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Abstract—The increasing demand for higher beam intensities
to reach higher luminosities puts significant stress on high-power
amplifiers driving the RF cavities in particle accelerators. It
is therefore essential to understand their large signal behavior
in detail. The need to characterize the high-power nonlinear
amplifiers of the 80 MHz RF systems of the CERN proton
synchrotron (PS) at the circuit level, including their distributed
and stray components, only accessible for a limited amount
of time due to accelerator operation, led us to develop a
novel modeling approach. It is based on low-power and high-
power measurements, as well as a numerical circuit optimizer.
This allowed us to build a model that replicates the beam-
cavity interaction across the entire dynamic range of the system
with good agreement between simulations and measurements.
Furthermore, observations indicate that the three 80 MHz RF
systems interact differently with the beam. The model was used
to identify the specific components responsible for these distinct
beam—cavity interactions, and provides valuable insights into
the components responsible for the potential limitations of the
amplifier chain.

Index Terms—Beam-cavity interaction, circuit model, high-
power radio frequency (RF) amplifier, RF measurements.

I. INTRODUCTION

ADIO frequency (RF) systems in particle accelerators

provide the power to change the energy of a charged
particle beam. A typical RF system includes a resonant struc-
ture, the RF cavity, inside which the longitudinal electric field
is established. The power is delivered by one or several power
amplifiers, driven by a low-level RF (LLRF) system [1]. A
configuration used in many accelerators worldwide combines
one or more low-power solid-state amplifiers with one or more
high-power vacuum tube amplifiers to deliver hundreds of
kilowatts of power to the RF cavity and to the beam (e.g.,
[2], [3], [4]). Due to their large power range, the vacuum
tube amplifiers may create nonlinear effects that can affect the
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RF in

Fig. 1. Block diagram of the 80 MHz amplifier chain. The parameter A
represents the total attenuation of the feedback path. The RF in is the signal
generated by the LLRF, allowing the 300 kV cavity voltage to be obtained
after amplification by the four stages.

system’s performance, especially for high beam intensities [3],
[5]. To accurately model such effects, a common approach is
to realize a lumped element circuit model of the amplifiers,
which is effective for frequencies up to about 10 MHz [3],
[6], [7]. However, as the frequency, the size of the circuit,
and the number of amplification stages increase, it becomes
more and more complex to model the system at the circuit
level, mainly due to the presence of stray and distributed
components. The case of the 80 MHz RF systems of the CERN
proton synchrotron (PS) led us to develop a new modeling
approach, based on low-power and high-power measurements,
as well as a circuit optimizer.

The 80 MHz RF systems of the CERN PS comprise
three RF cavities (named C80-88, C80-89, and C80-08), each
connected to a chain of four amplifiers. The first two stages
in the chain, the summing amplifier and the pre-driver, are
solid-state amplifiers. The last two stages, the driver and the
final amplifier, consist of high-power RF vacuum tubes. As
represented in Fig. 1, each cavity is equipped with a wideband
feedback to reduce its beam induced voltage [8].

For proton operation, two cavities are requested to deliver
the nominal peak RF voltage of 300 kV per cavity to the
beam in a 300 us pulse [9]. This pulse is provided just prior
to ejection from the PS in order to fit the bunches into the
short buckets of the 200 MHz RF system of the super proton
synchrotron (SPS) [10]. As no real power is transferred to the
beam through this manipulation, the beam current behaves as
a purely reactive time varying load for the final amplifier [11],
and the cavity is equipped with a tuning system to compensate
for this additional load. However, due to the presence of the
wideband feedback, the amplifiers must deliver higher average
RF power to the cavity under beam loading conditions, even
if there is no acceleration. Therefore, higher beam intensities
may give rise to potential limitations of the amplifier chain.
It is essential to evaluate these limitations, especially in the
context of the increasing demand for higher intensity and
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Fig. 2. Measurement of the S, parameter of the summing amplifier as a
function of frequency (top). The magnitude of S,i, the gain, is stable (blue)
over the whole bandwidth of the system, and the phase is linear (red). It is
also constant as a function of power over the dynamic range of the device
(bottom).

brightness beams with projects such as the high luminosity
large hadron collider (HL-LHC), which consequently required
an upgrade of the injector chain [12], [13].

In order to address this challenge, a detailed circuit model of
the 80 MHz RF system was developed. As a practical example,
the RF system of the cavity C80-88 was considered in detail
for the model development. Dedicated measurements were
performed to establish the power and frequency dependent
amplifier responses, in order to determine what level of com-
plexity was needed to model each of them. For the amplifiers
that were modeled at the component level, a numerical circuit
optimizer was employed to minimize the difference between
simulations and measurements. With this approach, the model
reached an excellent correspondence with experiments. It
allows, for example, to determine the parameters responsible
for the observation that the different 80 MHz RF systems
interact with the beam in distinct ways [14] and to identify
the parameters requiring a proper adjustment. Eventually, the
model is exploited to identify the intensity limitations of each
component of the chain.

II. SOLID-STATE AMPLIFIERS
A. Summing Amplifier

The aim of the summing amplifier is to combine the LLRF
drive signal and the portion of the cavity gap voltage re-
injected into the chain, as required by the wideband feedback.
This is achieved with a 3 dB power combiner followed by an
amplification stage based on a solid-state integrated circuit. As
the summing amplifier is a low-power device, with 0 dBm of
nominal output power, the complete set of scattering parame-
ters can be measured with a vector network analyzer (VNA)
for its full characterization [15]. Two different measurements
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Fig. 3. Measured pre-driver low-power gain (blue) and phase (red) as a
function of frequency.

are conducted: a frequency sweep over the 80 MHz system’s
bandwidth Af ~ 1 MHz and a power sweep at the nominal
frequency of fir = 80.11 MHz, up to the nominal output power
of the device. The measurement of the S,; parameter (see
Fig. 2) shows that the amplifier has constant gain over the full
power and frequency range. Therefore, it can be modeled as
a constant gain and delay block, and the measurement of its
S, parameter is sufficient for its characterization.

B. Pre-driver Amplifier

Like the summing amplifier, the pre-driver amplifier was
measured using the VNA with a frequency and a power sweep.
The low-power measurement shows that the pre-driver gain
varies by less than 4= 0.2 dB in the relevant bandwidth with a
linear phase behavior (or constant delay, see Fig. 3). Therefore,
its gain is considered to be constant as a function of frequency.

Due to its 2 kW nominal output power, the characterization
of the pre-driver in the high-power regime requires modifying
the measurement setup. The 66 dB gain of the amplifier at
low-power requires the addition of significant attenuation at
its output. In addition, the device must be gated to reduce the
average power [16]. This allows to measure the output voltage
amplitude V,, at fir, depicted in Fig. 4. The measurement
shows that even though the pre-driver gain is constant with
frequency, it is power dependent.

Therefore, it was modeled as a nonlinear voltage block,
obtained by fitting the measured V,, with an odd polynomial
function of the RF input voltage amplitude Vi, i.e.,

Vou = Y _ a1 Var . (D
k=0

III. TUBE AMPLIFIERS

Both vacuum tube amplifiers change their characteristics
over their power range. Therefore, they were modeled at the
component level, in the low-power and high-power regimes.

Moreover, since these stages directly impact the longitudinal
beam coupling impedance, their detailed understanding is
crucial. However, the modeling of the vacuum tube based
amplifiers is subject to several additional complications.

1) Due to the parasitic elements of the driver amplifier,
which cannot be neglected at 80 MHz, the schematic is
insufficient to model the measured behavior.

2) The final stage contains distributed components and does
not have any associated schematic.
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Fig. 4. Output voltage of the pre-driver as a function of its input voltage over
the power range of the amplifier.

3) The driver and final amplifiers are both installed in
the accelerator tunnel, with very limited access, which
excludes a long series of measurements.

As a result of those constraints, the values of the com-
ponents of the circuits are not perfectly known a priori.
Therefore, the low-power representation was modeled with the
software AWR Microwave Office [17]. It was chosen for its
built-in optimizer feature, which can be employed to adjust the
values of the circuit components by minimizing the difference
between simulations and measurements. Indeed, among the
features available in AWR Microwave Office are the SDeltaM
and SDeltaP functions, which can be, respectively, employed
to quantify the magnitude and phase differences between any
measured and simulated S parameters over a specified fre-
quency range. These quantities can be defined as optimization
goals, allowing the software to automatically adjust the circuit
components’ values according to the chosen optimization
variables and algorithm. This approach is particularly useful
in a large scale system where an analytical description of
the response (e.g., [6]) is impractical. The use of a circuit
optimizer allows generic optimization of lumped elements
and transmission line models without any additional analytical
modeling.

The high-power vacuum tube models have been realized
with PSpice [18]. For the low-power representation, the non-
linear tube amplifiers are replaced by their small signal model.
The tubes transconductance and anode resistance [19], [20] are
extracted from the /-V curves of the tubes datasheets at the
relevant bias points. Therefore, the AWR simulations are per-
formed using linearized tube models comprising a controlled
current source with a gain equal to the transconductance,
together with the anode resistance and the inter-electrode
capacitances. When moving to the high-power case with
PSpice, the small signal models of the tubes must be modified
to large signal models. They were built by fitting the -V
curves of the datasheets. This generic method, applicable for
a constant screen grid voltage, described in [21], expresses the
anode current, 14, of the tubes in the following way:

Iy (Vas Vi) = Ay (Va) Voo + Auy (V) Vi
+ A1 (Va) Ve + Ao (Va) . 2
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Fig. 5. Top plot corresponds to the datasheet points of the tube TH681 (dots)
together with the curves obtained with fourth order polynomials, for different
anode voltages. The RMSE of the anode current associated with these three
curves is represented in the bottom plot.

Here, V, represents the tube anode voltage and V,. the grid
to cathode voltage. First, a set of k + 1 polynomials with
coefficients a,_ k..o is calculated by fitting the data sheet
values of the anode current with (2) for k + 1 constant
values of the anode voltage. The coefficients A;(V4) are
obtained by linearly interpolating between the coefficients
(@ik>Aig-1,---,0aip), where i varies from O to n.

For illustration, the datasheet points of the anode current
of the final amplifier tube, the Thales tetrode TH681, have
been fit with fourth-order polynomials. This polynomial order
provided the best compromise in the present case. Indeed,
lower order polynomials lead to fit curves that do not represent
the physical behavior of a vacuum tube, especially at low grid
voltages, while higher order polynomials introduce overfitting
effects. The top plot of Fig. 5 shows the comparison between
the fit curves and the datasheet /-V characteristics for different
anode voltages. The associated root mean square error (RMSE)
is also provided on the bottom plot to quantify the fitting
accuracy.

A. Driver Amplifier

The driver amplifier [see Fig. 6(a)] is a single-stage
amplifier based on the Eimac triode 3CPX5000A7 in the
grounded-grid configuration. It delivers approximately 40 kW
of nominal output power into a 50 Q load.

Its input circuit consists of a m-shape impedance matching
network with two capacitive and one inductive branches. Its
output is made of a resonant circuit comprising two capacitors
and a transmission line. In the considered frequency range, the
stray components of the capacitors and inductors present in the
driver must be taken into account. The equivalent models of
the capacitors and inductors can be found in [22] and [23].
For clarity purposes, all stray components in the circuits of
Fig. 6 were sketched in black.

Unlike the two solid-state stages, the scattering parameters
of the driver vary significantly over the system’s bandwidth
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Fig. 6. 80 MHz RF system vacuum tube amplifiers circuit model. (a) Circuit model of the PS 80 MHz RF system driver. The voltage source V2 is connected
to the driver input, and its output is connected to the resistor R2. (b) Circuit model of the PS 80 MHz RF system final amplifier. The transmission lines T11
and T9 are present at the input and output of the circuit, respectively. (c) Circuit model of the PS 80 MHz RF system cavity. Port 1 denotes the input port.
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Fig. 7. PS 80 MHz RF system driver low-power characteristics. The

simulations and measurements of the scattering parameters are in excellent
agreement.

for any given power level. Therefore, the complete set of
scattering parameters must be taken as a basis for the modeling
in the low-power regime. The numerical circuit optimization
method has been employed to minimize the SDeltaM and
SDeltaP functions for each port such that the refined driver
circuit reproduces the measured scattering parameters. As can
be observed in Fig. 7, the measurements are in excellent
agreement with the simulations.

To check the validity of the high-power model of the driver,
the variation of its transducer power gain at the RF frequency
as a function of its input forward voltage has been measured
with the setup shown in Fig. 8. The transducer gain Gy is the
ratio between the delivered power from the amplifier’s output
Ppo and the available power from the source Pas [24], i.e.,

_ Ppo Pao—PrLour
Pas  Pps+PLiN

Here, the parameters Pao and Ppg are the available power
from the amplifier’s output and the delivered power from the
source, respectively. The power loss due to the input and
output mismatch is PN and Pp our.

Since the output directional coupler is terminated with a
50 Q load, the transducer gain can be expressed as a function
of the forward voltage of the input and output couplers at the
RF frequency, Vinr and Vourp, i.€.,

2
CoutrVourr
Gr (VIN,F) = (—CIN Ve ) .

Gr 3)

“4)

Here Courr and Cinvr represent, respectively, the forward
voltage coupling of the output and input directional couplers at
the RF frequency. As the output of the directional couplers is
measured in the time domain, Ving and Voyrr are calculated
with Fourier analysis. The measurement points are obtained
by sweeping the signal generator power to modify Ving, and
the gain is calculated following (4).

For the simulation, a sinusoidal voltage source at the RF
frequency of amplitude 2Viyp is connected at the input of
the driver, through a 50 Q load, as depicted in Fig. 6(a).
This ensures that the simulated input forward voltage is ViNp.
It is swept in amplitude to cover the dynamic range of the
amplifier. The simulated curve is obtained by separating the
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simulation of the input and output forward voltages in different
time frames with a Hamming window [25]. For the time frame
considered, the ratio of the input and output forward power
is calculated. As can be seen in Fig. 9, the model is able to
reproduce the variation of the power gain as a function of the
input forward voltage of the driver amplifier with an average
RMSE of 0.67 over the power range.

B. Final Amplifier

The final amplifier [see Fig. 6(b)] is a single-stage amplifier,
rated to deliver 400 kW of nominal output power.

The final amplifier’s input is made of an LC network in
parallel with a tunable stub connected to the cathode of the
tetrode. The anode RF voltage is transferred to its output
through coaxial transmission lines. The transition of the last
18 Q output line is modeled as a capacitor to ground connected
to the bare cavity through a magnetic coupling loop [see
Fig. 6(c)]. The magnetic coupling loop is modeled by a
transformer together with a series inductance representing its
self-inductance. The secondary winding of this transformer
corresponds to the main cavity inductance, which is part of the
equivalent RLC circuit representing the bare cavity resonance.
In addition, this main inductance is weakly coupled to other
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inductances, in order to model the pickups of the cavity. The
coupling factors are sketched in Fig 6(c).

To characterize the small signal behavior of the final stage,
a specific approach was used. The input impedance and the
voltage gain of the final amplifier were measured with the
VNA (together with the gain between the input and the final
amplifier anode pickup). A direct measurement of the output
reflection coefficient would have required an appropriate high-
power circulator, a directional coupler, and the associated
transition elements to protect the instrument [26]. Hence, to
characterize the output behavior of the final stage, alterna-
tive measurements were performed, taking advantage of the
available voltage pickups in the cavity. The measurements of
the variation of the quality factor and resonance frequency
of the cavity, obtained by measuring the transmission in
between the pickups, for different loads connected to the input
of the final stage allow to model the output behavior of the
system. The open circuit, the 50 Q, and the short circuit cases
were measured. To account for these three different cases, the
input port value can be defined as a variable. It can be set
to represent the input load. Each case will lead to different
expressions of the SDeltaM function, which can be optimized
simultaneously. As sketched in Fig. 10, the numerical circuit
optimization method can be employed to find the optimal
values of the circuit components, allowing for reproducing
those measurements.

In order to decrease the number of optimization variables of
the stage, the cavity, represented in Fig. 6(c), was characterized
separately. An appropriate adapter was installed to replace the
power amplifier that had been physically disconnected from
the cavity.

The input impedance of the cavity can be measured by
connecting the VNA to the adapter. To model the coupling
of the cavity to its input load, the cavity quality factor and
resonance frequency have been measured with the different
loads connected at the input of the adapter. Hence, the input
port of the cavity was also modeled as a variable. The results of
the measurements, in excellent agreement with the simulations
obtained with the optimized circuit, can be seen in Fig. 11. The
figure also shows that the measurements were performed over
different frequency ranges. This was necessary because the
cavity has a high quality factor, requiring a narrow bandwidth
for precise measurements, while its resonant frequency is
affected by the impedance connected to the input port. In order
to simultaneously minimize the error between simulations
and measurements over these different frequency ranges, the
errors associated with the open and short circuit cases were
implemented as output equations in AWR. These quantities
could then be optimized in the same manner as the SDeltaM
and SDeltaP functions used for the 50 Q case.

The high-power characterization of the final stage requires
another measurement setup in order to provide sufficient power
to the amplifier. The nonlinear behavior of the longitudinal
beam coupling impedance of the complete system has been
measured [14] and can be employed to characterize the final
amplifier since the other stages have been modeled.

IV. COMPLETE SYSTEM

The only element of the diagram in Fig. 1 that remains
to be modeled in the small signal regime is the feedback
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Fig. 10. Final amplifier low-power characteristics. The comparison between
the simulations and measurements for the input impedance (top), the gains
(middle), and the quality factors (bottom) is in good agreement.

path. For that purpose, the loop gain of the system has been
evaluated by measuring the ratio of the open loop to the closed
loop gain in the small signal regime. The simulated quality
factor and the loop gain at the central frequency GA(f;) are
in good agreement (see Fig. 12), and the cavity input has been
characterized (see Fig. 11).

Hence, the loaded low-power shunt resistance of the cavity
with wideband feedback R, will also be correctly reproduced.
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where Z(fi¢) is the loaded cavity shunt impedance at the RF
frequency. It can be directly related to the measured quality
factor and the input impedance of the cavity [27].

The high-power behavior of the complete system is sim-
ulated by connecting a sinusoidal current source at the RF
frequency to the cavity as an input for the simulation. The
amplitude of the beam current is swept to reach approximately
1.4 A, corresponding to the maximum RF beam current
measured in [14]. For each time frame, the ratio of the
Fourier transforms of the cavity voltage and the beam current
is calculated, following the same methodology employed for
the driver. As can be seen in Fig. 13, the model built with
the circuit optimizer is able to reproduce the beam-cavity
interaction even at high-power, with an average RMSE of
459 Q across the complete beam current range, and can thus
serve as a basis for proposing solutions to the issues raised in
the introduction.

V. APPLICATIONS OF THE SIMULATION MODEL
A. Coupling Factor Adjustments

As a practical application, the model was applied to deter-
mine that three elements were responsible for the different
behavior that is observed in the cavities C80-88 and C80-89
of the PS ring under beam loading conditions.

1) The cavity is sensitive to the input circuit of the final
amplifier due to the imperfect reverse isolation of the
tetrode.

2) The driver amplifier does not have a 50 Q output source
impedance.

3) The line length between the driver and the final amplifier
is different for the two systems.

For these reasons, the line length transforms the impedance
between the final amplifier cathode and the driver anode,
which impacts the coupling to the cavity. This behavior can
be observed through the loaded quality factor Q; [27]. Indeed,
Fig. 14 shows that it is possible to obtain a loaded quality
factor that is similar to the one measured on the cavity
C80-89 (Qp =~ 27500) by modifying the line length between
the driver and the final amplifier in the model of the cavity
C80-88. Therefore, the length of the line can be modified in
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Fig. 14. Simulation of the variation of the PS 80 MHz RF system loop gain
for different line lengths between driver and final amplifier. The line length
explains the factor of three difference in the loaded quality factor measured
between the two cavities.

order to couple the cavities to their amplifier chains in the
same way.

B. Limitations Due to Beam Loading

If an element of the chain is experiencing limitations due to
beam loading, it would exhibit a compression of its gain. This
effect could be identified on the longitudinal beam coupling
impedance, according to (5). Indeed, as depicted in Fig. 13,
the shunt resistance in the presence of the wideband feed-
back measured with the beam decreases as the beam current
increases. Equation (5) implies that this occurs if the overall
gain of the chain is increasing. Consequently, the behavior of
the impedance shows that even with an amplitude of the RF
beam current of I, = 1.4 A, no compression effect is visible.
The system would reach its limit if the shunt resistance with
wideband feedback starts to increase because of the amount
of beam current driving the cavity.

Therefore, the impedance measurement technique developed
in [14] can be extended to estimate the power limitations of an
RF acceleration system. This method has the advantage that
the LLRF drive signal is disabled during the measurements,
such that the amplifier chain behavior can be analyzed without
modeling the LLRF part. One of the main functions of the
LLRF system is to control the amplitude of the cavity gap
voltage by driving the amplifier chain. Hence, disabling the
LLRF implies that the RF system does not provide any voltage
to the cavity, and that the cavity voltage is generated solely by
the beam. The measurement was performed during a portion
of the machine cycle in which the cavity C80-88 normally
delivers voltage. However, the required beam structure could
still be maintained because other RF systems in the PS
provided the necessary voltage.

The principle of the technique is the following. Two real-
time signal analyzers measure the time evolution of the RF
spectral component of the cavity voltage and the beam current
for an LHC-type beam of 72 bunches at the nominal intensity
required for the HL-LHC [12]. Following the calibration pro-
cedure described in [14], the shunt resistance with wideband
feedback is calculated. During the acquisition, RF voltage
manipulations are performed to reduce the bunch length of
the beam to around 4 ns, according to the bunch rotation

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 73, NO. 8, AUGUST 2026

20000
—— Measurement
15000 4 —— Simulation
S 10000 -
]
(=2}
£ 5000
[
>
® 0
o
=]
]
£ -5000 -
£
3
@ —10000
-15000 -
-20000 +— i i i i
0 50 100 150 200
Time [ps]
§ ® Measurement
§ 6400 - ® Simulation
K]
k-]
0
&
2
& 6200 - ,
o
[}
b ’k "f
H
< L
£ 6000 - ° %
3 LX) °
8 o Wy L4
c o © °
8 o, ¥
7 58001 Coele .ow"
g 5800 '.. e, V0, P J
- 0?‘ °®
c adl 4
”_g) L1 ... ... Py
5600 - T T T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
80 MHz component of the beam current [A]
PYY M Measurement
—— Simulation

Final amplifier anode mean current [A]
a2 A s N NN
B o © o N E

=
N
L

0 50 100 150 200
Time [ps]

Fig. 15. Beam induced voltage in the cavity C80-88 (top), longitudinal
beam coupling impedance (middle) and final amplifier anode DC current
(bottom) observed during the bunch rotation. The model (red curves) correctly
describes the measured behavior (blue curves), even when the system enters
compression as indicated by the increase in impedance with the RF beam
current.

program [28]. This increases the form factor of the beam [29].
This condition generates the highest beam induced voltage
currently achievable in the cavity C80-88, and the highest
steady state DC anode current of the final tube.

As demonstrated by the increase in impedance depicted in
Fig. 15, this beam induced voltage is sufficient to reach the
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curve shows that the final amplifier limits the gain of the amplifier chain, since current is drawn on the control grid when the grid to cathode voltage becomes

positive.

RF system’s limit. The measured time domain current has
been used as an input to the cavity circuit, which allowed
us to compare the measurements and the simulation up to
the point where the RF system starts to enter compression.
To match the 2024 configuration, the model’s feedback gain
was appropriately adjusted. In addition, a reduced tube current
with respect to the nominal datasheet values was assumed in
simulations in order to improve agreement with measurements.
This reflects deviations from the datasheet tube characteristics
under real operating conditions.

Fig. 15 shows that the model is able to reproduce the
measurement of the impedance with good agreement, as the
average RMSE is approximately 190 Q over the measurement
range. In addition, the model can replicate the measurements
of the anode DC current and the cavity voltage, which were
also acquired. The average RMSE of the anode DC current
is 0.33 A.

Noticeably, the shape of the induced voltage waveform
changes during the bunch rotation. Fig. 16, which is an
enlarged view of the top plot of Fig. 15, at the beginning
and at the end of the bunch shortening program, shows that
the simulation is also able to reproduce this variation of
the amplitude modulation with the RF beam current. The
maximum error between the measured and simulated signals’
voltage envelope is obtained at the end of the bunch rotation,
and is lower than 10% of the measured envelope.

The model allows us to identify which element of the
chain is responsible for the increase in impedance observed
in the middle plot of Fig. 15. As it is shown in Fig. 17, the
final amplifier’s control grid voltage reaches positive values
with respect to the cathode when the beam current becomes
sufficiently high. Therefore, the control grid current increases
and induces a drop in the grid voltage, thereby decreasing
the gain of the amplifier and limiting the performance of
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the chain. In addition, since the final amplifier control grid
circuit was not designed to supply current, its hardware would
have to be upgraded to operate with such beam loading. This
could be combined with an optimization of the tube bias
point, for instance by increasing the screen grid voltage while
maintaining the same quiescent current, in order to reduce the
control grid current and improve the large signal response.
Moreover, it can be observed in Fig. 17 that there is not much
margin left in the driver stage when the RF beam current
reaches approximately 2.2 A due to its anode voltage drop.
The simulation shows that the pre-driver can withstand the
beam current as it is operating below the compression level
represented in Fig. 4.

VI. CONCLUSION

A detailed circuit model was developed to study the beam-
cavity interaction in a system made of a cavity and high-power
amplifiers operating in the very high frequency (VHF) regime
over their full power range.

The modeling of this complex system required different
methods for the distinct parts of the amplifier chain. In
particular, a new technique has been developed in order to
model the vacuum tube based stages. The use of low- and
high-power measurements together with a circuit optimizer
allowed us to model the amplifier chain, including its stray
and distributed components, as well as the nonlinear amplifier
response to beam loading. This method allowed building a
precise model, employed to identify the components limiting
the performance of the chain under conditions of high beam
loading and to explain the discrepancies between the different
80 MHz RF systems in the CERN PS.

The knowledge of the circuit topology is the only require-
ment of this technique. Hence, it can be extended to other
configurations in which the beam-cavity interaction must
be understood at beam intensities high enough to induce a
nonlinear behavior of the amplification chain. As other RF
systems in the PS present similar characteristics, the same
approach will be applied to study their interaction with the
beam.
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