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Abstract

We report about numerical simulations of the acceler-
ating field dynamics in the ESS spoke cavity in the pres-
ence of the beam loading and Lorentz detuning. A slow
feedforward is used to cure the Lorentz detuning whereas
a fast feedback through a signal oscillator and cavity pre-
detuning technique are applied to eliminate the beam load-
ing effect. An analysis performed with a Simulink model
shows that a combination of feedforward, feedback and
cavity pre-detuning result in a substantially shorter stabi-
lization time of the field voltage and phase on a required
level as compared to a control method using only the feed-
forward and feedback. The latter allows one to obtain
smaller magnitude but longer duration deviations of the in-
stantaneous voltage and phase from the required nominal
values. As a result, a series of cavities only with feedfor-
ward and feedback needs an extra control technique to mit-
igate a cumulative systematic error rising in each cavity.
In addition, a technique of adiabatic turning off of the RF
power in order to prevent a high reflected power in the case
of a sudden beam loss is studied.

INTRODUCTION

To obtain the beam of a high quality in terms of the en-
ergy spread and emittance the cavity voltage magnitude
and phase should be controlled very accurately. Accord-
ing to the ESS design [1], the voltage magnitude deviation
must be below 0.1% of the total value and its phase devi-
ation must not exceed 0.5 degrees. This can be achieved
by means of an appropriate control. The most widely used
control technique is the negative feedback based on a PID
controller. The idea is to control a system‘s output by com-
paring it to a desired setpoint and feeding the error back to
the input dynamically. At the same time, when a pertur-
bation can be foreseen like the Lorentz detuning, it is use-
ful to use a feed-forward technique to prevent such a per-
turbation. Combined feedback and feed-forward control
can significantly improve performance over simple feed-
back architectures when there is a major disturbance to the
system that can be measured beforehand [2]. In the present
paper we apply aforementioned techniques of the control
to stabilize the spoke cavity voltage magnitude and phase.

THE BEAM-CAVITY INTERACTION:
FEEDBACK AND FEED-FORWARD
To study the evolution of the accelerating field in a spoke

cavity we will adopt the traditional model [3], in which the
cavity is presented by the lumped RLC circuit, the coupler
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Figure 1: The lumped model: cavity modeled by an RLC
circuit, the coupler by a connected transmission line of
impedance Z7 and the beam by a current source.

by the transmission line with impedance Z7 on which we
have the incident (generator) wave current I; and the re-
flected wave current I,.. The latter is assumed to disappear
without re-reflection. The beam is modeled as a current
source I*F, where I[*F" is the RF beam current that is twice
of the DC beam current, I/*f' = 2IP€. The cavity charac-
terized by the resonant frequency wy is excited to voltage
V. under these conditions.

We will assume that variations of the generator and beam
currents as well as external perturbations are slow as com-
pared to the RF period such that a dynamic quantity may be
represented as a product of a slow varying envelope multi-
plied by exp(iwt) (in general case w is not identical to wy),
e.g. Vo(t) = Re{A(t) exp(iwt)} and w™1dIn A/dt < 1.
Impedances of the loaded cavity and transmission line can
be expresses in terms of the shunt cavity resistance R, and
three quality factors: Qo is the quality factor of the bare
cavity, Q..+ is the quality factor of the cavity with the cou-
pler, Q1 = (Qy ' +Q.,}) " is the total quality factor. Fora
superconducting cavity the loaded quality factor is mainly
determined by the external Q-factor, Q1 ~ Q.,¢. Then,
using the slow varying approximation we arrive at a first
order differential equation for the complex cavity voltage
amplitude [3]

tF(ili—jzl+A(l—2i5QL) = 2@[,% [Il‘(t)—fbDC(t)Fbeiitﬁe],
(h

where § = (wp—w)/w is the normalized detuning, ¢, is the
synchronous phase defined according to the electron linac
convention (the energy transfer from the field to the beam
is maximal when ¢, = 0), F} is the beam form-factor,
t and tp = 2Q)/w are the observation and filling time,
respectively.

The current reflected by the cavity reads

1 dA
Irtzi[Al 246 —tlp—
—IPC(t)Fye . (2)
and the power coming to the cavity from the coupler (in-
cident power) and the power reflected by the cavity to the
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coupler are

R
-Pi,r = ¥Q€$t|1i77‘|2‘ (3)
The energy conservation low reads
1 dUs
— =P, —P. — B, 4
tF dr g b ( )

where Uy = |A|?/2wQy, is the energy stored in the cavity
and _
Py = Re{ Al pc e} (5)

is the power transferred to the beam.

Within the steady-state limit (A(t) = const) one can
minimize the reflected power by tuning the cavity, the so-
called ‘reactive beam loding compensation’,

Awort _ (R/Q)IPC Fycos¢ ©)

w Ve

and the reflected power completely disappears if the cou-
pler is also adapted such that

Qopt o ch

“t T 2(R/Q)IPC Fysing’ @

For a high () resonator such as superconducting cavities,
the narrow electromagnetic bandwidth makes the coupling
between the cavity and the RF feeding source sensitive to
rather small amount of detuning. As a result, small me-
chanical deformations due to, for example, the surronding
vibration noise (microphonics) or Lorentz forces (due to
the radiation pressure), are a source of concern. Whereas
microphonics are usually critical for CW operation, the dy-
namic detuning associated to Lorentz forces is the main
issue for pulsed operation as in the SNS [4]. Then, one can
also expect the Lorentz detuning to be especially relevant
to the ESS spoke cavity. In the case of the static field pres-
sure the frequency deviation is proportional to the negative
square of the accelerating field Af = —|K|E?,., where
K1 < 0 is referred to as the Lorentz detuning factor in
Hz/(MV/m)?2. If we now take into account only the main
mechanical mode, then the frequency deviation may be ap-
proximately described by a 1st order differential equation

A
ded—tw = —[Aw(t) — Awr(t)] + QWKLEL%CC, )
where E2,. = |A|?/L2.. and Lyee = (n + 1)BA/2 are

the accelerating electric field and length, respectively, /3 is
the velocity factor, n is the number of spoke bars, \ is the
wavelength of the accelerating field, 7,,, is the mechani-
cal damping time constant and Awp(t) is a frequency shit
due to an external mechanical excitation (such as a piezo-
electric tuner).

Analysis of the cavity voltage evolution in the presence
of the beam loading and Lorentz detuning with applied
feed-forward and feedback controls was performed with a
model developed in the Simulink MatLab in a way simi-
lar to that realized in [2]. A typical diagram of the control
system is shown in Fig. 2.
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Figure 2: Feedback and feed-forward control of the accel-
erating voltage of a cavity fed by a power amplifier (PA).
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Figure 3: The cavity voltage magnitude and phase vs. time.
The solid red curves stand for the spoke cavity with the
implemented feedback and feed-forward control whereas
the dashed black curves stand for the case with no control.

SIMULATION RESULTS

We performed simulations of the spoke cavity using
Eqs. (1)-(8) for the following set of parameters: [P¢ =
50 mA, the nominal power ought to be transferred to the
beam Py is 240kW, F, = 1, ¢ = 15.2°, Qo = 1.2-10'°,
R/Q = 4269, frequency f = 351.8 MHz, optimal initial
detuning AfoPt = —395 Hz, V, = 4.974 MV, Q%! =
1.21-10°, tp = T2us.

The beam during its passage through the cavity induces
the voltage that adds to the voltage induced by the incident
(from coupler) current so that the magnitude and phase of
the total induced voltage changes during the interaction of
the beam with the cavity, see dashed black curves in Fig. 3
representing the cavity voltage magnitude and phase as a
function of time. Filling of the cavity with the electro-
magnetic field is also accompanied by the Lorentz detuning
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Figure 4: Dynamic detuning of the frequency caused by
the electromagnetic pressure vs. time. The red solid curve
and the black dashed curve stand for the cavity with and
without control, respectively.
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Figure 5: The voltage magnitude and phase of the con-
trolled cavity with (red solid curve) and without (blue dot-
ted curve) the cavity predetuning vs. time. Note that the
time scales are different.

shown by the dashed black curve in Fig. 4. One can see
that the cavity voltage and phase deviate substantially from
the required nominal values. As we mentioned the cavity
voltage can be controlled by means of a fast feedback to
cure the beam loading and by a slow feed-forward to cure
the Lorentz detuning. The results for the controlled cavity
are shown at the same Figs. 3, 4 by solid red curves. In ad-
dition, in Fig. 5 the voltage magnitude and phase are shown
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Figure 6: The extra incident power P;(t) required to com-
pensate the beam loading and the reflected power P,.(t) vs.
time. Note that the time scales are different.

in detail. It turns out that using the cavity predetining de-
fined by Eq. (6) one can stabilize the voltage magnitude
and phase on the nominal level within 10 ps whereas with-
out the cavity predetuning the phase stabilization can not
be achieved. An additional required incident power from
the coupler and the reflected power are shown in Fig. 6.

CONCLUSION

We found that that a combination of feedforward, feed-
back and cavity pre-detuning allows one to stabilize the
ESS spoke cavity voltage and phase within 10 us on the
nominal level such that the voltage magnitude error and
phase error are 0.5% do not exceed 0.2°, respectively. The
maximal required additional power is around 4.2%.
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