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Review (MI Design Report)

The original design specification for the main injector included transient beam loading current from 6 e10 protons per bunch which will require about 1.25 amps delivered to the cavities, supplied by 15 amps of rf current generated by the power amplifier (12:1 cavity step-up ratio).   The MI amplifiers can deliver 200 Kwatts of rf power which at a plate voltage of 20 Kvolts will produce a peak rf current of approximately 21 amps.  This is a 40% surplus of current available, which will provide good operating lifetime as the power tube ages.  Since the MI started operating, the life of the power amplifier’s power tube is approximately 3 years.  

The power amplifier is cathode driven (grid grounded for rf purposes) by the solid state driver amplifier.  This configuration requires all rf current to come from the solid state amplifier.  

Measurement

Confirmation of the required cathode rf current to run 4.8 e12 protons on a standard MI 29 cycle at 8 Gev with feedforward and feedback active was done on station #1 running in class A operation.  For reference, Figure 1 indicates the beam current of 4.8e12 and Figure 2 shows the rf waveforms for the cathode, cavity gap, and forward power on a 29 cycle at station #1.  The 29 cycle was chosen because there are lots of cycles in the timeline to study.   

No reflected power was considered in the calculations below since there is no directional coupler on the output of the combiner. 
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 Figure 1.  Beam current
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Figure 2.  Station 1 rf operating waveform.

Three cases will be considered:

Case 1:  

PA Grid bias at –200 volts and increased feed forward gain by 3 db.  This measurement is with feed forward active and the 2 db pad removed from the local feedforward drive signal at station #1 plus the global increase of feed forward gain by 1 db (total feed forward gain increase = 3db from standard).  The feedback gain is unchanged from the normal operations.  

Figure 3 shows the cathode voltage, forward power from amplifier #1, and the local station phase detector (fanout to fanback phase).  All calculations are done during the feed forward pulse at 8 Gev.  
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Figure 3.  St 1 cathode rf, forward power, and local phase detector.


Cathode rf voltage = 63.5 Vrms


Forward rf power  = 678 Watts


Cathode Z = 6 ohms


Cathode rf Current = 10.67 amps.

It should be noted that not perfect phase cancellation was achieved.  Slightly more cathode current would be required to fully cancel the phase excursions.  

Case 2:

PA Grid bias at –170 volts and increased feed forward gain by 2 db.  This measurement is with feed forward active and increased feed forward gain of 2 db.  Feedback gain is unchanged from the normal operation.  Figure 4 shows the cathode voltage, forward power, and local station phase error.  
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Figure 4.  St 1 cathode rf, forward power, and local phase detector.

Cathode rf voltage = 67.8 Vrms


Forward rf power  = 901 Watts


Cathode Z = 8.6 ohms


Cathode rf Current = 10.3 amps.

Here again it should be noted that perfect phase cancellation was not achieved.  

PA Grid bias at –170 volts and increased feed forward gain by 3 db..  This measurement is with feed forward active and increased feed forward gain of 3 db.  Feedback gain is unchanged from the normal operation.  Figure 5 shows the cathode voltage, forward power, and local station phase error.  
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Figure 5.  St 1 cathode rf, forward power, and local phase detector.

Cathode rf voltage = 94.5 Vrms


Forward rf power  = 1208 Watts


Cathode Z = 7.4 ohms


Cathode rf Current = 12.78 amps.

Note that the phase has now flipped over and over compensation has occurred.  

Case 3:

PA Grid bias at –170 volts, increased feed forward gain by 2 db, and increased feedback gain by 6 db.  This measurement is with feed forward active and increased feed forward gain of 2 db.  Feedback gain has been increased by 6 db from the normal operation.  Figure 6 shows the cathode voltage, forward power, and local station phase error.  
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Figure 6.  St 1 cathode rf, forward power, and local phase detector.

Cathode rf voltage = 81 Vrms


Forward rf power  = 809 Watts


Cathode Z = 8.1 ohms


Cathode rf Current = 10 amps.

Note that perfect phase correction was almost achieved.

PA Grid bias at –170 volts, increased feed forward gain by 3 db, and increased feedback gain by 6 db.  This measurement is with feed forward active and increased feed forward gain of 3 db.  Feedback gain has been increased by 6 db from the normal operation.  Figure 7 shows the cathode voltage, forward power, and local station phase error.  
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Figure 7.  St 1 cathode rf, forward power, and local phase detector.

Cathode rf voltage = 87 Vrms


Forward rf power  = 1207 Watts


Cathode Z = 6.4 ohms


Cathode rf Current = 13.7 amps.

Note that the phase has now flipped over and over compensation has occurred.  

The Vector Signal Analyzer shows about 20 to 23 db suppression of the revolution lines.  See Figure 8.
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Figure 8.  VSA plot of revolution line reduction at 8 Gev on a 29 cycle.

Conclusion 

The worst case from the above data shows a need of approximately 13 amps of rf current to just counter beam loading for 4.8e12 at 8 Gev on a 29 cycle.  

Scaling this to the slip stacking cycles that require slipping two batches of 4.8 e12 protons we can assume we double the required rf current (2 x 13 amps = 26 amps).  Adding a safety factor of 40% to allow for power amplifier aging, the total estimated current needed out of the solid state driver is 36.4 amps.  

Proposed Solution

Increase the number of rf modules from 4 to 8 will double the amount power available for transient beam loading and provide the required 36 amps of rf current.  Table 1 shows the estimated cost to upgrade all MI rf stations with higher power solid state rf drivers.  

[image: image9.jpg]Adding Four (4) additional rf modules

Solid State Driver Amplifier (total of 8 rf modules).

Qty Est Cost Station
each Cost

RF 1 Kwatt module 4 5964 23,856.00
8 way combiner 1 7500 7,500.00
Control Unit 1 5000 5,000.00
Total per Station 36,356.00
Number of Stations 18.00
Total 654,408.00
Spares 2 36356 72,712.00
Total 727,120.00





Table 1.  Solid State amplifier upgrade cost.

The 1 Kwatt rf modules (identical to the original modules) have been quoted by going back to the manufacturer and getting an actual fixed dollar quote.  The quote is shown below in Figure 9.  The price for 80 modules is very attractive since they cost us about $ 5000 each in 1995 (in quantity of 80 pieces).  

A new 8 way combiner will be purchase from a commercial vendor and new controls to handle 8 modules will need to be implemented.  

The additional modules and 8 way combiner will fit in the existing relay rack assembly.  Figure 10 shows the new configuration.  
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A member of the Cubic Corporation family of companies

To: FERMILAB
ATTN: John Reid
P.0.Box

Batavia, IL 60510 DATE NuMBER
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40 1kW Solid State Amplifier Module L161339 $7,404 $296,160
80 1kW Solid State Amplifier Module L161339 $5,964 $477,120
NOTES:

1 Prices are EX WORKS, San Diego, California in US$. All shipping charges,
banking charges, taxes, customs, duties and insurance are to the account of
the buyer.

2 The equipment is covered by the standard Cubic 12 month warranty.

3 Cubic standard terms and conditions apply.

Cubic Defense Applications, Inc.

9333 Balboa Avenue, San Diego, CA 92123
858-505-2717 : Fax 858-505-1593
www.cubic.com
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Figure 9.  Amplifier Quote
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Figure 10.  8 rf modules in standard relay rack with 8 way combiner.

