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eRHIC Beam Scrubbing
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Abstract

We propose using beam scrubbing to mitigate the electron cloud effect in the eRHIC.
The bunch number is adjusted below the heat load limit, then it increases with the
reduced secondary electron yield resulted from the beam scrubbing, up to the design
bunch number. Since the electron density threshold of beam instability is lower at the
injection, a preliminary injection scrubbing should go first, where large chromaticity can
be used to keep the beam in the ring for scrubbing. After that, the beam can be ramped
to full energy, allowing physics scrubbing. Simulations demonstrated that with beam
scrubbing in a reasonable period of time, the eRHIC baseline design is feasible.

1 Secondary electron yield

One of the most important parameter in the electron cloud is the secondary electron yield
(SEY), which determines the production of secondary electrons due to the impinging electrons
pushed to wall by the passing beam bunches.

The SEY consists of two parts. The first is the "true secondary yield” and the second is the

reflected electrons.

The "true” secondary yield can be described by 3 parameters [1] along with the electron
energy E, which are the peak electron yield d,,.«, the electron energy at the peak yield, Fax,
and a fitting parameter s,

SE/Enax
s — 14 (E/Epay)®

The reflected electron yield can be described by 2 parameters [2], which are Ry and Ej,
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Figure 1: SEY model with F.. = 315eV, Ry = 0.3, Ey = 225e¢V, s = 1.35, dpax = 1.15 is
compared with the measurement of the Cu surface exposed by a dose of 0.01C/mm?

Extensive experimental studies have been performed on the copper (Cu) surface, which is
similar to the Cu coating surface proposed for eRHIC arc chamber. For the SEY model, the
parameters of the true and reflected yields are chosen based on the fitting of the experimental
measurement, up to 1000eV .

The parameters of the SEY used for eRHIC electron cloud simulations are Ey.. = 315eV,
Ry =0.3, Ey = 225eV, and s = 1.35.

In Figure 1, this SEY model is compared with the experimental measurement on Cu surface
with dpmax = 1.15, reported in [3].

The usual peak SEY for the received Cu surface is 0. = 2.1, which will be reduced with
the given electron dose. For example, in Figure 1, the Cu surface in the measurement was
exposed by a dose of 0.01C /mm?, i.e., 0.01 Coulomb per mm?, and the peak SEY is reduced
t0 Opax = 1.15.

2 Electron dose

It is useful to deposit electron dose on a surface in order to reduce SEY. For an accelerator, the
passing beam induced electron cloud would have this effect, and it is called beam scrubbing.
It has been demonstrated that higher impinging electron energy would have higher SEY
reduction rate for given dose.
In [4], a systematic measurement is presented for electron bombardment on Cu surface with



different impinging electron doses and energies. The measurement is performed for the normal
incidents, which have perpendicular impinging angle of the electron on the target.

Large Hadron Collider (LHC) has used the beam scrubbing as the major tool to reduce the
chamber surface SEY in order to accommodate the bunches with smaller bunch spacing, which
produce heavier electron cloud for given SEY.

From the electron density produced by the electron cloud per unit length, usually a meter,
dn./ds, the dose can be estimated,

D, = foT (3)

where fj is the revolution frequency, T is the total time, M is the bunch number, and a timed
the unit length is the area the electron dose deposited. If the dose applied evenly on the wall
of a round chamber with a radius of b, then a = 27b.

With eRHIC, for example, given dn./ds = 10°/m, for f, = 78 x 103, M = 330, b = 35mm,
then in 1 hour, the dose received on chamber surface is Dy = 0.067mC /mm?.

Note that this calculation is assuming that the electron dose spreads evenly on the chamber
surface. If not, then 27b should be replaced by the relevant area of the scrubbing.
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Figure 2: Electron dose and SEY measured in Lab for the normal incidents at the impinging
electron energy of 200eV, and the one modified according to the LHC 2016 run experience.
The latter is used as the guidance for eRHIC beam scrubbing.

The verified relation of the dose and SEY reduction in the machine beam scrubbing is not
the same as the lab measurement. In [5], it is reported that, after the entire LHC run 2016,



”Estimated electron dose in the arc dipole during 2016 is at least 20 times larger than the dose
needed in the lab”, where the lab measurement is referred to that from [4].

In Figure 2, the dose and SEY relation presented in [4] is at the impinging electron energy
of 200eV, which is comparable with the average impinging electron energy for eRHIC. Also,
with the experience presented in LHC operations, the more practical dose and SEY reduction
relation is presented, which will be used as the eRHIC beam scrubbing guidance.

3 Heat load

Among the negative effects of electron cloud, the heat load poses a hard restriction, which is
limited by the cryogenic capacity. The LHC commissioning and operations have demonstrated
that the heat load is always of concern, and the cryogenic limit is never being far away.

The heat load can be estimated if the electron density and the impinging electron energy
are known, as

dP dn. (AE)

ds K ds tpe (4)
where dP/ds is the heat load, (AFE) is the average energy the electrons hitting the wall, s
is the bunch spacing in time, and k represents other effects relevant to the average heat load,
such as the beam aborting gap, etc.

Taking k£ = 0.9, dn./ds = 10°/m, (AE) = 200eV, then with ¢, = 35ns for M = 330 at
eRHIC, the heat load is dP/ds = 0.82W/m.

The heat load contribution at the eRHIC arc is dominated by the dipoles, which consist
about 90% of the arc. On the other hand, the contribution of the quadrupole is not negligible.
The overall heat load, which is limited by the cryogenic capacity of 1W/m at the eRHIC, needs
to consider both dipoles and quadrupoles.

To obtain the heat load for a given SEY, based on the eRHIC baseline design [6] of the bunch
intensity, emittance, bunch spacing, bunch length, etc, simulations have been performed.

PyECLOUD [7], which is developed based on ECLOUD at CERN, and used for the LHC
commissioning and operation (also for SPS and PS) is adequate for the eRHIC electron cloud
effect study.

In Figure 3, for the eRHIC dipole at the store, the heat load, the average impinging electron
energy, and the total energy of the impact electrons on the wall are shown by the simulations
with respect to different SEY.

The received Cu typically has SEY with 6. = 2.1. With the eRHIC baseline design of
N, = 1.1x 10" protons, the heat load of total 330 bunches at store is clearly above the cryogenic
capacity of 1W/m at dpax = 2.1, even only considering the contribution of the dipoles.

For eRHIC, it is necessary to reduce the SEY, which can be accomplished by the large dose
of the electron bombardment provided by the beam scrubbing.

As Figure 3 shows, if the SEY reduced to 0y, = 1.2, the heat load would be below 1W/m.
Since the quadrupoles’ contribution is less than the dipoles, this also demonstrate that the




PyECLOUD Simulation, eRHIC Baseline Design
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Figure 3: Simulation results using PyECLOUD for eRHIC baseline design of dipoles for the
heat load at the store, for different SEY. Shown also the average impinging electron energy,
and the total energy of the impact electrons on the wall.

eRHIC baseline design, considering the heat load from both dipoles and quadrupoles, can be
reached with the SEY reductions.

4 Beam scrubbing

Consider beam scrubbing, the heat load limit of 11//m has to be observed. With the heat
load much less than that, the electron dose rate will be lower. Therefore, for an efficient beam
scrubbing, the best way is to use the beams with the heat load just below 1W/m.

For the dipole area, the electron cloud buildup are strongly influenced by externally applied
magnetic fields, and the electrons move along with 2 or 3 vertical stripes. As the simulations
demonstrated, the impinged area on the wall are determined mainly by the bunch intensity.
Therefore, it is important to keep the bunch intensity the same as that in physics runs, in order
to scrub the relevant area in the wall.

The strategy of the beam scrubbing is, therefore, to use the bunches with the design bunch
intensity and bunch spacing, then adjust the bunch number so the heat load is just below
1W/m. With the rising accumulated dose in the scrubbing, the chamber SEY will reduce, as
shown in Figure 2.

For the reduced SEY, more bunches can be applied for the scrubbing, keeping the heat load



unchanged. This procedure is repeated, until the design bunch number, say for eRHIC baseline
design M = 330, is reached.

In fact, before reaching the full bunch number, a parasitic physics run with the experimental
data taking may take place. This is called the physics scrubbing.

The beam scrubbings keep going on, even with the full physics run. After all, the less the
electron cloud effect, the better for machine runs.

For beam scrubbing, the bunch number can be determined with the heat load setting at
1W/m, by

htbs
~ kdn./ds(AE) (5)

where h is the harmonic number, for eRHIC baseline design, h = 360.

If one takes k = 0.9, with the initial electron density of dn./ds = 4 x 10? /m, (AE) = 200eV,
then we get M = 109, which means that 109 bunches can be injected with the heat load not
above 1W/m.

For the dipole area, the simulation shows the total impinging area is about a x 1000 =
40 x 103mm? in a meter long chamber.

Using Equation 3, the accumulated dose in 1 hour for the case shown above with M = 109
is D, = 0.49mC'/mm?.

From Figure 2, with this dose, the SEY should be reduced from d,,,,x = 2.1 to a little higher
than 0. = 1.6.

In Figure 4, the entire scrubbing process is illustrated by the reduction of SEY from 0y, =
2.1 0 dpax = 1.2. The bunch number and the needed time for beam scrubbing are shown for
each step of the SEY reduction.

Some comments follow:

1. During the entire beam scrubbing, the heat load is kept constant at 11///m, and only in
the last step, the full bunch number produces heat load lower than 1W/m, at the reduced
SEY Opax = 1.2.

2. The bunch number is increased according to the reduced SEY, from M = 79 bunches at
the beginning of the scrubbing to the full bunch number of M = 330.

3. The scrubbing time is increased in each step of the SEY reduction. The later reduction
approaching SEY of ., = 1.2 takes longer time, which is agreeable with the dose and
SEY relation shown in Figure 2.

The SEY reduction steps is only for illustration, and in scrubbing, more steps may be needed,
especially in the later scrubbing.

In practice, the cryogenic flow can be monitored for estimating the dose received by the
beam scrubbing, which is to decide the bunch numbers to use.



eRHIC Baseline Scrubbing Plan
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Figure 4: Mlustration of a beam scrubbing for eRHIC. To adjust the bunch number to keep the
heat load at 1W/m, the chamber SEY is reduced, which allows more bunches for scrubbing,
until the full bunch number is reached. The time of scrubbing is increased as approaching SEY
of dmax = 1.2. Both dipole and quadrupole contributions in the heat load are included in the
scrubbing plan.

5 Electron cloud in beam scrubbing

For the efficient beam scrubbing, one needs to push the highest electron production to deposit
highest dose on the wall.

The electron cloud effect, therefore, will not be negligible, and the beam instability and the
emittance growth/blow-up will cause beam loss and to shorten the beam lifetime, which will
affect, or even prevent, the beam scrubbing.

The most important parameter for the effect of electron cloud on beam is the total electrons
in the machine chamber. Usually the average electron density in ring is used to evaluate the
electron cloud effect on beam.

In the proposed beam scrubbing, by changing the bunch number and keep the constant heat
load, the average electron density in ring in fact will not change much from the start of the
beam scrubbing to early physics run.

With the heat load limit of dP/ds = 1W/m, from an average electron energy, the electron
density per unit length in arcs is approximately determined from Equation 4.

For example, in eRHIC, using & = 0.9, with ¢, = 35ns, the average electron energy of
(AFE) = 250eV implies the electron density of dn./ds = 0.972 x 10°/m.

From the simulations performed on eRHIC baseline design, which produces the beam scrub-
bing shown in Figure 4, the average electron density with varying bunch number during the



beam scrubbing is dn./ds = 0.978 x 10°/m, and the average electron energy is (AE) = 252¢V.
This shows that the estimate of the electron density from the heat load limit and the average
electron energy is acceptable.

We use this approach to estimate the electron density in ring from the start of the beam
scrubbing to early physics run.

Consider only the electron density in the arcs (taking average electron density over the ring
it will be a little lower), then the average electron density in ring with the eRHIC baseline
design is shown in Table 1.

The LHC parameter and the estimated electron density in ring are also shown for comparison,
where (AFE) = 350eV is assumed.

k | tys | dP/ds | (E) | dn./ds | b,/b, / Netotal | V' ne/V
ns| W/m | eV | 10°/m | cm m 102 | m? | 1012 /m?
arc 80% of C arc

eRHIC | 0.9 | 35 1 250 | 0.972 | 3.5/3.5 3,000 292 | 11.5 | 0.254
LHC |09 25 2.2 350 | 1.091 |2.3/1.8 | 22,000 24.0 | 28.6 | 0.839

Table 1. Average electron density for eRHIC and LHC at the beam scrubbing and early
runs, where b, and b, are the chamber half height in the arcs.

The eRHIC electron density of 0.254 x 1012 /m? is about 7 times of the RHIC has experienced
in run 2005, where the beam transverse emittance growth of 50% has been observed, with no
clearly observed beam instabilities.

To estimate the effect of the electron density on beam, usual approach is to find the electron
density threshold of the single bunch TMCI (transverse mode coupling instability) or strong
head-tail instability [8].

With the synchrotron motion, the electron density threshold p.;, of the head-tail instability
is shown in,

20
Peth = W (6>

where @), is the synchrotron tune, C' is the machine circumference, and (f) is the average beta
function.

In Table 2, the electron density threshold for head-tail instability of eRHIC and LHC at
injection and store are presented.

For eRHIC, the RF parameters at the store are given in [6], but that at the injection, i.e.,
the harmonic number, the RF voltage, are the assumed, which is close to the RHIC proton
runs.

By comparing the electron density of 0.254 x 10'2/m3 and 0.839 x 102 /m? for eRHIC and
LHC, respectively, with the electron density threshold shown in Table 2, both machines would
have beam instabilities at the injection, but not at the store.

The reported observations at LHC are in general agreeable, as shown in [7,9].
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eRHIC baseline LHC

Injection | Store | Injection | Store

Relativistic gamma, 254 271 480 7461

RF frequency, f,5, MHz 28.1 394.1 400.8 400.8
RF Voltage, V,.¢, MV 0.3 13.8 8 16
Longit. emittance, A,, eV's 0.8 0.8 1.0 2.5
rms bunch length, o5, cm 59.6 9.82 11.25 7.5
Synch. frequency, fs, Hz 40.8 716 63.6 22.9
Synch. tune, Q,, 1073 0.52 9.2 5.7 2.0
Average beta function, (), m 22 22 80 80
E-density threshold, pe,, 102 /m? 0.065 12.2 0.52 2.86

Table 2. eRHIC and LHC parameters relevant to the electron density threshold of head-tail
instability. eRHIC injection RF voltage and harmonic number are the assumed. The electron
density threshold at the injection is much lower than that at the store.

6 Injection and physics scrubbing

The electron density in eRHIC ring presented in Table 1, n./V=0.254 x 10'2/m?, is larger
than the head-tail instability electron density threshold of 0.065 x 10*2/m? at the injection,
shown in Table 2. This indicates that there will be electron cloud induced beam instability and
transverse emittance growth/blow-up at the injection and ramp.

A preliminary beam scrubbing at the injection, therefore, is necessary.

To inject a beam into eRHIC below the head-tail instability electron density threshold of
0.065 x 1012 /m? is a possible choice, however, then the induced electron density would be too
low to have effective beam scrubbing.

Consider Equation 6, the synchrotron tune can be raised to enhance the electron density
threshold to allow for stronger beam, for example with higher RF voltage. This is an option,
with the larger beam momentum spread dp/p.

Another way to mitigate the beam instability is using larger chromaticity to raise the electron
density threshold, where the increased chromatic tune plays a similar role of the synchrotron
tune as a damping force.

In fact, LHC has used the larger chromaticity to accommodate new beams with smaller
bunch spacing, and hence stronger electron cloud. For example, chromaticity of £ ~ 15 was
used when the beam with bunch spacing of 25ns injected into the LHC, which allowed beam
to survive for scrubbing.

The negative effect of the large chromaticity has been proved acceptable for the goal of beam
scrubbing, despite that the beam quality is degraded.

The second problem in the injection scrubbing is related to the longer bunch and larger beam
momentum spread, which is shown in Table 3, where the bunch length and beam momentum
spread at the store are also shown for comparison.



The Injection 1 is with the RF frequency 28.1M Hz and the RF voltage 300kV, which is
comparable to RHIC proton operations. In Injection 1, the rms bunch length is o, = 2ns,
which is 8 times of that at the store. This much longer bunch length is expected to have much
weaker electron cloud, and therefore, with less effective beam scrubbing.

Inject. 1 | Inject. 2 | Inject. 3 | Store
Relativistic gamma, 254 254 254 271
RF frequency, f,5, MHz 28.1 394.1
RF Voltage, V,¢, MV 0.3 13.8
rms bunch length in time, o4, ns 2.0 1.0 0.5 0.25
rms bunch length, o,, cm 60 30 15 8.0
rms momentum spread, (dp/p),ms, 1074 13.5 27 54 6.5

Table 3. Beam parameters at injection and store, with the design longitudinal emittance of
0.8eV's. The injection 1 is close to what we have now. Injection 2 and Injection 3 are listed
due to the beam scrubbing considerations.

For better scrubbing, Injections 2 and 3, with shorter bunches, are listed, the harmonic and
RF voltages are not specified, but the associated beam momentum spread can be calculated
with the given longitudinal emittance Ay, as below,

Ay = Ay Eoo(dp/p)rms (7)

In Table 4, the heat load simulated for dipoles at the eRHIC injection is presented with
different bunch lengths shown in Table 3.

o, | dne/ds | Energy Impact | dP/ds | (E)
ns | 10°/m 10MeV W/m | eV
Injection, B=0.32T
Injection 1 | 2.0 3.3 2.1 0.96 63
Injection 2 | 1.0 3.9 3.9 1.78 | 100
Injection 3 | 0.5 4.2 5.3 242 | 126
Store, B=3.5T
Store  [0.25] 41 | 7.0 | 320 | 170

Table 4. Beam scrubbing at the injection for different bunch lengths. The one at the store
is presented for comparison. All are with the SEY . = 2.1.

For Injection 1, even with all 330 bunches injected, the heat load is 0.961W/m, and the
scrubbing cannot proceed any further by adding more bunches. With this respect, Injections 2
and 3 have some rooms to go for further scrubbing.
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On the other hand, even for Injection 1, the beam momentum spread (dp/p),ms = 13.5x107*
is quite large, which is likely causing the reduced beam lifetime. With the beams in Injections
2 and 3, the even larger beam momentum spread will affect more on the beam lifetime.

The solution for the reduced beam lifetime is to use frequent beam injections, and fortunately,
this is not difficult to do at the injection.

The third problem for the injection scrubbing is that the scrubbed area on the chamber
surface is not well matched to the one at the beam store for physics runs.

In Figure 5, the beam scrubbed area is shown for different bunch lengths.

The scrubbed area with o; = 2ns is not matched well with the physics runs. Consider that
this option also has low scrubbing efficiency, therefore, it is not preferable.

The scrubbed area with o, = 1ns and o; = 0.5ns covers that of the physics runs, whereas
the latter is the better choice.
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Figure 5: Beam scrubbing at injection with different bunch lengths. From top to button are
with o, = 2ns, 0, = 1Ins and o; = 0.5ns. The scrubbed area is not well matched with the area
relevant to physics runs, which has o; = 0.25ns. The one with o; = 0.5ns is the best choice for

this concern.

With the problems in the injection scrubbing, it is not straightforward to plan for specific
details. On the other hand, all the problems can be mitigated in some ways.

1. The beam instability can be mitigated by using large chromaticity, as LHC has demon-
strated in the operations.

2. The possible short beam lifetime can be mitigated by frequent injections.
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3. The needed scrubbed area is in general covered by the beams with different bunch lengths
and intensities. Therefore, the injection scrubbing may be performed with various beams
of different bunch lengths and intensities.

Once the SEY is reduced to around d,,,x = 1.5, the beam can be ramped to full energy, then
a physics scrubbing can be performed, for that, the scrubbing plan shown in Figure 4 can be
applied.
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