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Abstract


Space Charge and Reactive Wall impedance give rise to longitudinal forces inside a bunched beam of protons. The inductive insert was created to compensate for these effects however these effects still exist inside the Booster. A method of calculating L was produced to measure the inductance of the ferrite cores at High frequencies.

Introduction

 When one refers to a beam of protons in an accelerator, one does not imply a steady flow of protons like a direct current but rather a group of protons traveling much like an alternating current. These groups of protons that are traveling in accelerator are called bunches.  These bunched beams get accelerated around the accelerator; however, there are outside forces such as space charge and wall impedance that affect bunched beams internally. As a bunch travels though the beam pipe it experiences these effects longitudinally. As shown in Figure 1, an inductive wall where dL/dz is the distributive inductance on the wall of the beam pipe as a bunch of charge moving at a velocity v is affected longitudinally by an electric field. 
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Figure1: Fields with an inductive wall 
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Analysis by Hanson et al. [1] describes a bunch of charge per length , circular symmetry in the transverse directions, and a parabolic charge density distribution in the longitudinal direction. The effect is that a particle a distance z from the bunches center experiences a voltage of 
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for each turn around the ring where I is the total beam current, M is the number of bunches, R is the radius of the ring, l is the full bunch length, Z0 is 377, n is the mode number, Z is the impedance due to the inductance and,  and  are Lorentz factors, and g0 is the coupling coefficient. When these voltage effects are included in an external radio frequency (RF), the total voltage becomes
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 (2)

when one approximates that  ~synchronous phase angle s. Thus this effect modifies the traditional sine wave and produces a distorted wave shown in figure 2 resulting in increased bunch length as the size of the RF-bucket is decreased. What is important to note is that the term 

               |Z/n| = 2foL




(3) 

expresses the inductance independent of the frequency; however, in a paper by M.A. Plum et al. [4] the inductance is expressed as a function of frequency. 
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(4)

Where Idc is the dc beam current, Fn(mrf) are normalized Fourier components of the beam current distribution ec(s)at harmonics n of the rotation angular frequency o, oL is the vacuum chamber inductive reactance at the beam angular rotation frequency and is referred to as the inductive part of Z||/n, and  are relativistic parameters, e is the electron charge, and c is the velocity of light. By adjusting the value of L() at some chosen energy higher than the revolution frequency, the term in the brackets and the space charge effect is substantially reduced or canceled.

Due to the presence of space charge and wall impedance longitudinal forces are created inside the beam that change the incoherent phase oscillation frequency, the bunch length, and the size of the RF-bucket. As the bunch is traveling inside the booster the RF voltage that forces the protons into dense bunches gets smaller causing the bunch length to become longer and the size of the RF-bucket to become smaller. Figure 2 is a representation of what is happens when proton bunches are affected by these forces. A voltage with lower amplitude is seen causing the space charge inside the beam to increase causing a bunch to be created with less density. 
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Figure 2: RF-voltage with space charge and inductive wall

The solution to this problem was the creation of an inductive insert, Figure 3, or an impedance tuner to compensate for these effects. It uses its own self inductance to produce a voltage on the protons to balance out the voltage due to these forces and restore the smaller, more concentrated bunches. The inductive insert contains thirty ferrite (NI-Zn Toshiba M4C21A) cores. Each ferrite core is about eight inches in outer diameter, five inches in inner diameter and 1 inch thick. Ruthenium Oxide (RuO2) paste was put on the core, shown in figure 4, to dissipate any charge build up inside the insert. A paper by Jose Perez [5] illustrates more aspects of these cores. The insert was installed in the Proton Storage Ring at Los Alamos and the Booster at FNAL however it only proved to compensate for the longitudinal effects at Los Alamos [2].

The Booster at FNAL is a synchrotron that is 20 ft below ground and is approximately 468 meters in circumference. It takes protons injected from the LINAC at 400 MeV and accelerates them to 8GeV where they are then sent to the Main Injector. One major concern is that nearly 30% of the total protons injected in the booster are lost from beam instability due to space charge and wall impedance.  The inserts installed at the Proton Storage Ring (PSR) at Los Alamos and have done well in compensating for the effects [2]; however, these effects still exist inside of the Booster at FNAL below transition energy. In an effort to figure out what is going on inside the inductor insert Daniel Garcia [6] examined the inductive inserts used in the Booster to distinguish which frequencies would be at risk for causing self-bunching of the beam. In an effort to find out more of what is going on inside the insert this paper focuses on two objectives:

1.The method used to measure the inductance of the core at high frequencies

2.The measurement of the inductance of the core at high frequencies

Completion of these two objects would result in a way to calculate the desired inductance of the core that will cancel out the space charge effects described in equation (2). It is assumed that the inductance calculated of the core will decrease as a function of frequency.

Procedure

[image: image11.wmf](

)

(

)

(

)

ú

û

ù

ê

ë

é

-

´

=

å

¥

=

w

w

bg

w

w

L

Z

g

t

m

m

F

dt

d

I

V

rf

m

rf

n

dc

s

0

2

0

0

1

2

cos

2


In order to make a good measurement on the inductance of the inductor at frequencies higher than 40 MHz two methods were considered. The first method involved using the RL circuit shown in Figure 5. Measurements of the voltage across the resistor and the voltage across the inductor were taken using an Hp 8656B signal generator that produced frequencies ranging from 0.1 MHz to 990MHz and a Tektronix 2467 oscilloscope that measured the voltage and the phase angle of the circuit. The following steps were taken in this procedure.

Figure 5: RL circuit used in the first procedure

1. The RL circuit was set up as shown in Figure 5 using a signal generator for the voltage source and an oscilloscope that had 4 channels. The voltage from the signal generator was connected to channel 1 and the test leads from the probe were connected to channel 2.

2. Measurements were taken by setting the frequency at 10MHz. By using the probe, the voltage was measured across the resistor to obtain the initial current traveling through the resistor. This initial current Io is also the same as the initial current that is traveling through the inductor.

3. Using the probe again, the voltage across the inductor along with the frequency indicated from the signal generator was recorded to calculate the angular frequency, . 

4. Since the current is changing as it goes through an inductor, Iocos t, the point at which the current is maximum through the inductor is when the changing current becomes Io when cost is zero or 2 radians. Therefore, the inductance can easily be calculated when the current is at its maximum value where the voltage V across the inductor is V= LIo. 

5. Steps 2 though 4 were repeated again measuring in increments of 10 MHz up to 100 MHz. The results of this measurement are depicted in a graph shown in Figure 6.

This procedure was thought to have worked; however, the results did not produce numbers that were believable. At 40 MHz the inductance is known to be in the area of 0.2 H. This number does not compare from the measurements taken using this procedure because the inductance calculated at 40 MHz gives a value of 4.6 H. Further analysis of other values on the graph lead to the conclusion that this procedure was not an accurate way of measuring the inductance of the toroidal core. This procedure did not work due to the fact that there is additional resistance, inductance and capacitance of test leads themselves. To make a good calculation of the inductance in the core would require that the resistance, inductance, and capacitance of the test leads be known so that proper calculations based on the impedance can be made.

The second procedure gives a more precise way for measuring the inductance of the ferrite core and reduces the number of unknowns in the first procedure to the one unknown, L of the core, which is desired. It focuses on the calculation of the inductance of a circuit at resonance frequency.
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(5)

  F is the resonance frequency, L is the inductance and C is the capacitance. By assuming the inductance is constant and the capacitance is changing over a small frequency difference the inductance can be calculated as the partial derivative of the resonance frequency with respect to the capacitance using equation (5). In other words, 

(6)
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where C is the change in additional capacitance from the measurements made at each resonance frequency, f is the change in frequencies measured, L represents the inductance, and f represents the average of the two measured resonance frequencies. 

There were also two more additions to this procedure, a ferrite core entirely coated with, resistive paste, was used along with a new test fixture. The new test fixture was created in the shape of a loop with a slot to insert the probe to measure the inductance of the core. An illustration of this can be seen in Figure 7 showing its measurements and just how the experiment was set up with the new test fixture in place, Figure 8. Additional capacitance was added to measure resonance frequencies ranging from 5 MHz to 100 MHz. The addition of this new test fixture gives a better chance for determining the unknown inductance of the core instead of dealing with the unknown capacitance, inductance, and resistance from the test leads used in the first procedure. The only factors that contributed to the calculation of the core inductance were the capacitance, inductance, and resistance in series inside the probe, the additional capacitance added to circuit in parallel, and the inductance of the test fixture itself, figure 9. The following is the method by which the experiment was made. 

1. Using the Hp4193A vector impedance meter the magnitude of impedance |Z|, and the frequency were recorded at increments of 10 MHz from 1MHz to110 MHz. This was done to calculate the inductance of the test fixture. A graph showing measurements on the inductance of the test fixture is shown in Figure 10. The inductance was calculated for the test fixture using the impedance recorded and the inductance proves to be fairly constant as the frequency increases. A value of 0.047 H was taken for the inductance of the test fixture

2. The core with the resistive paste was placed inside the loop of the test fixture along with a capacitor of about 3300 pF to make the circuit resonate near 5 MHz. The capacitor was kept in parallel with the rest of the circuit by taping the bottom portion with copper tape and fastening the upper portion between the screws that held the insert for the test fixture. When making the measurement one has to sit away from the experiment so as not to interfere with the magnetic field produced by the circuit. Doing so would not give appropriate values measured from the vector impedance meter.

3. Values for |Z|, and the frequency were recorded. Additional capacitance of about 100 pF was added creating the capacitance difference of 100 pF, which is used in equation (6) to calculate the inductance. 
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Figure 9: The actual circuit measured in the second procedure using a ferrite core with and without resistive paste
4. Steps two and three were repeated to find resonant frequencies in increments of 10 MHz up to 100 MHz. When adding more capacitance to the probe to create the capacitance difference it was important to note that at higher frequencies the capacitance difference gets smaller and smaller. This meant that L changes over a smaller and smaller capacitance difference. Therefore when trying to resonate the circuit at higher frequencies a capacitance difference of 2 pF was used until that difference became too large to produce a reasonable number for L. A smaller capacitance difference can be used however 2 pF was the smallest capacitor available. 
5. Steps one through four were repeated using a ferrite core without resistive paste. This was done to see how much of a difference the inductance would be with the addition of the resistive paste.
Results


The values obtained from the second procedure produced acceptable values for the ferrite core with resistive paste. As shown in figure 11 there are two plots for the inductance of the ferrite core. The first two plots depicted by the blue diamonds and the pink squares were calculated using equation (5) and the second two plots depicted by the green triangles and the orange squares were calculated using equation (6). The plot with the pink squares and the plot with the orange squares are a result of the subtraction of the inductance from the probe and the test fixture. All plots give L as a function of frequency; however, the blue and pink plots show the inductance of the core increasing as the frequency gets higher while second two plots show that L of the core is decreasing as a function of frequency. The reason why these plots don’t overlap each other is because of what the capacitance C is in both sets of plots. The first set of plots assumes that the capacitance of the core is zero based on equation (5). Assuming that means the only capacitance was from the added capacitance and the capacitance of the probe. At lower frequencies values obtained for both plots were similar because the capacitance of the core was small compared to the external capacitance added, C3. As frequency increases the capacitance in the core is equal or greater than the added external capacitance. This would result in overestimating the value of L in the core. The second set of plots assumes there is capacitance in the core and that L over a small frequency difference remains constant. What is noteworthy about these set of plots is that from equation (6) the value of the capacitance of the core does not have to be known to calculate L. L is only dependant on the capacitance difference between the two resonance frequencies measured in increments of 10 MHz. So now, the number of unknowns is reduced to one which is just L of the ferrite core. The capacitance, the resistance, and the inductance of the probe is known from using the Hp4193A operations manual, and the inductance is known from the text fixture. The results coincide with what was predicted, that L in the core was decreasing as the frequencies got higher. Though the same method was used on the ferrite core without the resistive paste, Figure 12, there was not a big difference in the inductance plotted for the this core compared to the one with the ferrite paste

Conclusion

From the results obtained in the second procedure, it can be concluded that this method is a reasonable way of calculating the inductance of toroidal ferrite core for use in the inductor insert. By measuring for the impedance of the core and calculating for L as a function of frequency at resonance using equation (6) reasonable results were obtained. Thus the last two plots shown in Figure 11 are taken as acceptable values for L at high frequencies. Similar values for the inductance at lower frequencies proved to match with what is already know about the inductance at lower frequencies. It is suggested that core be measured at higher resonance frequencies to furthermore study the inductance of the core. 
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Appendix

1) Figure 3: Picture of Inductor insert

2) Figure 4: Picture of Ferrite Core

3) Figure 6: Graph of Results Recorded from the First Procedure

4) Figure 7: Illustration of the Test fixture with dimensions

5) Figure 8: Illustration of the Actual Experiment Set Up

6) Figure10: Graph of the Inductance of the Test Fixture as a Function of Frequency

7) Figure 11: Table of Capacitors used to make the circuit in Figure 9 resonate at higher frequencies

8) Figure 12: Graph of the Inductance of the Ferrite Core with RuO2 paste

9) Figure 13: Graph of the Inductance of the Ferrite Core without RuO2 paste

Figure 3: Illustration of the Inductive Insert
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Figure 4: Picture of  Ni-Zn ferrite core with resistive paste

Figure 6: Graph of Results obtained from the first procedure
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Figure 8: Experiment set up of the test fixture, ferrite core, and added capacitance. Drawings not to scale
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Figure 10 : Inductance of the text fixture as a function of frequency
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Figure 11: Graph plotting the inductance calculated from the second procedure
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Figure 12: Graph plotting the inductance of the ferrite core without resistive paste
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