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Plan:

1. Abstract (short description of Tevatron and TEL)
2. Introduction
3-5. Results and summary
6. Conclusion 
1. Tevatron Electron Lens (TEL) is a part of Tevatron where periodically emitted electron current is used as lens, because of electromagnetic fields of electron current. TEL is working in two different modes – one when emits three impulses per one turn every seventh turn of the beam, another when TEL emits one impulse every turn of the beam.
Description of the beam. Beam (proton or antiproton) consists of 36 bunches equally divided in three parts (12 bunches in one part are known as train). Between trains there are identical gaps. 
First working mode of Tevatron.
In this regime TEL is working as cleaner of bad particles which are located in gaps not in bunches. TEL is defocusing this bad useless particles and we lost them. So lens is working as destroyer in this regime. If there is no TEL so it will be big probability of the quench and big noise in detector. In this regime TEL emits three impulses between trains every seventh turn of the beam. 

Second working mode of Tevatron.
In this regime TEL is working on one antiproton bunch. TEL is compensate the shift of frequencies caused by beam-beam effects of protons and pbars. Thus there is no growth of emittance in this way. TEL is working as lens. In this regime TEL emits impuls per turn of the beam. 

There are requirements for life time of beam and for emittance’s growth. So there are requirements for fluctuation of  TEL’s electron current (0.03%) and for transversal deviation of electron current (simply position) (0.14 µm). 

Analyze of fluctuations of TEL’s electron current and TEL’s electron current position is done in this report.  We made FFT (Fast Fourier Transformation) spectrums in this report for all examples. We measured accuracy of measurements and oscillations of zero of scope. We obtained amplitudes of high frequency harmonics and gave differences between two working regimes of Tevatron: 1 – 1 impulse per one turn, 2 – 3 impulses per 7 turns of the beam.
All measurements were done on TEKTRONIX TDS7104 scope. The skew of scope about 1 GHz. The sampling frequency is 10 GHz. The accuracy of scope is 8 bits. Memory is 32 000 000 samples. There is one good feature of this scope is that we can continuously measure one peak many times. After that we can see what is behavior of signal in the time. 
2. You can see two different working regimes of Tevatron on pictures 1 (1x20 µs) and 2 (3x141µs).
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3. We need to measure impulse amplitude with accuracy about 0.03 percents. This is very good accuracy, so first of all we need to see:
a) fluctuations of scope’s zero

b) fluctuations of signal generator

c) fluctuations of the base of signal 
3.a. Fluctuations of scope’s zero.
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We find that rms of signal is 100-200 µV that means that it is 0.03-0.06 of cathode and collector currents (near 300 µV).
3.b. Fluctuations of signal generator.

You can see on figure the signal from generator.






We record 14636 tops of peaks continuously. We obtain mean of every top of peak and statistics for these averages. On figure 5 you can see 4 tops of peaks. On figure 6 (tops of the peaks) you can see existence of 420 Hz harmonics. Differences betweens peaks on spectrum is 420 Hz. On figure 7 you can see amplitudes of harmonics (FFT spectrum without average signal). In future if we are talking FFT spectrum  we mean FFT spectrum without average signal.
Average of selection=0.7736001 V
Rms=0.00028677 V
Average of selection/rms=0.0003706

Harmonics more 1 kHz contain 0.000136 part of all signal (100 µV)
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3.c. Fluctuations of base.

In this case we measured all signal except of peaks. We need to see oscillations of the base. We need it to understand what is the cause of our mistake and accuracy of measurements – oscillations of scope’s zero or fluctuations of base or maybe fluctuations of generator signal. It is interesting to understand how fluctuations of base make influence on fluctuations of peaks’ amplitudes. 


Results:

The average of selection=-0.00468÷-0.00616 В

Rms=0.00012733÷0.0002493 В

Rms/0.3 V (average amplitude of cathode current)=0.0003÷0.00083
Thus the fluctuations of base, the fluctuations of generator, measurements of scope’s zero are all of one order. And we can’t say what make influence on measurements – scope or generator.
4. Measurements of fluctuations current and charge.
We measured three types of the signal – cathode current, collector current, and signal from BPM “A+B”. Also we measured collector current in the all working regime of the TEL – 1x20 and 3x140.

4.a. Cathode current.
4.b. Collector’s current.

4.c. Signal from BPM «A+B».

4.d. Differences between 4.a., 4.b. и 4.c.

4.e. Differences in signals when TEL is working in different regimes – 3x140 и 1x20.

4.a. Cathode current.

First of all we pass our signal through the smoothing filter (R = 909 Ohm, C=110 pF) – figure 9. In future when we are talking about cathode current we mead that in this cases smoothing filter was used.
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After that we read serious of tops of peaks. On the figure 10 you can see 2 tops of peaks after filter was used.
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We fins maximum of every top. After we get this selection we obtain FFT spectrum.

4.a.1. First peak.  
As you can see on figure 1 there are different peaks – first, second and third.

On figure 11 you can see the FFT spectrum of selection of tops of first peaks.
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There are big amplitudes 15 Hz harmonics  (Amplitude=2 mV) and 30 Hz harmonics (Amplitude=1.5 mV).

The average of selection of tops=0.29652 V
Amplitude of 15 Hz harmonic/average=0.006744

Harmonics more than 1kHz  consist  0.000515 part of all signal (150 µV)

4.a.2. Second and third peaks.

In the selections of tops of second and third peaks there are interesting things. The harmonics near 2 kHz appear in FFT spectrum, which we can’t see in the selection of first peaks. And spectrum become more noisier (see figure 12).

Statistics to figure 12:


Average of selection=0.29988 V

15 Hz harmonic’s amplitude/average=0.00734
Harmonics more than 1 kHz consist 0.000831 part of signal (250 µV)


But in the beginning of spectrum the picture is the same as when we analyze the selection of the first peaks (see figure 13). Sometimes 2,8 kHz harmonic appear in the spectrum (see figure 14). The cause of appearance of this harmonics is unknown. 
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Statistics to figure 14:
The average of selection=0.35752 V
Amplitude of 15 Hz harmonic=2mV
Amplitude of 15 Hz/average= 0.005594

Harmonics more than 1 kHz consist 0.0009618 part of all signal (340 µV)
Let us to underline difference between selections of first and second (third) peaks. In all selections of second (third) there is additional harmonic near 2 kHz or 2,8 kHz. There is more noise in FFT spectrum of selections of first and second peaks, this means that harmonics more than 1 kHz consist twice more in selections of tops of second (third) peaks than in selections of tops of first peaks. 
4. b. Collector’s current.
There were two series of measurement. There are little bit different results about FFT spectrum power. We didn’t use smoothing filter for collector current’s signal. In the future when we are talking about collector’s current we will not use smoothing filter. We take maximums of the tops of the peaks. In the future when we are talking about collector’s current we take maximums of the peaks.
4.b.1. Results of collector’s current of first series of measurement. 
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Statistics to figure 17 and figure 18:
The average of selection= 0.33536 V
Amplitude of 120 Hz harmonic=2.5 mV
Amplitude of 120 Hz/average=0.007454

Harmonics more than 1 kHz are 0.000541 part of all signal (165 µV)
There is no big difference between selections of first and second (third) peaks (only there is more noise in the selections of second and third peaks than in the selection of first peaks). In the selection of third peak harmonics more than 1 kHz are 0.0008 (260 µV) part of all signal.
4.b.2. Results of collector current’s  second series.
On figure 19 you can see selection of tops of first peaks in the time.
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On figure 20 you can see FFT spectrum of this signal.
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Statistics to figure 20:

The average of selection=0.2388 V
Amplitude of 15 Hz harmonic=1,2 mV
Amplitude of 15 Hz harmonic/average=0.00502

Harmonics more then 1 kHz are 0.001 part of all signal (238 µV)
In the selections of second and third peaks there are harmonics in 2054 Hz and 2712 Hz (see figures 21 and 22).
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Statistics to figure 21 and figure 22:
Average of selection=0.23704 V
Amplitude of 15 Hz harmonic=1.4 mV
Amplitude of 15 Hz harmonic/average=0.005906

Harmonics more than 1 kHz are 0.0010347 part of all signal (230 µV)
4.c. Signal from BPM “A+B”.

We measured signal from BPM. There are two channels A and B. We take summarizator for this two channels and measure signal from summarizator. On figure 23 you can see signal from BPM in pink color.  





We take bottom of the signal and measure with good accuracy. We take minimum of bottom. FFT spectrum of selection of first peaks don’t have peak in the field more than 1 kHz (see figures 24 and 25).
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Statistics to figure 24 and figure 25:
The average of selection=-0.08396001 V
Amplitude of 120 Hz harmonic=0.8 mV
Amplitude of 120 Hz/average=-0.009528

Harmonics more than 1 kHz are 0.00169726 (142 µV) part of all signal.
There are peaks in the field more than 1 kHz in the FFT spectrums of selections of second and third peaks (see figure 26):
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Statistics to figure 25:

Average of selection=-0.07828001 V

Amplitude of 120 Hz harmonic=0.8 mV

Amplitude of 120 Hz harmonic/average=-0.0102197


Harmonics more than 1 kHz are 0.0031426 (246 µV) part of all signal.

4.d. Differences between 4.a., 4.b. and 4.c.


All of three signals look the same. In all FFT spectrums there are 15, 30, 60, 120 Hz harmonics. But there are differences in their power signal. For example in 4.c. 120 Hz harmonic is the biggest, in the cathode current’s signal 15 Hz harmonic is the main. There are no peaks in FFT spectrums in the field more than 1 kHz in the 4.a., 4.b. and 4.c, except for one series of measurement of collector current.

In all picture the ratio of main harmonic to average is 0.5-1%

4.e. Differences in the regimes 3x140 and 1x20.

We measure signal in the regime 1x20 – one impulse per turn of the beam.

In this regime we measure collector current. FFT spectrum of this signal don’t have peak in the field of frequencies more than 1 kHz. There is only one big harmonic in 81±13 Hz (sampling frequencies 26 Hz). See figure 27 and figure 28.
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Statistics to figure 27 and figure 28:


The average of selection = 0.4524 V

Amplitude of 81 Hz harmonic = 2.3 mV


Amplitude of 81 Hz/average = 0.005083

Harmonics more than 1 kHz are 0.00036650 part of all signal (165 µV)

Thus in this regime 1x20 there is one harmonic. In the field of frequencies more than 1 kHz there is no peak in the FFT spectrum. 


5. Fluctuations of position.


We can measure not only “A+B” signal but we can measure “A-B”. If we take a ration of “A-B” signal to “A+B” signal an multiply this number on 30 mm so we get position of electron current. We should measure signal “A-B” and “A+B” in one time. We should say about troubles of “A-B” signal – there is too much noise in the signal. First method - we take minimum of bottom, second (more accurate method) - we take average of bottom. FFT spectrums of this two methods are the same, but second method is much more longer. So we use first method.
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We can use two methods to get electron current position. First method – use calibrate constant for signal “A-B” (0.5 mm – 1.08 mV). Second method is take a ratio “A-B” signal to “A+B” signal multiplied on BPM aperture (30 mm). 
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On figure 31 and figure 32 you can see FFT spectrums solved through the process of two methods. There is no big differences between them. In the future we use second method (BPM aperture).

On figure 33 you can see zoomed 31 figure in the field of low frequencies. The main peak is on 180 Hz. The difference between neighbor peaks is 120 Hz.
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Statistics to figure 30 and figure 31 (32):


Average of selection = 0.00057777 m (0.001 m)

Amplitude of 180 Hz harmonic = 54 µm (70 µm)

Amplitude of 180 Hz/average = 0.09346 (0.07)

Harmonics more than 1 kHz are 0.01739 part of all signal – about 10 µm (0.02729 – about  27 µm)

All FFT spectrums of selections of second and third peaks are the same with FFT spectrum of selection of first peaks. You can see that the signals “A+B” and “A-B” have different frequencies. In the “A+B” signal the difference between neighbor peaks is 15 Hz, in the “A-B” signal the difference between peaks is 120 Hz.
6. Conclusion. Main table.

	Signal
	Frequencies
	Amplitudes, rms, 

average, etc
	Description

	Cathode 

current
	Fmax=3410 Hz

Fsample=3.5, 7 Hz
	Average=0.3V

15 Hz peak=2 mV

30 Hz peak=1.5 mV

15 Hz peak/Average=0.0067
Freq>1 kHz 0.0005  in signal

(150 µV)
	There are peaks more than 1 kHz in the second and third peaks (2 kHz and 2.8 kHz – 0.3 mV)

	Collector

current
	Fmax=3410 Hz

Fsample=0.93 Hz


	1. First series

Average=0.3353 V
120 Hz peak=2.5 mV

30, 240 Hz peak=0.9 mV

120 Hz peak/aver.=0.0074

Freq>1 kHz 0.0005 in signal

(165 µV)
	

	
	Fmax=3410 Hz

Fsample=6 Hz
	2. Second series

Average=0.2388 V
15 Hz peak=1.2 mV

30 Hz peak=1 mV

15 Hz peak/aver.=0.00502

Freq>1 kHz 0.001 in signal

(238 µV)
	There are peaks more than 1 kHz in the second and third peaks (2 kHz – 0.2 mV)

	“A+B”
	Fmax=3410 Hz

Fsample=1.8 Hz
	Average=-0.08396 V
120 Hz=0.8 mV

15 Hz=0.35 mV

120 Hz peak/aver.=0.0095

Freq>1 kHz 0.0017 in signal

(142 µV)
	There are peaks more than 1 kHz in the second and third peaks (2810 Hz – 0.25 mV) and Freq>1 kHz 0.00314 in signal (twice more, than in the first peaks)

	“1x21”
	Fmax=23870 Hz
Fsample=26 Hz
	Average=0.4524 V
81±13 Hz=2.3 mV

81 Hz/average=0.005

Freq>1 kHz 0.00036 in signal

(162 µV)
	

	“A-B”
	Fmax=3410 Hz

Fsample=1.8 Hz
	Average=0.0005777 meter
180 Hz peak=54 µm

300 Hz peak=35 µm

420 Hz peak=18 µm

180 Hz/aver.=0.09346

Freq.>1 kHz 0.01739 in signal (10 µm) 
	

	0 of scope
	
	Average=0 V
Rms=100-200 µV

Rms/0.3 V=0.0003-0.0006 
	

	Generator
	
	Average=0.7736001 V
Rms=0.000286773 V

Rms/aver.=0.0003706

Freq.>1 kHz 0.000136 in signal (100 µV)
	

	Base
	
	Average=-0.0047÷-0.0062 V

Rms=0.000127÷0.0002493 V

Rms/0.3 V=0.0003÷0.00083
	


Figure 1. Cathode current in regime 3 impulses every seventh turn. 





Figure 2. Need cathode current in regime 1 impulse every turn.





Figure 3. The scope’s zero (channel with attenuator). 





Figure 6. The existence of 420 Hz (30 µV) harmonic in signal averages of tops of peaks. 





Figure 7. The FFT spectrum of selection of averages (axes: y – amplitude of harmonics in Volts, x – frequencies in Hz).





Figure 5. Need 4 tops of peaks.





Figure 8. Non-filtered cathode current signal .





Figure 9. Filtered cathode current signal.





Figure 10. Two tops of peaks after filter was used.





Figure 12. FFT spectrum of selection of second peaks. You can see 250 µV peak near 2 kHz.
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Figure 13. The FFT spectrum of selection of second peaks.





Figure 11. The FFT spectrum of selection of tops of first peaks.





Fig. 14. FFT spectrum of selection of  second peaks (second series of measurements). You can see peak on 2810 Hz.





Figure 15. Top of collector current’s signal.





Figure 17. FFT spectrum of selection of tops of first peaks. There is peak near 2 kHz.





Figure 18. FFT spectrum of selection of tops of first peaks in the field of low frequencies. There is the biggest peak on 120 Hz. The difference between neighbor peaks is 15 Hz.











Figure 4. The signal from generator.





Figure 33. Zoomed figure 30 in the field of low frequencies. Pay attention to difference between neighbor peaks (120 Hz). The main peak is on 180 Hz.





Figure 32. FFT spectrum of position solved through the process of the first method (calibrate constant).





Figure 31. FFT spectrum of position through the second method (BPM aperture).





Figure 30. Position of electron current solved through the process of second method (BPM aperture).





Figure 29. Three bottoms of signal “A-B”.





Figure 28. Zoomed previous figure in the field of low frequencies. Pay attention to 81 Hz harmonic.





Figure 27. FFT spectrum of collector current in the regime 1x20. Pay attention on absence of peaks in the field of frequencies more than 1 kHz. Pay attention that the frequency axes is up to  23873 Hz. This differ from previous figures where Niqest frequency is 3410 Hz.





Figure 26. FFT spectrum of selection of second peaks. Pay attention to 2810 Hz harmonic.





Figure 25. Zoomed previous picture.





Figure 24. FFT spectrum of selection of first peaks. There is no peaks in the field more than 1 kHz.





Figure 23. Signal from BPM (pink color).





Figure 22.  Previous figure in the field of low frequencies.





Figure 21. FFT spectrum of selection of third peaks (second series of measurement). Pay attention to the harmonics on 2054 and 2712 Hz.





Figure 20. FFT spectrum of the previous signal. There is no peak near 2 kHz.





Figure 19. Maximums of first peaks in the time.
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