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Abstract

Electron lenses had been used for head-on beam-beam

compensation for the first time in the 2015 Relativistic

Heavy Ion Collider (RHIC) 100 GeV polarized proton

run. To improve the off-momentum dynamic aperture with

beam-beam interaction, lattices with the achromatic tele-

scopic squeezing (ATS) scheme of beta* are adopted. The

phase advances between the electron lenses and one of the

two collision points IP8 are set to kπ to minimize the non-

linear beam-beam resonance driving term. In this article,

we present the calculated dynamic apertures and tune spec-

trum from weak-strong beam-beam simulations with head-

on beam-beam compensations with these lattices. Simula-

tions are also carried out aiming to understand and explain

some observations from this run.

LATTICES AND OPTICS PARAMETERS

To reduce the large beam-beam tune spread in the cur-

rent proton tune space between 2/3 and 7/10, two electron

lenses had been installed in the Relativistic Heavy Ion Col-

lider (RHIC) for head-on beam-beam compensation [1].

Electron lenses are located on either side of the interac-

tion point IP10, one for each ring. Previous simulations [2]

show that half head-on beam-beam gives a larger dynamic

aperture than full compensation. Simulations also show

that for half beam-beam compensation, a betatron phase

advance of kπ, k is an integer, between the center of the

electron lens and one of the beam-beam interaction point

IP8 will increase the dynamic aperture beause it minimized

the beam-beam induced resonance driving terms.

The major beam loss in the previous RHIC proton

runs was due to a limited off-momentum dynamic aper-

ture [3]. To compensate the second order chromatici-

ties, the achromatic-telescopic-squeezing (ATS) scheme is

adopted for the 2015 100 GeV proton run [4]. FODO cells

with π/2 phase advances are used in the arcs. The be-

tatron phase advances between the first sextupoles to the

first triplet quadrupoles are matched to be π. The betatron

phase advances between IP6 and IP8 are (2k + 1)π. The

quadrupoles in IR10 and IR4 are used to launch a β-wave to

simultaneously squeeze β∗s at IP6 and IP8. There is a lit-

tle difference between the original lattice designs described

in Ref.[4] and the ones actually used in the 2015 operation

due to a few power supply current limits.

∗This work was supported by Brookhaven Science Associates, LLC

under Contract No. DE-AC02-98CH10886 with the U.S. Department of

Energy.

DYNAMIC APERTURE CALCULATION

In the dynamic aperture calculation, particles are

launched in 10 equal distance phase angles in the first

quadrant of (x/σx, y/σy) space. The particles are tracked

element-by-element up to 106 turns along the ring with a

4-th order symplectic integration. For the beam-beam in-

teraction, a 6-d symplectic weak-strong model is used. The

electron lens is split into 8 slices and each one is modeled

as drift - 4-d beam-beam kick - drift.

First we calculate and compare the dynamic apertures

without beam-beam interaction for the 2015 and 2012 run

lattices. Figure 1 shows the dynamic apertures in a tune

scan along the diagonal in the tune space toward the third

order resonances at (2/3, 2/3). The normalized rms emit-

tance is 2.5 μm. The horizontal axis is the vertical frac-

tional tune and the horizontal tune is always 0.005 above

the vertical one. The initial dp/p0 for the test protons are

12.5×10−4. From the plot, the 2015 Yellow lattice gives a

higher dynamic aperture than the 2012 run Yellow lattice,

while the 2015 Blue lattice gives a slight lower dynamic

aperture than the 2012 Blue lattice when the working point

is very close to the third order resonances.
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Figure 1: Dynamic aperture without beam-beam interac-

tion as a function of tunes.

Next we calculate the dynamic apertures with beam-

beam interaction and with half head-on beam-beam com-

pensation. Figure 2 shows the results. We scanned the pro-

ton bunch intensity from 1.0 × 1011 to 3.0 × 1011. For

a fair comparison, we fixed the tunes of the bunch center

to (0.675, 0.67) for all cases. From the plot, the dynamic

aperture with beam-beam interaction drops when the pro-

ton bunch intensity is higher than 2.2 × 1011 for the Blue

ring and 1.8× 1011 for the Yellow ring. The reason is that
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Figure 2: Dynamic aperture with beam-beam interactions

and half beam-beam compensation versus bunch intensity.
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Figure 3: Dynamic aperture with half beam-beam compen-

sation versus the tune settings.

there is not enough tune space to hold the large beam-beam

tune spread. In the last 2012 100 GeV proton run, the max-

imum proton bunch intensity in the routine physics opera-

tion was 1.7× 1011. In the 2015 run, it reached 2.2× 1011.

Figure 2 also shows the dynamic apertures with half

head-on beam-beam compensation. When the bunch inten-

sity is higher than 2.2 × 1011, the dynamic apertures with

half beam-beam compensation are higher than that without

compensation for both rings. At low proton bunch intensi-

ties, the dynamic apertures with compensation are lower

than that without compensation. The reason is that the

tune footprint with compensation is smaller and is placed

too close to the third resonances. However, as shown in

Ref.[4], with a good third order resonance correction, a flat

dynamic aperture with head-on beam-beam compensation

could be achieved in the shown range of proton bunch in-

tensity.

In the 2015 proton run, we found the beam lifetime

with beam-beam compensation was very sensitive to the

lattice set tunes. Figure 3 shows the dynamic aperture
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Figure 4: Dynamic aperture with half beam-beam compen-

sation versus different electron beam sizes.
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Figure 5: Dynamic aperture versus beam-beam compensa-

tion strength.

with half beam-beam compensation versus the vertical tune

of the bunch center. Again the horizontal tune is always

0.005 higher than the vertical one. Three bunch inten-

sities are used. For each bunch intensity, the dynamic

aperture drops if the vertical tune is either too low or too

high. For a higher bunch intensity, the preferable tunes

for a good dynamic aperture is lower. In the operation,

we used a non-destructive Schottky tune meter to track the

tunes. To maintain a good beam lifetime, the vertical tune

measured from Schottky meter should be placed between

0.680-0.683. Higher than 0.683, we observed a worse beam

lifetime. Lower than 0.680, we observed a faster emittance

growth.

In the 2015 operation, we used different electron sizes.

Figure 4 shows the dynamic apertures with different elec-

tron beam sizes measured at the center of electron lenses.

The horizontal axis is the proton bunch intensity. For half

beam-beam compensation, there is a very little difference

in the dynamic apertures with these three rms electron

beam sizes 0.70 mm, 0.65 mm, and 0.60 mm. The matched

electron beam size to the proton bunch is 0.60 mm. From
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the previous simulation study [2], the electron beam size

with 20% larger than the proton bunch will yield a higher

proton dynamic aperture.

Figure 5 shows the dynamic aperture as a function of the

compensation strength. From it, over-compensation more

than half will reduce the proton dynamic aperture. In the

2015 proton operation, the electron lens were turned on in

the first 1 hour at store. The maximum beam-beam param-

eter we achieved is 0.022, which is 50% larger than the

2012 proton run. In the routine physics operation, we only

compensated a quarter of the total beam-beam parame-

ter. Higher compensation strengths were tested with higher

bunch intensities during the beam experiments. However,

it turned out that a larger compensation strength was not

necessary due to the limited brightness of the proton bunch

from injectors [1].

TUNE SPECTRUM CALCULATION

The tune spread can be indirectly determined with beam

transfer function measurement with a phase-lock loop tune

meter in RHIC [1]. In the beam experiments, we mea-

sured the tune spreads of the proton beam: 1) only with

1 electron-proton collision, 2) with 2 proton-proton colli-

sions, and 3) with 2 proton-proton collisions and 1 electron-

proton interaction. For case 1, the measured tune spreads

agreed very well with their expectations. However, for

cases 2 and 3, the beam transfer function measurements

are dominated by the coherent beam-beam modes and the

tune spreads can not be simply obtained.
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Figure 6: Simulated vertical proton tune spectrum in the

2015 proton run with different electron lens currents.

Figure 6 shows the numerically calculated vertical tune

spectrum with different electron lens currents with the

beam parameters from the 2015 proton run. In the simu-

lation, we launch 1 million macro-particles to represent a

proton bunch. By tracking them 10 × 8192 turns, we ob-

tained an averaged proton tune spectrum with fast Fourier

transformation. For Figure 6, the proton bunch intensity is

1.8× 1011 and the lattice tunes are fixed at (0.695, 0.685).
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Figure 7: Simulated horizontal proton tune spectrum in the

2015 p-Al run with different electron lens currents.

700 mA electron current is equivalent to half beam-beam

compensation. From the plot, with the increase in the elec-

tron beam current, the proton tune footprint is moved up

and the tune spread is reduced.

In the following 2015 proton-aluminum operation,

where the coherent beam-beam modes are absent, we suc-

cessfully extracted the tune spread with beam-beam inter-

action and beam-beam compensation from the beam trans-

fer function measurements [1]. The data shows that the

tune spread can only be reduced up to that without beam-

beam interaction. Figure 7 shows the simulated tune spec-

trum with different electron lens currents with the beam

parameters in the 2015 proton-aluminum run. Simulation

results show that the electron lens can not reduce the tune

spread from the nonlinear lattice, although it is able to min-

imize the beam-beam tune spread.

SUMMARY

In the article, based on a 6-D weak-strong beam-beam

interaction model, we calculated and compared the dy-

namic apertures without and with head-on beam-beam

compensations with the 2015 RHIC 100 GeV proton run

lattices. Parameters of proton bunch and electron beam

from the electron lenses are varied. Tune spreads with dif-

ferent beam-beam compensation strengths are simulated.

The simulation results explained or reproduced some of op-

erational observations and experimental results.
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