[image: image1.wmf]3

2

3

2

5

10

10

8

1

205

)

,

(

-

×

÷

ø

ö

ç

è

æ

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

=

anode

anode

focus

focus

anode

beam

V

V

V

V

V

I


Fermi National Accelerator Laboratory

Summer Internship in Science and Technology (SIST)

BPMs for the Electron Cooling Project:

Modulation Evaluation Board

Erika Marceles Gonzalez

Electrical Engineering, Class of 2000

Universidad del Norte, Colombia

University of South Florida, Exchange Program Spring 2000

Summer 2000

Supervisors:

Arden Warner, Beams Division

Greg Saewert, Beams Division

ABSTRACT

This paper describes an evaluation tool especially designed for testing the signal processing system of those BPMs that will be used in the Fermilab Electron Cooling Project for measuring the electron beam position.  First, a detailed introduction of the Electron Cooling Project allows the reader to understand the BMP design requirements.  Then, the designed BPM system is described, including the technique used for measuring beam position, the BPM model and the signal processing system.  Finally, the testing capabilities of the board are mentioned.
1.  INTRODUCTION

 Improvement of the luminosity in the Tevatron collider can be achieved by increasing the antiproton supply. The FERMILAB Recycler ring will be able to do it by stacking multiple batches from the existing Accumulator ring, and by recovering and cooling the antiprotons remaining at the end of a collider store. To effectively cool antiprotons and fight intrabeam scattering during storage, electron cooling is desired in the Recycler.  

The electron cooling project in Fermilab is the first attempt in achieving medium energy electron cooling.  In order to meet the strict requirements, beam diagnostics that allow measuring the beam position to 50 (m in 1Hz BW and a beam diameter to 10 mm needs to be developed. Diagnostic devices such as BPM (Beam Position Monitor) systems, flying wire profilometers and scrapers are used to measure the electron beam trajectory and envelope. Since there is not a unique BPM system for all the different applications, this paper is referred particularly to those BPMs that measure the position of the electron beam, according to the Fermilab electron cooling project.

Furthermore, as a result of the summer internship project, a board specially designed for testing the electronics of these particular BPM systems will be described. Testing the signal processing in BPM prototypes is very important when intending to meet severe requirements, like in the case of electron cooling.

2.  ELECTRON COOLING

Cooling is indispensable to preserve the initial beam dimensions against diffusion processes (gas scattering, power supply ripples, rf noise…) to lengthen the beam lifetime.  To “cool” a particle, means to reduce its phase space density.  Since, according to the Liouville theorem, the transverse and longitudinal beam emittance (temperature) can not be reduced by means of beam optics, an interaction with an external system is needed.  In a method called electron cooling, a beam of cold electrons works as the external interactive system.  In this method the electron and antiproton beams travel together with the same velocity (same Lorentz factors) along a cooling section, allowing “hot” antiprotons to be cool down by “cold” electrons.  

There are other cooling processes such as stochastic cooling, which is currently been used by Fermilab in the Debuncher ring.  The efficiency of stochastic cooling however is reduced as the antiproton current increases, thus affecting the rate at which the particles are cooled.  Electron cooling promises better cooling rates, than those achieved with stochastic cooling.

Electron cooling a GeV antiproton beam is considered a medium energy cooling process, and it requires electron beam energies of some MeV and beam currents of hundreds of milliamperes or even amperes.   One of the most important technical problems might be the excessive electron beam power.  One of the schemes considered is a 

linac-based one to produce bunches that match the bunch length of the antiproton beam.  Another possibility is to recirculate cold electron bunches or even dc beam (energy recovery).  The latter method is the only technically feasible way to attain the required high electron currents.

In 1998, Fermilab scientists accomplished a high quality dc beam current of 200 mA at 1-1.5 MeV, recirculated for a period of 5 hours without a single break down [1].  These tests were performed using a 2 MeV Pelletron accelerator (Van de Graff type) at National Electrostatic Corporation (NEC), Wisconsin. The Fermilab electron cooling project intends to implement a similar system that will be used in the Recycler to cool down a 8.9 GeV antiproton beam, allowing to increase the antiproton supply to the Tevatron.  At this time, the main goals of this project are to demonstrate the recirculation of a 4.3 MeV, 0.5 A dc electron beam for a period of     1 h; to verify that the electron beam quality in the cooling section meets the demands of the electron cooling; and to design the system for the final installation in the Recycler.  

The recirculation system beamline layout and a simplified electrical schematic of the system are shown below.  
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Figure 1.  Recirculation system beamline layout

[image: image9.wmf]Figure 2.  Simplified electrical schematic of the beam recirculation system

The big tank is a Van de Graff generator, called Pelletron by the National Electrostatic Corporation, NEC. A set of chains transport negative charges to the Pelletron terminal, while a control system regulates the voltage built up.  The devices related to the voltage generation are not shown in the picture.    The Pelletron is just a part of the electron beam recirculation system.  

Electrons are produced by the electron gun (cathode) and get accelerated by 50 kV to the anode. A focus electrode controls the amount of beam that is emitted from the cathode. The anode is directly connected to the Pelletron terminal in what is called the deck.  Beam leaves the terminal and it is first accelerated and then decelerated until it reaches the collector.   The Pelletron voltage in the terminal determines the energy of the beam.  For the tests in Wisconsin this voltage was 1.5 MeV, but for the Fermilab setup it will be 4.3 MeV, making the experiment even more challenging. 

One important system consideration is the effect of the ions and secondary electrons generated by the beam when they hit remaining gas molecules in the pipe.  These particles not only damage the cathode, but also, deteriorate the electric field in the pipe, reducing the chance to attain high currents. Improvements to this condition are to enhance the vacuum and to close the anode aperture, so that secondary electrons and ions can not hit the cathode.  The anode aperture is set to be 1 cm diameter.

Practically, electrons reach the collector with the same energy they previously had in the cathode.  There is a      5 kV positive voltage from collector to cathode that forces the electrons to continue in the path and “close the circuit”.  Also, a suppressor electrode establish a positive voltage that “helps” the electrons that don’t reach the collector, to go back to the cathode potential.  

Current losses to ground are an extremely important system consideration.  If they exceed 10 (A, the stability of the system is degenerated to the point that the recirculation is lost.  The higher the terminal Pelletron voltage, the stricter the requirements to assure system stability.

To achieve a stable DC recirculation at 0.5 A, two methods could be used: operate the system in pulsed mode at full current and gradually increase the pulse duration while keeping the rate constant, or start with a few (A of a DC beam and gradually increase the beam current.  According to the results of tests in Wisconsin, the pulsed mode is promising to use in terms of stability considerations at high currents while tuning the beam line, due to the nature of the feedback of the Pelletron voltage regulation system [3].  In this mode, for a beam of 0.5 amps, pulses must not be more than 200 nS to 2(S wide.  The electron accelerator’s charging current will enable a pulse rate of at least several hundred Hertz.

Once recirculation of a 4.3 MeV, 0.5 amp DC electron beam is achieved, the recirculation system will be installed in the Main Injector tunnel at the so-called MI 30 straight section, so that it can work in conjunction with the Recycler for executing electron cooling.  Under the most optimistic scenario the electron cooling system might be installed in the Recycler in 2002, contingent upon the collider run schedule.  The electron cooling layout is shown below.  
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Figure 3.  Electron Cooling Project layout

The 20 m interaction region is located in a 100 m long straight section of the Recycler.  An insertion will be installed to match the antiproton beta functions to the cooling section length.  The cooling section will be enclosed in nearly continuous 50 G solenoids.   Beam diagnostic devices will be also located in this cooling section to align and characterize the antiproton and electron beams.  

For electron cooling the antiproton and electron beams will travel together with the same velocities.  At least the electron beam will enclose at least 95% of the antiproton beam. 

The Recyler ring is expected to provide more antiprotons by using it as a high-reliability post-accumulator, receiving recycled antiprotons from the previous store as well as antiprotons from the Accumulator. It will also provide a larger ring for building up bigger stacks. Initially, all of the cooling will be provided by stochastic systems. Later, the electron cooler will replace the longitudinal stochastic cooling.  At the higher fluxes foreseen within the next years, electron cooling will likely replace the stochastic systems for the transverse motion also.  

As was stated, luminosity increases in proportion to the antiproton supply.  Although electron cooling does nothing to increase antiproton production, it does improve the available amount of antiprotons for the Tevatron.  The following figure shows the typical Tevatron luminosity at three times past and three points for projected need over the next years.  The plot is a semi-log plot based on the so-called Livingston plot of accelerator energy vs. time.  The first projected point is for operation with the MI and the Recycler using stochastic cooling only.  The second reflects the initial goal for electron cooling, and the third one represents another doubling to a level labeled TeV33 because it corresponds to peak luminosity about 1033 cm-2 s-1.  Electron cooling is the principal technical means to the second and third projected points [2].  
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Figure 4. Tevatron collider luminosity history on a semi-log scale 

3.  BEAM POSITION MONITORS (BPMs)

Diagnostic devices are fundamental for an effective electron cooling implementation.  Particularly, for the antiproton beam these diagnostics must be non-interceptive; for the electron beam, it is a system requirement that diagnostics can not cause relative losses greater than 10-5 at full beam current in a DC regime. Furthermore, the cooling rates are extremely sensitive to the angles between the electron and the antiproton beams. The design goal for the electron beam transport is an effective angular electron beam divergence in the cooling section of 80 (rad.  The contributions to this effective divergence come from both the alignment errors and electron beam divergence.  If a misalignment exist between the electron and anti-proton beam trajectories greater than this effective divergence, or if the electron beam optics is not adjusted so as to make the beam parallel to this tolerance, the cooling rate will be reduced [4].

At least four different types of beam diagnostic devices are used in the system, due to the large range of beam currents and maximum tolerated losses.  At low beam currents (below 50 (A) continuously rotating wire scanners (WS) will be used to measure beam position and beam size with accuracy of about 0.5 mm.  For higher currents a single pass flying wire (FW) will be used to measure the beam profile.  Each of the ten modules that constitute the cooling section will contain two BPMs (vertical and horizontal) and a pair of scrapers.  

Beam Position Monitors (BPMs) can be found in every accelerator.  They consist basically of a transducer that generates an electric signal and the signal processing system that provides information about beam position.  There are several methods of monitoring the position of charged particles; the most commonly used technique is to couple to the electromagnetic field of the beam.  The beam is a current and therefore is accompanied by both a magnetic field and an electric field.  In the limit of very high beam energy, the fields are pure transverse electric and magnetic (TEM).  Our 5-cm long BPM plates only couple electrically to the beam.  If the beam is displaced from the center of a hollow conducting enclosure, the electric field is modified accordingly. The relationship between beam position in the BPM enclosure and electric field allows accurate determination of the beam position.  A picture of the geometric arrange of the BPMs used in electron cooling is shown below.

[image: image12.png]o
o
@
s
n
as
@
55
5
i
0
3
2

SNR vs Pulse Rate

1

Dulse Re [Hs]

10

10

i




Figure 5.  Side view of a diagonally cut circular cross section electrode that produces a linear beam displacement response

These BPMs consist of two pick-up electrodes (or plates) that constitute a cylindrical enclosure where the beam passes through.  Charge is collected in the plates accordingly to beam position.  The position of the beam in one plane is obtained from the relative difference of plate signal amplitudes.  Therefore, two pairs of pick-up electrodes are needed for measuring vertical and horizontal beam displacement.  This particular diagonal cut of the electrodes provides a linear beam displacement response. Ideally, if the beam is in the very center of the enclosure, the voltages in both electrodes must be equal. 

Pick-up electrodes, in general, can not sense DC electric or magnetic fields.  The signals are induced by a time-varying component of the beam signal, that is beam current modulation (Imod). Position information is contained in the amplitude variation of these induced signals.  The position information actually appears as AM (amplitude modulation) sidebands of the carrier [5].    

In order to use the BPMs in a DC regime, the AC modulation component has to be superimposed on a DC beam.  A relatively simple method to modulate the beam current is to sum together a modulation voltage signal with a DC voltage on the gun control electrode [7]. The following expression shows the beam current as a function of the anode voltage and the focus electrode voltage.
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Therefore, the modulation current is given by:
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where (V is the modulation level in the focus electrode.

The system is being designed to operate with an anode voltage of 50 kV, a DC beam current of 0.5 amp and a modulation current of 5-10 milliamps in the DC mode.
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The amount of charge collected by the plates is proportional to the length of the plates and to the amount of current; it is inversely proportional to the speed of the passing electrons in the beam.  A general expression for the charge is given by:

where:  

Imod is the beam modulation current

Len is the length of the BPM plates, cgs units

( is the propagation speed of the charges relative to that of light

( is the speed of light in cgs units

For our model Len=5 cm, (=1, (=3*1010 cm/sec.

The Thevenin model consists of a voltage source for the beam signal with a series capacitance. This capacitance is the total capacitance between the plate and ground-plate, cable and parasitics.  This voltage is independent of frequency.
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The voltage signal in the plates is measured across a resistor connected to ground.  Therefore, the system response is dependent on the load on the plates (the resistor).  The transfer function --voltage in the plates over modulation current-- is expressed as follows:
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The theoretical values for the transfer function parameters are:

Cp   = 16*10-12 pF             Plate capacitance 

Csh = 34*10-12 pF             Addition parasitic capacitance

C = Cp + Csh = 5*10-11    Total capacitance

R = 10 M(                        Plate termination resistance

A plot of the BPM transfer function is shown next.
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The modulation frequency for the DC mode is chosen to be about 32 kHz.  The BPM gain associated to this frequency is about 1.6 V/A.

For the pulsed mode, the pulse rate must be a sub-harmonic of the 32kHz frequency, so that a filter tuned at 32 kHz can extract the information contained in the harmonics of the pulsed signal.

According to previous measurements, it is determined that the BPM gain (position vs. displacement) for the BPMs that will be used in the system is 0.343 dB/mm. The following is a plot of voltage in the plates vs. displacement.  Plate voltages are normalized to a value of 1 at the beam pipe center.  
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Voltage for a particular displacement is calculated by:
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Notice that for a 50 (m displacement, the voltage difference is of about 2mV, for a 1 V signal at the pipe center.

BPM resolution is ultimately determined by noise.  To maximize the system signal to noise ratio, the noise at the demodulation frequency must be minimized.  It has been identified that the system noise is dominated by the thermal noise of the pre-amp input resistor and the pre-amp noise itself. Those noise sources are frequency dependent.  The following graph shows the relationship between system noise and frequency.  At our frequency of interest –about 32 kHz-- the total noise is approximately 5.2 nV/root-Hz.

The minimum signal to noise ratio required depends on the gain of the BPM plates (1.6 V/A). Considering the voltage in the plates for a 50 (m displacement and the system total noise at 32 kHz, it is found that the minimum SNR required is 54 dB.  That indicates that in order to achieve 50 (m resolution, the system SNR must be greater than 54 dB.

The following is plot of SNR vs. modulation current in the DC mode.  It can be noticed that for 5 milliamps of modulation current the SNR becomes 60dB, which is greater than the minimum SNR required. This demonstrates that the goal of getting 50 (m resolution with at least 5 milliamps of modulation current, is achievable.
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Also for the pulsed mode, 50 (m resolution is achieved with a pulse rate above 100 Hz as shown in the next graph.

 

4. SIGNAL PROCESSING SYSTEM FOR BPMs

Since the position information is contained in the AM sidebands of the carrier, a simple amplitude demodulator scheme may be used to recover the position information.  The demodulator system block diagram is shown next.


Figure 10.  Block diagram of the BPM signal processing system

Signals from both pick-up electrodes enter a pre-amplifier stage.  The pre-amplifiers’ gain is selected such that the maximum input signal does not saturate the pre-amps.  The pre-amplifiers will be located very close to the BPMs to avoid cable capacitance, therefore maximizing the signal to noise ratio.  There is also a 32 kHz bandpass filter at the pre-amp stage.  

The demodulators will be located a distance away from the pre-amplifiers in the gain section.  The connection between them will be designed for a good common mode rejection.  It is intended to use the Analog Devices AD630 demodulator chip, whose high precision is especially well suited for this system when operated at         32 kHz.  If needed, the 32 kHz demodulator reference will be synchronized with the beam modulation signal to maximize noise immunity.  

The demodulated signals are then multiplexed, so they can share the same 16 bit ADC, assuring equivalence of the two signals in the analog-to-digital conversion.  A 16 bit ADC is required for keeping the 50 (m resolution and the chosen system dynamic range.

There are three techniques for deriving a normalized position signal from the raw pick-up electrode signals [6].  They are:

· Difference over Sum algorithm

· Amplitude-to-phase conversion

· Logarithmic ratio
[image: image6.wmf]
It has been determined that the Difference-over-Sum algorithm is the appropriate technique for this application, to achieve 50(m resolution.

The algorithm is summarized by the following expression:
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where VA and VB are the voltages in the two pick-up electrodes

This ratio is “normalized” because it is independent of the beam current.  

The algorithm calculation is executed digitally.

4. EVALUATION BOARD

Once the signal processing system is built, there is no way to test its performance other than with the actual beam going though the BPMs.  An evaluation board has being designed for this purpose (Greg Saewert, Fermilab).  The engineers will use this tool for examining if the signal processing system meets the requirements, making redesign easier.

The board operates basically in two modes: NORMAL and CALIBRATION mode.

In NORMAL operation, there are also two modes: DC and PULSED mode.  These modes represent the two types of beams recirculated in the machine. It is pertinent to remember that the beam is pulsed just for tuning the beam line, and that the beam permanent operation is a DC beam.

For both modes, DC and pulsed, that board generates two signals simulating those coming out of the BPM pick-up electrodes.  The amplitude of these signals may be varied by certain amount such that it is possible to verify if the desired BPM resolution is being achieved.  Particularly in the DC mode, there are two additional signals previously amplified and converted to differential mode, which can be connected to the demodulator inputs for testing this part of the system exclusively.  

In addition, the board provides the option of choosing the DC modulation frequency between 1 kHz, 2 kHz, 4 kHz, 8 kHz, 16 kHz or 32 kHz, and, the pulse rate between 500 Hz, 256 Hz, 128 Hz, 64 Hz, 32 Hz, 16 Hz, 8 Hz, or 4 Hz.  

Delay can be added to simulate actual delay in the system.  Also, in the pulsed mode, the pulse width may be varied.  This is useful to increase BPM signal amplitude and increase resolution when the beamline is being tuned.

A demodulator reference is another output signal in the NORMAL mode.  It is possible to synchronize this signal (or not), to the beam modulating signal.  This capability is important for determining if a Phase Synchronous Detection  (PSD) scheme is needed.

Finally, the CALIBRATION provides a single output: the calibration signal.  This constant amplitude signal may be sent simultaneously to both pre-amplifiers, with the purpose of eliminating any offsets in the analog electronics.  
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Figure 6.  BPM transfer function vs. frequency plot





Figure 7.  Position vs. displacement plot





Figure 8.  SNR vs. Beam modulation current
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Figure 9.  SNR vs. Pulse rate
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