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Abstract

Simulation studies for transmission of microwaves
through electron cloudes show good agreement with an
Iytic results. The elctron cloud produces a shift in phas
of the microwave. Experimental observation of this phe
nomena would lead to a useful diagnostic tool for acessir
the local density of electron clouds in an accelerator. The:
experiments are being carried out at the CERN SPS al
the PEP-II LER at SLAC and is proposed to be done at th
Fermilab maininjector. In this study, a brief analysis of the
phase shift is provided and the results are compared wi
that obtained from simulations.

INTRODUCTION

This paper shows some preliminary results of work ir
progress for a planned exhaustive study on the physic
processes involved with the transmission of microwave
through a beam channel containing electron clouds. Su
cessful experimental observation of the phase properties of
the microwave after the transmission would serve as a vefygure 1: A schematic of the simulation process. The mi-
useful probe for detecting electron clouds and their progrowave source is placed a small length away from the left
erties at different locations of a beam channel. Given theoundary.
complexity of the problem, and in order to be able to cor-
relate the properties of the electron distribution with the
expected experimental observations, a good understanditig wave to decay and be absorbed, thus preventing any re-
of the problem through simulations and theoretical analysftection in that direction. Figure 1 shows a snapshot of the
is necessary. simulation process.
Experimental results conducted at the SPS have been re-
ported [1], and some preliminary experimental investiga-
tion has also been conducted at the PEP Il low energy ring DISCUSSION OF THE DISPERSION
[4] will be reported. While it is clear that more progress RELATION AND THE RESULTING
is required in the experimental and simulation efforts, we PHASE SHIET
can already state that results obtained so far are encourag-

ing. Further, simulation results presented here, which are The method for deriving the wave dispersion relation-
done for idealized conditions show good agreement Witghip has been described in Ref. [3]. The derivation in-
analytic results. volves a perturbation about an equilibrium configuration of
To simulate the physical process, we use the electromagre Maxwell and fluid equations and where all higher order
netic particle-in-cell code VORPAL [2]. For the sake ofperturbation terms are neglected. As a result, the electron
simplicity, and as an initial part of the study, we use a chansquation of motion is linear. In this model we do not ex-
nel with a square cross-section. The transverse boundar'tgﬁsct any attenuation in the amplitude of the wave and the
are conducting and boundaries along the longitudinal direquency spectrum remains invariant. For a cold, homo-
rection consist of phase matched layers (PML) which cauggineous electron distribution that completely fills the beam
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Over herek is the wave number; the speed of lightw phase shift for different frequencies
is the wave frequencyy, is the plasma frequency and PR ' ' ' ! ! '
is the cutoff frequency of the waveguide. The plasma fre
guencyw, is given by
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wheren, is the electron number density,is the electron
chargeg is the free space permittivity and, is the elec-
tron mass.

If we assume the wave to propagate over a distaxnte
then the phase advance of the wave is givetAy.. It is
clear from Eq. (1) that the phase advance of the wave de- frequencv(Hz)

pends upon the plasma frequency, a property of the electron ) ) )
distribution. Thus, if we compute the difference betweefi'9ure 2: Plots of phase shift per unit length for different

phase shift (rad/m)
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the phase advance with and without electrons respectivef/eCtron densities wit. = 2 GHz.
we get
AL Table 1: Simulation parameters
AP = [(w2 - wf)l/Q — (W — w2 - %2))1/2 — 3
) ) ) ) ¢ dimensionsg x y x z 7.5 x 7.5 x50cm

If we linearize this about small, we obtain no. of grid cellsyr x y x 2 16 x 16 x 32
Ad w2 time of propagation 7x107%s
— = 2—p21/2 (4) number of time steps 7560
AL 2¢(w? = w2) TE,; mode cutoff frequency 2 GHz

This is the so called “phase shift” per unit length. microwave frequency 3 GHz

Figure 2 shows plots of the phase shift per unit length
against frequency based on Eq. (4) for different electron

densities. The electron densities used herenare- 1 x
1012, 2 x 1012, 4 x 10'2 and7 x 10*2 and the correspond- SIMULATION RESULTS AND

ing plasma frequencies are 8.9, 12.7, 18.0 and 23.8 MHz CALCULATION OF PHASE SHIFT

respectively. The cutoff frequency of the waveguide is 2

L . . In this section, we present the simulation results ob-
GHz. It should be noted that this is valid for smaj} in P

tained from the electromagnetic particle-in-cell code VOR-

Eq' r(ole)l’c:r?gsotgear;r;:itet?/l;? tZI?) :xact ;ﬁgu?gtss h'?v\évgin PAL [2]. The system consists of a channel with a square
approa ery e.da plots g cross section. The electron distribution fills up the whole
indication of what an optimum value of the microwave fre-

uency should be in order to determine the electron densitchannel and is initially uniform and cold. Other parameters
q Y Sed in the simulation are given below.

H!gher fre_quenmes_lead o a lower variation in phase Sh' Figure 3 shows the theoretical and computed phase shifts
with density. Lowering the frequency closer to the cutoff is

not always possible in order for the signal to be detectable.

In this case, we expect that a microwave frequency of ~ phase shift vs electron density
GHz is reasonable. 0.003 - . . . .

The analytic results in this section provide a good un I dueni o
derstanding of the problem, but one must take into accou’g 9% | theory f=4GHz - 1
that they are valid under certain idealized conditions. Fcg simulation f=4GHz

. < 0.002 | 1
example, the formulation above assumes a cold, homog= :

neous electron distribution with no external magnetic fiele= 9015 |
Further, the electron equation of motion is linearized in =
quasi-equilibrium regime. In reality, there is a spatial anie 0.0t | ' _
temporal variation in the electron density. One must als & ,

take into account the periodic passage of the beam, whii & 00005 i ]
provides a time varying electric field. In particle-in-cell o L™ . . . . .
simulation, these approximations may be relaxed. In th 0 es12 2e+12 3e+12 derd2  Set12 Be+l2 Te+l2
next section we shall show through simulations that rec_ electron density/m”-
accelerator conditions fall into a regime where many of the

above assumptions hold, and so the analytic result is a gobtgure 3: A comparison of phase shift obtained from com-
starting point in understanding the problem. putation and analytically.




for two values of frequencies. It may be noted that the apnatend to include more physical features into the simula-
proximations made in deriving the analytic result becomé&on and the analytic models in the future. Notable among
more valid with decreasing electron densities. Most valthem would be the effect of the periodic passage of a beam.
ues of electron densities used in the computation are weliven the relativistic mass of the beam patrticles, it is clear
above those occurring in real machines. Despite this, thkat the beam would not contribute to the dispersion rela-
computational results compare very well with the analyti¢ion in the form of a plasma. However, the beam provides
ones and they also show that the two results get closer wightime varying electric field and the extent of such an ef-
decreased electron density. The results are shown for tvii@ct on the dispersion relation still needs to be estimated.
values of microwave frequencies and the cutoff frequencihe geometry of the cross section will become important

was 2 GHz for both cases. in the presence of a beam and so we need to move to more
realistic geometries.
A BRIEEF NOTE ON EXPERIMENTAL The influence of external magnetic fields also needs to
MEASUREMENT OF PHASE SHIFT be investigated. In the presence of a solenoidal field, the

microwave breaks into a left and right circularly polarized
The phase shift can be measured from the output fréiave (known as L and R wave respectively). Both of these
guency Spectrum of the microwave. Due to the presen(y@.” have different dispersion relations. This will affect the
of a gap in the bunch train, the elctron cloud is periodiout coming wave in two ways. Due to the modified dis-
cally cleared. This results in a phase modulation of thpersion relations, the effective phase shift will be different.
microwave at the frequency of the clearing of the electro? addition to this, since the left and right circularly po-
cloud. In the presence of a single gap, this frequencywoul@rized waves undergo different phase shifts, there will be
be the revolution frequency. Assuming that the modulz@n overall rotation in the plane of polarization of the in-
tion is sinusoidal and that the electron cloud gets completi§ut microwave. One must also note that the presence of a
cleared in the presence of the gap, we get for the wave aspelenoidal field results in a higher electron density near the

plitude, walls, which would also influence the overall phase shift.
When a dipole magnetic field is present, the dispersion
w(t) = cos[wt + AP cos(wp,t)] relation depends upon the direction of the wave electric
= cos(wt) cos[AD cos(wnmt)] field with respect to the external magnetic field. When

they are parallel to each other, the wave does not see the
magnetic field. This component is known as the ordinary
wave. When the direction of the two fields are perpendicu-
lar to each other, it gives rise to the so called extraordinary
wave. Since the dispersion relation of both these compo-
w(t) = Jo(AD) cos(wmt) nents are different, we will see a modified phase shift de-
pending upon the strength of the magnetic field accompa-

— sin(wt) sin[A® cos(wpt)] (5)

Using the expansion for cos|A® cos(w,,t)] and
Sin[A® cos(w,,t)], we get

+J1(AD) cos[(w + wm )t + 7/2] nied with a rotation of plane of polarization if applicable.
+J1(A®) cos[(w — wm )t + /2] Once again, the distribution of the electrons is not uniform
+J2(A®) cos|(w + 2w )t + ) in this case too, and this will have an independent effect
4 T2 (AD) cos[(w + 2wm)t + 7] + - (6) upon the overall phase shift.

The PIC code VORPAL is well equipped to include all
Over herew,, is the modulation frequency and thg’s the above-mentioned features into the simulation process.

are Bessel functions of the first kind. The amplitudes ofnderstanding the effect of all these features and simulat-
the secondary peaks may be relatec\. This technique ing their effects is important in order to correlate experi-
suggested in Ref. [1] has been employed in the experimerif_éent?‘l obsevations with the properties of the electron dis-
at PEP-II [4] and secondary peaks have been observed@putions.

the expected frequency. CES
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