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Abstract

In the TE wave method, microwaves are coupled into the
beam-pipe and the effect of the electron cloud on these mi-
crowaves is measured. An electron cloud (EC) density can
then be calculated from this measurement. There are two
analysis methods currently in use. The first treats the mi-
crowaves as being transmitted from one point to another in
the accelerator. The second more recent method, treats the
beam-pipe as a resonant cavity. This paper will summa-
rize the reasons for adopting the resonant TE wave analy-
sis as well as give examples from CESRTA and DA®NE of
resonant beam-pipe. The results of bead-pull bench mea-
surements will show some possible standing wave patterns,
including a cutoff mode (evanescent) where the field de-
creases exponentially with distance from the drive point.
We will outline other recent developments in the TE wave
method including VORPAL simulations of microwave res-
onances, as well as the simulation of transmission in the
presence of both an electron cloud and magnetic fields.

INTRODUCTION

Beam Position Monitor (BPM) buttons are a convenient
way to couple microwaves in and out of the beam-pipe.
In most of the measurements described here, a fixed fre-
quency is used for excitation and the response of the system
is measured with a spectrum analyzer. Fig. 1 shows a typi-
cal setup, where a circulator is used to protect the amplifier
from the beam induced signal and a band-pass filter to limit
the beam induced signal at the input of the spectrum ana-
lyzer. Although not shown in the figure, connections are
often made to pairs of buttons through a hybrid combiner,
so that the direct beam signal is mostly canceled and the
desired TE wave excitation or reception is maximized.

TRANSMISSION VS. RESONANCE

There are two principal variations of the TE wave
method for the measurement of EC density. The first is the
original transmission method, where TE waves are propa-
gated through a beam-pipe as if it were a waveguide. In this
method, a fixed frequency TE wave will be phase shifted
by the presence of an electron cloud between the input and
output points [1-4]. The magnitude of the phase shift in
the absence of a magnetic field is given by Eq. 1, where w
is the angular frequency of the transmitted signal, w, the
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Figure 1: Basic setup for TE wave measurements, where
microwaves are coupled in/out of the beam-pipe using
Beam Position Monitor (BPM) buttons.

cutoff frequency of the waveguide, n. is EC density and
L the distance between the input and output points along
the beam-pipe [5]. If the EC density varies periodically (as
happens with a short train of bunches in a storage ring), the
result will be a phase modulation of the original signal.
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This method requires long sections of beam-pipe of uni-
form cross section, since changes in the geometry will pro-
duce reflections. These reflections will make the propa-
gation length L difficult to quantify, since the microwaves
will make more than one transit through the electron cloud
and will generally extend beyond the distance L.

The need for analysis based on resonance came from ini-
tial TE wave measurements that were made at CESRTA in
2008. A new configuration of beam-pipe was installed in
the LO section of CESRTA that included a number of beam-
pipe transitions, instrumentation, longitudinal slots to con-
nect ion pumps to the vacuum space and six superconduct-
ing wigglers. Measurements were made of the transmission
of microwaves from BPM OE near the middle of this sec-
tion to several other points of the assembly, including both
exciting and receiving at OE. Fig. 2 shows an overlay of
these measurements.

The measured response in Fig. 2 bears little resemblance
to ideal waveguide response (see Fig. 3), except that it gen-
erally increases at higher frequencies. The dominant fea-
ture of Fig. 2 is the series of resonances that can be seen
over this frequency range. Also, many of these resonances
occur at the same frequencies whether the location of the
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receiver is at the drive point or elsewhere in this section of
beam-pipe. For example, near 1.775 GHz all of the detec-
tors show a resonant peak and all have similar amplitudes.
This suggests the excitation of a single resonator with dif-
ferent choices of the location of the pickup.
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Figure 2: This is the measured response when exciting
beam-pipe with TE waves at OE and receiving at other de-
tectors in the region. The wide trace is the response when
driving and receiving at OE.
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Figure 3: The response of an ideal waveguide is shown
schematically, where there is no propagation through the
waveguide below its cutoff frequency f. and free propaga-
tion of the microwaves above f.

Following the idea that the microwaves were exciting
resonances within the beam-pipe, a pulsed source of RF
was used to drive one of the resonances for 2 us, so that
the growth and decay of the field could be observed. The
resulting 500 ns damping time is shown in Fig. 4

Examples of Resonant Beam-pipe

Since the initial observations of the LO section of
CESRTA, other measurements that suggest resonance have
been made at CESRTA and at other laboratories. A rela-
tively simple example was obtained at 43E in CESRTA. At
that location, BPMs are located in a smooth straight section
of beam-pipe between two ion pumps as shown in Fig. 5.
At the ion pumps, longitudinal slots connect the pump vol-
ume to that of the beam-pipe. These slots reduce the cou-
pling of beam-induced signal into the pumps, but also gen-
erate reflections for a TE wave that is propagating through
the beam-pipe. So when excited at the BPM between the
pumps, standing waves are set up between the pumps that
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Figure 4: This scope trace was obtained by exciting and
receiving at BPM OW and shows a cavity damping time of
about 500 ns corresponding to a Q of 3000.

are similar to those of a rectangular cavity, whose resonant
frequencies are given in Eq. 2.
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Another example was observed at the Advanced Pho-
ton Source (APS) at Argonne National Laboratory. In this
case, the resonances were not used for electron cloud mea-
surements, but were sometimes excited by the beam. This
somewhat unpredictable excitation gave varying offsets in
the beam position monitor system [6]. The reflections were
set up between bellow end flanges in the dipole sections
with the response shown in Fig. 6.

Resonances have also been observed in the positron stor-
age ring at DA®NE [12]. The sequence of resonances
shown in Fig. 7 are not very well matched by a simple
rectangular cavity and further study would be needed to
understand this response.

At CESRTA, 15E is another location that has a relatively
simple geometry, with a BPM between two ion pumps
(having longitudinal slots). The response at 15E does not
match that of a rectangular cavity as well as 43E. This is
probably due to a gate valve near the midpoint of the reso-
nant section of 15E. The lowest resonance is considerably
lower than the others as can be seen in Fig. 8. It was rela-
tively easy to run low loss cables to and from this location
so that data could be taken with beam.

EC Density Calculation for Resonances

TE wave resonance is an alternative analysis method that
makes use of the reflections that are commonly found in
beam-pipe. This method treats the beam-pipe and its re-
flections as a resonant cavity. The presence of an electron
cloud will shift the frequencies of the resonances and pro-
duce a corresponding effect on the observed signal.

Fortunately, the use of cavities for the measurement of
plasma densities is reasonably well understood [7]. In
plasma physics, densities are measured that are many or-
ders of magnitude higher than the EC densities found in
accelerators. While an EC density of 102 per cubic meter
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Figure 5: The response at 43E is very similar to that of
a rectangular cavity. The numbered triangles in the plot
correspond to the values of n of Eq. 2.
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Figure 6: This response from the Advance Photon Source
(Argonne) also matches that of a rectangular cavity and is
produced by reflections at bellow end flanges.

would be considered high in an accelerator, plasma physi-
cists would be dealing with a similar density per cubic cen-
timeter. Perturbation techniques can be used to calculate
the change in the cavity’s resonant frequency vs. plasma
(EC) density [7, 8, 9]. The result is especially simple for
low densities where the collision frequency is essentially
zero and in the absence of an external magnetic field. In
this case the frequency shift is given by Eq. 3.
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Where n. is the local EC density, w is the cavity fre-
quency, Ejy is the local magnitude of the rf electric field
and the integrals are over the cavity volume V.

So if the beam-pipe is considered to be a resonant cavity
and the electron cloud a plasma within its volume, it can
be straightforward to calculate the relation between the EC
density n. and the frequency shift [10]. For example, if the
EC density is assumed to be uniform over the volume of
the cavity, this constant n, can be taken outside of the inte-
gral of Eq. 3 and the two integrals will be identical — can-
celling each other. The electron cloud density n. can then
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Figure 7: A response measured in the positron storage ring
at DA®NE shows a number of resonances, although they
are not consistent with a simple rectangular cavity.
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Figure 8: The response measured at 15E in CESRTA is
similar to a rectangular cavity, except that the lowest reso-
nance is much lower in frequency than would be expected.

be calculated directly from the frequency shift Aw/w using
physical constants. Where the EC density is not uniform,
the upper integral gives an average of the local density n.
that is weighted by the local E? over the cavity volume V.

In some circumstances it is possible to measure the fre-
quency shift directly, as when a storage ring is almost en-
tirely filled with bunches — generating an EC density that
is nearly constant with time. For bunch trains and electron
cloud lifetimes that are short compared to the storage ring
revolution period, there is a modulation of the EC density
and a corresponding modulation of the cavity’s resonant
frequency.

The effect of an EC density modulation on the measured
signal is generally more complicated than that obtained by
transmission analysis. If the duration of the cloud is similar
to the damping time of the resonance, the transient response
becomes important. The effect of the modulated resonant
frequency with a fixed drive frequency is a combination of
frequency, phase and some amplitude modulation. The rel-
ative weight of the three types of modulation depends on
the electron cloud duration compared to the beam revolu-
tion time as well as the damping time of the resonance [11].
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Examples of Resonance Data

In generating plots of TE wave resonant data from
CESRTA, some simplifying assumptions have been made:
the EC density has a fixed value for the duration of the
bunch train and is zero otherwise; the EC duration is long
compared with the damping time of the TE wave reso-
nance; and the effect of magnetic fields can be neglected.
With these assumptions, the effect of the shift in resonant
frequency is shown in Fig. 9. With a fixed drive frequency,
both the phase and amplitude of the cavity response will
change with resonant frequency. The amplitude change is
minimized when driven close to the resonant frequency.
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Figure 9: A fixed frequency is used to drive the beam-pipe
resonance. If the damping time of the resonance is short
compared to the duration of the cloud, the modulating EC
density will produce a change in both the phase and ampli-
tude of the response.

For small modulations near resonance, the expressions
for the amplitude and phase shifts are given in Eq. 6.
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With a single bunch train in the CESRTA storage ring
with a revolution frequency of 390 kHz, the modulated
EC density results mostly in phase modulation sidebands
390 kHz away from the carrier frequency as shown in
Fig. 10. In addition to the fixed carrier frequency, the drive
signal includes a reference phase modulation of 1 mrad at
410 kHz with sidebands that are also visible in the figure.

To calculate the EC density that produced the measured
phase modulation, we make use of the simplifying assump-
tions made above. In addition, for the expected EC densi-
ties of 1012¢ / m3 and a Q of about 3000, the change in fre-
quency and the resulting phase modulation are small and
can be obtained using Eq. 6.

With sinusoidal modulation, the ratio of the linear ampli-
tude of the sideband to that of the carrier should be about
%Aqﬁ. But since the modulation is taken to be a rectangu-
lar pulse rather than sinusoidal, a Fourier expansion of that
pulse should be used to determine the resulting amplitude
of the first sideband.
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Figure 10: With a revolution frequency 390 kHz, phase
modulation sidebands are visible in the spectrum to either
side of the carrier. This data was taken at 15E in CESRTA
with a 20 bunch train of positrons in the storage ring, 14 ns
spacing and about 100 mA total current.
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Figure 11: The EC density calculated from TE wave res-
onances is plotted vs. total current in a 20 bunch train of
positrons. Data from the first five resonances at 15E (Fig. 8)
was used, as well as data from the L3 region (right-hand
scale) where the EC density is much lower.

The data plotted in Fig. 11 is the result of all of these
approximations. Most of this data was taken at 15E in
CESRTA, with a 20 bunch train of positrons in the storage
ring, 14 ns spacing and about 100 mA total current. The
data of the wide black plot was taken at the same time, but
came from the L3 region of CESRTA where the amount of
synchrotron light (and the resulting electron cloud) is much
lower than at 15E.

At DA®NE, the TE wave resonant frequency shift could
be measured directly. Clearing electrodes have been in-
stalled in much of the positron storage ring [12]. With
a positive voltage applied, it is expected that most of the
electron cloud would be suppressed at the locations of the
clearing electrodes. Fig. 12 shows the change in the TE
wave resonance response as these clearing electrodes are
turned OFF and ON. This data was taken with 800 mA in
the positron ring with 100 bunches filled and a 20 bunch
gap. This large duty factor allows the resonant frequency
shift to be observed directly. Rather than exciting with
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a fixed frequency, the drive frequency was swept so that
the resonant response could be observed. The right peak
of Fig. 12 changes by about 200 kHz, corresponding to
a change in EC density of 1.5 x 10'2m~3. The fact that
the left peak does not shift at all suggests that the standing
wave of this resonance is in a region without clearing elec-
trodes. Further analysis is needed in order to understand
this variation in the frequency shifts.
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Figure 12: The change in the response of two TE wave res-
onances in the DA®PNE positron ring as the clearing elec-
trodes are turned OFF and ON.

BEAD PULL MEASUREMENTS

As shown in Eq. 3, the sensitivity of the measurement
is given by an integral of product of the local EC density
ne and the local E2 of the resonance. Generally, the EC
density will not be uniform over the volume (as suggested
by the DA®NE data) so that the correct interpretation of
the data depends on a good understanding of the standing
wave pattern that is generated by each resonance. Changes
in beam-pipe geometry can result in resonances that differ
considerably from a simple rectangular cavity. So it is use-
ful to estimate this standing wave pattern in the beam-pipe,
either through physical modeling or by simulation.

Bead pull measurements have been widely used to mea-
sure the fields inside a resonant cavity [13]. A dielectric
bead positioned in a cavity will produce a shift in its reso-
nant frequency that is proportional to £? at the location of
the bead. This perturbation is analogous to Eq. 3, except
for a dielectric rather than a plasma. In performing a bead
pull in resonant waveguide, the bead was attached to a thin
mono-filament line that could be used to position the bead
along the length of the waveguide as shown in Fig. 13.

Bead pull measurements were made using segments of
round beam-pipe with geometries similar to the chambers
in the L3 section of CESRTA. There are two cross sections:
the first is a smooth round chamber, the other extrusion has
triangular grooves at the top and bottom of the chamber
that are intended as an EC mitigation technique in dipole
fields.

Fig. 14 shows the assembly of three sections of chamber
along with their corresponding bead pull measurements.
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Dielectric Bead
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Figure 13: In the basic configuration of a bead pull mea-
surement, a thin line is used to position the bead and a
spectrum analyzer used to measure changes in the reso-

nant frequencies.
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Figure 14: In a bead pull measurement with grooved
beam-pipe between two sections of smooth beam-pipe, the
first two resonances are mostly confined to the grooved
section of the chamber. Resonant frequencies are in GHz.
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Figure 15: In a bead pull measurement with smooth cham-
bers on either side of the drive point, the first two are cutoff
resonances that have an exponential decrease in field with
distance from the drive point.

In this case, a grooved chamber was placed between two
smooth chambers with conducting plates at either end of
the assembly. The bead pull measurement shows that the
fields of the first two resonances are predominantly within
the grooved chamber only. This is due to the fact that the
cutoff frequency of the grooved pipe is below that of the
smooth pipe.
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Another bead pull measurement was made on an assem-
bly having smooth beam-pipe on either side of the BPM
drive point as shown in Fig. 15. The field appears to de-
crease exponentially with distance from the drive point. In
the design of BPM flange, the buttons were recessed from
the nominal inner diameter of the flange to prevent direct
synchrotron radiation from striking the buttons when in-
stalled in the storage ring. The side effect of this modifi-
cation is to lower the cutoff frequency in the small volume
of the drive flange. This presumably explains the observed
field pattern.

SIMULATIONS

Resonant TE Waves

The VORPAL [14] simulation program was used to
model standing waves in a waveguide. This was done by
adding protrusions to the waveguide and observing the sim-
ulated response as shown in Fig. 16. Resonant frequen-
cies were determined by plotting the value of the simulated
Poynting vector in the region between the protrusions. At a
resonance, the sum of the Poynting vectors of the forward
and reflected waves will be at a minimum. The resulting
series of resonant frequencies is consistent with that of a
rectangular cavity. In addition, when electron cloud was
added into the simulation, the resonant frequencies shifted
upward as expected from Eq. 3.
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Figure 16: In this simulation of a waveguide with two pro-
trusions, resonances occur at the Poynting vector minima.
The perfectly matched layers (PML) in the simulation serve
to minimize reflections from the ends of the waveguide.

TE Wave Transmission in Magnetic Fields

A magnetic field can change the magnitude of the res-
onant frequency shift for the same EC density aside from
the effect that the field might have on the cloud itself. This
is especially true in the case of x-wave propagation, where
the F of the TE wave is perpendicular to the magnetic field.

Simulations using VORPAL have shown the effect of a
magnetic field on the phase shift of x-waves propagating
through a circular waveguide. At low magnetic fields (near
the upper hybrid resonance) the effect is a magnification
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Figure 17: This VORPAL simulation shows the change in
phase shift vs. EC density for x-wave propagation for dif-
ferent magnetic fields. Fig. 18 shows that this magnifica-
tion is due to the proximity of the upper hybrid resonance.
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Figure 18: In a simulation with a TE wave drive frequency
of 2.17 GHz in circular waveguide, the upper hybrid res-
onance gives a substantial magnification of the phase shift
of x-waves. At this frequency, the upper hybrid resonance
would occur at 7.757 x 1072 T.

of the phase shift per unit length. The degree of magnifi-
cation is determined by the proximity to the upper hybrid
resonance where the excitation frequency is the sum of the
cyclotron and plasma frequencies weyciotron + wp. Fig. 17
shows an increasing change in phase shift at different mag-
netic fields. A more general view of this is given in Fig. 18
where the phase shift is plotted vs. the magnetic field at a
given excitation frequency.

Simulations were also run for TE waves propagating in
high magnetic fields (well above the upper hybrid reso-
nance). Fig. 19 shows a VORPAL simulation of the prop-
agation of 1.66 GHz TE waves through an electron cloud
in a dipole field. The phase shift of the o-wave is little af-
fected by the magnetic field, while the x-wave phase shift
is close to zero at 2 T. In a high magnetic field that is per-
pendicular to the F field, the electrons are no longer free
to move in that plane. In contrast the o-waves, with the
magnetic field parallel to the E field, have phase shifts that
are little affected by magnetic fields up to 2 T. But in circu-
lar waveguide, the transverse field lines are curved and will
have some component perpendicular to the magnetic field.
So some reduction in the phase shift should be expected as
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the magnetic fields become very large.

Fig. 20 is a simulation of the phase shift in a wiggler
field. The waveguide is rectangular so that the £ field is
parallel to the nominal wiggler field. Unlike the simula-
tion in a dipole field, the wiggler field gives phase shift that
is somewhat reduced from the zero field value [15]. This
simulation result needs further study.

-20

-25

-30

V Reduced Drive

-10dB
A Wide Scan

B Detailed Scan

0.010

Phase Shifts In Dipole Fields; E,

0.008

Theoretical (B=0)
No Magnetic Field
Ordinary Wave (B, =0.17 T)

Chicane (Gauss)

@
2
5
=)
s
U v
'35
T A, .
<
g 40— A ¢
Q Ala A v
=t A A AlpA LA
n n
& -45 =
Z LI & a
-50
0 100 200 300 400 500 600 700 800 900

Extraordinary Wave (B, =0.17 T)
Extraordinary Wave (B, =2.0T)

e o o &
* o o8

0.006

0.004

Phase Shift, [rad/m]

0.002 *

£:900 2 3 4 a 6 7 8

Plasma Density (x10?) [#/m* ]

Figure 19: This simulation of propagation through an elec-
tron cloud in a dipole field shows the phase shift of the o-
wave little affected by the magnetic field, while the x-wave
phase shift is close to zero at 2 T.

Phase Shifts For Realistic Wiggler Fields

0.010

— Theoretical (B=0, E,)

o o Wiggler Field (E,)
0.008

0.006

0.004

Phase Shift, [rad/m]

0.002 .

0.000

2 3 4 5 6 7 8
Plasma Density (x10°*) [#/m* ]

Figure 20: Simulation of the phase shift in a wiggler field
shows a reduction in the phase shift even when the E field
is parallel to the B field.

DATA WITH MAGNETIC FIELD

A resonant TE wave measurement was made in a dipole
field at CESRTA with the result shown in Fig. 21. An x-
wave was excited in the round beam-pipe at 1.9714 GHz
and the dipole field ramped from O to about 850 Gauss.
The dipole is part of a four magnet chicane. The beam
current in the storage ring was 140 mA in 20 bunches of
positrons spaced at 14ns. The data clearly shows that the
upper hybrid resonance magnifies the sideband amplitudes
as might be expected from the simulation the phase shift
of Fig. 18. However a retarding field analyzer (RFA), that
measures the electron cloud current in the same chamber,

Figure 21: With x-wave excitation of 1.9714 GHz, data
was taken with a dipole field ranging from O to about 850
Gauss. The sideband amplitude greatly increases at a field
that corresponds to the upper hybrid resonance. The beam
current was 140 mA of positrons in 20 bunches.

also shows an increased signal at this magnetic field. Fur-
ther, this increase in the RFA signal goes away when the
TE wave excitation is turned off. At the moment, we do not
know to what extent the excitation of the TE wave changes
the response of the RFA or produces an increase the elec-
tron cloud in the chamber.

CONCLUSIONS AND FUTURE WORK

In many cases, the excitation of TE waves in beam-pipe
is dominated by resonances rather than point to point trans-
mission. Modeling the beam-pipe as a resonant cavity re-
sults in a simple expression for the shift in resonance vs.
EC density. The effect that this frequency shift has on the
observed signals is complicated by the fact that the damp-
ing time of the resonance is similar to the electron cloud
duration. So a full treatment of the problem will involve
the effect of the transient response of the resonance to a
rapidly varying EC density. Approximate values for the EC
density can be obtained by taking the duration of the cloud
to be long compared to the damping time of the resonance.

Bead pull measurements can be an aid in the understand-
ing of the resonant fields. Bench measurements show that
localized measurement of the EC density is possible in
some geometries.

Simulations have shown the effects of dipole magnetic
fields on the phase shift of TE waves propagating through
an electron cloud. At low magnetic fields there is an en-
hancement of this phase shift depending upon proximity to
the upper hybrid resonance. At high fields, there is signifi-
cant suppression of the phase shift for x-waves propagating
through the EC density, while the o-waves seem unaffected.

Future efforts will include the application of the results
of both bench tests and simulations to measurements made
in accelerators. It is important to obtain both the magnitude
of the EC density measurement and understand where the
measurement is being made. This is especially true where
specialized chambers or devices such as clearing electrodes
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or grooved chambers have been installed.
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