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Abstract
The head-on beam-beam interaction is the dominant lu-

minosity limiting effect in polarized proton operation in

RHIC. To mitigate this effect an electron lens was installed

in each of the two RHIC rings. We summarize the hardware

and electron beam commissioning results to date, and re-

port on the first experience with the electron-hadron beam

interaction. In 2014 to date, RHIC has operated with gold

beams only. In this case the luminosity is not limited by

head-on beam-beam interactions and compensation is not

necessary. The goals of this years commissioning efforts

are a test of all instrumentation; the demonstration of elec-

tron and gold beam overlap; the demonstration of electron

beam parameters that are sufficiently stable to have no neg-

ative impact on the gold beam lifetime; and the measure-

ment of the tune footprint compression from the beam over-

lap. With these demonstrations, and a lattice with a phase

advance that has a multiple of 180 degrees between the

beam-beam interaction and electron lens locations, head-on

beam-beam compensation can be applied in the following

year with proton beams.

INTRODUCTION

In RHIC there are 2 head-on (Interaction Points IP6 and

IP8) and 4 long-range beam-beam interactions with large

separation (10 mm) between the beams. The polarized pro-

ton luminosity is limited by head-on effects [1]. Two elec-

tron lenses are installed near IP10 in a region common to

both RHIC beams (Fig. 1) to compensate for one of the two

head-on collisions. Together with an increase in the bunch

intensity [2] an increase in the luminosity is planned by up

to a factor of two.

The design of the RHIC electron lenses was based on

the experience with the Tevatron lenses [3–6] and the BNL

Electron Beam Ion Source (EBIS) [7]. The design was

also guided by extensive beam-beam simulations [8]. De-

sign and construction progress were reported previously

(Refs. [9, 10] and references therein). Both lenses are now

installed and commissioning with Au beams began in 2014.

The lifetime of colliding Au beams is not limited by beam-

beam effects, and with cooling [11] losses are dominated

by burn-off. With Au beams the functionality of the elec-

tron lens can be tested by observing phenomena such as ef-

fects on orbit and tune, beam loss rates, emittance growth,
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and the stability of the hadron beams. The cooled Au

beams allow for quench training and emittance growth tests

during physics stores. The main parameters for the 2014

Au run and the 2015 p run are shown in Tab. 1. The 2014

Au run is not yet complete and more tests than reported

here are planned. There is also a short h+Au (helium-3

on gold) run planned [12]. The 2015 p run will be the first

during which head-on beam-beam compensation can be ap-

plied.

Figure 1: Layout of the two electron lenses in IR10. In

each lens three beams are present, the two hadron beams

and the electron beam acting on one of the hadron beams.

The two hadron beams are vertically separated.

Table 1: RHIC and electron lens parameters for the 2014

commissioning run with Au beams, and the planned 2015

operation with p beams. In both cases numbers are shown

for the maximum instantaneous luminosity, which for Au

is reached after about 1 h due to cooling.

quantity unit value

2014 Au 2015 p

hadron beam parameters

total energy E GeV/nucleon 100 100

bunch intensity Nb 109 1.6 250

β∗
x,y at IP6, IP8 (Au+Au, p+p) m 0.7 0.85

β∗
x,y at IP10 (Au+e, p+e) m 10.0 20.0

rms emittance ǫn µm 1.0 2.5

rms beam size at IP6, IP8 σ∗
p µm 80 140

rms beam size at IP10 σ∗
p µm 300 685

rms bunch length σs m 0.30 0.60

hourglass factor F ... 0.7 0.85

beam-beam parameter ξ/IP ... −0.006 −0.012

number of beam-beam IPs ... — 2+1∗ —

electron lens parameters

distance of center from IP m — 3.3 —

effective length Le m — 2.1 —

kinetic energy Ee keV 10 9.5

current Ie A 1.0 0.9

beam-beam parameter ... +0.005 +0.012

main solenoid field T 3, 4 5

rms beam size σe µm 500, 425 685
∗One head-on collision in IP6 and IP8 each, and a head-on collision at the

electron lens in IP10.
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HARDWARE COMMISSIONING

The superconducting solenoids were designed for a field

of 6 T and reached this field in the vertical test. In one of

the magnets, installed in Blue, the innermost of 11 double

layers was grounded to reach the 6 T field, and the currents

in the two magnets are therefore different for the same field.

In the summer of 2013 both magnets were tested horizon-

tally in the RHIC tunnel and reached 5 T. The magnets were

not trained further since the helium for cooling was sup-

plied by dewars and training quenches constituted a con-

siderable cost. In 2014, with helium supplied by the RHIC

refrigerator, the Yellow solenoid has reached 6.0 T, and the

Blue solenoid 4.4 T so far with three training quenches.

With cooled Au beams it is possible to train the magnets

during a physics store. Since the two superconducting main

solenoids are of opposite polarity and are always operated

concurrently, the disturbances are small enough. A small

He leak into the insulating vacuum developed in the Yel-

low solenoid, and required the installation of a small turbo

pump. Without the pump the pressure would increase over

several weeks to 10−3 Torr, and the additional heat load

would prevent operation of the magnet.

Both solenoids have 2.5 T fringe field (FF) coils at both

ends that ensure a minimum solenoid field of 0.3 T between

the superconducting and warm solenoids for all operating

conditions. Initially the FF coils quenched at the leads be-

low their operating current due to insufficient cooling. An

increase in the helium flow rate provided sufficient cool-

ing but led to ice ball formation, which was remedied by

heating and flowing dry air over the leads.

The straightness of the solenoid field lines has tight tol-

erances (±50 µm over a range of ±800 mm) to ensure

good overlap of the hadron and electron beam. Five hor-

izontal and five vertical dipole correctors are installed in

both lenses to straighten the field lines. A measurement

system was built based on a magnetic needle and mirror

which are pulled through the solenoid [13]. Figure 2 shows

the measurement results for the vertical plane of magnet

no. 2, installed in the Yellow lens. Both solenoids met the

straightness tolerances in both planes at 2, 3, and 4 T, and

no further correction is necessary.

The warm solenoids that transport the electron beam into

and out of the interaction region (Fig. 1) change the vertical

orbit rms by several millimeters at injection. These effects

are compensated with the orbit feedback [14].

The lenses can be operated in pulsed mode (beam on for

a fraction of a turn) and DC mode. Both gun and collector

needed some conditioning to have a good vacuum in the

interaction region. A drift tube system is installed in both

lenses [10] to extract ions that accumulate in the interaction

region due to residual gas ionization and the potential cre-

ated by a DC electron beam. After bake-out it was found

that only three of the five drift tubes in the Blue lens hold

high voltage, and none in the Yellow lens.

Figure 2: Vertical solenoid field straightness measurement

in the Yellow lens magnet. The rms beam size at 255 GeV

is as small as 300 µm.

ELECTRON BEAM COMMISSIONING

The goals of the electron beam commissioning were to

demonstrate the required electron beam current in pulsed

and DC mode, and to measure the transverse profiles that

need to be Gaussian.

After initial gun and collector conditioning, the electron

beam current was slowly increased, and the lenses operated

concurrently with Au beam stores. For this a pulsed elec-

tron beam was turned on overlapping the abort gap. During

the ramp up of the electron beam current there were two in-

stances where a large pressure spike occurred, leading to a

doubling of the Au beam emittances.

Both electron lenses ran at a maximum pulsed current

of 1 A for 5 h concurrent with a RHIC store (in the abort

gap), and with 1 A DC current without Au beams. A DC

beam test during physics stores would produce a tune shift

of +0.006 in both planes (Tab. 1).

A Gaussian electron beam profile is essential for the cor-

rection of the nonlinear beam-beam effects. To verify the

Gaussian profile the electron lenses have two transverse

profile measurement systems: a YAG screen and a pinhole

detector over which the electron beam is scanned. Figure 3

shows the vertical profile of the Yellow electron beam mea-

sured with the YAG crystal. A flattening of the top is visi-

ble (also in the horizontal plane), which can be either due to

saturation or an actual reduction in the current in the cen-

ter where the density is the highest. Simulations indicate

that the measured deviations from the Gaussian profile are

acceptable.

COMMISSIONING WITH AU BEAMS

In 2014 to date, RHIC operated only with Au

beams [12]. The colliding Au beams are cooled [11], and

almost all beam losses are from burn-off. The cooling

time is about 1 h (as is the IBS growth time without cool-

ing). The beam-beam effects with Au beams are small and

compensation is not necessary. However, the effect of the

electron beam on orbit and tune can be tested, and emit-

tance growth and beam loss studied. Commissioning with
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Figure 3: Vertical profile measured with the YAG crystal

and Gaussian fit to the data. The beam-beam kick is calcu-

lated for the measured field and the Gaussian fit.

Au beams was done with dedicated time (4 h every other

week), and parasitically during physics stores. In the lat-

ter mode either short electron pulses were affecting the last

two bunches of the bunch train, or a DC electron beam af-

fecting all of the Au bunches.

Orbit and tune response. As a first test the effect of the

electron beam on the orbit and tune of the Au beam was

measured at injection and store with separate transverse

scans of the Au and electron beams. This was also the

first method to align the beams. It would be cumbersome

for routine alignment and was quickly replaced by an auto-

matic procedure using backscattered electrons (see below).

Figure 4 shows the measured horizontal and vertical tunes

as a function of the vertical separation.
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Figure 4: Change of gold beam orbit (top) and tunes (bot-

tom) in response to a vertical displacement of the Yellow

beam at store.

Beam Transfer Functions. Transverse Beam Transfer

Function (BTF) measurements are a routine way of mea-

suring tunes and assessing tune spread. Although the inco-

herent tune distribution in both planes cannot be uniquely

reconstructed from BTF measurements [15] it is still possi-

ble to obtain information on tunes, tune distributions and

coherent modes from BTFs. Figure 5 shows three BTF

measurements with different electron beam currents. With

increasing current the tunes are shifted upwards as ex-

pected and coherent modes emerge.

Figure 5: Tune distributions derived from BTF measure-

ments of all bunches in the case of 0 mA, and of the last

two bunches for 365 and 780 mA. With the electron lens

coherent modes are emerging.

Transverse alignment. Each electron lens has a dual

plane BPM at each end. These BPMs see both hadron

beams and the electron beam. The rise and fall time of a

pulsed electron beam is an order of magnitude longer than

the rise and fall time of the bunched hadron beam. The

BPMs were used to bring the electron and Au beams close

for the initial alignment.

A fast and reliable alignment of the two beams has been

implemented with a novel detector based on measuring

backscattered electrons [16]. After a short commissioning

period the new detector gave reliable signals, with count-

ing rates ranging over six orders of magnitude. Backscat-

tered electrons could already be detected by the electron

beam interacting with the residual gas (the signal responds

to pressure changes), and the Au beam halo. The signal

was used in an application to maximize the overlap region

through automatic position and angle scans (Fig. 6), the

same application that also maximizes the luminosity of the

STAR and PHENIX experiments.

Beam loss and emittance growth. With Au beams in

physics operation the electron beam is about twice as large

as the Au beam (Tab. 1). The electron lens therefore in-

troduces predominantly a tune shift, which after correc-

tion, should lead to no additional beam loss or emittance

growth. Since the electron lens will introduce some nonlin-

earities and the Au lattice is not optimized for beam-beam

compensation, small increases in loss rates and emittances

may be possible. The cooling time of about 1 h sets the

resolution for the detection of additional emittance growth.

Un-cooled beams provide the same resolution since the ad-

ditional emittance growth needs to be distinguished from

the IBS growth time, also of order 1 h.

Initial emittance growth tests were made with electron

beam pulses that covered only 2 bunches to separate out
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Figure 6: Application for the automatic transverse align-

ment of hadron and electron beam by maximizing the num-

ber of backscattered electrons.

any effects arising from ion accumulation in the lenses.

Conditions could be setup so that no additional beam loss

or emittance growth was observed up to 500 mA electron

current.

The main operating mode, however will be DC. Figure 7

shows a test in which the Blue lens electron beam current

was successively increased to 800 mA, with the electron

lens in Yellow off (to have loss rates and emittances for

comparison). Throughout the current increase, the Blue

tunes were reduced by up to (−0.004,−0.004) to compen-

sate for the additional focusing from the electron lens. The

Blue emittance cooled down as fast as the Yellow emit-

tance, and the Blue loss rate did not exceed the Yellow loss

rate by more than 1%/h after tune correction. For this ex-

periment a fill pattern was prepared with which all bunches

have two collisions, and the Au and electron beams were

aligned in both position and angle. The spike in the loss

rate at 13:55 and the Blue emittance increase at the same

time (Fig. 7) were caused by a vacuum spike when the elec-

tron beam current was raised beyond 800 mA.

With the DC beam operation it is possible that the ion ac-

cumulation in the lens leads to emittance growth since ions,

created through residual gas ionization by the hadron and

electron beams, are held in the transverse potential of the

electron beam. Clearing electrodes are installed for the lon-

gitudinal extraction of ions through an electrostatic field.

However, not all clearing electrode held voltage. The test

shown in Figs. 7 and 8 were done with the three available

drift tubes initially on and no clear correlation of emittance

growth to bunch number is discernible. This is also the case

when the the drift tubes were turned off (Fig. 8).

Instabilities. With large beam-beam parameters and

electron currents, instabilities can occur since the electron

beam creates a wakefield for the hadron beam. A simplified

low field threshold for the instability is [17]

Bth =
1.3eNbξel

r2
√

∆QQs

(1)

where Bth is the main solenoid low field threshold field,

Nb the proton bunch intensity, ξel the electron lens beam-

beam parameter, r the proton and electron beam radii in

Figure 7: Blue and Yellow emittances and beam loss rates

(top) as a function of the Blue electron lens gun anode

voltage (bottom). The Blue tunes are readjusted by up

to (−0.004,−0.004) with increasing electron current (fill

18338).

Figure 8: Blue relative emittance as a function of time and

bunch number (also fill 18338, see Fig. 7). No dependence

on the bunch number is visible.

the lens (assumed to be the same), ∆Q the split between

the proton transverse tunes, and Qs the synchrotron tune.

Simulations show an instability for the highest beam-beam

parameters considered in p operation [18]. A test was made

with Au beam, in which the solenoid main field was low-

ered to 1.5 T, which still allowed for electron beam prop-

agation through the lens, and for which simulations also

showed unstable behavior. No instability was observed in

the experiment.

PREPARATION FOR 2015

In 2015 RHIC will operate with polarized protons at 100

GeV beam energy, which presents the first opportunity for

the electron lenses to compensate the head-on beam-beam

effects. No operation at the maximum beam energy of

255 GeV is planned. This allows the use of a larger cathode

(radius of 7.5 mm instead of 4.1 mm) in conjunction with

a 5 T solenoid field to match the beam sizes. The higher

solenoid field increases the instability threshold (Eq. (1)).

In addition, one of the authors (SMW) developed two
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new lattice versions, with the preferred version based on

the ATS optics [19]. The new lattice has the correct phase

advance between IP8 and the electron lenses, a larger β-

functions at the electron lens (see Tab. 1), and a small non-

linear chromaticity. With the new lattice the dynamic aper-

ture with half beam-beam compensation is independent of

the bunch intensity up to a value of 3 × 1011 (Fig. 9).
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Figure 9: Dynamic aperture as a function of proton bunch

intensity for different Blue lattices.

SUMMARY

The RHIC electron lenses for head-on beam-beam com-

pensation are installed, and have been commissioned with

gold beams. The magnet structure is operational with a

main solenoid field of 4.4 T in one and 6.0 T in the other

ring, and deviations of the solenoidal field of no more than

±50 µm from a straight line over a range of ±800 mm.

Electron beam currents of up to 1 A have been demon-

strated in pulsed and DC mode, and the transverse profile

measured to be close to Gaussian.

The following instrumentation has been commissioned:

(i) BPMs for both electron and hadron beam, (ii) electron

beam halo detector at the collector entrance, (iii) electron

beam profile measurements with both YAG crystals and

a pin hole detector, and (iv) beam overlap detector based

on backscattered electrons. In 2014 to date, beam com-

missioning was only possible with Au beams. These are

stochastically cooled and beam losses are predominately

from burn-off, not from beam-beam interactions. With gold

beams the effect of the electron lenses on orbit and tune

were measured and found to be as expected. Pulsed and

DC operation did not show any additional emittance growth

(with a growth time resolution of 1 h).

For the 2015 polarized proton operation the following

changes are planned: (i) A larger gun (7.5 mm radius vs.

4.1 mm) to allow for a larger electron beam at high solenoid

field, (ii) modifications on the collector side to accommo-

date the larger electron beam, (iii) a repair of the drift

tube system, (iv) a new ATS proton lattice with a large β-

functions at the location of the electron lens (20 m vs. 10

m), the correct phase advance to the nearest proton-proton

interaction, and a small nonlinear chromaticity, (v) trans-

verse dampers in both rings, (vi) upgrades to the abort sys-

tem to allow for higher total intensity.
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