Observation of Electron Trapping in a Positron Storage Ring
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Since 2008 the Cornell Electron Storage Ring has been investigating the feasibility and operational
performance limits of low-emittance damping rings such as those required for the proposed Interna-
tional Linear Collider. Novel instrumentation including time-resolving electron detectors has been
deployed in a wide variety of custom vacuum chambers and magnet types. Recently, measurements
from such a detector installed in the field of a quadrupole magnet have shown clear evidence for
long-term electron trapping. Based on modeling tuned to the measured signal, we conclude that
about 5% of the electrons generated by a 10-bunch train of 5.3 GeV positrons with 14-ns spacing
and 1.3 x 10'! population survive more than 2.5 us in a quadrupole field of gradient 7.4 T/m.

One of the principle goals of Cornell Electron Stor-
age Ring (CESR) Test Accelerator program, which has
been underway since 2008, is to investigate the perfor-
mance limitatons of future high energy linear collider
damping rings. These studies include measurements of
electron cloud buildup caused by synchrotron radiation
producing photoelectrons on the surface of the vacuum
chamber. The CESR ring stores positron and electron
beams of energy 1.8 GeV to 5.3 GeV arranged in bunches
spaced in steps of 4 or 14 ns with bunch populations
ranging up to 1.6 x 10''. A variety of detectors sensi-
tive to cloud electrons incident on the vacuum chamber
wall have been brought into operation. Recently, a novel
time-resolving electron detector installed in a quadrupole
magnet has been commissioned. This Letter reports on
measurements of electron trapping obtained with this de-
tector.

Electron cloud buildup has been observed in many
types of accelerators since the 1960s [2], and was an im-
portant factor in the operation of the storage rings KEK-
B in Japan [3] and PEP-II in the U.S [4]. Typical decay
times for electron clouds in the absence of magnetic trap-
ping effects are about 100 ns. Trapping of electrons in a
proton storage ring has been reported in Ref. [5]. Elec-
tron trapping has also been observed in the CESR dipole
magnets in the electric fields of distributed ion pumps [6].
We report here on the measurement of electron trapping
over more than an entire 2.5 us beam revolution period
arising from electron cloud buildup in a quadrupole mag-
net in the CESR ring. Our interest in quantifying elec-
tron buildup in a positron damping ring is motivated by
the possible operational limitations on the damping rings
required for a future high-energy linear e 4+ e— collider.

The development of time-resolving electron detectors
has been shown to provide highly detailed information
on local cloud development, allowing the independent
characterization of photoelectron and secondary electron
production mechanisms [7]. Figure 1 a) shows the cir-
cular stainless steel vacuum chamber of inner diameter
95.5 mm in the 60-cm-long quadrupole magnet. Three
detectors are placed directly in front of magnet poles, as
shown in Fig. 1 b). The detector shown on the lower

right is placed in the fringe field of the magnet; the other
two are centrally located. Electrons are collected on the
6-mm-wide copper collector shown in Fig. 1 ¢). The col-
lector is etched on one side of a 0.12-mm-thick Kapton
sheet, forming a transmission line with the grounded cop-
per on the other side. A pattern of 5x60 0.8-mm-diameter
parallel holes (see Fig. 1 d) in the beam-pipe allows trans-
mission of cloud electrons to the detector shown on the
upper right in Fig. 1 b). This Letter reports solely on
measurements obtained with this detector.

The hole diameter was chosen to achieve a depth-to-
diameter ratio of 3:1, which effectively shields the de-
tector from the directly induced signal from the beam
bunch passages [8]. The hole pattern is 7.1 mm wide
and 94.4 mm long and located in front of the rectangular
portion of the collector, which is 101.6 mm long. The
collector ends are tapered so as to minimize reflections
in the signal transmission. The collector was biased with
450 V relative to the vacuum chamber in order to avoid
contributions to the signal from secondary electrons es-
caping the collector surface. This choice of bias provides
sensitivity to electrons which enter the holes with low ki-
netic energy. The front-end readout electronics consists
of two Mini-Circuits ZFL-500 broadband amplifiers with
50 © input impedance and a total gain of 40 dB. Digi-
tized oscilloscope traces are recorded in 1024 0.5 ns time
bins to 8-bit accuracy with auto-scaling, averaging over
8k triggers.

The CesrRTA program for April and June of 2013
included electron cloud buildup measurements with
shielded pickup detectors, spectrum analyzers for
electron-cloud-induced TE-wave sidebands and more
than thirty retarding-field-analyzers. Figure 2 shows re-
sults from the time-resolving electron detector installed
in a quadrupole magnet obtained for 10- and 20-bunch
trains of 5.3 GeV positrons. The average bunch popula-
tions are 6.6 x 10'° and 1.3 x 10'! for the data shown
in Figs. 2 a) and b), respectively. The bunch spacing is
14 ns and the bunch-to-bunch filling uniformity is a few
percent. The quadrupole field gradient in these condi-
tions is 7.4 T/m.

The raw oscilloscope signals exhibit beam-induced
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FIG. 1. a) Vacuum chamber equipped with electron detectors
in the quadrupole magnet. b) Arrangement of three detectors
in front of the magnet poles as seen from the positron arrival
direction. ¢) Geometry of the copper electrode biased at 50 V
to collect electrons entering through the pattern of holes in
the beam-pipe shown in d). The rectangular region of the
collector and the pattern of holes are both about 10 cm long.

noise following the passage of each bunch due to a high-
pass bandwith characteristic of the detector. A 13 MHz
low-pass filtering algorithm was applied to the data,
suppressing this induced noise by an order of magni-
tude. The more rapid cloud buildup during the first ten
bunches of the 20-bunch train relative to that for the
ten-bunch train clearly shows the presence of cloud prior
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FIG. 2. Electron detector signals recorded for 10- and 20-
bunch trains of 5.3 GeV positrons. The average bunch popu-
lations are a) 6.6 x 10'° and b) 1.3 x 10'!. Averaged over 8000
revolutions, the enhanced cloud buildup during the first ten
bunches of a 20-bunch train relative to that for the 10-bunch
train shows that electrons were trapped during the 2.5 us
interval between train passages.

to the arrival of the train. The excess charge is due to
the buildup of trapped electrons over multiple beam rev-
olutions. One can conclude that the trapping time is at
least as long as the CESR revolution time of 2.562 us.
The trapping increases with bunch population, and the
intriguing decrease in cloud buildup rate following the
first seven bunches may indicate that a trapped class of
electrons which can contribute to the cloud reaching the
detector has become depleted at that time. Another in-
teresting feature of the measurements is the increase in
signal following the trailing bunch of the train. It corre-
sponds to a region of cloud electron phase space which
was prevented by the positron beam from reaching the
vacuum chamber surface.
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FIG. 3. Electron detector signals recorded with shielded

pickup detectors in a field-free region of the ring simultane-
ously with the measurements shown in Fig. 2 b). No evidence
for electron trapping is observed.

Figure 3 shows data recorded simultaneously in these
beam conditions with shielded pickup detectors located
in sections of the ring with no applied magnetic field.
Electron trapping is observed to be less than 1%. The
signal for the 20-bunch train is in fact slightly smaller
than for the 10-bunch train because the average bunch
population was 2% lower.

The long-term trapping of electrons in nonuniform
fields such as quadrupoles can be understood based on
the presence of an adiabatic invariant which is the mag-
netic moment associated with the cyclotron motion of
the electron. This is given by u = mov? /2B where m
is the mass of the electron, B is the magnetic field at
that point, and v, is the velocity perpendicular to the
local magnetic field. This quantity remains an invariant
as long as dB/B < 1 during the cyclotron motion, or
equivalently

= %TC < 1, (1)
where r. is the cyclotron radius. Combining the con-
ditions of conservation of magnetic moment and conser-
vation of energy, one can specify a “velocity-space loss
cone” which defines the trapping condition (see, for ex-
ample, Ref. [9]). A particle moving from a region of lower
field to a region of higher field reverses its path if the ve-
locity components perpendicular and parallel to the mag-
netic field at the starting position, denoted by v, and v
respectively, are related such that

vy /ve < 1— (Bpa/Bin)"2. (2)

Here B;, is the magnetic field value at the start point,
and Byg is the magnetic field along the field line at the
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FIG. 4. Cosine of the loss-cone angle vs. horizontal position
in the mid-plane of the vacuum chamber

boundary beyond which the particle is considered lost.
If the above relationship is satisfied, the particle reaches
a point where the parallel velocity goes to zero, and
the particle reverses its path along the field line. In a
quadrupole magnetic field, the trapped particle is con-
fined between two such turning points located along a
field line symmetric about either the horizontal or the
vertical axis. While the particle mirrors between the pair
of turning points, it drifts in the longitudinal direction
until it reaches the fringe region of the quadrupole, where
it can escape. This drift is caused by a nonzero gradi-
ent and curvature in the magnetic field, often referred to
as the “grad B” and “curvature” drift respectively. For
the parameters of the experiment reported in this Let-
ter, the longitudinal drift over the duration of one beam
revolution is significant only when the electron energy is
of the order of 1 keV. The energy distribution obtained
from the cloud build-up modeling described below in-
dicate that less than 3% of the electrons have energies
exceeding 1 keV.

Figure 4 shows the dependence of cosine of the
loss cone angle on horizontal position in the mid-
plane of the vacuum chamber. This quantity is given
by cos©® = /1 — B;,,/Byq and represents the fractional
solid angle in velocity space within which a particle re-
mains confined. Thus, for a localized distribution of
isotropic velocities, it represents the probability of con-
finement at that point. It is clear that the probability
of confinement decreases as the point moves toward the
boundary along the horizontal axis. However, its also
necessary that the condition described by Eq. 1 remain
satisfied. Otherwise, the motion of the particle is non-
adiabatic, for example near the center of the field (beam
axis). In such a case, a particle moves to a region of
higher magnetic field, bounces back toward the center,
and depending on the phase of the cyclotron motion it
acquires near the center, may move in a different direc-



tion away from the center. This procedure repeats itself
until the particle enters the loss cone and gets lost. The
loss occurs along the 45° lines between the pole faces of
the quadrupole where the particle is not required to cross
field lines and can thus escape. Figure 5 indicates how
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FIG. 5. The quantity I' = V?Brc versus horizontal position
for various kinetic energies, calculated for a quadrupole filed
gradient of 7.3T/m. Trapping requires I' < 1.

well the condition given by Eq. 1 is satisfied near the cen-
ter for various energies. Along a horizontal line passing
through the center, the quantity I' is given by

1 [2Em 1

r=—
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where K is the quadrupole field gradient, F is the energy
in eV and z is the distance along he horizontal axis.

In order to verify that the observation of electron trap-
ping can be expected for our experimental conditions, we
have employed the electron cloud buildup modeling pro-
gram ECLOUD [10]. The code has been under active
development for the purposes of CESRTA since 2008. De-
veloped at CERN in the 1990s, it has seen widespread
application for phenomena observed at CERN, KEK,
Stanford Linear Accelerator Laboratory, and Brookhaven
National Laboratory. It has successfully described the
CesSrRTA measurements of coherent tune shifts [11], which
are sensitive to ring-averaged cloud buildup, as well as
local measurements with shielded pickup detectors [7]
and time-resolved retarding-field analyzers [12]. The
ECLOUD code includes simulation algorithms for photo-
electron generation, for time-sliced macroparticle track-
ing in the 2D electrostatic fields sourced by the beam
and the cloud, and for 3D tracking in a variety of ambi-
ent magnetic fields, as well as for a detailed model of the
interactions of cloud electrons with the vacuum chamber
surface producing secondary electrons.

The code has been supplemented with response func-
tions for the CESRTA time-resolving electron detectors.
As a function of incident angle and energy, a fraction of

the macroparticle charge hitting the wall in the region of
the detector contributes to the modeled signal. The re-
maining charge generates secondary electrons. The mod-
eled signal in each time slice thus carries a statistical error
associated with the number of contributing macroparti-
cles. The model employed to describe the 10- and 20-
bunch trains discussed here generated 4 x 102 macroparti-
cles during the passage of each bunch, each macroparticle
carrying thousands of electron charges. The development
of the cloud is calculated in 100 time slices during the pas-
sage of the 1-cm long bunch, and in 400 time slices be-
tween bunch passages. The electric fields due to the cloud
space charge and the beam bunch were calculated eleven
times both during and between the bunch passages. The
amplitude of the modeled signal was very sensitive to the
assumed secondary emission yield, increasing by an order
of magnitude as the peak secondary yield was increased
from 1.4 to 1.9. The measured signal amplitude was re-
produced with values for the peak secondary yield and
elastic yield [13] of 1.4 and 0.5, respectively.

Figure 6 a) shows the resulting modeled electron cloud
density averaged over the volume of the circular, 1-m-
long, vacuum chamber for the case of two 10-bunch trains
of positrons with bunch population 1.3 x 10!, The den-
sity reaches 2.7 x 10*2 m~3 following the first train and
falls to 1.4 x 10t m~3 after a few hundred nanoseconds.
This residual cloud is trapped until the bunch train re-
turns. Figure 6 b) shows the model result for the field-free
region equipped with shielded pickup detectors under the
same beam conditions.

The modeled transverse distribution of the cloud
trapped in the quadrupole magnet is shown in Fig. 7
at a time immediately preceding the return of the train.
The mirroring electrons are concentrated in four quad-
rants near the beam outside of a central depletion zone
of 2 cm radius and in the horizontal plane close to the vac-
uum chamber walls. The median energy of the trapped
electrons was found to be about 50 €V. It is notable that
since no electrons survive in the diagonal escape zones
until the end of the revolution time, the signal produced
by the trapped cloud requires several bunch passages (in
these conditions about seven) to accelerate the available
trapped electrons into the escape regions of phase space.
We also verified that removing the quadrupole magnetic
field from the ECLOUD model resulted in the trapped
cloud density falling to less than 0.1%.

In summary, recent measurements with a novel time-
resolving electron detector located in a quadrupole mag-
netic field have provided comparisons of signals from 10-
and 20-bunch trains of positrons which show clear evi-
dence for electron trapping during the entire 2.5 us rev-
olution time of the storage ring. Modeling tuned to the
recorded signals indicates that approximately 5% of the
cloud generated by a 5.3 GeV train of bunches each car-
rying 1.3 x 10! positrons remains trapped. These and
future measurements in the CESRTA program will inform
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FIG. 6. Results from the numerical model of electron buildup
in the quadrupole magnet for the case of a 5.3 GeV 10-bunch
train of positrons, each bunch carrying 1.3 x 10*! positrons.
a) The time dependence of the modeled cloud density indi-
cates that about 5% of the cloud generated by passage of the
first train is trapped for an entire beam revolution. b) The
cloud density modeled in the field-free region equipped with
shielded pickup detectors for the same beam conditions.

studies of mitigation techniques serving the goal of rais-
ing beam current limitations on high-energy linear col-
lider damping rings.
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FIG. 7. The modeled transverse distribution of the trapped
cloud shown at the end of the first beam revolution. The color
scale ranges up to a maximum of 1.4 x 10° electrons/bin.
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