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Abstract
Proper alignment of strong quadrupoles in the final focus of the Tevatron collider is essential for successful machine operation. Detection of transverse coherent oscillations of the proton beam excited by current modulation in a particular quadrupole may provide information on the location of the quadrupole magnetic center. 
Introduction
According to the magnetic measurements performed at MTA during the quadrupole production [1], there are nonlinear components in the magnetic field of the final focus quadrupoles, i.e. non-zero an and bn coefficients:
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Hence, a large displacement of the beam orbit from the magnetic center of the quadrupole produces significant effect on the dynamics of the beam. Measurement of the position of magnetic center will allow making corrections in the orbit using correctors or even physically displacing the magnet. 

The experiment is based on excitation of current in the chosen quadrupole at some low frequency, which in turn excites transverse coherent oscillations of the beam [2]. The amplitude of these oscillations is proportional to the displacement of the orbit with respect to the magnetic center of the magnet. The signal at the excitation frequency can be detected by a beam position monitor elsewhere in the ring. Using dipole correctors it is possible to vary the displacement of the beam in the quad. Watching the line in the spectrum one can tell how far the bunch from the magnetic axis is. The precision is restricted by the resolution of the BPM, as can be seen from the estimation below.

In this report we describe the experimental system and software which was developed for carrying out this experiment. This software can be used for further turn-by-turn transverse position measurements in the Tevatron. 
Instrumentation

BPMs for both vertical and horizontal planes have to be properly chosen in order to detect the coherent oscillations excited by the quadrupole current modulation. The coefficient of proportionality between position in the quadrupole under consideration and position in the BPM, so called sensitivity, is given by
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Figures 1 and 2 present the vertical and horizontal sensitivity of BPMs in the case of excitation applied to D0Q3D quadrupole calculated from the Tevatron LowBeta lattice using OptiM software. Black circles mark the chosen BPMs (Vertical VPB14, Horizontal HPB13), both located in B1 house.
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Figure 1: Vertical sensitivity to D0Q3D in LowBeta mode.
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Figure 2: Horizontal sensitivity to D0Q3D in LowBeta mode.
 To avoid quench of superconducting magnets current has to be modulated with the amplitude of 0.5 A at a frequency near 6.0 Hz. This particular frequency is chosen because of several reasons. The first is that since magnets have large inductivity the high time derivative of current at higher frequencies may lead to a quench. The second is that the conducting beam pipe is less transparent for high-frequency fields. Lastly, the nearest harmonics of beam oscillations are 4.5 Hz and 9.0 Hz, and the frequency should be chosen away from these two frequencies. We consider the betatron tunes of the Tevatron to be equal ν = 20.585 and the magnetic rigidity HR=3266923.65 kG·cm. Gradient of magnetic field in the quadrupole is 
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and current is I = 4620.1A. The length of the quadrupole is L = 589.28cm. Chosen sensitivities are SV = 15919.1cm in the vertical plane and SH = 5087.0cm. The relation between displacement of the beam from magnetic axis and displacement in the chosen BPM is 
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Calculated values are 
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and 
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. Calculated resolution of the BPM is about 1 m and we conclude that the theoretical threshold for detection of the 6.0 Hz harmonic corresponds to the displacement in the quadrupole of 1/8 mm, i.e. this is the resolution of this method. The electronic part of the experiment is [3]:
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Figure 3: Experimental system

Hybrid is a device witch subtracts one signal from the other in analogous way. After hybrid the signal is fed into Aquiris DC222 digitizer. Parameters of this digitizer determine the resolution of the frequency detection. Memory is divided into 62500 segments and the maximum amount of points in each segment is 8192. Time resolution of the scope is 0.125 ns and after each trigger one can obtain signal during 1 μs. The bunch length is several nanoseconds so it is possible to use only 100 points of each segment to write the whole bunch waveform. To trigger the oscilloscope we use the AA marker (revolution marker) which gives TTL signal after each revolution of the bunch in the Tevatron. Varying the trigger delay it is possible to obtain signal from any bunch. Since the sample length is 62500 points and the time distance between them is 20.9μs the frequency resolution is 0.8 Hz. To improve resolution the Goertzel algorithm was implemented which allows searching for the particular harmonic. 
Algorithm of Software Operation
One acquision gives 62500 segments consist of BPM responses at each turn. It is important to subtract the average signal from each segment to remove additional constant signal due to reflections and non-ideal signal propagation in the scheme. Integration of pure BPM signal gives dipole moment as a function of time. Integration of the dipole moment gives a number which is the bunch coordinate multiplied by some constant due to the unknown charge distribution in the bunch[4][5]. By this step there are 62500 points of beam position and carrying out the FFT and Goertzel gives spectrum and Fourier amplitude of the particular frequency.  

Simulation

To simulate the BPM signal Tektronix AFG3252 generator was used. Step by step screenshots of the software are presented below. 
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Figure 4: List of parameters in the software 

The signal consists of 80 points is depicted on Figure 5. To avoid jitter influence one can use more points. It is obvious that the signal in additional points is equal to zero and will not affect the first integration. 
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Figure 5: Simulated signal from the BPM
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Figure 6: First integration 

Figure 7 shows the result of second integration, i.e. the oscillation at 6.0 Hz. There is some noise due to the phase jitter of the generator.
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Figure 7: Second integration (transverse oscillations)


Blue curve is the result of Goertzel algorithm.
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Figure 8: Spectrum of the transverse oscillations
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