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Abstract


In response to the apparent success of inductive inserts installed at Los Alamos’s Proton Storage Ring, two new inserts have been built to compensate for the effects of longitudinal space charge in the Booster at FNAL.  These cavities contain resonant modes that could be excited by the Booster’s beam.  Thus, the cavities were experimentally examined to distinguish which frequencies would be at risk for causing self-bunching of the beam or coupled bunch oscillations.  

Introduction


The issue of beam instability due to space charge and wall impedance is far from a new concern.  An excellent calculation of these effects is given in the paper by S. Hanson et al [1].  Their analysis describes a bunch of charge per length , circular symmetry in the transverse directions, and a parabolic charge density distribution in the longitudinal direction modeled as
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[image: image17.wmf]for each turn around the ring where I is total beam current, M is 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 impedance due to inductance, and are Lorentz factors, and g0 is the coupling coefficient. (For round pipe,  g0=1+2 ln (b/a) where b is the circular pipe radius and a is the beam’s radius.)  When these voltage effects are included in an external RF of 

the total voltage becomes
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when one approximates that synchronous phase angle s.  Thus this effect modifies the traditional sine wave and produces a distorted wave shown in Figure 1.  This results in increased bunch length as the size of the RF-bucket is decreased.  
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Fig.1  RF-voltage with space charge and inductive wall

To combat these longitudinal effects one could create a special RF system to adjust the beam.  But from an engineering perspective, such a system would require too much RF power to make it practical.  A second option has been suggested that calls for inductive inserts to be placed in the Booster.  Each insert will use its own self-inductance to produce a voltage on the charged particles that will balance out the voltage due to space charge and restore the smaller, more concentrated bunches.  


This technique was tried and showed success at KEK [2] and in the Proton Storage Ring at Los Alamos [3, 4].  The PSR papers document the 60% increase in stable beam intensity from a previous maximum of 6 C/pulse to 9.7 C/pulse which was the maximum their LINAC could deliver to the ring  (Figure 2).  Thus, there is an interest to develop two new inserts to be placed in the Booster this fall.  


The FNAL Booster is a synchrotron approximately 468 meters in circumference that takes protons injected from the LINAC at 400 MeV and accelerates them to 8 GeV.   These protons are then sent to the newly constructed Main Injector.  One pressing concern is that nearly 30% of the total protons injected into the Booster are lost by the time of extraction and could be the fault of space charge effects.  The introduction of the inserts may help to significantly reduce this number.  However, insertion of a new cavity in the accelerator may cause unwanted resonances that will generate beam instabilities.  This was initially the case at Los Alamos where the proton beam was able to excite modes in the new inserts causing longitudinal instabilities as shown in Figure 3.  Thus, this paper will describe two main goals:

1) The methods chosen to measure resonant modes in cavities of its size and how these results match theoretical predictions.

2) The actual measuring of the inductive inserts, the data found, and both the theoretical and experimental issues that arose during the process.
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   Fig. 2  Effect of Inserts on Beam at PSR                             Fig. 3 Longitudinal Beam Instability (PSR) 
Larger peak represents the addition of inserts
Insert Design


Two identical inserts were made from 8’’ schedule 40 seamless stainless steel type 304 pipe, 78 cm in length, an outer diameter of 21.77 cm, and an inner diameter of roughly 20.46 cm.  On each end is a 3 cm long quick disconnect flange making a total insert length of 84 cm.  The insert is filled with 30 Ni-Zn ferrites (Toshiba M4C21A).  Each ferrite has an outer diameter of 8”, an inner diameter of 5”, and a thickness of 1”.  On each ferrite is a resistive paste (Heraeus R8261) to dissipate surface charge to the outer metal.  Also, there are 2-3 pieces of beryllium finger stock that are squeezed between the ferrite and the inner surface of the pipe to firmly hold the ferrites and provide a good electrical connection for the flow of surface charge.  The total weight is approximately 100 kg.  For more information on the specifics of these ferrites, see the paper by Jose Perez [5] which provides greater detail. 

Theory


The theory behind resonant modes in a uniformly filled cylindrical cavity is well established, and here we will be using derivations outlined by J. Jackson [6].  The two characteristics of importance, frequency and Q value, can be determined rather easily in cases when the inside of a cylinder has a homogenous andthat changes little with frequency.  For the modes of a cavity with radius R and length d, boundary conditions require
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and where m and n can take on the values  m = 0, 1, 2, 3, …   n = 1, 2, 3, ….

This predicts TM resonant frequencies at
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where X’nm is the nth root of the bessel function expression
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This expression holds only for TM modes where p = 0.  For all other TM modes

[image: image36.wmf]where c is the permeability of the cavity’s metal walls,  is the skin depth, C is the circumference of the cavity,  and A is the cross-sectional area. 

The Q’s of TE modes are somewhat more complicated, and their addition calculation is largely unnecessary for this paper.  However, for reference, David Pozar [7] examines a derivation of such an expression. 


A theoretical model of the actual inductive insert is very difficult to develop for many reasons.  First, the shape of the ferrites makes the insert only partially filled with dielectric for the fields to interact with.  Secondly, the of the ferrite is not constant with frequency but changes with frequency.  In fact, the most dramatic changes occur in the frequency range of most interest.  Finally, the presence of the ruthenium oxide resistive coating creates a major complication in how it will affect the field configuration at particular frequencies and therefore affect the overall frequency and Q values.  


Despite this, Jim Griffin [8] undertook the elaborate calculations involved in determining the lowest order TM mode for an inductive insert of the earlier specified dimensions and containing the Ni-Zn ferrites.  He discovered that there should exist a TM010 mode very close to 84 MHz.  In order to verify this prediction and understand the overall spread of resonant modes, they must be measured experimentally.  

Experimental Details


In order to gain fluency and a degree of accuracy in the chosen procedure, the measurement of the modes in a hollow tube of the same dimensions, but without flanges, was experimentally undertaken.  Two similar methods were employed.  The first method was to place the tube vertically on a thick brass plate with a second, identical, brass plate placed on top of the tube (Figure 4).  Both plates were wiped down with Scotch-Brite to remove oxides that had formed on their surface.  In the center of each plate, a single hole was drilled to allow the insertion of a probe to couple into and detect resonant modes.  The hole was made roughly 4 mm in diameter.


There were three probe styles chosen.  First, a 4 mm diameter rigid coaxial cable was modified to extend the center conductor and a circular disk of copper, 3.5 mm in diameter, was soldered to this extended portion (Fig. 4a).  Both probes were inserted into the brass holes and made flush with the surface (but without contact).  All data taken during this experiment was gathered with a HP 8753E Network Analyzer attached to the probes.   A second probe style chosen was to insert two probes, each with a loop of wire 2.2 cm in diameter in order to couple into modes the first method may have missed (Fig 4b).  These H-probes were inserted such that they too were as close to but not touching the surface of the brass.  In addition, different orientations provided certain modes to appear better.  Best results came from putting a 90 degree relative orientation between the two probes.   In some cases, orienting the loops to be coplanar produced the best results and these modes were indicated as such.  Using the modes already discovered with the flat-headed probe as a road map, new modes were discovered using this technique.

Certainly the best results came from a perpendicular wire probe (Fig. 4c).  The same coaxial cable is stripped a full 10 cm, inserted into the hole, and bent at a 90 degree angle such that it hovered roughly 3 mm above the brass plate.   It was discovered that the longer wires were producing substantially better results than tests done with shorter versions of the probe.  Once both probes are inserted, they were given a 90 degree 

Fig 4a            4b                 4c                                                                                 Fig. 4  Experimental Setup
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orientation, as occurred with the H-probe.  This probe set up revealed the most modes of any previous probe design chosen. 

 
When measuring the actual inductive inserts, certain experimental difficulties arose.  Because of their considerably larger weight, putting them in the unstable vertical position was somewhat more difficult.  Secondly, the signals received by the probes were extremely low power, making interpretation difficult when mixed with background noise.  To remedy the problem, a HP 8347A amplifier was installed on the input and a HP 8447F amplifier was installed on the output to boost the signal.  Finally, the decision was made to alter the experimental setup slightly.  Instead of having the insert upright with the brass plates under and on top of the cavity, the cavity was placed horizontally and copper circular plates were attached to the ends of the insert using copper tape.  This seemed to present two advantages.  First, switching the probes was far easier to see how differences in probe design might change the appearance of modes.  Secondly, with the prior set up, only the weight and shape of the flange kept a good conducting seal.  With this modified method, the conductor is sealed on with conducting tape to prevent energy from leaking out of an already lossy cavity.


Finally, measurements were made using 1/4’’ Heliax coaxial cables with solid copper shielding because of the close proximity of the cables and the desire to keep noise levels as low as possible.  Data was taken with two probes and the 1601 data points were averaged 999 times to further reduce unwanted noise.  First, wires were inserted into the cavity as was successful in the empty cavity.  However, because the radius of the cavity was smaller the long wire probe was adjusted such that it was the same length of wire but extended further before slowly curving. In the first measurements, the curve in the wire was small.  Later, the wire probe was given a more defined 90 degree turn to examine the effect.  H-probes of similar diameter to those used earlier were inserted and at different locations and orientations to get data.  The difference was that the loops were inserted much further (roughly a fifth of the cavity’s length on each side) into the cavity than had been for the empty tube.

Results and Discussion


Figures 5 and 6 show some of the experimental data from the empty tube.  Overall, the data displays a consistent agreement with theoretical predictions of modal frequencies as outlined earlier (Table 1).  In the matching of Q values, there is less success (Table 2). There are certain aspects to the measurements that are worth clarifying.  The presented data represents all modes discovered between the lowest order mode and 3 GHz.  As suggested earlier, the third probe, the long wire, was able to couple into all of the recorded modes.  However, some with more success than others.  First, some modes had TE and TM modes with predicted frequencies so close that on experimental inspection, they appeared as one peak.  Second, certain mode families were apparently difficult to couple into, and thus, certain curves lacked a traditional mode shape.  In a few cases, it was difficult to even get accurate frequencies for these modes.  But an examination of these stranger curves reveals that, despite their shape, they do appear where one predicts a particular mode, and their signals are generally far stronger than any surrounding noise.  
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             Fig. 5    TM010  mode in hollow tube
                                Fig. 6    TE111  mode in hollow tube


In regards to the poor Q correspondence, there are certain factors that can be considered.  First, the fact that part of the surface area was a yellow brass while the tube itself was stainless steel, presented a theoretical challenge.  The prediction of these values was improved as best as possible by the experimental determination of the brass’s resistivity.   But, the best theory that could be accurately developed still required homogenous boundaries to the cavity.  Consequently, only upper and lower bounds could be predicted.  Secondly, the conducting seal between the steel pipe and brass plate should be considered less than ideal.  Further improvements to the experimental apparatus certainly could have been undertaken but the real insert needed to be measured.  Trying to improve the experimental Q would be both time-consuming and somewhat unimportant compared to the larger issue of determining the frequency of the modes.


For the actual inductive inserts, the lowest frequency mode was discovered at nearly 74 MHz for each insert (Figs. 7, 8, and 9) with the first wire probe.  The same measurements were made with the more bent wire probe and continued to show the lowest mode at 74 MHz.  Also, a series of higher peaks appeared when the 
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          Fig. 7   Intensity vs. Frequency    Insert #1                     Fig. 8   Intensity vs. Frequency   Insert #2

[image: image10.wmf]
                 Fig. 9  Lowest mode   Insert #1

probes were switched (Figs. 10 and 11), and there frequencies are chronicled in Table 3.  Examination suggested that these peaks are real but further experimentation is needed to uncover their true nature.   Nevertheless, the frequencies may cause beam instability and are therefore noted.  The experimental lowest mode is somewhat less than the predicted value of 84 MHz by Griffin.  However, the PSR’s beam instability occurred at nearly 74 MHz (Figure 3).  Since longitudinal instability cannot be caused by TE modes, it seemed likely that the mode discovered in the new inserts reflected the TM mode described by Griffin.
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         Fig. 10  Insert #1 with emerging peaks  
       
Fig. 11  Insert #2 with emerging peaks


Certain features of the actual inductive insert data seem to require consideration.  First, there is the strange jump in magnitude at roughly 2 GHz (Figure 12 in Appendix).  Initial suspicion pointed that at high enough frequencies the skin depth of the resistive coating forced the field to be constrained inside the volume not occupied by the ferrite.  But quick calculations showed this seemed in error.  

To resolve the issue, a third insert of the same dimensions and filled with 30 non-coated ferrites was examined using the same technique.  The resulting graph (Figure 13 in Appendix) had a curve that was highly similar to the original inductive inserts.   It began its accent at the same frequency and closely followed the slope of the actual insert curve.  Therefore, it can be concluded that this jump is not a property of the resistive paste.

But this model also raised a new and important question.  In comparison to the actual inserts, the lowest frequency mode was no longer around 74 MHz.  Rather, it was shifted to nearly 80 MHz (Figure 14 in Appendix).  Initially, the thought emerged that the length of the model insert was different than the actual insert because it lacked flanges.  Out of curiosity, the model insert was lengthened by 5 cm.  The examination showed no change in the lowest mode’s frequency. 

It then seemed possible that the 80 MHz mode reflects the mode theoretically predicted by Griffin.  However, the real insert has a resistive paste that was not theoretically included in Griffin’s model.  Somehow, the resistive paste seems to be depressing the frequency of the lowest mode possibly by introducing a new capacitive element.  The field appeared to be interacting with the paste because of differences in the Q value between the real and model cavities.  The model cavity had a higher Q than did the real insert with the resistive coating. Thus, it seemed clear that at least one could say that the resistive coating was interacting with the field.  

To investigate this frequency deviation, a shorter model was made containing 5 ferrites.  It turned out that when a resistive material (of comparable resistance to the paste) was used to line the inner space of the short model cavity, the frequency substantially dropped making the paste a good hypothesis as to the cause of this shift.  It is also worth noting that the lowest mode in the cavity did not deviate to higher frequencies despite the shortened cavity (roughly 1/6 of the full insert’s length).  This further suggests that the lowest order mode is, in fact, a length independent TM010 mode as described by Griffin.

Finally, it is not completely unusual to expect that different probe designs will cause different result as each probe’s geometry will couple better into particular modes.  In the case of the two wire probes, the natural hypothesis is that the new peaks were modes that were more strongly coupled into by the bent second probe.  This also may lead to the theory that these new peaks represent TE modes.  With a 90 degree turn in the second wire probe, it seems logical that more energy would be coupled into modes with E fields in transverse directions.  Thus, these TE modes would become more pronounced.  It is also likely that the lossy ferrites are forcing these modes to have low Q values.  Thus, these modes are overlapping to form the large “hill” from which these frequencies seem to be emerging from.  

Unfortunately, such a clear explanation is not currently available for the results of the H-probes (Figure 15).  Clearly, there are many issues with this data in comparison to the wire probe experiments.  There is a small shift in the lowest mode’s frequency to 76 MHz, there are higher peaks that don’t correspond to those previously measured, and the overall intensity is considerably larger.  The large intensity is probably due to the smaller gap between the transmitting and receiving probes (due to their length).  There is also the consideration that because of their length, their own presence in the tube is causing the field to take on unusual configurations.
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       Fig. 15   Data with H-probes on Insert #1


As evident in Figure 3, the introduction of inductive inserts at the PSR did produce some beam instability.  To combat this, the inserts were fitted with heat tape with the theory that heating the insert would affect the  of the ferrites, shifting the frequency.  The real possibility of a similar event occurring in the Booster prompted some investigation into the effects of heating on the new inserts.  Figure 16 shows the 74 MHz mode at a temperature of 28.7 degrees Celsius.  Heat tape was added and the temperature increased.  As it increased, Q began to drop and strangely the frequency shifted up as chronicled in Figure 17 which occurred when the outer surface of the tube was 135 degrees Celsius at the midpoint.
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   Fig. 16 Insert #2 Room Temperature                          Fig. 17   Insert #1  During heating

Conclusion


In summary, the methods used to measure the empty tube’s frequencies match well with the theoretical predictions.  This suggests that the method chosen is reliable when applied to the actual inserts.  The measurement of 74 MHz for the actual insert’s frequency seems to represent Griffin’s TM010 predicted frequency of 84 MHz when one considers the length independence of the mode and the effect the resistive paste appears to have on the frequency.   Should any of the recorded modes produce a serious problem to the beam, one should investigate the use of heat tape to heat the inserts thereby changing the  and, therefore, the resonant frequencies because it was successful in that aim at the PSR.  As a final suggestion, a good simulation through MAFIA or related software could be useful in tying up any apparent loose ends in the theory.
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Appendix

1) Table 1 – Hollow Insert Frequencies

2) Table 2 – Hollow Insert Q Values

3) Table 3 – Experimentally Observed Modes up to 1 GHz

4) Table 4 – Results of Ferrite Heating

5) Figure 12 – Insert 1, 0 – 6 GHz

6) Figure 13 – Long Model Insert, 0 – 6 GHz

7) Figure 14 - Frequency Shift in the Long Model Insert

8) Figure 18 – Hollow Insert Modes 0 – 2 GHz

� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���








[image: image37.wmf][image: image38..pict][image: image39..pict][image: image40..pict][image: image41..pict][image: image42..pict][image: image43..pict][image: image44..pict][image: image45..pict][image: image46..pict][image: image47..pict][image: image48..pict][image: image49..pict][image: image50..pict][image: image51..pict][image: image52..pict][image: image53..pict][image: image54..pict]_1057054751.unknown

_1057479005.unknown

_1058337891.unknown

_1058337904.unknown

_1058337943.unknown

_1057479512.unknown

_1058337837.unknown

_1057480001.unknown

_1057479326.unknown

_1057055207.unknown

_1057133960.unknown

_1057055000.unknown

_1057055024.unknown

_1057054783.unknown

_1057054595.unknown

_1057054705.unknown

_1057054736.unknown

_1057054662.unknown

_1056972841.unknown

_1056973967.unknown

_1056974202.unknown

_1056973745.unknown

_1056972802.unknown

