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Booster RF Repetition Rate Limit

Of the various contributors to limited repetition rates for the Booster Accelerator, the Booster RF System has often been cited as a primary factor.  At the very base, it can simply be stated that the Booster RF System was never designed to accelerate beam at the sustained rates now being contemplated.  The fundamental limitations have been due to RF equipment heating and lack of available power from the AC Power Distribution System.  The following generally describes perceived obstacles to operating the Booster RF System at higher repetition rates.  Discussion addresses both intermediate and longer term goals of the RF System operating at ~9 Hertz and then ultimately at 15 Hertz.

As has been discussed in the "Proton Plan" document, any operation of the RF system is pre-conditioned by two "pre-pulses" (TCLK $12s) followed by beam cycles.  It is important to note that the RF system itself does not cycle on the first pre-pulse but does cycle on the second.  The Ferrite Bias Supplies cycle on both pre-pulse cycles.  The current most common timeline is the Main Injector $23 cycle operating in "mixed mode".  For this 2 second cycle (30 x 15 Hz ticks or intervals), there are 2 beam injections from Booster for P-Bar production (slip stacked), 5 for NuMI, and generally 5 "trailer hitched" for MiniBooNE.  These cycles are followed by a rest period of 16 null cycles (TCLK $11s).  Including pre-pulses, the 14 non-null cycles out of 30 represent a total Duty Factor of .467 (or 14/30) and a total equivalent for the Booster of 7 Hertz (DFx30).  The embedded equivalent for MiniBooNE is 2.5 Hertz.  When running the $23 cycle in NuMI only mode, the overall cycle has similar characterization but with an additional injection for MiniBooNE.  Here the embedded equivalent for MiniBooNE is 3 Hertz.  The present Booster RF system is "comfortable" with either of these current scenarios.  

Anticipated 2.2 second Main Injector $23 cycles that support slip stacking of both P-Bar production and NuMI in either mixed or NuMI only modes are near similar.  Including pre-pulses and maintaining the 14 sequential non-null cycles out of 33 available represent a total Duty Factor of .424 (or 14/33) and a total equivalent for the Booster of 6.364 Hertz (DFx33).  Within these limitations, the embedded equivalent for the single allowed MiniBooNE injection is 0.455 Hertz.  Clearly the present Booster RF would again be comfortable with these scenarios and the slightly reduced Duty Factor.  It's also clear that MiniBooNE would not be pleased with the reduction in beam for their purposes.  

A strategy that deserves some consideration involves separation of the P-Bar production and NuMI beam cycles from the MiniBooNE cycles within the 2.2 second Main Injector $23 cycle.  While this idea necessitates two additional pre-pulse cycles, instantaneous heating within the RF cavity is thought to be lessened.  Of some advantage here is that the RF cycles only on the second pre-pulse.  A strawman proposal for this strategy is shown below.  It has a total Duty Factor of .606 (or 20/33), a total equivalent for the Booster of 9.091 Hertz (DFx33) and allows 5 MiniBooNE injections at 2.273 Hertz.  Other $23 Main Injector cycle timelines that describe aforementioned timelines are available separately for examination.  
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PROPOSAL TWO

 $23 MI CYCLE TIMELINE - MIXED MODE

2.2 Second Timeline - Supporting P-Bar Production, NuMI and MiniBooNE.

Slip Stacking P-Bar Production and NuMI Beam.

Multiple Separated Shots of MiniBooNE Beam.

Repeat the Above

Another Way of Achieving the 

9 Hertz Goal.



This Proposal Distributes Non-

Null Operations Over the 

Cycle to Hopefully Lessen 

Instaneous Heating While 

Maintaining Overall Duty 

Factor.



Beam for MiniBooNE is 

Somewhat Less and the 

Addition of  2 Pre-Pulse 

Cycles Another Penalty.



Still Requires Re-Installed 

Cavity Cooling and Adequate 

AC Power Distribution to 

Gallery RF Stations.



Operating NuMI Only Has 

Similar Cycle Characteristics.



Overall DF 0.606

and 9.091 Equiv Hz



MiniBooNE at 2.273 Equiv Hz


Specific Actions to Increase Booster RF Repetition Rate

WBS 1.2.7 addresses one of the fundamental issues of RF equipment heating by re-installing water cooling paths for the Booster RF cavity drift tubes.  This process has been underway, albeit marginally because of lack of sufficient accelerator downtime needed for installation.  Only three cavities (RF17, RF18 and RF19) in the Booster enclosure had been reworked before the 2006 accelerator shutdown.  During that shutdown, cooling was reconnected to all rf cavities.  On cavities that had leaks in the original brazed-in ¼” refrigeration tube, a supplemental two-piece cooling ring was added.  Tests remain to be performed at the Main Injector test stand area to determine if this fix (supplemental two-piece cooling ring) is fully adequate for the initial desired rate of approximately 9 Hertz and ultimately for 15 Hertz operations.  

Ferrite tuner cone cooling is another issue to be addressed.  Again this is a cooling path that has been disconnected because of water leak history.  Present opinion is that the current limitation is in the range of 9 to 10 Hertz.  The effects of increasing duty factor without adding cooling needs to be studied to determine operational limits.  15 Hertz operation will probably demand re-installation of this LCW cooling path.

Moving to above the enclosure level, other limiting factors to high repetition rates are particular Ferrite Bias Supply transformers.  The supplies in the Booster East Gallery were designed with larger transformers that allow for 15 Hz operation.  But the ten West Gallery Bias Supply transformers have not proven their ability to run at rates greater than 10 Hertz due to transformer overheating.  While it will be necessary to replace all of these transformers to support 15 Hertz rate, it is unlikely that they need to be replaced for Booster to achieve a ~10 Hertz rate.  Either one or more of these West Gallery Bias Supply transformers need to be studied for temperature rise and average rms power under various timelines so as to determine a true realistic limit.  

Before testing of the Bias Supply transformers, a standing request for modification of the Bias Supply waveform program should be accomplished.  Presently the program returns to the injection level of current of some 240 amps after beam is extracted from the Booster.  Programming of the waveform to near zero and then to the injection level between cycles is thought to have the benefit of both reducing transformer heating and average rms power.  Given the pressure of other issues, it is recognized that the stated modification of the Bias Supply waveform will yield a measureable though minimal improvement in overall system performance.  

There is also inadequate differential pressure for certain portions of the LCW distribution piping in both East and West Booster Galleries that has resulted in less than desirable flow for selected Bias Supplies and Modulators.  This is not viewed as a fundamental problem for ~9 Hertz operations.  However, this problem must be addressed for running at higher rates.  Fortunately, plans are in process for the selective replacement of Booster LCW piping in theWest Gallery only during the Summer 2007 accelerator shutdown.  The piping replacement is expected to move a number but clearly not all of RF System operating points away from near critical to more reasonable positions.  This scheduled piping replacement is only a first step in implementing remediation of the low LCW flow issue for the Booster rf systems.  This replacement must also be repeated for the East Gallery at a later date.  This later replacement and installation of new or modified LCW piping between CUB and both Booster galleries is clearly required to achieve flows required for 15 Hertz operations.  
The final limiting issue to be considered was the adequacy of available AC power.  Dedicated 13.8 kV to 480 VAC 1000 kVA transformers Y02-US-01 feeding Y-BW1 distribution cabinet (West Gallery yard) and Y11-US-03 feeding Y-BE3 (East Gallery yard) were the primary AC power sources for the Booster RF System.  The distribution cabinets for each of these transformers housed ten recently upgraded 225 amp circuit breakers.  A single 225 amp circuit supplies both the Bias Supply and Modulator of a given numbered RF station, with the Bias Supply being the majority of the power load.  While these individual circuits are thought to be near capable of supporting 15 Hertz operations, the transformers could not.  Increasing Booster repetition rate would have pushed these transformers to their limit.  Additionally these transformers were more than thirty years old and near the end of their design life - especially given that they were operating in a pulsed power mode for which their design is not optimal.  

Studies of the AC power system for the Booster RF were initiated in early 2006 by the EE Support Department of the Accelerator Division.  It was determined that 1200 kVA transformers would satisfy the AC power requirements associated with 15 Hz operations.  East and West Gallery transformers were replaced during the 2006 accelerator shutdown.  During this same shutdown, 13.8 kV fused isolating disconnect switches were replaced in both the East and West Gallery utility yards.  Each of these switches is configured with six separate switches having a common 13.8 kV line bus.  The old switches had become a serious operational concern due to their age and frequency of operation for purposes of isolation..  

An associated activity is to monitor the 1700 kVA high voltage rectifier transformer Y02-RFS for the West Anode Power Supply.  Past attempts to operate Booster at higher rates resulted in AC Input Overload trips for this very old supply.  This is still an open issue as to the absolute maximum integrated power one can reliably achieve from these old and unique high voltage transformers.  Trip levels can be increased but how this translates to transformer reliability is unknown. 

In summary, increasing Booster repetition rate to ~10 Hertz requires the following actions and studies.  These will also illuminate the prospects of operating the Booster RF System at 15 Hertz.  

1
Study and determination of practical limits of cavity drift tube heating without installation of additional LCW cooling.  

2
Installation of additional LCW cooling for the RF cavity drift tubes on the remaining stations that have not already been so modified.  (Completed!  Cooling was reconnected during the 2006 accelerator shutdown.)  

3
Study and determination of practical limits for ferrite cone heating sans additional cooling. 

4
Modification of Ferrite Bias Supply program waveform to minimize average power between non-null cycles.  

5
Study and determination of practical limits for Ferrite Bias Supply transformer heating in the West Gallery Supplies.  Limits presently acceptable for 10 Hertz operations, but measurements needed to determine actual temperature limits for 15 Hertz operations.  
6
Study and determination of practical limits for operating the West Gallery 1120 kVA transformer Y02-US-01.  (Completed!  This transformer and accompanying switchboard, as well as those for the East Gallery, have been replaced with new equipment.)  

7
Study and determination of practical limits for operating the West Anode Power Supply rectifier transformer Y02-RFS.  

The path to 15 Hertz operation of the Booster RF System is viewed as very likely requiring the following improvements.  Replacement of selective anode supply components will directly add to RF System reliability while other improvements will not.  

1
Pending the results of measurements related to item 5 above, possible replacement of ten West Gallery Ferrite Bias Supply transformers.    

2
Replacement of East and West Gallery Anode Power Supply main rectifier transformer and possible retrofitting 13.8 kV VCB equipment.    

3
Remedy rf station differential pressure problems for both the Booster East and West Gallery LCW distribution systems by adding larger diameter lines from CUB to the galleries.  Modifications to increase the diameter of the return lines in selective portions of both galleries are needed.  Realization of selective LCW modifications in the West Gallery only is planned for the 2007 accelerator shutdown.  

4 Replacement of transformers Y02-US-01 and Y11-US-03 that provide the primary AC power sources for the Booster RF System.  These would be replaced with either 1.5 or 2 MVA units that are suitable for pulsed power applications.  These transformers may need to be customized in design at additional cost to fit the footprint of the existing yard pad connections.  (Completed FY06!).

5 Upgrade all stations with Solid State rf driver amplifiers, new Power Amplifiers, and new Modulators.  This is an Accelerator Division improvement project that is optimistically scheduled to start in FY08 with a proposed completion in FY10.  This will go a long way to improving the individual station component reliability by replacing 36 year old antiquated equipment.  
6  Implement Ferrite Tuner Cone Cooling.  

7 Study and determine the practical limits of cavity Mode Dampers power dissipation.  It is believed at this time that with the installation of cooling fans on the 157 MHz & 218 MHz dampers (done FY06 shutdown), plus the purchase and installation of larger loads (done FY06 shutdown) for the 84 MHz damper, cavities should be able to operate at 23 kVolts peak anode voltage at 15 Hz rate.
Improve Booster RF Reliability

First it must be stated that increasing Booster RF reliability while attempting to increase repetition rate are opposing goals.  The following chart clearly shows this trend with elevated numbers of downtime entries and hours coincident with the beginning of MiniBooNE operations in 2002.  (Data displayed for 07/01/06 represents 9 months of operations rather than a full year.)  The present situation is exacerbated by having NuMI/MINOS as an additional customer for beam.  Various proposals for upgrading Booster RF to increase performance and reliability by upgrading and replacing associated equipment have been presented over the last ten to twelve years.  They have been met with little to no acceptance.  The Booster RF system, amongst its kindred Main Injector and Tevatron RF systems, has the oldest equipment and exhibits, not surprisingly, the least reliability.  The 4CW800F tubes of the DA and Cascode sections of the cavity mounted Power Amplifier are especially vulnerable to more frequent failures, especially of late, due to poor quality of 4CW800F tubes.  

Station RF14 recently exhibited water leaks due to LCW erosion of cooling paths in the ferrite core assemblies - a failure that is often difficult to repair in the enclosure.  Power Amplifier repair has been already compromised by increased activation of components.  Repair of RF System components has also been complicated by a paucity of available downtime for preventative maintenance and even necessary repairs.  The prevailing convention of "run to failure" has resulted in just that.  There are no easy, quick or cheap fixes to the reliability issues at hand.  

The acceptance and serious commitment to the solid state rf driver, power amplifier, and modulator upgrades will go a long way to improved Booster rf reliability.
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The Booster RF System could benefit from some modest level of scheduled maintenance.  But extracting such time from the present aggressive schedule appears near impossible.  There is also need for additional technical assistance.  Two additional competent technicians are needed to help cover both operational and system modification tasks, with at least one being at the level of senior technician or technical specialist.  One of the current and most experienced technical assistants retired March 2007.  

The greatest increases in RF System reliability comes with the installation of solid state rf driver amplifiers and new modulators in the equipment galleries, and a new final stage amplifier at the enclosure cavity.  The design of this equipment replicates that now used for the Main Injector RF System, thus obviating the need for a major design effort.  Such installations are already accomplished for two Booster RF stations - RF12 and RF19.  A proposed upgrade of the MI RF System has the potential of freeing up modulators of the required type.  However, the schedule and uncertainty of the MI upgrade certainly impairs efforts to improve Booster RF reliability on a favorable time scale.  A solution to be considered here is the construction of a new and convertible style of modulator for the Main Injector dual power amplifier upgrade.  These new style modulators would free up existing MI modulators for the Booster upgrades.  A positive aspect of this solution to the Booster upgrade is that equipment replacement can be accomplished on a station by station basis.  The new solid state rf drivers require additional cabling between the equipment galleries and the Booster enclosure.  These systems also require addition of an additional equipment rack for the solid state driver for each station.  Locating suitable penetrations for cabling and gallery space for equipment racks are issues of significant import that need to be resolved.  

While not as extensive in scope, replacement of both East and West Anode Power Supplies will also enhance reliability.  The existing supplies are quite old and have become increasingly difficult to repair.  This replacement may otherwise be indicated by planned repetition rate studies.  
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		12 Month Period Beginning:		BRF Downtime Entries		Downtime Hours

		07/01/95		199		17.02

		07/01/96		284		28.37

		07/01/97		56		7.98

		07/01/98		119		15.93

		07/01/99		255		34.60

		07/01/00		253		31.03

		07/01/01		307		48.70

		07/01/02		631		95.47

		07/01/03		952		43.88

		07/01/04		1201		87.03

		07/01/05		825		75.65

		07/01/06		918		70.40		* Nine month period from 07/01/06 - 04/01/07
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