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Abstract anticipate any amplitude variation of the transaditt

Clouds of electrons in the vacuum chambers oFave. The phase shift of a wave of angular frequenc
accelerators of positively charged particle bearesgnt a © caused by a homogeneous density of cold electrons
serious limitation for operation of these machiaesigh over a length of propagation L is given by:

currents. Because of the size of these acceleratois La?

e Ap=——1—P (1)
difficult to probe the low energy electron cloudsen ? 2 a\2

: . . 2C(a) a)c)1

substantial lengths of the beam pipe. We applied\sel , , )
technique to directly measure the electron cloudsie Where @ is the beam pipe cut-off frequgncgbp 1S Fhe
via the phase shift induced in a TE wave which iBlasma frequency =s64[rad/sln[m?] (in SI Units)

independently excited and transmitted over a ditaigandn, is the electron density per cubic meter. It isacle
section of the accelerator. The modulation in thevev that the phase shift is proportional to the elettctoud
transmission which appear to increase in depth vihen density and increases as the carrier frequencyoappes
clearing solenoids are switched off, seem to bectly the vacuum chamber cut-off. Figure 1 shows the
correlated to the electron cloud density in thetiseC theoretical phase shifts for a few different elentcloud
Furthermore, we expect a larger phase shift of @ewadensities from the LER beam pipe cut-off of 2 GHz.
transmitted through magnetic dipole field regiohdhe  Numerical simulations using VORPAL agree very well
transmitted wave couples with the gyration motiéthe  with the above estimates [5].

electrons. We have used this technique to measure Furthermore, in a dipole field the electrons ariatipg
average electron cloud density (ECD) specificatiiy the along the magnetic field lines with a gyration (oymn)
first time in magnetic field regions of a new 4-0#® frequency f = eB/27m, wherem, is the electron mass, e

chicane in the positron ring of the PEP-II collidar htge electric charge, B the magnetic field inductiamd

SLAC. In this paper we present and discuss t : Lo .
measurements taken in the Low Energy Ring (LE ssuming non-relativistic electrons. If the trartsedi

between 2006 and 2008 adiofrequency wave signal couples with the gyratio
' motion of the electrons, the phase shift is more
ronounced.
INTRODUCTION PTONOHTS . . .
Evaluating the electron cloud density based onowave — 110%e/m’
transmission measurements was first suggested by F. € |+ | 2:10%¢/m
Caspers and T. Kroyer in 2003 [1,2]. In an efforbetter 10F 410" ¢/m’|

understand their results on the SPS, we perfornmeitas
measurements in the LER of the PEP-II colliderlaaS.

In the next section we first calculate an estimaftehe
effect on the microwave propagation based on the
theoretical analysis and computer simulations.

In the following section we describe our experinaént 0 :
setups at SLAC. We finally show the results obtding

to now and discuss how we could improve the setup f

our upcoming experiments planned at other acceleratFigure 1. Calculated phase shift per unit lengthain
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beam lines. magnetic-free region for a uniform cold electroagsha
in a waveguide with 2 GHz cutoff frequency.
THEORETICAL EVALUATION OF Figure 2 shows the calculated phase shift in aleipthe

MICROWAVE PROPAGATION INABEAM phase shift is larger as the electron gyration desgy

PIPEWITH AN ELECTRON CLOUD approaches the transmitted wave frequency. Thécakert
The derivation of the wave dispersion relationsfop lines correspond to the electron gyration frequeagyal

) . to the wave frequency.
propagation of an electromagnetic wave through 9 y

A1 the case of the dipole field region, an estinfatethe
electron plasma has been described in [3, 4] ahnhited L ) ! ;
to first order perturbation, so that the model d electron cloud density in PEP-II chicane is undegnivg

simulations. A theoretical model for the phase tshif
* Work supported by the Director, Office of Sciengtigh Energy dipole regions with electron cloud is actually undiidy.
Physics, U.S. DOE under Contract No. DE-AC02-76 260 In case of a magnetic-free region, an estimatettier
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electron cloud density in PEP-II straight is repdrin [6]. standard fill pattern is with every other RF buckiéd,
Scaling from this estimate, at a typical beam aurgel A except for a gap of 48 buckets (- 100 ns Iong)

and ~ 1700 bunches during our measurements, asg@amir, '
chamber secondary electron yield 1.4 in the LERl&ss
steel sections an ECD of 119*?e/m? is expected, giving
a plasma frequency of 9 MHz and a phase shift of 1
mrad/m calculated from Eq.(1) for a frequency XGl3z.
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Figure 2. Calculated phase shift per unit length ofipole
region for a uniform cold electron plasma in a wguide §
with 2 GHz cutoff frequency, the cloud density isiy
assumed to be-10'* e/m°>. The vertical lines correspond |
to an electron gyration frequency equal to the wa
frequency.

EXPERIMENTAL SETUPIN THE PEP-II Figure 4. Chicane dipole magnets (Right) instaifethe
LER LER (upper beam pipe) for electron cloud tests.

We run experiments in two different regions of PIER: | the second experimental region, we connectetésab

50 m field-free straight and a 5 m magnetic fi@dt®on. 3 couple of BPMs located upstream and downstreaan of
In the first region shown in Figure 3, a couplebeam new 4-dipole chicane recently installed, see Figlreto
position monitor BPM buttons located in the lon@iht test the electron cloud effect in magnetic fieldioas of
magnetic-free section of the LER Interaction Regiéh the future linear colliders. These buttons are &i®u
(|R12) was available for our measurement. Thesmb.ﬂt meters apart and |0ng RF cables bring the S|gnahm

are about 50 meters apart and long RF cables bh@g experimental hall to our instrumentation. Two eabére
Signal in the eXperimental hall to our instrumentat The used as transmitter and two cables as receivers. A
beam pipe in the LER is surrounded by electrichless Quadrature Hybrid 3dB attenuator is connected ifese
generating a solenoid magnetic field. This fieldised to  jn each receiver cable. The dipoles are 0.435 m.|The
confine the electrons near the beam pipe limitingirt magnetic field of the chicane dipoles can be varied
interaction with the positron beam and the emiss®n petween 0 and 1.46 kG. The vacuum chambers at the
secondary electrons. In the region of interest$wéen chjcane location are made in aluminum, partiallgted

our two BPM's there are two families of solenoidach \yith TiN. One magnet is located in the aluminumtisec
generating a magnetic field of about 20 Gauss.rgutfie  and the other three magnets are located in thes&dtion.

two years of measurements, we didn't have a permanerhe beam pipe is partially surrounded by electrazdiles
setup. Our instrument suite always included an el generating a solenoid magnetic field.

E4436B signal generator, capable of generating a CW

signal at a fixed frequency up to 3 GHz. The erditte EXPERIMENTAL RESULTS

signal power can be selected up to around 15 dBu. V\I/\/e detected electron cloud induced phase modulation
added a Comitech PST solid state 5W amplifier raed both the experimental setups descriged in the i

to 2 GHz, but we verified it could still give +30dB : ; i :
amplification at 2.3 GHz. section. A more detailed analysis is reported alg@].

On the receiver end we initially used an HP/AgiIent_ong strajght
E4408B and 8561EC spectrum analyzers; later onlsee a

used a Rohde-Schwartz 42 GHz spectrum analyzer. i\ﬂ
order to measure the power level at our output p@rt

also used an HP 436A/8545A power meter. W
performed measurements with a variety of beam otsre
from no beam up to 2.5 A in about 1700 bunches. T
PEP-Il LER has a 476 MHz main RF frequency and th

order to measure a phase modulation in the 36ng-
aight section of the LER the clearing solenaitiength
has to be reduced substantially.

igure 5 shows the power spectrum of the receiigthb
with the clearing solenoid set at the nominal 4Qu€3a
lack) and turned off (blue). The carrier sigrekvident



as well as two beam revolution harmonic signalshwitcurrently the object of investigation. The apparent
their small synchrotron sidebands. When the sotenodifference between the propagation frequency ofl2.0
field is set to zero, the beam pipe fills with é¢teas, GHz and the cyclotron frequency of the maximum phas
which are then periodically cleared by the 100omgylgap shift in Figure 7 (~ 1.96 GHZ) is due to differeace
in the fill pattern originating a phase modulatisnthe between the 700 G set point, the actual field i fibur
transmitted microwave. dipoles and its non-uniformity along the magnegtén

-40 — . ; In this configuration, the phase shift reaches mhigher
Beam revolution harmonics . . .
. values, so that it promises to yield a powerfull tfoy
= oo ! Upper Sideband | measuring even small electron densities.
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Figure 5. Spectrum analyzer traces showing micrewav | tof e ] 1
carrier and beam signals. A phase modulation sikba TTeeeecee” ?......-..*Hmo-.
appears when the solenoid field is turned off (plue pows pos p— p—
allowing the electron plasma to fill the pipe. Dipole Fleld (Gauss)
0w , , , _ Figure 7. Phase delay as a function of the dipukl f
strength for a TE mode propagating in the chicane a

g+ -

2.015 GHz.
CONCLUSIONS

We have shown the results of our TE wave transomssi
measurements on the PEP-II LER. We were able tectlet
p - - s 0 modulation sidebands 136 kHz away from our trarteahit
Solenoidal Field (G) signal at 2.295 GHz, which is consistent with a ggha
modulation induced by the presence of an electtoundc
Our results are in reasonably good agreement with
theoretical estimates, which in turn have been ladnac
with simulation codes. In a dipole field, when tligole
If we assume for simplicity that this phase modatais IS set so that its corresponding cyclotron freqyersc
purely sinusoidal and that the ECD reaches zeringlur e€qual to the microwave frequency, we measuredgeliar
the gap, it indicates an average electron denéifye1d* increased total phase delay. In this configuratite
e/m’, according to Eq. (1). method promises to yield a powerful tool for measyr
In practice, the presence of several other sidebanthe €ven small electron densities.
received signal points out to a more complex mdihra We are planning further measurements at CesrTAd&lorn
than the simple sinusoidal one. From the analybithe and atthe SPS at CERN.
modulating signal bandwidth (i.e. the number ofibles The authors wish to thank F. Roncarolo, M. Sullivan
Sidebands) it is a|ready possib|e to estimate ibw W. Wittmer, F.J. DeCker, S. Hoobler and A. Kulikfor

EC Density (10"¢/m’)

Figure 6. Average electron cloud density derivexhfithe
first modulation sideband as a function of the soid
field strength.

and decay time of the electron cloud. their precious help in realizing the experiments.
We have also characterized the effectiveness of the
solenoid field in controlling the ECD. Shown in Eig 6 REFERENCES
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