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Abstract

Electron cloud can lead to a fast instability in intense
proton and positron beams in circular accelerators. In the
Fermilab Recycler the electron cloud is confined within its
combined function magnets. We show that the field of
combined function magnets traps the electron cloud, pre-
sent the results of analytical estimates of trapping, and
compare them to numerical simulations of electron cloud
formation. The electron cloud is located at the beam center
and up to 1% of the particles can be trapped by the mag-
netic field. Since the process of electron cloud build-up is
exponential, once trapped this amount of electrons signifi-
cantly increases the density of the cloud on the next revo-
lution. In a Recycler combined function dipole this multi-
turn accumulation allows the electron cloud reaching final
intensities orders of magnitude greater than in a pure di-
pole. The multi-turn build-up can be stopped by injection
of a clearing bunch of 10' p at any position in the ring.

FAST INSTABILITY

In 2014 a fast transverse instability was observed in the
proton beam of the Fermilab Recycler. The instability acts
only in the horizontal plane and typically develops in about
20-30 revolutions. It also has the unusual feature of selec-
tively impacting the first batch above the threshold inten-
sity of ~ 4x10' ppb (Fig. 1). The instability is triggered
by longitudinal bunch compression (Fig. 2) that occurs due
to bunch rotation at injection. These peculiar features sug-
gest that a possible cause of the instability is electron cloud.
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Early studies [1,2] indicated the presence of electron
cloud in the ring and suggested the possibility of its trap-
ping in Recycler combined function magnets. The presence
of the cloud has also been observed in the Main Injector
(MI) [3], which operates with similar beams, but it has
never caused stability issues. The major difference be-
tween the MI (at the injection energy) and the Recycler
seems to be the choice of technology for their dipole mag-
nets: separate function (MI) vs combined function (Recy-
cler).

The fast instability seems to be severe only during the
start-up phase after a shutdown, with significant reduction
being observed after beam pipe conditioning during beam
scrubbing runs [4]. It does not limit the current operation
with slip-stacking up 700 kW of beam power, but may pose
a challenge for a future PIP-II intensity upgrade.
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Figure 1: The first batch above the threshold intensity suf-
fers the blow-up after injection into the ring [4].
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Figure 2: The instability mostly affects the last bunches in the train. It starts after the beam compresses longitudinally
(left) and then becomes more severe after it compresses again, half a synchrotron period later. The color depicts the
amplitude of the horizontal betatron oscillations of the beam center of mass as a function revolution number and position
within the batch. The horizontal stripes are caused by our sampling of beam position once a revolution and appear at
twice the betatron frequency: 20, = 0.9 or 1/10 turns. The data was gathered over 300 revolutions with the transverse

dampers off. Beam: 1 batch, 80 bunches, 5x10" ppb.
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ELECTRON CLOUD TRAPPING

In a combined function dipole the electrons of the cloud
move along the vertical field lines. This motion conserves
their energy £ and magnetic moment
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where v, is the component of the velocity normal to the

magnetic field B. As an electron moves closer to a magnet
pole it sees a higher B (Fig. 2) and it can reflect back if

E-uB=0 2)
Alternatively, the electron will reflect back at the point of
maximum magnetic field if the angle between the elec-
tron’s velocity and the field lines is greater than:

0>9maxzcosil(\lBO/Bmax)‘ (3)

Particles with angles 6, <0 <7 /2 are trapped by mag-

netic field. For Recycler magnets (Table 1), Eq. (3) gives a
capture of ~1072 particles of electron cloud, assuming uni-
form distribution.

Figure 3: Electron cloud can get trapped by magnetic field
of a combined function magnet.

Lifetime of the trapped cloud

Long-term confinement of the electron cloud can be af-
fected by two effects: longitudinal drift and scattering. The
drift is caused by the absence of magnetic field gradient in
the longitudinal direction. The longitudinal drift velocity
can be estimated as

V,=—@r —, %)

where @, is the cyclotron frequency and 7, — the radius of

the orbit. In the Fermilab Recylcer an electron cloud parti-
cle travels less than 2 cm during on beam revolution, much
smaller than the length of its magnets. The drift can there-
fore be neglected.
The Coulomb scattering cross-section is
4z e*InA
Op=——5
9 (kT)
The inelastic scattering cross-section for the energies in
question is also of the order of 10™°cm’[5]. Combining
the two effects we obtain a lifetime ~ 10 ms for the electron
cloud density n, < 107 cm™ and the residual gas pressure
p ~ 10 Torr. Since the resulting lifetime of the electron
cloud is much larger than the revolution period of 11 s,
all the trapped cloud will be present on the next turn.

~10"cm? (6)

Electron cloud clearing with a witness bunch

As mentioned above, the trapping requires at least two
bunches: the first to kick the cloud and create the second-
aries; and the second to stop a fraction of those. Therefore,
a single bunch of high enough intensity does not trap the
cloud but clears the aperture instead. This clearing bunch
can be used to indicate the presence of the trapped electron
cloud and measure its density [6] or to bring the electron
cloud density below the threshold, stabilizing the beam.

NUMERICAL SIMULATION OF
ELECTRON CLOUD BUILD-UP

We simulated electron cloud build-up over multiple rev-
olutions in a Recycler dipole using the PEI code [7]. For a
pure dipole field, the cloud rapidly builds up during the
passage of the bunch train and then decays back to the ini-
tial ionization electron density in about 300 RF buckets, or
~ 6 us (Fig. 6). When the field gradient is added, up to 1%
of the electron cloud stays trapped, increasing the initial
density on the next revolution. The final density, which the
cloud reaches after ~ 10 revolutions, is two orders of mag-
nitude greater than in the pure dipole case (Fig. 4). The re-
sulting cloud distribution is a stripe along the magnetic
field lines, with higher particle density being closer to the
walls of the vacuum chamber (Fig. 5). The width of the
stripe is approximately equal to the size of the beam and its
intensity increases from turn to turn as the cloud builds up.

At lower densities ~107 of particles are trapped, which
agrees with the analytic estimate (Fig. 4); as the density of
electron cloud increases the trapping ratio goes down to
~1073, probably due to the space charge of electron cloud.
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Figure 4: In a combined function magnet the electron cloud
accumulates over many revolutions, reaching much higher
line density, than in a dipole. A clearing bunch destroys the
trapped cloud, preventing the accumulation.

A bunch of 5x10" protons, added 120 RF buckets after
the main batch, destroys the trapped cloud, preventing the
multi-turn build-up (Fig. 4). First, one can see a small in-
crease in the cloud density as the clearing bunch kicks the
cloud and it reaches the vacuum chamber, producing the
secondary electrons. Then, the density rapidly drops as
these secondaries reach the aperture.

92



ECLOUD’ 18 PROCEEDINGS

Table 1: Recycler parameters for simulation in PEI

Beam energy 8 GeV

Machine circumference 3.3 km

Batch structure 80 bunches, 5x10" p

Tunes: x, y, z 25.45,24.40, 0.003

RF harmonic, period 588; 18.9 ns
RMS bunch size: x, y, z 0.3, 0.3, 60 cm
Secondary emission yield 2.1 @250eV

10* m™! (at 10" Torr)
1.38 kG, 3.4 kG/m

Density of ionization e
B-field and its gradient
Magnet length S5m

Beampipe Elliptical, 100 x 44 mm

16000

1600
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Figure 5: Electron cloud forms a stripe inside the vacuum
chamber and its intensity increases with the number of
turns. Its horizontal position — beam center (white dot).
White circles represent 2 rms beam size.

ANALYTICAL MODEL

As a reactive medium, the electron cloud interacts with
the beam similarly to a low-Q impedance [8-10]. Electron
cloud instability in the presence of a strong magnetic field
can also be calculated using assumptions about the shape
of the wake as in [11]. Here we study the beam-cloud mo-
tion in a strong dipole field, modelling the motion of the
cloud ‘stripe’ as the mobility term, similar to the work [12].
This approach does not require making initial assumptions
about the form of the electron cloud wake or its impedance.

First, consider a round coasting proton beam travelling
in a ring with the beam centroid position at an azimuthal
angle @ and time ¢ being X, (¢, 8). Further, assume that the
beam travels at a constant azimuthal velocity around the
ring wp and use a smooth focusing approximation with a
betatron frequency wp. For simplicity, one can assume that
the ring is uniformly filled with electron cloud of a constant
density n, which forms a column of the same transverse

size as the proton beam, and is located at a horizontal po-
sition X.. Because of the vertical dipole field, the individual
electrons of the cloud cannot drift horizontally, but the po-
sition X, can change as some regions build up and others
decay, following the transverse motion of the proton beam
(Fig. 5). The characteristic rate of this slow motion of the
electron cloud A is then the rate of its build-up:
A~1/ T buildup *

For small oscillation amplitudes we can assume the elec-
tron-proton interaction force to be linear in displacement.
Then the coupled collective motion of the beam and the
electron cloud is described by the following system of
equations:

d2

Xt F%Xﬁ = -, X

>
B p +wp(Xe _Xp)’

5 (7)
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where d/dt stands for (0/0t+w,0/00), I is the rate of

Landau damping defined below and the coupling fre-
quency @, is approximated as

@, =27zn,r,c’ |y (8)
where 7, is the classical proton radius and y — the relativistic
factor. The linear damping term /" in Eq. (7) arises from the
spread in betatron frequencies for particles oscillating with
different amplitudes. The characteristic rate of the Landau
damping can be estimated as

I'~w,AQ. /0, )
where Q. is the horizontal tune and 4Q, is its rms spread.
Looking for solutions of Eq.(7) in a form
X, , cexp[—i(wt—k0)], where w=ka,+w,+Awand k
is an integer mode number, one obtains an equation for the
complex mode frequency shift:
X il)}

Aa)zl -+ —
2 w, A +o

The most unstable mode with the largest growth rate
¥ = Im(Aw) , corresponds to a wave number

(10)

k,..=A/aw,—0.,. (11)
The tune shift of this mode is
Ag ~ LG (12)
max 4QX a)g N

The threshold electron cloud density 7. - can be found
from the condition y. = 0, which yields
(13)
Note that in this simple model we do not consider the elec-
tron cloud’s contribution to Landau damping, which may
arise from the nonlinear spread of the betatron tunes, cre-
ated by the cloud.

Knowing the complex frequency shift A@w we can find

the impedance of the cloud as (see for example [13]
Eq. (6.262)):

n

e,thr

=y, zr,c’.

2

7Toa)/3

Ho)=izy
P

Aw, (14)
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where N is the number of protons in the ring and Zj is the
vacuum impedance.
In the case of a bunched beam, in a rigid bunch approx-

imation with the bunch spacing of 7. , one can use the im-

o
pedance of the most unstable mode Z , =Re[Z(w,,, )] to

compute its growth rate (for derivation see [14]):

&zr, N,
:£ ﬂ-rﬂ bﬂx Z;ax _E’ (15)

0

b,max

where C is the ring circumference and L is the total length
of the magnets. For the Recycler L/C~=1/2.

Instability in Recycler

In order to use the model and estimate the parameters of
the fast instability in Recycler one needs to know the den-
sity of the electron cloud and the rate of its build-up. We
obtained these quantitative parameters by measuring the
betatron frequency shift and comparing it with the build-
up simulations. We injected one batch of 80 proton bunches
of 5x10" ppb and measured the shift of the horizontal tune
as a function of bunch number. Because the positive hori-
zontal tune shift is a distinctive feature of the electron
cloud, it allowed us an estimation of the cloud density. In
order to check with the simulation the cloud density both
within the high-intensity batch and after its passage we put
a witness bunch of low intensity —0.8x10' p, insufficient
to clear the electron cloud, at different positions behind the
main batch.

The experimental results are in good agreement with the
simulation (Fig. 6) and the small discrepancies may come
from the multiple assumptions used in Eq. (15). The result-
ing dependence allows the estimation of the maximum

density of electron cloud n, ~6x10" m?. The density in-

creases by an order of magnitude in 40 bunches (800 ns)
and falls after the beam has passed in 10 bunches (200 ns).
The characteristic rate of the exponential build-up is

2.65x10° s7!.
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Figure 6: Results the of electron cloud simulation agree
with the measured horizontal tune shift. Beam:

5x10" ppb, 80 bunches, followed by one witness bunch
of 0.8x10" p at various positions. The gap between the
high-intensity batch and the witness is due to the rise-time
of the injection kickers.
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Figure 7: Real and imaginary parts of impedance as a func-
tion of a mode angular frequency w.

Figure 7 shows an effective electron cloud impedance
corresponding to the estimated cloud density, estimated us-
ing Eq. (14). Using Eq. (15) we obtain the growth rate of
3.3x107 and the characteristic time of the instability of

around 30 turns for a bunch intensity of 5x10' ppb. The
threshold electron cloud density, calculated using Eq. (13),

ne’,hr:8.2><101° m>. According to numerical build-up

simulations, this density is achieved at the proton intensity
of about 4.5x10'" ppb, which is also consistent with ex-
perimental observations.

CONCLUSION AND OUTLOOK

Combined function magnets are widely used in the pre-
sent day machines. Because of the gradient of the magnetic
field (which provides the focusing) the electron cloud can
be trapped in the magnetic field of such magnets. These
trapped particles make it possible for the cloud to accumu-
late over multiple revolutions, possibly leading to a fast
transverse instability.

We have created an analytical model that allows the es-
timation of the amount of the cloud captured in the magnet.
We have shown that up to 1% of the electron cloud can be
trapped in the magnetic field of combined function mag-
nets of FNAL Recycler. This fraction of trapped particles
will go down for higher intensities in Recycler.

Numerical simulation in PEI agrees with the analytical
estimate and confirms that the trapping significantly affects
the density of the electron could. It allows the cloud to ac-
cumulate over multiple revolutions reaching a density
much higher than in a pure dipole. For the parameters of
Fermilab Recycler with one batch of normal intensity the
cloud reaches ~ 10° m™! in a combined function magnet
compared to ~ 107 m™! in a dipole of the same field strength.
An addition of a clearing bunch destroys the trapped cloud,
preventing the multi-turn accumulation.

An instability similar to Recycler one occurs in the
CERN PS, which also utilizes combined function magnets.
The instability was observed in operation before extraction
when bunch length is compressed from 11 to 4 ns and in a
dedicated study where the beam was stored for a long time
— 100 ms at 11 ns bunch length [15,16]. The instability does
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not limit the operational performance since normally the
beam does not interact with the cloud for a sufficiently long
time. Although the trapped cloud might play a minor role
in the PS role thanks to the fact that nearly all machine is
full, leaving little time for the cloud to decay before the
next revolution. A thorough analysis may be needed to
identify at which parameters the trapped cloud can pose a
limitation.
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