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• Physical principles of the measurement method.
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• Measurement results.
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Measurement by microwave transmission

Beampipe

Low energy electrons

EM wave

Low-energy electrons
Phase velocity changes in the ec region

Propagation through the electron plasma introduces an additional term to
th st nd d id disp si n:the standard waveguide dispersion:

k2 =
ω 2 − ω c

2 − ω p
2

Plasma frequencyk =
c2

Beampipe cut-off frequency

Plasma frequency
2c(πρere)1/2

Beampipe cut off frequency

The presence of the “electron plasma” affects the propagation of the wave,
while there is essentially no interaction with the ultrarelativistic beamwhile there is essentially no interaction with the ultrarelativistic beam.



Induced additional phase delay

The resulting phase shift per unit length is:g p p g

Δϕ
=

ω p
2

2 2 1/2

By measuring …one calculates
and

L 2c(ω 2 − ω c
2 )1/2

Beampipe cut-off
ρe ≈

fp
2

80
 (e− / m3)

Frequencies closer to cut-off
experience larger phase shifts Theirexperience larger phase shifts. Their
attenuation is generally larger in
actual beampipes, though.

Formulas valid only when B=0y



Practical Difficulties

• Low phase shift values (few mrad). Can we increase it ?p ( )
– Frequency closer to beampipe cut-off ⇔ higher attenuation
– Longer propagation distance ⇔ higher attenuation

• Noisy environment: direct beam signals !
• BPM not optimized for TE-wave transmission/reception• BPM not optimized for TE-wave transmission/reception.

– Typical Tx/Rx losses > -60 dB

T t l t d h hift (b b ff)• Temperature related phase shift (beam on, beam off).



Phase Shift Time Dependence

Positron bunch train

Gap PEP-II LER

Gap length ≈ 100 ns
Revolution period ≈ 7.3 µs
Bunch spacing ≈ 4 ns

EM Wave

Positron current

136.4 kHz

E-Cloud Density

Relative phase shift

The phase shift changes at a frequency equal to the (gap) revolution frequency !!!



CesrTA Fill Patterns (e+/e-)

Energy = 2 - 5.2 GeV
Gap length ≈ 210 ns - 2.4 μs

10-bunch train
p g μ

Revolution frequency ≈ 390 kHz
Bunch spacing ≈ 14 ns

40-bunch train

9x5-bunch trains

in this case the gap revolution frequency is 9 x frev



Experimental Setup

• The hybrid reduces the
direct beam signal picked

Signal
Generator

Receiver

direct beam signal picked
up by the receiver
(spectrum analyzer)

0 dBm Noise floor -100 dBm

-35 dBm

Amplifier
Bandpass

Filter

( y )
• A BPF is used to further

reduce beam power on the
i T l i d

+30 dB
-50/60 dB

ΔIsolator 180º Hybrid

4/10 m

receiver. Total received
power < 100 mW.
Th 20 dB i l t t t

Positron Beam

Electron Cloud
4/10 m • The 20 dB isolator protects

transmitter and amplifier.
• Transmission attenuation is

CesrTA dipole/ex-wiggler
• Transmission attenuation is

around 50/60 dB, with a
60+ dB SNR at the
receiver.



Transmitter/Receiver Positions

We had 3 BPM available for the measurement, to be used either as transmitting
or receiving port.
By trying all the possible combination, we were able to test the effects of
different vacuum chambers, different propagation lengths, and different
propagation direction between e+ or e- beam and TE wave.
Th k b h 2 0 d 2 G V i h i f fillThe measurements were taken at both 2.0 and 5.2 GeV, with a variety of fill
patterns.

dipole
e+

dipole wiggler replacement chamber

Q12W Q13W Q14WQ12W Q14W
~ 6 m~ 4 m



Closed-loop Transfer Function (cables)

Includes: cables, receiver, amplifier



Beampipe Transfer Function
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Search for origin of reflections and/or
resonances in the beampipe did notresonances in the beampipe did not
turn out conclusive results (gate
valves, pumping holes, RF cavity)



Received Signal

Re ol tion harmonicsCarrier Revolution harmonicsCarrier

M d l ti id b dModulation sidebands



Phase Modulation

The periodic clearing of the electron cloud by the gap, when it passes between our
Tx and Rx BPM’s phase modulates the transmitted signal:

s(t) = Acos[ω cart + Δϕ(t)]
Tx and Rx BPM s phase modulates the transmitted signal:

• What happens if the gap is not long enough to completely clear the electrons ?
• What happens if the gap is shorter than the distance between Tx and Rx ?

If Δϕ(t) = Δϕmax sin(ωmodt)

ωmod

Δϕmax

2mod 2

ƒωcar



Measurements at CesrTA

• Compare positron and electron beam
– Build-up of low-energy electrons has also been observed with an 

electron beam.  
• Compare measurements with TE wave propagating in the same andCompare measurements with TE wave propagating in the same and 

in the opposite direction of the beam.
• Dependence on gap length and beam/bunch current
• Effects of different vacuum chamber shapes

– Arc and wiggler replacement pipes.
• Dependence on beam energy• Dependence on beam energy

– More photoelectrons generated in the dipole at 5.2 GeV
• Cyclotron resonance 

– Dipole field is 792 G at 2 GeV, fcycl=2.22 GHz



Electron vs. Positron Beam
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2 Gev vs. 5.2 Gev Measurements
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9 x 5 Bunch Fill Pattern
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Clearing Solenoids (PEP-II)
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Although the time evolution of the e-cloud density is not simply sinusoidal, the
simple model already gives results in good agreement with other estimates (codes)
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simple model already gives results in good agreement with other estimates (codes)



Experimental Results (PEP-II)
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Cyclotron Resonance

fcycl[GHz] ≈ 28 ⋅ B[T ]

But what is the relationship between this phase shift and the e-cloud density ?
Are we measuring the ECD, or rather the magnetic field strength ?Are we measuring the ECD, or rather the magnetic field strength ?



Cyclotron Resonance Measurement

Unequivocal measurement of a cyclotron resonance

fcar =2.015 GHz40+ mrad over a 
length of only 4 
meters !

B≈700 G (~1.96 GHz)B 700 G ( 1.96 GHz)



More Experimental Results

Difference between upper and lower sideband evidence of AM/PM mod. 

? fcar=2.128 GHz

20 mrad

Lo SB
6 mrad

Up SB2 mrad

B≈765 G (~2.14 GHz)



Future Activities

How to improve the measurements ?• How to improve the measurements ?
– Better hardware. Bigger amplifier ? 

From BPM’s to dedicated couplers optimized for TE mode– From BPM’s to dedicated couplers optimized for TE mode.  

• More beamtime
CesrTA (cyclotron resonance time domain measurements)– CesrTA (cyclotron resonance, time domain measurements)

– KEK-B ?

• Better understanding of cyclotron resonances• Better understanding of cyclotron resonances
– More analytical work and modelling

• Development of a dedicated receiver
– Full demodulation of received signal


