP8 m 0.85/0.85 0.90/0.84 0.85/0.85 0.88/0.82
lattice functions f,/p, at e-lens m 15.0/15.0 15.8/14.1 15.0/15.0 16.5/12.6
phase advances Ay, /Ay, IP8 to e-lens deg 180/180 184/177 180/180 192/180
rms beta-beat (AB/B),/(AB/B), % 11.7/12.1 0/0 11.7/14.1
nonlinear chromaticity 3 Q7/ 1 oY —-600/ — 1350 —500/ — 1300 —800/ —850 —100/ — 1100

D. Lattice measurements

The linear lattice functions were measured to verify the
p-functions at the IPs and at the location of the electron
lenses, as well as the phase advance between IP§ and the
electron lenses. Figure 10 shows the measured (Ay/ y/)x’y
for the Blue and Yellow rings. The measurement was taken
by giving the proton beam a small kick and observing the
resulting free betatron oscillations with beam position
monitors (BPMs) around the ring. The Ay, , shown in
Fig. 10 is taken between neighboring BPMs, which in the
arcs have a phase advance of close to 90°. In Table III
the design and measured f-functions and phase advances
Ay, are listed.
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FIG. 11. Measured f-beat (AB/f), , for the Blue horizontal and
vertical planes (top) and the Yellow horizontal and vertical planes
(bottom).

A large p-beat will reduce the effectiveness of the
ATS lattice in compensating resonance driving terms.
Measurements of the f-beat are shown in Fig. 11, and
the rms values are also stated in Table III.

The nonlinear chromaticities QY, were measured by
observing the tune change with radius excursions of 0.5,
1.0 and 1.25 mm. The radius-weighted averages of the
measured QY values are also listed in Table IIIl. The
standard errors of the measured QY values in the poly-
nomial fits of the momentum-dependent tune functions
range from 20 to 400, with an radius-averaged value of 110.
The agreement between design and measured Q" is good
in the Blue ring, and acceptable in the Yellow vertical
plane. The discrepancy between the design and measured
Q" value in the Yellow vertical plane cannot be explained
by the standard fit error of the measurement.

IV. EFFECT OF THE ELECTRON LENSES
ON ORBIT AND TUNE

Like the beam-beam interaction, an electron lens with a
transverse offset has an effect on the orbit. The electron lens
with and without an offset changes the coherent tune, and
the tune spread. However, unless the electron lens drives an
instability [cf. Eq. (6)] it is seen by the beam as a fixed
lattice element and does not create coherent beam-beam
oscillations modes, or change the coherent oscillation
modes of colliding beams [31].

The effect of a RHIC electron lens on a hadron beam was
first measured with gold beams (charge number Z = 79,
mass number A = 197) in 2014. For example, the change in
the vertical closed orbit slope Ay’., due to a vertical offset y
is the coherent beam-beam kick from the electron lens
given by (cf. Ref. [18-20])

2r,Z 1 —y?
rp (IELE) +ﬂe 1 - exp % ’
}/AuyA eﬂec 2(68 + gAu)

(10)

Aye, =

where y,, is the Lorentz factor, and the gold beam is
assumed to be ultrarelativistic with 8,4, =~ 1. One arrives at
Eq. (10) from the formula for the incoherent beam-beam
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FIG. 12. Change of gold beam tunes O, (top) and vertical
closed orbit angle at the electron lens (bottom) in response to a
vertical displacement.

kick from a beam of rms size ¢ by (i) replacing ¢ with
(62 +06%,)/2, and (ii) by adding a factor 1/2 in the
argument of the exponential function. The coherent
beam-beam kick leads to closed orbit changes in the
separation plane, and tune changes in both planes.

Figure 12 shows the measured change in the tunes AQ, ,
and the reconstructed orbit slope Ay’ at the location of
the electron lens as a function of vertical separation. The
measurement was taken with stochastically cooled gold
beams [37-39], and the gold beam size at the lens changed
slightly during the measurement due to the cooling
(6au = 0.32-0.27 mm). The electron beam size was larger
with 6, < 6, = 0.50 mm. The measured tune values in
Fig. 12 follow closely the expected values [32]. The lower
part of Fig. 12 is a measurement of the coherent amplitude-
dependent beam-beam kick from the electron lens. Note
that the small amplitude coherent beam-beam kick is a
factor 2 smaller than the incoherent beam-beam kick shown
in Fig. 1 [18-20]. The coherent beam-beam kick was
previously measured with colliding 250 GeV proton beams
in RHIC [40]. The effect of the electron lens on the tune
requires lattice tune changes when the current is ramped
down in operation (as shown in Fig. 3, bottom).

V. EFFECT OF THE ELECTRON LENSES
ON TUNE SPREAD

The primary function of the electron lens is the com-
pression of the beam-beam generated tune footprint. To
measure the width of the transverse tune distributions,
beam transfer functions (BTFs) were used. These measure
the complex beam response R(Q) of a small harmonic
dipole oscillation of variable frequency 2zQ. A nonzero
particle distribution at tune Q is given if Im(R) > 0, where
Im(R) is the imaginary part of the transverse beam transfer
function [18,41,42].

With the operational tunes in p + p operation (Table II)
coherent beam-beam modes are excited in a BTF
measurement, because |Qpe — Qyeliow|<|k:£p| in both
transverse planes, where k. is the number of head-on
beam-beam collisions per turn. Close tunes in the two rings
allow for coupling of the beams and the existence of
coherent modes, while separated tunes suppress the coher-
ent modes [43], as is the case in p + Al collisions in RHIC
(see below).

The dominant coherent modes Q, and Q, are the in-
phase and out-of-phase transverse oscillations of the two
beams at the IP. O is also the lattice tune and is at the
edge of the incoherent tune distribution, Q, is outside of
this distribution when the incoherent tune spread is only
generated by the beam-beam interaction, and the Q,
oscillation mode may therefore be unstable [43]. For round
proton beams of equal size at the IP we expect for the
dominated modes Q, — Q, = Yk.&,, with the Yokoya
factor Y ~ 1.21 [44].

Although it was possible to isolate the incoherent tune
distribution in the presence of coherent modes from BTF
measurements in simulations [41], this was not successful
with measured BTFs. Figure 13 shows the reconstructed
distribution widths Im(R)/|R| as a function of the excita-
tion tune Q for several cases. The distribution widens with
the electron lens, and with 1 and 2 beam-beam collisions.
However, the width of the reconstructed tune distribution is
unchanged with beam-beam collisions and the electron lens
due to the coherent modes, which determine the width of
Im(R)/|R|. The coherent ¢ and = modes are essentially
unchanged after the electron lenses are added [31].

In a BTF measurement of a noncolliding beam interact-
ing with the electron lens this is not a problem since
no coherent modes are excited. To obtain the incoherent
tune distribution widths with colliding beams BTF
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FIG. 13. Reconstructed tune distribution widths from BTF
measurements without beam-beam interaction (solid black),
with electron lens (solid red), with 1 (dashed black) and 2
(dotted black) beam-beam interactions, and with 2 beam-beam
interactions and an electron lens (dotted red). The widths is of
colliding beam distributions is determined by the distance of the
coherent modes, not by the incoherent tune distributions.
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measurements were done in p + Al collisions. Aluminum
beams have fractional tunes near 0.225 far away from the
p beam tunes near 0.69 (Table II). The separation of Blue
and Yellow ring tunes is large enough to suppress the
excitation of coherent beam-beam modes, and the incoher-
ent distribution width can be reconstructed. The fractional
tunes for ions were chosen for small beam losses during
transition crossing, and the fractional tunes for protons
were chosen to accommodate a large beam-beam generated
tune spread while preserving the polarization. All ions
other than protons cross the transition energy in RHIC, and
ion beams have beam-beam parameters typically a factor
2-3x smaller than proton beams.

A number of scans were made to measure the parametric
dependence of the incoherent tune distribution width as a
function of the electron lens parameters. Figure 14 shows
the incoherent tune distribution width as a function of the
electron beam current /, for a constant electron beam
size of 6, = 0.55 mm. Figure 15 shows the tune distribu-
tions as a function of the electron beam size o, with an
electron beam current /, = 900 mA. In these scans the rms
proton beam size in the electron lens, as measured by the
ionization profile monitor (IPM), was ¢, = 0.60 mm and
within the measurement error constant throughout the
measurement.

The beam-beam parameters generated by the proton
beam and electron lens &, , are given by Eq. (4), and the
tune shift of a particle at amplitude a from the center of
either a proton or electron beam is [20]

s, 21-en (-(()]

with a =1 (a/o,,)*. I, is the modified Bessel function of
order zero. The beam-beam generated tune spread over the
amplitude range from zero to a is then
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FIG. 14. Measured p beam tune distribution width as a function
of the electron beam current without beam-beam collisions and
with an electron beam size of ¢, = 0.55 mm. The proton beam
size is 6, = 0.60 mm. The curves are aligned to the left with an
offset for better visibility of the effect [1].
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FIG. 15. Measured p beam tune distribution width as a function
of the electron beam size ¢, without beam-beam collisions and
with an electron current of 900 mA. The proton beam size is
6, = 0.60 mm. The curves are aligned to the left with an offset
for better visibility of the effect.

AQbh(a) = |§p.e - 6Qp,e(a)|’ (12)

and it is assumed that the total tune spread AQ,, is given by

AQY = AQj + AQ;,(a) (13)
where AQ, is the tune spread without beam-beam inter-
actions. The incoherent tune spread O, has two principal
sources: (i) chromaticity in conjunction with the momen-
tum distribution, and (ii) nonlinear magnetic fields includ-
ing field errors in the triplets. Neither of these sources are
correlated with the beam-beam interaction, justifying the
use of Eq. (13). With a typical Q' ~ +2 and the momentum
spreads in Table II, AQ, = 0.003 from chromaticity for 305
although it can be significantly larger in an experimental
setup. The tune spread Q, from nonlinear magnetic fields is
best determined by simulations and is typically a few 0.001
for 30, depending on the f* values in all IPs [22].

Figure 16 shows a comparison of the measured increase
in the tune distribution width due to the electron lens for
the current scan shown in Fig. 14 and the beam size scan
shown in Fig. 15 in parts (a) and (b) respectively. The
measured width of the tune distribution is taken at
[Im(R)/(R)| = 0.1. The measurement matches the calcu-
lation for a fitted value a = 2.56,,. There are only few
particles at amplitudes a > 2.56,, and the BTF signal R is
weak with small particle numbers.

Finally, Fig. 17 shows the tune distribution width with-
out beam-beam interaction, with beam-beam interaction,
and with an increasing electron beam current, with an
electron beam size of ¢, = 0.65 mm (¢, = 0.60 mm over
the course of the measurement). The measurement is taken
with a proton beam that was colliding with an aluminum
beam. The tune spread increases with the beam-beam
interaction and is gradually compressed with an increasing
electron beam current /, up to the initial tune distribution
with 7, = 750 mA. Note that a further increase in /, does
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FIG. 16. Comparison of measured and calculated increase in
the tune spread of the electron lens in an electron beam current
scan (a) and electron beam size scan (b). The measured width of
the tune distribution is taken at |Im(R)/(R)| = 0.1, the calcu-
lation is for an amplitude range a from zero to 2.5 o,,.

not lead to a further reduction in the tune spread. The initial
tune spread is primarily due to nonzero chromaticity and
momentum spread, and cannot be compensated for with the
electron lens. For further increasing currents one expects
the tune distribution width to widen again.

Based on the data in Fig. 17, Fig. 18 shows a comparison
between measured and expected total tune spread AQ,,, as
a function of the electron beam current /,. The expected
total tune spread is based on the BTF measured tune spread
AQq and the beam-beam generated tune spread AQ,,(a)

1.00 ——0pAl, 0mA
0.90 ===-2x pAl, 0 mA
0.80 ——2x pAl, 365 mA
0.70 = = 2x pAl, 560 mA
= ——2x pAl, 750 mA
< 0.60 —=-2xpAl, 890 mA
o
E 0.50
0.40
0.30
0.20
0.10 s
0.675 0.680 0.685 0.690 0.695
Horizontaltune
FIG. 17. 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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FIG. 18. Total tune spread AQ,, as a function of the electron

beam current /,. The measured total tune spread is based on BTF
measurements.The expected total tune spread is based on the
measured tune spread Q, and the beam-beam parameters £,; and
&, using Eq. (13), and shown for a <2.56, and a < 3.55,,.

using Egs. (12) and (13), where AQ,;,(00) = [(2E4; + &,
The beam-beam parameter £, is obtained by a measure-
ment of the bunch intensity N, with a direct current-
current transformer (DCCT) and the scaled emittance €,
with an ionization profile monitor (IPM). During p + Al
operation the IPM reported emittance was on average 7%
smaller than the luminosity derived emittance. Beam-beam
parameters quoted here, and in Ref. [1], use the emittance
consistent with the independent luminosity calibration,
and IPM emittances are scaled. Note that emittance
measurements have typical errors of > 10%. £, changes
from —0.0080 to —0.0068 over the course of the
measurement. The beam-beam parameter &, is obtained
from the electron beam current /, and the electron beam
size [Eq. (4)], and &, reaches +0.0174 at 1030 mA.
Figure 18 shows the expected tune spread AQ
for a <2.56,, the value that provided a good fit in
Fig. 16(a) and (b), and for a < 3.56,, which is a better
fit in this case.

VI. BEAM LOSS RATE, EMITTANCE GROWTH,
AVERAGE LUMINOSITY, AND EXPERIMENTAL
BACKGROUND WITH ELECTRON LENSES

The electron lenses can introduce additional beam loss
and emittance growth and thereby reduce the average store
luminosity. They can also increase the experimental back-
ground rates. However, the lenses are only needed as long
as the lattice alone cannot support the beam-beam param-
eter £, and were gradually turned off after a total on-time
of 0.5 to 1.5 h for the last 50 stores of the run with the
highest luminosities.

Time-dependent variations in the electron beam current,
position or size can create additional beam loss and
emittance growth, and even a lens with perfectly stable
current, position and size can have an effect on the long-
term stability of the chaotic particle motion of the circulat-
ing protons. The lens represents an additional strong
nonlinearity, as strong as another beam-beam interaction,
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and its placement in the lattice, and the size and shape of the
electron beam affect the proton motion. These effects were
studied in simulations [16] and guided the specifications
for the electron lenses [14] together with the experience
from the Tevatron lenses [4-7,9]. The most important
specifications for the operation were a current ripple of
6l,/1, <0.1%, a Gaussian electron beam shape, and an
electron beam size equal or larger than the proton beam
size, o, 2 0, [14,16].

In order to evaluate the effect of the electron lenses on the
beam loss rate, emittance growth, and experimental back-
ground, 30 stores were selected up to the time when the
longitudinal polarization direction in one of the experi-
ments was changed, which could have affected the store
conditions. In these 30 stores, the Yellow electron lens
was left on longer in two stores, for 6.75 h and 5.28 h
respectively. In all other stores the Yellow electron lens was
on between 0.45 h and 1.83 h.

In polarized proton operation both the beam intensity
and luminosity can usually be well fitted to a double
exponential decay. For the intensity we have

N,(t) = N, exp(=t/7)) + N, exp(—t/z;). (14)

Subscript 1 denotes the fast decaying component, with N ,;
typically 10% of N,(0) and 7, 0.7 h, and 7, the slow
decaying component with 7, of order 100 h. Figure 19
shows the slow component beam loss rate 1/z, for the 30
selected stores. The two stores with a long electron lens
on-time are marked as red open circles. The beam loss rates
are 0.5-1.0%/h higher than the average of the 30 stores, and
1-2%/h higher than the stores with the lowest loss rates.
Figure 20 shows the Yellow horizontal and vertical
emittances, as measured by the ionization profile monitor
(IPM) for the same 30 stores, and the stores with the Yellow
electron lens on for 6.75 and 5.28 h respectively are shown
in red again. The average horizontal and vertical rms
emittance growth for the 30 stores is 0.63 ym (+27%)
and 0.63 um (+27%) compared to 0.82 ym (+34%) and
0.79 pum (+33%) for the average of two stores with the long
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FIG. 19. Yellow beam loss rate of 30 stores. The two red
marked stores had the Yellow electron lens on for 6.75 h and

5.28 hrespectively, for all other stores the lenses were on between
0.45 to 1.83 h.
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FIG. 20. Horizontal (top) and vertical (bottom) rms emittance
of 30 stores. The two red marked stores had the Yellow electron
lens on for 6.75 h and 5.28 h respectively, for all other stores the
lenses were on between 0.45 to 1.83 h.

electron lens on-time. Thus, if the lenses were on for a full
store the additional emittance increase at the end of the
store is about 6%, or about 3% on average during the store.
Since the luminosity decays during the store, the corre-
sponding reduction in the integrated luminosity is expected
to be less than 3% [Eq. (1)] for a well-tuned machine and
electron lens.

A rough estimate for the characteristic emittance growth
time for white noise current fluctuations can be calculated
as [9]

o 1
T a2, 2(1,1,) (13)

where f is the revolution frequency. Based on the Tevatron
electron lens experience, the current ripple had a specifi-
cation of 6I,/1, <0.1%, which was confirmed on the
electron lens test bench via a voltage ripple measurement
[11]. With f, = 78 kHz and &, = 40.01 Eq. (15) yields a
lower bound of 7§ =~ 1 h. The measured emittance growth
time is about 25 h (Fig. 20).

Since the electron lenses were on for a variable time, a
large impact on the instantaneous luminosity should be
visible in the average store luminosity as long as the lenses
cover the time when the lattice alone cannot support the
beam-beam parameter £,. Figure 21 shows the average
store luminosity for the last 40 stores of the 2015 run with a
store length of 6 h or longer, when the machine was at peak
performance. There is no correlation between the time the
lenses were on and the average luminosity.

While there is an effect of the electron lenses on the beam
loss rates (0.5-1.0%/h) and emittance growth rate (+3%
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store average), this is not detectable in the average store
luminosity £,,, for the parameters of the 2015 run.

The experimental background at PHENIX, one of the
two experiments, is assessed through two sets of back-
ground counters, installed on both sides and close to the
PHENIX experiment, and positioned such that they are
sensitive to beam loss in the final focus triplet magnets.
These quadrupoles are at the locations with the largest
p-functions in RHIC. In 2015 the p-functions at the two
experiments STAR and PHENIX were the same, and the
signals of the counters at PHENIX are indicative of the
machine-generated background conditions for both
experiments.

Figure 22 shows the location of two of these scintillator
detectors, N2 and N3, on the north side of the detector,
which are sensitive to the background generated by the
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Point

FIG. 22. Location of two experimental background monitors
(scintillators), N2 and N3, in the PHENIX interaction region.

Background signal N2 [kHz]

Time [h]

FIG. 23. PHENIX N2 background signal. The two red marked
stores had the Yellow electron lens on for 6.75 h and 5.28 h
respectively, all other stores had the lenses on between 0.45 to
1.83 h. Zero (the beginning of the store) is suppressed on the
horizontal axis to better show the change in the background
signal when the lenses are turned off.

Yellow beam. Figure 23 shows the N2 signal, which is a
factor 2-3 times higher for the two stores with the Yellow
electron lens on for 6.75 and 5.28 h than for the comparison
stores with shorter on-time. This higher background rate
was acceptable, and background rates in 2015 were still a
factor 3-4 times smaller than in 2012 even with doubled
luminosity.

VII. SUMMARY

A head-on beam-beam compensation scheme has been
implemented in RHIC consisting of electron lenses that
reduce the beam-beam generated tune spread and a lattice
that minimizes the beam-beam generated resonance driving
terms. The lattice requires a phase advance of kz, k being
an integer, between the head-on beam-beam interactions to
be compensated and the electron lenses. The transversely
Gaussian electron beam of the lens needs to be matched to
the hadron beam in size and current for compensation.

The lattice properties were measured, and f-functions
and phase advances are close to the design values. The
effect of the electron lens on the hadron beams was
measured (orbit, tune and tune spread) and found to be
in agreement with expectations. The incoherent tune spread
generated by the electron lenses was measured and is in
agreement with BTF based measurements of the tune
distribution width assuming that particles in the amplitude
range from zero to 2.5¢,, are detected in the measurement.
The beam-beam generated tune spread is indeed compen-
sated by the electron lens, and in this case the measured
tune distribution width is in agreement with expectations
assuming particles in the amplitude range from zero to
3.50, are detected.

For a well-tuned machine the electron lenses increased
the beam loss rate by 0.5-1.0%/h, the emittance by an
additional 6% over an 8 h store, and the experimental
background—as measured by scintillators near the
detector—by a factor 2-3. Only the increased beam loss
rate is large enough to be of concern, and resulted in
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operating the electron lenses only in the early part of the
store when the beam-beam parameter |&,| is largest.

In 2015 the head-on beam-beam compensation scheme
was used for the first time operationally with polarized
protons at 100 GeV, leading to almost doubled peak and
average luminosities. Of this gain, and based on the
maximum measured beam-beam parameter |£,| with and
without the electron lens, 67% can be attributed to the new
lattice alone, and 91% to the lattice and electron lenses
combined.
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