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Abstract

As for electron-proton collisions, the EIC science also
requires electron-ion collisions over the widest possible en-
ergy range at the highest luminosities. Therefore the eRHIC
design also provides for electron-nucleon peak luminosities
£ of up to 4.7 x 10** cm™2s~! with strong hadron cooling,
Z and up to 1.7 x 10% em™2s™! with stochastic cooling. Here
£ we discuss the performance issues and design choices for
electron-ion collisions that are different from the electron-
roton collisions and from the present RHIC ion-ion col-
isions. These include the ion bunch preparation in the in-

ector chain, acceleration and intrabeam scattering in the

adron ring, path length adjustment with the electron ring,
stochastic cooling upgrades, machine protection upgrades,
. and operation with polarized electron beams colliding with
either unpolarized ion beams or polarized He-3.
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INTRODUCTION

eRHIC [1] is a proposed Electron-Ion Collider based on
5 RHIC [2] with requirements [3]: (i) highly polarized (~70%)
2 electron and light ion beams; (ii) ion beams from deuteron
_ to the heaviest nuclei (uranium or lead); (iii) variable cen-
% ter of mass energies from ~20 to ~100 GeV, upgradable to
<140 GeV; (iv) high luminosity of ~10°373% cm=2s~!, and
< (v) the possibility of having more than one interaction region.
% We report on (ii), (iii) and (iv) for e-A collisions. Table 1
= shows the main beam parameters for e-Au operation for the
< energy with the highest luminosity, for the cases with strong
E hadron cooling and stochastic cooling. The polarization as-
O pects of collider operation with polarized He-3 are covered
o in detail elsewhere [4-6].
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lon sources and injectors. The ion sources used for RHIC,
are based on a Laser ION source (LION) [7] feeding into an
Electron Beam Ion Source (EBIS) [8]. They are extremely
flexible and can provide all ions at the required intensities
9 and emittances for eRHIC. Ion beams prepared for RHIC
o ranged from d to U and were accelerated in the Booster, AGS
2 and RHIC already. The EBIS pre-injector is being upgraded
E to an Extended EBIS (previously referred to as Tandem
“ EBIS [9]), which provides a longer trap length resulting in up
2 t0 40% more intensity, a cell in which He-3 can be polarized
< in the strong magnetic field of the EBIS solenoid [10], and
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Table 1: Beam parameters for e-Au operation at the en-
ergy with the highest luminosity, for the cases with strong
hadron cooling and stochastic cooling. The full crossing
angle is 25 mrad. Numbers separated by a "/" are for hori-
zontal/vertical. The quoted IBS emittance growth times are
for the case without cooling.

strong stochastic

hadron cooling
Species Au e Au e
Energy [GeV] 110 10 110 10
Bunch intensity [1010] 0.05 15.1 0.1 30
No. of bunches 1160 580
Beam current [A] 0.57 2.2 0.57 2.2
RMS norm. emit. [pum] 5.0/0.36  391/20 | 2.0/2.0 391/102
RMS emittance, [nm] 42/3 20/1 17/17 20/5.2
B* [cm] 90/4 193/12 | 90/14.8 75/48
IP RMS beam size [um] 195/11.1 123/50
RMS A6 [urad] 217/276  102/92 |137/338  163/104
BB parameter/ [1073 3/2 43/48 11/4 64/100
Long. bunch area [eV -s] 0.3 1.2
RMS bunch length [cm] 7 1.9 18 1.9
RMS Ap/p [1074] 6.2 5.5 10 5.5
Max. space charge 0.008 negl. 0.001 negl.
Piwinski angle [rad] 4.5 1.1 18.2 1.5
Long. IBS time [h] 0.36 2.65
Transv. IBS time [h] 0.89 0.8
Hourglass and crab 0.85 0.54
e-N peak lumi. [103em™2s71 4.2 1.9

another cell in which the polarized He-3 and other gases can
be ionized. The absolute He-3 polarization will be measured
before injection into the Booster [11].

Injection into RHIC and bunch splitting. Presently the
accelerating RF system (28 MHz) operates with harmonic
h = 360, and up to 111 bunches are injected leaving an
abort gap of 1 pus. With eRHIC the main harmonic number
is changed to 4 = 315 and up to 290 bunches are injected re-
ducing the bunch spacing to approximately 1/3. The bunches
are then accelerated, split either once into 580 bunches (us-
ing a 56 MHz cavity) or twice into 1160 bunches (using
another 112 MHz cavity) and compressed with a storage
RF system (using 225 and 563 MHz cavities) [1]. This is
the same as for protons. For ions the effective voltage is
reduced by a factor A/Z (= 2.5 for Au) compared to protons
and the bunch length for the same longitudinal emittance is
increased by V2.5 = 1.26. The injectors have demonstrated
the required intensities and emittances taking into account
the bunch intensity reduction from the splitting.
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During acceleration all ions except protons have to cross
the transition energy. Due to the short bunch length at tran-
sition electron clouds have been triggered in the past [12]
and led to vacuum pressure rise, instabilities and beam loss.
Although electron clouds are no problem in present opera-
tion, the transition crossing with the bunch spacing reduced
to 1/3 compared to RHIC still needs to be evaluated.

Beam lifetime limits. Without cooling the ion beam life-
times in eRHIC are primarily limited by intrabeam scattering
(IBS), beam-beam interactions, and nonlinear magnetic field
errors. Either strong hadron cooling or upgraded stochastic
cooling is needed to overcome these limitations.

In present RHIC heavy ion operation IBS and burn-off
are the dominant beam loss mechanisms without cooling.
While the beam losses from IBS are contained by stochas-
tic cooing, burn-off losses predominantly from Bound-Free
Pair Production (BFPP) and Electro-Magnetic Dissociation
(EMD) [13, 14] remain. BFPP and EMD create secondary
beams (197 Au’8* and 1°°Au’*) that have momentum errors
of 0.5% and 1.3% respectively, and losses are distributed
around the ring leading to occasional abort kicker pre-fires,
single event upsets, and radiation load on the quench pro-
tection diodes (see below). In eRHIC burn-off is small and
these effects will be greatly reduced, a situation similar to
the low-loss Zr+Zr/Ru+Ru operation in 2018 [15].
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Figure 1: Present layout of the RHIC stochastic cooling
systems.
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Stochastic cooling. Full 3D stochastic cooling [16-18]
for ions has been used in RHIC operation since 2014, and
has dramatically improved the luminosity [19, 20]. The
present stochastic cooling system (Fig. 1) consists of wide
band pickups and cavity kickers. The individual cavities
have bandwidths of 10 MHz, which is the current bunching
frequency. The cavity resonant frequencies are spaced by
200 MHz, the inverse of the present 5 ns bunch length. The
principle of operation employs Fourier decomposition to
adjust the phase and amplitude of the individual cavities dur-
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ing the ~80 ns gap between ion bunches to give an optimal
kick during the bunch passage.

Without strong hadron cooling, stochastic cooling can
be used to maximize the heavy ion luminosities in eRHIC.
The existing RHIC stochastic cooling system needs to be up-
graded for efficient operation with bunch spacing reduced to
1/6 of the present one. This upgrade predominantly involves
reducing the 80 ns voltage risetime to 20 ns. We plan to
move the Blue ring cooling system into Yellow and increase
all cavity bandwidths to 50 MHz. We expect the existing
systems to furnish the necessary voltage, especially the trans-
verse systems. At present we have the longitudinal pickup
in IR2, the Yellow longitudinal kicker in IR12, and use a
one turn delay filter on the low level signal. The increased
momentum spread in the ion bunch will probably require
the installation of an additional pickup in IR4 and taking
the difference between the two pickup signals instead of
employing a one turn delay. Since we are using narrow band
systems this difference can be done frequency by frequency,
greatly simplifying the low level processing. If necessary
more longitudinal kickers can be installed to increase the
voltage.

With these stochastic cooling upgrades the expected lumi-
nosity is shown in Table 1. With strong hadron cooling [1]
the luminosity can be increased further by reducing the verti-
cal and longitudinal emittances and allowing for a reduction
in the vertical 8* and the geometrical reduction factor due
to the hourglass effect and crab crossing (Table 1).

carbon-carbon blocks

titanium window

vacuum tube\

carbon-carbon blocks graphite blocks

beam direction

Figure 2: RHIC beam dump (top) and window detail (bot-
tom) after the 2014 upgrade.

Beam abort system and collimation. The RHIC beam
dump was last upgraded in 2014 to allow for higher Au in-
tensity with a new Ti alloy vacuum window [21] and new
carbon-carbon blocks that disperse the energy of the ex-
tracted beam (Fig. 2). A thicker beam pipe was installed to
shield the adjacent superconducting Q4 quadrupole from
secondary particles. With these upgrades RHIC operated at
100 GeV/nucleon with Au bunch intensities of up to 2.0x 10°
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in 2016. For eRHIC the stored beam energy almost triples re-

; quiring another upgrade, possibly including a vertical kicker.
resently the ions are only swept across the window in the
orizontal plane.

=algv]

In 2014 the abort kickers were also upgraded because high
intensity proton beams overcame the eddy current reduction
esign and the ferrites were heating up [22,23], leading to
reduction in the abort kicker strength. A different ferrite
CMD10 instead of CMD5005) was installed, the eddy cur-
< rent reduction design upgraded, and an active cooling loop
installed to prevent the temperature increase. The abort kick-
ers still need to be evaluated for the increased eRHIC beam
current.

o o=

~

The RHIC collimation system is primarily for the reduc-
tion of unwanted secondary particles in the experimental
detectors, created after beam loss in the triplets and other
location in the interaction region. These secondary particles
create experimental background and may damage detector
components. The present collimation system consists of an
L-shaped primary and flat secondary collimators in each
ring. There is only one primary collimator per ring provid-
ing B-collimation, and no dedicated momentum collimation.
This setup was sufficient to date although secondary beams
created in heavy ion collisions (due to BFPP and EMD) are
a concern. In eRHIC, operation is foreseen with radial oft-
sets and the arc locations with local dispersion maxima may
become loss locations for particles with large momentum
deviations. This also requires further analysis.

Quench protection diodes. In RHIC Run-16 and Run-17
2 a quench protection diode was damaged due to exposure to
<. beam induced radiation in events with large beam losses. The
) secondary beams created in heavy ion collisions (see above)
S also generate radiation to the QP diodes, which are mounted
@ in the horizontal beam plane. The integrated losses from
° these secondary beams may double over the remaining RHIC
g operating years. A program of testing a fraction of the RHIC
o QP diodes has been instituted to monitor their conditions.
> Figure 3 shows measurements of the bias forward voltage of
S dipole QP diodes in the Blue ring. Only one diode, at the
% location of a short dipole, was found to be out of specification
S and no systematic deterioration has been observed to date.
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Figure 3: Measured forward bias voltage of Blue dipole
quench protection diodes. Only one diode, at the location of
a short dipole, was found with out of specification.
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Single event upsets. Single event upsets in electronics of
equipment in the alcoves is observed in all running modes,
and is particularly pronounced with heavy ion collisions at
full energy due to the production of secondary beams which
are lost around the circumference. Recent operation with
lighter Zr and Ru ions [15], for which the secondary beam
production is greatly reduced, showed that low loss operation
reduces SEU by two orders of magnitude (Fig. 4). A similar
performance is expected for eRHIC unless operation with
radial offsets also leads to distributed losses.
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Figure 4: Diagnostic memory upsets per day by alcove for
Run-16 (Au+Au) and Run-18 (Ru+Ru/Zr+Zr).

SUMMARY

The primary difference between e-p and e-Au operation in
eRHIC is the significantly stronger intrabeam scattering with
ions. However, for eRHIC with more bunches than in RHIC
the stochastic cooling system can be upgraded to provide the
same cooling strength as in RHIC. Strong hadron cooling
can increase the luminosity further.

In RHIC, beam losses from burn-off that creates off-
momentum secondary beams that are lost around the cir-
cumference and lead to occasional abort kicker pre-fires,
irradiate the quench protection diodes, and lead to single
event upsets in electronics in the alcoves. In eRHIC there are
no such secondary beams and these effects will be greatly
reduced.

Items that need further study are electron clouds during
transition crossing, and upgrades of the beam abort system.

ACKNOWLEDGMENTS

We are thankful to the RHIC operations and eRHIC design
teams for discussion and support.

REFERENCES

[1] C.Montag et al., “eRHIC Design Overview”, presented at the
10th Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, paper MOZZPLS], this conference.

[2] M. Harrison, T. Ludlam, S. Ozaki, “RHIC project overview”,
Nucl. Instrum. Meth. A 499, pp. 235-244, 2003.

[3] A. Accardi et al., “Electron Ion Collider - The next QCD
frontier”, Eur. Phys. J A, pp. 52-268, 2016.

MC1: Circular and Linear Colliders
A19 Electron-Hadron Colliders



10th Int. Particle Accelerator Conf.

ISBN: 978-3-95450-208-0

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(1]

[12]

[13]

M. Bai, E. D. Courant, W. Fischer, V. Ptitsyn, and T.
Roser, “Explore the Possibility of Accelerating Polarized
He-3 Beam in RHIC”, in Proc. 3rd Int. Particle Accelerator
Conf. (IPAC’12), New Orleans, LA, USA, May 2012, paper
MOPPCO021, pp. 172-174.

H. Huang et al., “Optics Setup in the AGS and AGS Booster
for Polarized Helion Beam”, in Proc. 5th Int. Particle Accel-
erator Conf. (IPAC’14), Dresden, Germany, Jun. 2014, pp.
2115-2117.doi:10.18429/JACoW-IPAC2014-WEPROO71

K. Hock et al., “Status of AC-Dipole Project at RHIC Injec-
tors for Polarized Helions”, in Proc. 9th Int. Particle Accelera-
tor Conf. (IPAC’18), Vancouver, Canada, Apr.-May 2018, pp.
669-671. doi:10.18429/JACoW-IPAC2018-TUPAF005

M. Okamura et al., “Performance of the Low Charge State
Laser Ion Source in BNL”, in Proc. North American Particle
Accelerator Conf. (NAPAC’16), Chicago, IL, USA, Oct. 2016,
pp. 49-53.

T. Kanesue et al., “The Commissioning of the Laser Ion
Source for RHIC-EBIS”, in Proc. 5th Int. Particle Accelerator
Conf. (IPAC’14), Dresden, Germany, Jun. 2014, pp. 1890—
1892. doi:10.18429/]JACoW-IPAC2014-WEOABO1

A. L. Pikin et al., “Tandem EBIS”, in Proc. 12th Int. Conf. on
Heavy lon Accelerator Technology (HIAT’12), Chicago, IL,
USA, Jun. 2012, paper PO18, pp. 101-104.

A. Zelenski et al., “Optically-pumped Polarized H- and
3 He++ Ion Sources Development at RHIC”, in Proc.
9th Int. Particle Accelerator Conf. (IPAC’18), Vancouver,
Canada, Apr.-May 2018, pp. 644-646. doi:10.18429/
JACoW-IPAC2018-TUYGBE4

D. Raparia et al., “Development of Spin Rotator and an Abso-
lute Polarimeter for Polarized He-3 at BNL”, presented at the
10th Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, paper WEPMP048, this conference.

W. Fischer et al., “Electron cloud observations and cures in
the Relativistic Heavy Ion Collider”, Phys. Rev. ST Accel.
Beams, vol. 11, p. 041002, 2008.

R. Bruce, J.M. Jowett, M. Blaskiewicz, and W. Fischer, “Time
evolution of the luminosity of colliding heavy-ion beams

MC1: Circular and Linear Colliders
A19 Electron-Hadron Colliders

IPAC2019, Melbourne, Australia

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

[23]

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPRBO72

in BNL Relativistic Heavy Ion Collider and CERN Large
Hadron Colliders”, Phys. Rev. ST Accel. Beams, vol. 13, p.
091001, 2010.

W. Fischer et al., “Measurement of the total cross section of
uranium-uranium collisions at SNN = 192.8 GeV”, Phys. Rev.
C, vol. 89, p. 014906, 2014.

G. J. Marr et al., “Ion Collider Precision Measurements With
Different Species”, presented at the 10th Int. Particle Accel-
erator Conf. (IPAC’19), Melbourne, Australia, May 2019,
paper MOZPLS2, this conference.

M. Blaskiewicz and J. M. Brennan, “Bunched beam stochastic
cooling in a collider”, Phys. Rev. ST Accel. Beams, vol. 10, p.
061001, p. 2007.

M. Blaskiewicz, J. M. Brennan, and F. Severino, “Operational
Stochastic Cooling in the Relativistic Heavy-Ion Collider”,
Phys. Rev. Lett., vol. 100, p. 174802, 2008.

M. Blaskiewicz, J. M. Brennan, and K. Mernick, “Three-
Dimensional Stochastic Cooling in the Relativistic Heavy Ion
Collider”, Phys. Rev. Lett., vol. 105, p. 094801, 2010.

'W. Fischer and J.M. Jowett, “Ion colliders”, Rev. Accel. Sci.
Technol., vol. 07, pp. 49-76, 2014.

W. Fischer, et al. , “RHIC Performance with Stochastic
Cooling for Ions and Head-on Beam-beam Compensation
for Protons”, in Proc. 7th Int. Particle Accelerator Conf.
(IPAC’16), Busan, Korea, May 2016, pp. 2055-2060. doi :
10.18429/]ACoW-IPAC2016-WEZAO1

S. Nayak, K. Yip, L. Ahrens, and C. Montag “Calculation
of Mechanical and Thermal Stress in the RHIC Beam Dump
Windows”, BNL-98703-2012-TECH, C-A/AP/456, 2013.

N.P. Abreu, “Measurement and Simulation of the RHIC Abort
Kicker Longitudinal Impedance”, BNL-99511-2013-TECH,
C-A/AP/362, 2013.

C. Montag et al., “Observation of Beam-induced Abort
Kicker Ferrite Heating in RHIC”, in Proc. 7th Int. Particle
Accelerator Conf. (IPAC’16), Busan, Korea, May 2016, pp.
3648-3650. doi:10.18429/JACoW-IPAC2016- THPMWO43

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

MOPRB072
741 ©

@



