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Abstract

Superconducting cavities are highly susceptible to small
changes in resonance frequency due to their narrow
bandwidth. At the proposed linac for the TESLA Linear
Collider [1] the frequency changes resulting from
mechanical deformations caused by L orentz force detuning
of the pulsed cavities will be of the order of the cavity
bandwidth at the design operating gradient closeto 25 MV/
m. The additional power required for field control is of the
order of 10 % and will be intolerably high for the planned
upgrade to 35 MV/m which appears to be feasible in the
near future. While passive stiffening of the cavities is
aready applied to the present cavity design, the further
reduction of the Lorentz force detuning constant is
technically challenging. Therefore we propose an active
scheme which reduces the timevarying Lorentz force
detuning to much less than one cavity bandwidth. If
successful, the scheme will improve the power efficiency
of the TESLA linac significantly.

1 INTRODUCTION

The time varying detuning A f,(t) of the superconducting
cavities induced by the Lorentz force F,(t) O Eicc(t) can -
at least from atheoretical viewpoint - be compensated by a
time varying force in opposite direction. Since the Lorentz
forceisdistributed over the large surface of al cavity cells
it is technically not feasible to generate an equal distribu-
tion of counteracting forces which cancel at all locations of
the cavity surface. It seems however feasibleto locally ap-
ply aforce F(t) which generatesatimevarying cavity de-
tuning Af(t) which cancels the Lorentz force detuning
such that Af (t) = —Af(t). Inthis case the cavity geome-
try and therefore the cavity field will be slightly different
from that of the unperturbed case but the difference is neg-
ligible for the effective accelerating field.

Thelocal force can be applied by apiezotrand ator which
isincorporated in the support rods of the mechanical motor
driven frequency tuner. Since piezotranslators can also be
used for measuring forces (generated voltageis proportion-
a to force) and therefore indirectly the cavity resonance
frequency, one can imagine to use one piezotrandator for
control while a second piezotranslator measures the cavity
resonance frequency. Feedback control is however not fea-
sible since the high bandwidths required (several kHz) can-
not be realized due to lower frequency mechanical
resonances of the cavity-tuning frame assembly. Feedfor-
ward compensation must instead be applied which relieson
the high repetitive characteristics of the Lorentz force de-
tuning of pulsed cavities.

2 LORENTZ FORCE DETUNING

The static detuning of a resonator due to the action of
Lorentz forcesis proportiona to the square of the acceler-
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However, in the linac of the TESLA Test Facility, the 9-
cell cavities are operated in pulsed mode. In this case the
mechanical properties of the cavities must be considered
when modelling the time-varying detuning of the cavity.
The dynamics of the cavity detuning is described by the
state space equation:
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where Awy, : detuning of modem, V. : accelerating
voltage, 1,,,: mechanical time constant of mode mand
K,, : Lorentz force detuning constant of mode m.

Thetotal detuning isgiven by: Aw = § Awy,. The typical
Lorentz force detuning measured for different gradientsis
shown in Fig. 1.
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Fig. 1: Typical Lorentz force detuning during pul sed operation
of aTTF 9-cell cavity at different flat-top gradients.

The time dependence of the Lorentz force detuning is al-
most linear during the flat-top i.e. during the beam pulse
and changes by approximately +-130 Hz at 25 MV/m. It is
important to note that the time-varying cavity detuning is
reproduced very accurately from pulse to pulse and isonly
dlightly (up to +-10 Hz) modulated by microphonics. The
additional power needed for control is given by
AP/P = 0.25 E(Af/fl/z)z, where fy, is the half cavity
bandwidth. Combined with the quadratic dependence of
the cavity detuning with the accelerating field the power
requirements become excessive at high gradients.
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3 COMPENSATION OF LORENTZ
FORCE DETUNING

The objective of the active Lorentz force compensationis
achieved if the cavity detuning can be maintained constant
and close to zero (<< 1 bandwidth) during the whole rf
pulse or at least during the flat-top duration of 800 ps.

3.1 Compensation Mechanism

The piezotrandator (PZT) which applies a programmable
time varying force to the cavity, isintegral part of the mo-
tor controlled frequency tuner as shown in Fig. 2.
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Fig.2: Experimental set-up of PZT integrated with mechanical
motor driven frequency tuner.

Incontrast tothe L orentz forcethe PZT actsonly locally on
the cavity walls which resultsin a different coupling factor
to the various mechanica modes as compared to the
Lorentz force. The dynamics of the frequency control of
the cavity can be described as state space equation:

X = AX+Bu
y=Cx+Du,D =0

with cavity detuning vector x covering al contributing
modes, system dynamics matrix A (nxn), input matrix B
(nxm), and control input u. The measurement of the cavity
detuning isgiven by y which isderived from the measured
state using matrix C.

The system is controllable if the controllability matrix
Co = |B AB A%B ... A"~ 1g| whichhasnrowsand nm col-
umns hasfull rank n. Thisisequivalent to alinear indepen-
dent finite coupling of the PZT to each relevant mechanical
mode. For practical purposes the coupling factors should
be of the same order of magnitude. This can always be
guaranteed by use of multiple PZTs. First measurements
indicate that one PZT will be sufficient for the TESLA 9-
cell cavities.

3.2 Feedforward Algorithm

An adaptivefeedforward schemesmilar tothat appliedfor
RF control at the Teda Test facility will be used to obtain
the correction signal. The response of the detuning curveto
asmall step input which will be shifted in time in discrete
stepswill be determined and define aresponse matrix. This
matrix can be inverted to determine the appropriate signal
to the piezo actuator needed to compensate the Lorentz

force detuning. Slow driftsin operating parameters require
regular update of the feedforward tables.

4 PIEZOTRANSLATOR ISSUES

Piezotranglators operated at cryogenic temperatures can
provide sufficient force (several 100 N) at atravel range of
several pm combined with afast response (<100 ps). Typ-
ical failure modes during pulsed operation at cryogenic
temperatures include cracks resulting in electrical break-
down and subsequent electrical shortening of the piezo
stacks.

4.1 Time Response of Piezotranslators

Fast responseisone of the desirablefeatures of piezo actu-
ators. A rapid drive voltage change resultsin arapid posi-
tion change. A PZT can reach its nominal displacement in
approximately 1/3 of the period of the resonant frequency
with significant overshoot. For example, a piezo trandator
with atypical resonance frequency of 10 kHz can reach its
nominal displacement within 30 ps. The experimental re-
sult have shown that a linear ramp with 100 ps rise time
will be sufficient for the compensation of the dynamic
L orentz force detuning.

4.2 Pulsed Operation at 2 K

Traditionally piezostacks are produced by use of an elastic
glue which combines many piezoelectric elements in se-
ries. This glue can become brittle at cryogenic tempera-
tures leading to disintegration of the piezostack.
Meanwhileindustry has devel oped sintered piezostacksfor
operation at high frequencies and maximum stroke. A typ-
ical application for thistype of PZT isthe fuel injection of
diesal engines implying rough environmental conditions.
Testsat cryogenic temperatureswill be conducted to verify
that this reliability is also true at low temperatures.

4.3 Radiation Hardness

The piezotranslators will beintegral part of the cavity tun-
ing mechanism and will therefore be exposed to the y-radi-
ation generated by field emission in the cavities (dark
currents) and occasional beam loss in the accelerator. The
upper limit for the average doserate for TESLA isdictated
by the capacity of the cryogenics which can handle an ad-
ditional heat load of 0.1W/m corresponding to a dose rate
of 10 Gy/h. Assuming a lifetime of the accelerator of 20
years this correspond to a maximum total dose of 2 MGy.
According to [2] this should not impose a problem since
mild damage is expected at atotal dose >100 MGy.
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4.4 Integrated System Test

It is planned to eval uate the performance of the piezotrans-
lator in a radiation environment (Co®° source, 1.4 kGy/h)
during pulsed operation (> 100 Hz) at 77K (liquid nitrogen
dewar). The fixture will contain 2 piezoelements in series
were one element is pulsed at 100 Hz with a pul se structure
consisting of a 100 ps ramp from -60 to +160 V, 1 ms flat-
top duration followed by a 100 ps ramp from +160V to -
60V. The second element is used as a sensor to detect the
force created by the first element. During a1 month test we
will evaluate 2.6 (10" pulses (at 100 Hz) comparableto al-
most 2 years of operation of TESLA at 5 Hz. Thetotal does
will be about 1 MGy. During the test the voltage and cur-
rent to the piezo under test will be recorded as well as the
signal from the second piezo used as sensor. Small devia-
tion in current-voltage characteristics can be detected and
used as an indicator of performance degradation.

5 EXPERIMENTAL RESULTS

For aproof of principlethe tuning frame of aTTF 9-cell
cavity has been equipped with a PZT-element, see Fig. 2.
During pulsed operation of the cavity at high gradients the
voltage induced in the PZT by mechanical excitation has
been monitored. Asshownin Fig. 3, theresonant excitation
il exists at the begin of the next pulse (pulsed operation
at 10 Hz). The corresponding frequency spectrum (Fig. 4)
indicates mechanical resonances around 300 Hz and 450
Hz.

In the next step the piezo-element has been used as an ac-
tuator to compensate the dynamic Lorentz force detuning.
The amplitude and rise time of the piezo drive signal have
been adjusted to maintain the cavity on resonance within a
few Hz during the whole flat-top duration of the RF pulse.
A comparison of the cavity detuning with and without
compensation is presented in Fig. 5. The compensation
scheme has been reproducible and stable for long periods
of time.
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Fig. 3: Lorentz force excitation of mechanical modesduring
pulsed operation of a TTF 9-cell cavity, measured
with the piezo-element (30 MV/m flat-top gradient

10 Hz repetition rate).
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Fig. 4: Frequency spectrum of the Lorentz force excitation
shownin Fig. 3.

6 CONCLUSION

Initial experimentswith apiezoel ectric tuner havedemon-
strated the successful control of the cavity resonance dur-
ing pulsed operation of superconducting cavities at high
gradients. The measurements have shown similar coupling
of the Lorentz forces and the piezoel ectric tuner to the rel-
evant mechanical modes.

The use of the PZT as avibration sensor has been avalu-
able tool to study the mechanical resonances excited by
Lorentz forces. Therefore we envision the combination of
actuator and sensor for more detailed investigations and fu-
ture resonance control designs.
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Fig. 5: Demonstration of active Lorentz force compensa

tion with a PZT driven tuner (TTF 9-cell cavity
at 23.5 MV/m flat-top gradient).

245



