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ABSTRACT 
 

 Analysis and modeling is presented for a fast microwave tuner to operate at 700 MHz 

which incorporates ferroelectric elements whose dielectric permittivity can be rapidly altered by 

application of an external voltage.  This tuner could be used to correct unavoidable fluctuations 

in the resonant frequency of superconducting cavities in accelerator structures, thereby greatly 

reducing the RF power needed to drive the cavities.  A planar test version of the tuner has been 

tested at low levels of RF power, but at 1300 MHz to minimize the physical size of the test 

structure.  This test version comprises one-third of the final version.  The tests show 

performance in good agreement with simulations, but with losses in the ferroelectric elements 

that are too large for practical use, and with issues in bonding of ferroelectric elements to the 

metal walls of the tuner structure.       

 

 

Work on this project was carried out by senior research scientist Dr. S.Yu. Kazakov, with 

important input from consultant Dr. V.P. Yakovlev of FNAL and research scientist Dr. S.V. 

Shchelkunov of Yale University, with Dr. J.L. Hirshfield serving as Principal Investigator.   

This report was written by Dr. Hirshfield.  
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I.   INTRODUCTION 
 

Under Topic 27a in the DoE 2007 SBIR Program Solicitation, Phase I proposals were 

sought to improve or advance superconducting and room-temperature materials or components 

for RF devices used in particle accelerators.  Areas of interest included ―...fast ferroelectric 

microwave components that control reactive power for fast tuning of cavities or fast control of 

input power coupling.‖   Omega-P, Inc. submitted a Phase I proposal, and was awarded grant 

DE-FG02-07ER-84863, entitled ―Fast Ferroelectric L-Band Tuner for Superconducting 

Cavities.‖  The overall goal of the Phase I R&D program was to design a 700 MHz fast 

electrically-controlled ferroelectric tuner for controlling the external coupling to RF cavities for 

the superconducting Energy Recovery Linac (ERL) in the electron cooler of the Relativistic 

Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL). 
 

Electron cooling is an essential element in the collider luminosity upgrade program [1].  

In addition, electron cooling is essential for eRHIC, a future electron-ion collider.  The electron 

cooler under development at BNL [1,2] includes an RF gun electron source and a super-

conducting energy recovery linac (ERL) to generate an electron beam with energy up to 54 MeV 

necessary to cool a 100 GeV/nucleon beam of the collider.   
 

The RF power requirement for cavities in a SRF linac is determined by the accelerating 

gradient maintained in the cavity and the beam loading.  Additional power is required for 

corrections of phase errors which arise from Lorentz force detuning, and other uncontrolled 

sources of detuning [3,4].  In ERLs the beam loading is very small, and the power requirements 

are determined by the Ohmic looses in the cavity walls, by unbalanced beam currents, and by the 

cavity resonance frequency variation due to small changes in the cavity geometry because of 

mechanical vibrations.  Solution to the last problem, so-called microphonics, may require an 

increase in coupling of the cavity with the feeding line in order to increase the cavity bandwidth, 

and thus to decrease the loaded Q and as a consequence increase the input power necessary to 

maintain the acceleration gradient.  There are two strategies that may be used in order to confront 

this problem [5].  The first is to apply an active correction of the cavity dimensions by means of 

a piezoelectric (or magnetostrictive) frequency tuner [6,7].  This piezoelectric tuner changes the 

cavity length such a way that the detuning caused by microphonics is nearly-perfectly 

compensated.  Due to the partially statistical nature of microphonics noise, a negative feedback 

loop is necessary.   The device must allow correction of micron-scale cavity deformations at 

frequencies up to about 100 Hz.   The piezoelectric tuner allows one to maintain a cavity’s 

resonance frequency by applying a correction directly to the source of the perturbing influence, 

i.e., to counteract variations in the cavity length.  However the piezoelectric tuner requires 

operation at cryogenic temperatures and thus permits only limited access inside the cryomodule 

in the event of a failure.  Further, the piezoelectric device has its own mechanical resonances 

which may interfere with control system performance if the self-resonance frequency overlaps 

with the microphonic excitation to be controlled [5]. 
   

A second means for neutralizing microphonics is to use an external tuner to apply a 

corrective phase shift to the reflected RF wave and reintroduce it to the cavity structure [8,9].  

Early on, ferrite tuners were suggested for this application [10,11,12].  High-power fast ferrite 

tuners are currently being developed at CERN for the Superconducting Proton Linac [9] 
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operating at 352 MHz.   This CERN ferrite tuner is designed to provide fast phase and amplitude 

modulation of the drive signal for individual superconducting cavities.  The tuner is based on two 

fast and compact high-power ferrite phase shifters magnetically biased by external coils.  The 

tuning frequency for this device can have an upper cut-off at 2 kHz that comes mainly from eddy 

currents inside the RF structure [11].  ERLs have a stringent requirement for amplitude and 

phase stability.  For example, the Cornell ERL’s amplitude stability is to be not worse than 

310
-4

, and phase stability must be within 0.06 [13].  Thus the gain in the control feedback 

loop should be high enough, and its bandwidth wide enough, to insure this high degree of 

stability.   For the Cornell ERL, this translates to a bandwidth of about 1 MHz.  Thus when an 

external tuner is used, it’s bandwidth also has to be in this range, corresponding to a tuner 

response time of about 1 sec.  This rules out ferrite tuners with their narrow bandwidth.  Similar 

considerations apply to the BNL ERL.    
 

The Omega-P SBIR program started in Phase I had as its goal the design and 

demonstration of a fast electrically-controlled 700 MHz, 50 kW tuner based on a ferroelectric 

phase shifter [13] for use with ERL.  The phase shifter would allow coupling changes during the 

cavity filling process in order to affect significant power savings, and will allow for fast 

stabilization against phase fluctuations due to microphonics and other uncontrolled fluctuations.  

As a result, the tuner can allow a reduction of about ten times in the required power from the RF 

source, and provides rapid compensation for beam imbalance. 
 

 

II.  TECHNICAL APPROACH 
 

 In the Phase I proposal, a detailed exposition on the technical approach to be taken in this 

project was given.  Some of that exposition is repeated here, so as to help explain the approach 

adopted during Phase I which will be seen to differ in some important respects from the approach 

originally proposed.  A schematic of the cooling system for RHIC ERL is shown in Fig. 1 [2].  

 
 

Fig. 1. Schematic of the RHIC cooler [2].  (1) SRF gun; (2) injection merger line; (3) SRF linac 

containing four 5-cell cavities; (4,4’) 180° achromatic turns; (5,6) transport lines to and from 

RHIC; (7) ejection line and beam dump; (8) beam line for independent ERL operation. 



Omega-P, Inc. 
FINAL REPORT FOR DoE PHASE I SBIR GRANT DE-FG02-07 ER 84863 

FAST FERROELECTRIC L-BAND TUNER FOR SUPERCONDUCTING CAVITIES 

 

4 

 

The superconducting 700 MHz Energy Recovery Linac (ERL) for the RHIC electron 

cooler should provide acceleration of a 50 mA electron beam from 4.7 MeV up to 54.5 MeV, and 

then its subsequent deceleration to the injection energy.  ERL contains a SC RF gun, the SRF 

linac having four 5-cell accelerating SC cavities, and two 180° turns.  The accelerated beam goes 

through the cavities twice.  Operating in the electron cooler system, the SRF linac must provide 

the required energy spread and emittance of the beam that in turn, determine the required 

amplitude and phase stability.  The control system of the linac should provide this stability.  
  

The RF power Pg required to maintain the accelerating voltage V is determined by well-

known formula describing the RF cavity excitation by external RF source in the presence of 

beam loading (see, for example [19]): 
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where 0 is the cavity resonance frequency; Q0 is it’s unloaded quality factor;  is the coupling 

factor, for SC cavity  >>1; r/Q is the cavity impedance; IRe = I(cosa - cosd), IIm = I(sina 

- sind,), a andd, are the average phases of the accelerating and decelerating beams 

compared with the RF phase, respectively; and I is the beam current.  For the cooler linac having 

two cavities with Qo  4.5  10
10 

@2K and r/Q = 404 Ohms/cavity, I = 50mA  2 = 100 mA 

and V  25 MV (the beams will go through the linac twice) [2,20].  The value  = o- is 

determined by the amplitude of uncontrolled noise.  The intrinsic RF power required for ERL is 

very small. For parameters listed above, it is 
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If the accelerated and decelerated beams are well balanced, and the beams are in phase with the 

RF field, the required power is determined by the peak frequency variations caused by 

microphonics [21], namely 
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where Ql is loaded quality factor, Ql = Q0/(1+).  From (3) one can find the optimal value of the 

loaded quality factor, Qopt = /2, and minimal required power Pg is proportional the peak 

cavity detuning, namely 
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where f=/2, the peak microphonic cavity detuning in Hz.  If, for example, the peak cavity 

detuning is reduced to 30 Hz (a typical value), the required input power is ~17 kW for four 5-cell 

cavities.  While beam loss within reasonable limits gives no significant increase in required 

power, the phase error   of the beams does, because in this case the beam introduces an 

additional reactance proportional to   as it can be seen from (1).  The required power in this 

case Pg is equal to 
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For, for example,  =1 and f= 30 Hz, the required power is about 40 kW. The optimal loaded 

quality factor in this case is 10
7
, a very modest value [22].   Of course, proper cavity detuning is 

necessary to compensate the reactance introduced by the beam and minimize the required power.  

Note that for Ql significantly higher than10
8
, there may be problems with field startup, because 

the cavity bandwidth will be very small compared to the Lorentz-force detuning [22].   Another 

problem for higher Ql may be with low level RF control that should provide accurate 

compensation of any perturbation of the small-bandwidth cavity resonant frequency [22,23].  

Thus, the cavity resonant frequency control and control of the coupling of the cavity with the 

feeding line reduces the power demands and provides stable operation of the SRF linac.  Note, 

that in [2] the Ql that is discussed is 3  10
6
, that corresponds to a bandwidth of 233 Hz, but 

requires a power of 130 kW for all four cavities, or 32.5 kW/cavity.   
 

The approach considered here is to use an external tuner in order to control the phase and 

amplitude of fields in the accelerating cavity.  In Fig. 2 the standard configuration is shown, 

where the RF source output is coupled to the SRF cavity through a protection system that 

includes a circulator and load.  All the reflected power from the cavity is fed to the load port of 

the circulator.  This configuration is planned to be used at the Cornell ERL [21].  Needless to 

say, a fast piezoelectric tuner internal to the cavities is necessary in this configuration.  

 
 

Fig. 2.  Standard configuration for connecting RF source to accelerator structure. 

 

In Fig. 3 an alternative arrangement that was discussed in the Phase I proposal is shown 

that includes an external tuner in a magic-T configuration that, by use of a feedback loop, adjusts 

phase and amplitude of fields in the cavity.  This configuration is widely used for 

superconducting cavity control [10,11,12] and requires two fast electrically-controlled phase 

shifters.  The total power from the RF source that is considered is 50 kW/cavity [26] to be on the 

conservative side.  The phase shifter should provide a phase shift up to 90, phase resolution 

better than 1 and very low losses (<0.7-0.8 dB) [5,12,25].  This arrangement employs a magic-

T with two coaxial phase shifters containing ferroelectric elements, as shown in Fig. 5, and 

allows fast electrically-controlled coupling and phase changes.  A magic-T with two phase 

shifters can provide independent changes of both amplitude and phase of the transmitted wave.  
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Changing the phase from -90 to +90 will change the tuner transmission from 0 to 1, or the 

phase from -90 to +90 [27].  For a symmetric magic-T, the power level at each phase shifter is 

only half of the total power incident in the input port, which thereby reduces the temperature rise 

in the phase shifter active element (ferroelectric) that must be accounted for in the design.   

 

 
 

 

Fig. 3. A possible configuration of the SRF cavity phase and amplitude control  

using an external tuner in a magic-T configuration with adjustable phase shifters. 

 
 

Fig. 4.  Schematic of an arrangement to produce fast cavity coupling changes based on  

a magic-T and two phase shifters containing ferroelectric elements [27].  

This device need not be under vacuum, and is to be located outside of the cryostat.  
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The phase shifter described in the Phase I proposal is a coaxial line containing a half-

wave ferroelectric ring [27] with matching linear ceramic elements and terminated by a coaxial 

resonator, as shown in Fig. 6.  Applying bias voltage between the central and outer conductors of 

the coaxial line effects a change in dielectric permittivity of the ferroelectric ring, which causes a 

phase advance of the RF wave in the phase shifter, and thus a change in coupling between the 

cavity and the RF source. The matching alumina rings serve to decrease the electric field in the 

ferroelectric ring.  The end capacitor allows one to apply bias voltage to the central electrode.  

Considerable analysis presented in the Phase I proposal showed that, in principle, a coaxial 

design could satisfy the requirements outlined above. 

 
 

Fig. 5a.  Coaxial ferroelectric 

tuner coupled into rectangular 

waveguide 

 
 

Fig. 5b.  Cutaway view of coaxial tuner, 

showing impedance transformer and 

ferroelectric and alumina rings.  

 

 However, early in Phase I, it became apparent that fabrication of the coaxial tuner 

would be difficult and costly.  The insulated central conductor is supported at the upper high-

voltage feed-through and further down at the ferroelectric and alumina rings.  For good 

electrical and mechanical support, the rings should be brazed or tightly clamped between the 

inner and outer coaxial conductors.  Design of this braze would need to take into account the 

greatly differing thermal expansion coefficients for the elements of the coaxial line.  Suffice it 

to say that at this stage no reliable means of brazing ferroelectric rings has been developed.  

Nor has a means for solidly clamping coaxial elements against one another so far emerged.  

Consequently, as shall be described in Section III, a radically new concept for the tuner was 

devised during Phase I in which solid clamping is straightforward, and in which brazing may 

also be a realistic option. 
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III.   DEGREE TO WHICH PHASE I  DEMONSTRATED 

                     TECHNICAL FEASIBILITY 
 

IIIa.  Technical objectives 
 

 In the Phase I proposal, the following tasks were listed as needed to fulfill the stated 

objectives of the project, namely to perform underlying analysis to establish the feasibility of the 

coaxial tuner, and to complete conceptual design work prior to fabrication and testing. 
 

Task 1: The optimal scheme of the cavity operation with the tuner is to be determined in 

collaboration with BNL team. Basic requirements for the general tuner parameters are to be 

clarified.  
 

Task 2: The technology of the ferroelectric ring side walls polishing and metallization are to be 

developed in collaboration with EuclidTechLabs. Detailed material properties measurements of 

ferroelectric rings are to be carried out at 700 MHz.  
 

Task 3: Optimization of design of the phase shifters is to be made in order to minimize electric 

and magnetic fields, and thus non-linear effects, and thermal loading. Optimal coaxial impedance 

is to be determined based on the properties of the ferroelectric material that will be measured at 

700 MHz under Task 2. Development of details for applying the ferroelectric element voltage 

bias is to be made. Analysis will be made of the thermal problems in the ferroelectric and 

matching alumina rings. Requirements for the cooling will be determined. 
  

Task 4: Further optimization and design will be carried out for the coaxial impedance trans-

former that provides the impedance change from 50 Ohms to the optimal coaxial impedance in 

the phase shifters. 
  

Task 5: Optimization of the coaxial waveguide transformers will be made with insulated central 

electrodes that are necessary to apply bias voltage. Note that this transformer can find application 

in other schemes for the SRF cavity control.  
 

Task 6: Optimization of a scenario for the cavity operation in order to provide maximum power 

savings will be made.  
 

Task 7: Preliminary engineering design considerations for the tuner will be explored together 

with the BNL team.  
 

Task 8: Low-power 1.3 GHz prototype of the tuner is to be designed and built in collaboration 

with BNL team for the tests with 1.3 GHz BNL SC cavity. This prototype will be based on the 

design of 1.3 GHz tuner for ILC that is currently under development by Omega-P.  
 

Task 9: Assemble material for Phase I Final Report, and compose proposal for Phase II.  

 

As is clear from re-reading these tasks, they are specifically directed to development of the 

coaxial tuner, and thus largely inapplicable to the new concept described below.  Still, as shall be 

seen, the general intent of the tasks has been fulfilled—albeit with regard to the new concept.  

 

IIIb.  Planar geometry ferroelectric tuner concept 
 

 In view of the aforementioned difficulty in conceiving of a practical means for brazing 

and/or firmly clamping a ferroelectric ring and necessary matching ceramic rings between 

coaxial conductors, a planar geometry was investigated as an alternative.  In this geometry, all 
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elements of the design (conductors, ferroelectric elements, and matching ceramic elements) are 

planar.  Thus rigid clamping of the structure is straightforward.  Furthermore, since stress need 

be applied along only one axis of the system (as opposed to two in cylindrical geometry), it 

should be possible to use a low-melting alloy braze material to effect a solid joint between the 

metallic conductors and both types of insulators. 
 

 Drawings are shown in Figs. 6 to illustrate the new arrangement for the tuner.  As is seen, 

it consists of a ―three-decker club sandwich‖ clamped vertically within an L-band rectangular 

waveguide.  For clarity, two high-voltage feed-thrus on side walls of the waveguide that connect 

to the electrically-insulated pink electrodes for imposition of bias fields are not shown.  The 

sandwich arrangement allows good electrical contact between metallic, ferroelectric, and ceramic 

elements by use of vertical clamping; allows use of lower voltages since the ferroelectric bars are 

only about one-third the height needed in a single-deck sandwich, and should allow a low-

temperature braze to assure good electrical contact between metal, ferroelectrics, and ceramics. 

 

 
Fig. 6a.  Rectangular L-band waveguide 

tuner, within which the three-decker club 

sandwich assembly is housed. 

 

 

 

 
Fig. 6c.  Perspective view of three-decker 

club sandwich with waveguide top and side 

walls removed, showing one set of 

ferroelectric and matching bars (dark red 

and green), and the vertical ceramic 

matching rods (yellow). 

 

 
Fig. 6b. Side view of three decker club 

sandwich.  Ceramic matching rods are yellow 

and bars are green, ferroelectric bars are dark 

red, grounded electrodes are light red, and HV 

biased electrodes are pink. 

 

 

 
Fig. 6d.  Layout seen from above of one of 

the layers within the three-decker sandwich.  

Oval outlines the HV biased electrode, 

vertical lines outline the grounded electrode, 

green outlines the matching ceramic bars, 

red circles are the vertical maching ceramic 

rods, and horizontal violet lines outline the 

ferroelectric bars. 
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 Ferroelectric and ceramic bars and rods for the planar geometry tuner are developed and 

supplied to Omega-P by Euclid TechLabs LLC.  Properties of the ferroelectrics are listed below 

[27,30].  Analysis and simulations for the tuner are based on use of these properties. 
 

TABLE I.   Properties of ferroelectric ceramics 
 

dielectric constant,  ~550 

tunability, /Ebias (Ebias is the bias field) > 2/(kVcm
-1

) 

response time < 10 ns  

loss tangent at 1.3 GHz,  (preliminary measurements) ~6.510
-4

 

loss tangent at 0.7 GHz,   (estimated)* ~3.510
-4

 

breakdown limit 200 kV/cm 

thermal conductivity, K 7.02 W/m-K 

specific heat, C 0.605 kJ/kg-K 

density,  4.86 g/cm
3
 

coefficient of thermal expansion 10.110
-6

 K
-1

 

temperature tolerance, T 3 K
-1

 
 

*There are no recently measured data for the loss tangent at 700 MHz. Thus, we assumed a very 

modest (pessimistic) value of 510
-4

 for preliminary considerations.  Note that the final design 

will be based on measurements of loss tangent that are in progress at Omega-P. 

 

 

IIIc.  Simulation of tuner performance. 
 

  A low-power single-decker mockup version of the 700 MHz tuner was built and tested, 

but scaled to operate at 1300 MHz.  At this frequency, its tuning characteristics on a SC RF gun 

cavity could be demonstrated at BNL, according to plans described in the Phase I proposal.  

Moreover, experience in developing this tuner would then redound directly for 1300 MHz tuners 

to be possibly used with ILC cavities.  Fig. 7 illustrates the geometry for the simulations, 

corresponding to one-sixth of the three-decker sandwich, while Figs. 8 and 9 show results. 

 

 
Fig. 7a.  Top view of geometry for 

simulation. 

 

 
 

Fig. 7b.  Side view of geometry for 

simulation. 
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Fig. 8.  Electric field distribution surrounding ferroelectric and ceramic elements for ε = 470 for 

the ferroelectric elements.  Patterns for other nearby values of ε are similar. 

 
 

  
 

 
 

 

 

 

 
 

Fig. 9.  Calculated pass band, phase shift, and loss for the 1.3 GHz tuner for three values of  ε.  
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 Fig. 10 shows dimensions calculated for a 1.3 GHz version of the structure.  For 700 

MHz, dimensions will be 13/7 times larger. 

 

 
 

Fig. 10.  Layout of triple-decker 1300 MHz tuner structure with dimensions (in mm). 

 

 

 

 

 

 
 

 

Fig. 11.  Detail of high-voltage feed-thru, one of two in the triple-decker tuner. 
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Step 1:  Install bars on bottom plate. 

 

 
 

Step 2:  Install bias plate on top of bars. 

 

 
 

Step 3:  Install second set of bars. 

 
 

Step 4:  Install top plate. 

 
 

Step 5:  Secure and clamp top plate. 

 

 

 

 
 

Step 6:  Attach waveguide side walls. 

 
 

Fig.12..  Assembly steps for one-third model tuner structure. 
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IIId.  Measurements of loss tangent of ferroelectric material 
 

 In view of the critical influence that losses in the ferroelectric elements have upon 

performance of the tuner, it was necessary to develop a simple means to measure the loss tangent 

for each sample supplied by Euclid TechLabs.  The method used is based on excitation of a 

coaxial mode in a cylindrical conducting pipe within which the sample is suspended, as seen in 

Fig. 13.  Coupling of power between the RF loops shows a resonance that depends on the 

specific geometric arrangement, but where losses in the ferroelectric are dominant.  Fortunately, 

for the bars used in the tuner, one resonance is found at about 1400 MHz, close enough to 1300 

MHz for the measured value to be relevant to operation of the tuner at 1300 MHz.  A typical 

resonance is shown in Fig. 14.  For this coaxial mode, the measured Q value is 1620.  Now, since  
  

 
Fig. 13.  Arrangement for measurement of loss tangent in ferroelectric bar. 

 

 
 

Fig. 14.  Resonance curve for loss tangent measurement. 

 

HFSS analysis for the arrangement shows the ratio of total energy stored to that stored in the bar 

is 3.2:1, one can infer that the ferroelectric loss tangent is 3.2/1620 = 2  10
-3

.  This value is in 

good agreement with that measured by Euclid for this batch of ferroelectric samples.  

Unfortunately, as shall be seen, this degree of loss is 2-3 times larger than can be tolerated for the 

tuner, thereby requiring further development by Euclid.  It should be stated that such lower loss 

tangent values have been achieved by Euclid, but for material with a smaller tunability; clearly a 

compromise is needed.   
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IIIe.  Bench tests of one-third model of planar geometry ferroelectric tuner 
 

 Experiments have been carried out on a reduced scale model of the planar geometry 

ferroelectric tuner.  In the model, only one of the three layers in the triple-decker club sandwich 

is tested.  It is assembled as shown in Fig. 12.  Moreover, for convenience, the model is scaled up 

in frequency to 1300 MHz, and thus it is roughly half the size of a 700 MHz version.  Tests at 

1300 MHz also allow the results to be judged with respect to applications for ILC and other 

accelerator projects that operate at this frequency.  A photograph of the experimental set-up in 

the Yale University Beam Physics Laboratory is shown in Fig. 15. 
 

 Fig. 15 shows the clamped one-third scale 1300 MHz tuner assembly at the center joined 

by two tuned tapers to standard WR-650 coax-to-waveguide adaptors, thence by coax cables to 

the vector network analyzer.  DC voltages up to about 9 kV were applied to the center insulated 

plate of the structure with the two cables from the power supply enclosed in the plastic box at the 

right.  Measurements were made of transmission and reflection versus frequency, for various 

values of applied DC voltage.  

 

 
 

Fig. 15.   Test set-up in the Yale Beam Physics Laboratory for one-third version of tuner.   

Note waveguide tapers from full height to reduced height of test section,  

and high-voltage bias supply (at right).   
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 For the first series of tests, ferroelectric and ceramic bars were installed ―dry,‖ which is to 

say without any material to insure a tight fit adjacent to the conducting surfaces.  Application of 

high-voltage led to arcing that made experiments impossible.  Bars with gold metallization were 

prepared and the surfaces of the bars that make contact with the conductors were coated with a 

liquid metal (indium-gallium alloy) before installation.  This allowed voltages up to 9 kV to be 

applied without serious arcing.  Phase shift measurements, with dielectric constant ε varied by 

application of bias voltage were as follows: 
 

     ε = 460, phase shift = 0 deg, 

     ε = 445, phase shift = 63 deg, 

     ε = 430, phase shift = 126 deg. 
 

A graph of phase shift versus voltage is shown in Fig. 16.  The different curves correspond to dry 

installation between aluminum electrodes, dry installation between copper electrodes, and ―wet‖ 

installation between copper electrodes.  Here ―wet‖ refers to the use of the liquid metal.  As is 

seen in Fig. 16, the phase shift data are essentially independent of the method of installation.    

 
 

Fig. 16.  Measurements of phase shift versus applied voltage for the ferroelectric tuner, where 

different curves correspond to different methods of installation.  (See text for explanation.)  A 

range of phase shift up to 120º is seen for applied voltages up to 9 kV.  Characteristic hysteresis 

is seen, with the lower set of curves for raising voltage and the upper set for falling voltages. 

 

These data establish one vital property of the tuner, namely its electrically-tunable phase 

shift.  But this property should be without serious loss of transmitted power for the tuner to be 

useful.  Results of transmission measurements for this arrangement are shown in Fig. 17, taken 

for the installation of the bars with liquid metal and copper electrodes. 
 

The data shown in Fig. 17 exhibit two disturbing features.  The first feature is the degree 

of transmission loss, namely 0.93 dB at 1300 MHz, even in the absence of applied voltage.  This 

corresponds to a 20% loss—clearly too high for most applications.  The second feature is the 
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Fig. 17.  Transmission through the ferroelectric tuner vs frequency, for several applied voltages. 

 

dependence of loss upon applied voltage, amounting to as much as 1.7 dB for the 7 kV case, a 

32% loss of transmitted power.  It should be stated that reflection losses are much smaller for this 

arrangement.  There is no record in the literature of ferroelectric materials that shows the loss to 

depend upon applied electric field.  Thus, one is led to conclude that this unusual behavior is 

probably due to properties of the liquid metal used.  Furthermore, a calculation for the measured 

loss tangent of 2  10
-3

 indicates that the transmission loss should be only 14%, and not 20%.  So 

even with no applied voltage, an anomalous loss appears to be present. 
 

 To try to eliminate this anomalous loss, ferroelectric and ceramic bars were prepared with 

gold metallization and installed with 0.010‖ indium foil between the bars and the electrodes, to 

see if the soft indium would, under pressure, flow to fill voids and establish solid electrical 

contact.  This attempt did not materially improve the situation.  So the structure, with the indium 

foil in place and under about 2 tons pressure, was heated to above the indium melting point (156º 

C) in an attempt to form a soldered joint.  This apparently did occur, as seen in Fig. 18. 
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Fig. 18.  Transmission and reflection for tuner with ―soldered‖ ferroelectric and ceramic bars. 

 

 

The measured transmission loss at 1300 MHz of -0.66 dB seen in Fig. 18 corresponds to 

14%, exactly as was calculated for a ferroelectric loss tangent of 2  10
-3

.  The measured 

reflection loss of --24 dB adds another 0.4%--insignificant on this scale.  It would of course have 

been natural to next measure the transmission loss with applied voltage, but unfortunately this 

could not be done.  During the melting of indium under high pressure on the joints, excess 

molten indium evidently squirted out of the joints and in some places deposited on the sides of 

the ceramic bars—thereby introducing small short circuits that prevented application of voltage.  

Regrettably, insufficient time remained before the deadline for submission of this proposal for 

further work to be carried out. 
 

 But the highly significant point shown by this last measurement is that the predicted RF 

performance can be observed when the interfaces are filled with indium between the copper 

electrodes on one hand, and the gold-coated ferroelectric and ceramic bars on the other. 

Evidently small gaps between the high dielectric constant ferroelectric and the metal surfaces 

introduce excess loss.  Further, one can tentatively conclude, use of liquid metal as a joint filler 

substance is not a solution, due perhaps to polarization effects.  In any case, these last results 

show that a reliable means must be developed for establishing good solder or brazed joints 

between the dielectrics and metals in order for the ferroelectric tuner to perform satisfactorily. 
 

 But even with satisfactory electrical joints between the dielectrics and the metals, the 

14% loss in the ferroelectrics is still at least a factor-of-two too large.  Thus, a further goal for 

Euclid TechLabs in future is to improve the properties of the ferroelectric, reducing losses 

without undue reduction in tunability.   
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