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Abstract

Providing Au-Au collisions in the Relativistic Heavy
Ion Collider (RHIC) at energies equal or lower than 10
GeV/nucleon is of particular interest to study the location
of a critical point in the QCD phase diagram. To mitigate
luminosity limitations arising from intra-beam scattering
at such low energies, an electron cooling system is being
developed. To achieve cooling, the relative velocities of the
electrons and protons need to be small with maximized trans-
verse overlap. Recombination rates of ions with electrons
in the electron cooler can provide signals that can be used
to tune the energies and transverse overlap to the required
conditions. In this paper we take a close look at various
detection methods for recombination processes that may be
used to approach cooling.

INTRODUCTION

Low energy operation of RHIC is of particular interest
to study the location of a possible critical point in the QCD
phase diagram [1-4]. The performance of RHIC at ener-
gies equal to or lower than 10 GeV/nucleon is limited by
nonlinearities, intra-beam scattering (IBS) processes and
space-charge effects. To successfully address the luminos-
ity and ion store lifetime limitations imposed by IBS the
method of electron cooling has been envisaged. During elec-
tron cooling processes electrons are injected along with the
ion beam at the nominal ion bunch velocities. The veloc-
ity spread of the ion beam is reduced in all planes through
Coulomb interactions between the cold electron beam and
the ion beam. The electron cooling system under construc-
tion for RHIC will be the first of its kind to use bunched
beams for the delivery of the electron bunches [5-10].

Alignment of the ion and electron beams as well as the
matching of the velocities between both bunches is crucial to
deliver the desired cooling efficiencies. The electron cooling
force greatly decreases for increasing relative energy devia-
tion between both beams. However, direct measurements of
the absolute energy of the electron beam will be challenging
and are predicted to be accurate up to 1073. Monitoring of
recombination rates in the electron cooler can be a viable
cooling detector. Recombination rates of ions with electrons
are less sensitive to energy mismatch than cooling efficien-
cies, and can therefore function as a easier to detect signal
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to tune the energies in the regime of large relative energy
dE

deviation in which electron cooling is weak, < > 0.1%.
Monitoring of recombination rates in the electron cooler
will provide a good understanding of the beam overlap and
energy mismatch of the ion and electron beams.

This paper addresses the production rates of recombined
ions as well as the various methods available to monitor
recombination rates and highlights the challenges left for

recombination monitors for Low Energy RHIC operations.

RADIATIVE RECOMBINATION IN THE
ELECTRON COOLER

A small portion of the fully stripped gold ions will recom-
bine with electrons in the electron cooler through radiative
recombination processes. This will result in a population
of non-fully stripped hydrogen-like gold ions (Au’*) that
propagate in the accelerator [11-14]. Estimates of recombi-
nation rates and beam lifetimes as a function of the relative
beam velocities of the ion and electron bunch are calculated
following the descriptions in [11]. The capture cross sec-
tion in the ion rest frame for an electron is given to good
approximation by [11],

L | e T N

where E is the electron kinetic energy, & is the Planck con-
2

stant, A = ———fe_— =2 11.1072 cm?, hvg = 13.6Z% eV
3V3x €mazc?

is the ground state binding energy and y; = 0.1402 and
2 = 0.525 are constants. The capture cross section may be
expressed as a function of the transverse and longitudinal
electron velocities by using E = %me(vﬁ +v2), where m,
is the electron mass and v, and v are the particle velocities
perpendicular and parallel to the bunch velocity in the ion
rest frame. The recombination rate coeflicient a, is then
obtained by integration over the velocity distributions and
the cross section.

@ = f d’vy f 2 fe(v) f1(V2) V1 = Valo(Ivi = val),
(2)
where f.(v)d>v is the number of electrons in the velocity
space volume d>v and similarly for the ions. Since v; and
v, both have gaussian distributions v,.; = v; — v has a
gaussian distribution. Some care is needed near v,..; = 0 to
treat the singularity correctly.
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Figure 1: Lifetime of ions at large energy deviations < <

1.0% (top) and small energy deviations dTE < 0.1% (bot-
tom). The obtained lifetime is linear in the region of interest
for recombination detection.

The beam lifetime as a result of the recombination process
in the cooling section is obtained from,
2

e — 3)

Nefr@rn
where 7 = % the fraction of the accelerator length occupied
by the electron cooler, v is the Lorentz factor, and where
effective electron density is given by,

Ne

2m)20% ;Te s

Neff =

where o, ¢ is the longitudinal RMS bunch lengths of the
electron bunches, o ; is the transverse RMS size of the elec-
tron bunches, and £ is the geometrical longitudinal overlap
between the 30 electron bunches and the ion bunch.

The ion lifetimes calculated using Eq. (3) are presented
in Fig. 1. The bottom plot shows the lifetimes for relative
energies dTE < 0.1%, while the top plot shows the lifetimes
extended to larger relative energy deviations, % < 1%. The
lifetime dependency at large relative energies is almost linear
and will provide a proper measurable to tune the electron
bunch energies.

SCHOTTKY MONITOR

The Schottky monitor has been studied as a possible de-
tector to measure Au’8" using the change in revolution fre-
quency. Generally, the change in revolution frequency is
dependent on the change in circumference and the change
in momentum. It is important to note, however, that the ions
subject to recombination will have an unchanged velocity
and therefore an unchanged momentum. In the process of
capturing one electron, the ion velocity does not change. Its
momentum will therefore only increase due to the additional
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electron mass, which is negligible at this level. The change
in revolution frequency of Au’8* is therefore only dependent
on the change in circumference due to the decreased charge.
Furthermore, as the momentum is unchanged the recom-
bined ions will not leave the bucket. Previous assumptions
that recombined ions would leak into the abort gap and could
be kicked resonantly are therefore dismissed [8].

The frequency shift is determined from the momentum
compaction factor o, = 1/)/% and the charge difference
of the Au’" ions [15], and is Af—f = —2.4-107. The ac-
ceptance of the bucket is given by frequency spread of the
unrecombined ions according to

1 1
7
It may be concluded that the revolution frequency of the re-
combined gold ions will be within the frequency spread and
will therefore not be detectable using the Schottky monitor.
However, the Schottky monitor is still foreseen to be used

for direct detection of electron cooling at energy deviations
of 4E < 0.1% [16] [8].

o= —( )5 =29-107 (5)

LATTICE WITH LARGE DISPERSION

A closed orbit separation between the Au’3* orbit and

Au”* orbit can be created in large dispersive regions, assum-
ing B-functions remain small. The Au’®* beam may then be
captured and monitored, which would also directly function
as integrator of the particle population. Due to the low en-
ergy operations the transitional jump (yr) quadrupoles can
be used to create a dispersion wave.

RHIC contains eight y7 quadrupoles per arc used to ad-
just the transition energy with dispersion deviations. Four
of these quadrupoles are located near the arc centers in large
dispersive sections and are powered together, while the oth-
ers are located in pairs at the ends of the arcs where the
dispersion is smaller and share another power supply. The
current powering scheme combined with an unfavorable
phase advance between the cells of 83° puts considerable
constraints on finding a lattice with large local dispersion
without 8- and dispersion wave leakage.

As both beams have independent cryostats in the arcs, it is
not necessary to find a point with large dispersion and small
B-function that works for both beams at the same location.
Both cryostats will have to be opened, and the locations of
these interventions can be independent for both beams.

Attempts to find a lattice with large local dispersion and
a small S function in the arcs were unsuccessful using the
current power scheme of the y7 quadrupoles. A large local
dispersion bump was created in the arc between IP12 and IP2
for both beams using an alternate powering scheme of the
yr quadrupoles by powering them in pairs. With this new
powering setup and using the trim coils (TQ4, TQS, TQ6)
as well as, depending on the beam, the 8" or 9" focusing
quadrupole of both insertion regions enclosing the arc it is
possible to obtain a large enough dispersion wave in the arcs,
while retaining a small S-function.
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Figure 2: Closed orbit separation between the fully stripped
ions and the recombined ions. The upper figure shows the
separation for the Beam BLUE, while the lower figure shows
the separation for Beam YELLOW for the arc between IP12
and IP2. A maximum separation of 7.4 o p is obtained in
the BLUE Beam while, 7.0 o p is achieved for the YELLOW
Beam. The dashed lines indicate the locations of the yr
quadrupoles and their corresponding powering scheme.

A lattice is proposed for the blue beam that yields a max-
imal closed orbit separation of 7.4 og. The closed orbit
separation in the arc is presented in Fig. 2 (top) for the arc
between IP12 and IP2. The dashed lines represent the loca-
tions of the yr quadrupoles and their corresponding pow-
ering scheme. There is a clear maximum of 7.4 o p near
BI12_QD14. The new lattice has an RMS S-beating of 32%
in the horizontal plane and 13% in the vertical plane in the
affected arc. All optical functions distortions close at the
end of the arc and do not leak into the rest of the accelerator.

A comparable lattice has been obtained for the yellow
beam. These results yield a slightly smaller maximal closed
orbit separation than obtained in the BLUE beam. The beam
separation in the arcs is shown in Fig. 2 (bottom). At 7.0
o g the closed orbit separation is still large enough for the
detection of recombined ions. As well as for the blue beam,
the dispersion bump closes in the yellow beam. The RMS
B-beating in the horizontal and vertical planes are both at
13%. Values for the quadrupole trims can be found in [10].

Detectors for Recombined lons in the Arcs

Detection of recombined ions in the arcs can be done with
several methods that are either intrusive or non-intrusive.
Non-intrusive detection consists of driving the beam of
Au’3* into the physical wall. The ions will be lost in the wall
thereby creating showers of secondary particles that can be
detected outside the cryostat using pin diodes. This method
has been successfully used before at high energies to detect
recombined copper from bound free pair production [17].
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Tests to date showed a usable signal at the injection energy.
The sensitivity may be improved by increasing the number
of pin diodes and correctly aiming them at the source of
Au’®* losses.

Installing a collimator inside the cryostat to capture the
recombined ions would localize the losses to a single point.
The created showers can then be detected outside the cryostat
using pin diodes. This, however, requires breaking open the
cryostat to install the collimator. Another intrusive detection
method consists of designing a roman pot detector that can
insert a detector directly inside the beam pipe. This is the
most direct way to detect the recombined ions, but also the
most demanding method. A roman pot detector would have
to be designed that fits inside the arcs, where space is limited.

CONCLUSIONS

Monitoring of recombination rates will provide a sec-
ondary tuning tool to approach optimal electron cooling
conditions. Detection of the change in revolution frequency
between the fully stripped ions and the recombined ions
using the Schottky system will not be possible. The change
in revolution frequency is 2.4 - 107> and is smaller than the
frequency spread of the main ion beam oy = 2.9 - 1075,
This signal will therefore not be discernible in the schottky
spectrum.

Furthermore, the momentum of the ions does not change
during the radiative recombination process. This means that
the recombined ions will not leave the bucket into the abort
gap. As such, the particles can not be extracted through
resonant kicking in the abort gap.

A lattice was found with increased dispersion in the arc
between IP12 and IP2 to create a closed orbit separation
between the two ion populations. A separation of 7.4 o and
7.0 o was found for respectively the BLUE and YELLOW
beam. These separations are sufficiently large to only detect
Au’%* ions. The recombined ions can be lost in the beam
pipe at a specific location. The produced showers can then be
detected using aimed pin diodes located outside the cryostat.
Tests will be performed in the present RHIC run to determine
the feasibility of this method. Detection may be improved
by installing a collimator in the arc, or by designing a roman
pot style detector to insert a detector in the beam pipe. These
methods, however, require breaking open the cryostats and
are therefore less desirable.
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