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Beam Loading Analysis of the Booster RF System.

M. Meth
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Introduction

This note summarizes the results of measurements and design changes made during the
construction phase of the Booster Band III RF system. A substantial change occurred in the
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injected in a multiturn scheme lasting approximately 150 us. A second change is the reduction
of the cavity capacitance, which was necessitated to increase the frequency response of the cavity
tuning system. The lumped capacitance is reduced from 300 pF to 200 pF per gap; the total
capacitance from 450 pF to 350 pF per gap.

The stored energy in the cavity is decreased, increasing the susceptibility of the system to
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considered and evaluated within the system installed for the commissioning of the Booster.

System model.

The conventional model of the system is to represent the cavity as a tank circuit, as seen by the
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beam or as seen by the power amplifier.

Model as seen by the BEAM.

The cavity model as seen by the beam is shown in Fig. 1. The gap capacitance was measured
to be 900 pF at the bus bars that connect the two gaps in parallel We assume that each gap con-
tributes 350 pF. Since the beam sees the two gaps in series, the total cavity equivalent

capacitance is 175 pF.

The inductance required to resonate Band III, varies from 23.16 to 8.2 uH, as the cavity tunes
from 2.5 to 4.2 MHz.

The shunt impedance is calculated from bandwidth measurements. In our case the measured Q,
obtained hv dphmmo the cavity to the 3 dB points is 20, when the gap vgltaoe 1§ 22.5 kV and
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ata frequency of 2.5 MHz. From this, we can calculate the shunt 1mpedance R, as:
= Q/lw C = 7.275 kn

A few caveats are now needed. The bandwidth measurements are meaningful only in a linear
system. In this case measurements are made at the injection frequency since the system is far
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by sweeping the cavity the losses increase by a factor of two, we remember that at injection f
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dot is very small and the dynamic effects are therefore not so dramatic. Furthermore, the

measurement of the bandwidth at higher voltages and higher biasing levels is questionable, since
the resonance curve may not be symmetric around the resonant frequency.

From calorimetric measurements of cavity dissipation and the measurement of R,, at 2.5 MHz,
we can estimate R, at 4.2 MHz and calculate the average value of the tube damping resistance.
The CW dissipation of the cavity for V = 45 kV at injection and extraction frequencies are :

freg CW dissipation P
2.5 MHz 29.8 kW
4.2 MHz 72.0 kW'

the ferrite shunt resistance is:

1
|
[N

= 33.75 kn at 2.5 MHz
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The average tube resistance is calculated as:

I/Rye = VR, - 1R
Ru = 9.25 k0

The ferrite shunt resistance is 14.06 kq at 4.2 MHz. The shunt resistance R,, is 5.58 kq at 4.2
MHz. Knowing the shunt impedance and the total gap voltage, it is possible to calculate the
amplifier output current.

I.=VJ/R, =618 Aat2.5MHz
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Model as seen by the POWER AMPLIFIER.

The cavity model as seem by the power amplifier is shown in Fig. 2, which is very similar to
Fm 1, and can be used with the proper change in parameters to represent the scenario on which
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the Power Amplifier will have to work. In thls case, the two gaps are seen in parallel. The total

! lJoss measurement at 45 kV are pro;ected from measurements
obtained at voltages up to 40 XV - see Appendi
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cavity capacitance is then 700 pF, and the equivalent inductance varies from 5.8 to 2.05 uH.
Similarly we can assume that the shunt impedance of this circuit varies from 1.82 kq to 1.39
kn, since the drive loop couples one stack of ferrite, we achieve a 2 : 1 step up transformation,
which reflects in a 4 : 1 ratio in the impedances. The current required to obtain 22.5 kV across
the gaps varies from 12.36 A to 16.12 A.

This circuit will be loaded by a beam current which is twice the actual beam, since it will
simultaneously see the effect of both gaps.

Steady State Beam Loading

In order to estimate the operating conditions of the system and the beam loading effects, it is
important to calculate the circulating beam current both at injection and extraction.

The average beam current is:

L,=n*q*f=7510"*1.6 10" *2.5 10° = 3 A at injection, and

L. = 5.04 A, at extraction.

Since the beam will have bunches that are almost 180 degrees long, we can assume that they are
a half sinusoid. The spectral components are known [1]:

L. =m/2*], =4.71 A and
I.. = 7.91 A

are the fundamental currents at injection and extraction, whereas the peak currents are
respectively:

I,=m*L,=942A and
I.. = 1583 A.

The effects of beam loading at steady state depend upon the ratio of the beam current I, and the
amplifier fundamental current I, [2]. This ratio is:

Y.=1/1, =4.71/ 6.18 = 0.76 at injection and
Y., =791/ 8.06 = 0.98 at extraction.

For the case of steady state beam loading stability requires that Y be less than two, and this
calculation shows that the limit is not exceeded.



One possible mode of operation requires that the cavity be detuned prior to injection such that
the power amplifier drives a real load after the beam has entered the Booster. The level of the
detuning depends on the quadrature component of beam current and is expressed in terms of an
equivalent tuning capacitance or change in resonant frequency.

AC,;, =-Icos¢/w *V, =-6.7pF at injection and,
= - 5.78 pF at extraction. [3]

This means that the cavity will have to be tuned to a higher resonant frequency. It is important
to estimate the detuning both in terms of frequency and tuning current.

Since the capacitance varies inversely with the square of the frequency,
AF = F/2 * AC/C = 47.75 kHz at injection and
AF = 69.3 kHz at extraction

Assuming that the tuning current varies linearly with frequency and knowing that the tuning
current varies from 100 to 900 A, we estimate the offset in tuning current as:

Al = AF/AF, * AL, = 47.75/1700 * 800 = 22.4 A at injection, and
Al. = 32.7 A at extraction.
The power factor angle at which the amplifier operates at injection, is calculated as
tan" (I/I) = tan” (4.71/6.18) = 37.3°
The steady state beam loading parameters have been calculated and are summarized in Table 1.

Transient beam loading

Transient effects have also been considered. The beam at injection will behave as shown in Fig
3, that is a sequence of pulses of growing amplitude. The injection will last approximately 150
us, or about 120 turns. During this time the cavity and power amplifier will see this
"perturbation” and the tuning loops will have to correct for it.
Each microbunch injected from the linac will have a charge of about
Q. =n*q*3/360 = 1 * 10° Coul.

The cavity time constant is calculated from the circuit model in Fig. 1 to be:

r =2RC =258 us



Since nine microbunches will be injected during one cavity time constant, the total amount of
beam charge injected in this time is:

Q=9*Q,, =9 *10° Coul.
The maximum gap CV product [4] for a gap voltage of 45 kV is
CV =175 10" * 45 10° = 7.875 10* Coul.
Therefore the phase shift induced by the beam during one cavity time constant is
Q/CV = 1.14 10? rad = 0.66°.

This scenario has been simulated using the circuit analysis program PSPICE as shown
in Fig 4. After the cavity has reached its steady state, a train of pulses of growing amplitude is
injected in quadrature with the amplifier current. This does not show any significant phase shift
or amplitude modulation and confirms our expectations.

At injection the gap voltage will be lower than 45 kV. It is possible to see that the beam
induced phase shift in a cavity time constant will be less than seven degrees for a gap voltage
as low as 4 kV.

An important factor is the tuning system time constant: the faster the tuning system can
react to the beam induced detuning, the less will be the total phase shift.

The time constant of the transistor bank that provides the cavity tuning current and its
related circuitry has been measured under rf by introducing a perturbation of approximately 30
degrees in the phase detector and looking at the response of the feedback loop. Fig 5 shows the
results of this measurement, and indicates that it takes approximately 100 microseconds to
restore the tuning condition. This time is less than the injection period and is definitely an
encouraging result. Fig 6 confirms this, showing the measured open loop frequency response of
the transistor bank. The closed loop bandwidth is projected to be greater than 10 kHz for tuning
currents as large as 750 A. At injection the tuning current is approximately 150 A and the closed
loop bandwidth is estimated as 15 kHz.

Tube resistance

An important side issue results from the cavity model is the evaluation of the average output
resistance of the power amplifier and the plate resistance of the EIMAC 4CM300,000 tetrode.

From the 3 dB bandwidth measurements at 2.5 MHz and calorimetric measurement of cavity
dissipation at the same frequency, the average tube resistance was calculated as 9.25 kq.
Measurements were performed at 45 kV and the output resistance is referred to the 45 kV level.
To transfer this resistance to the tube (11.25 kV level), scale by a factor of 16. The amplifier



output resistance is 578 Q. The tube operates class B, conducting for one half period of each rf
cycle. The average plate resistance is 290 Q.

Plate resistance varies inversely with the cube root of plate current. This measurement is at a
peak plate current of 20 A. For comparison purposes, in the conceptual design of the power
amplifier the average plate resistance was estimated [5]¥from constant current characteristics)

as 186 0 at a peak plate current of 65 A.

Appendix A

Ferrite losses were calorimetrically measured at a cavity voltage of 40 kV over the full
frequency range. At 45 kV loss measurements were obtained for frequencies up to 3.0 MHz;
at higher frequencies Q-loss limits CW measurements.

The results are summarized below.

Frequency Cavity Voltage Cavitv losses
[MHz] [Kv] [kW]
2.4 30 11.1

40 26.2
45 41.5
3.0 30 10.6
40 26.9
45 49.5
3.6 30 12.7
40 40.0
45
4.2 30 12.7
40 36.0
45 -
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- PARAMETER INJECTION EXTRACTION
Frequency 2.5 MHz 4.2 MHz
Amplifier Drive
g:alir(erol; ;gundamental 2472 A 32.24 A
Beam Current
Average 3A 5.04 A
Peak of Fundamental 471 A 791 A
Y = I/, .76 .98
AC -6.7 pF -5.78 pF
AF Resonance 47.75 Khz 69.3 Khz
AI Tuning 224 A 32.7 A
R 7.27 K 5.5Ka
Synchronous Phase Angle 3 30°

Table I

Summary of Beam Loading Calculations

C =175 pF

n = 7.510"% Particle/Bunch




f=2.5 MHz f=4.2 MHz

L 23.16 uH 8.2 uH

R 7.2ka 5.58 kn

[, 6.18A 8.06 A
C=175pf

T
{

I gen LCAY 'J- CCAVY % RCAY GBEAM
/ T

Fig. 1 - Equivalent Circuit of the Cavity - PA As Seen by the Beam

E - 2.5 MHz F = 4.2 MHz
L 5.78 uH 2.05 uH
R 1.82 k0 1.39 ko
1, 24.72A 32.24 A
C = 700 pF
1: 2

Fig. 2 - Equivalent Circuit of the Cavity - PA As Seen by the Power Amplifier
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Fig. 3 - Beam Current at Injection in the Multiturn Scheme as Simulated in PSPICE
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Fig. 5 - Tuning System Response to a Disturbance
x = disturbance
PHI = phase detector output (9°/div)
I = tuning current (15 A/div.)

Time Scale = 200 us/div
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