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Slow	
  Progress	
  Towards	
  Cavity	
  Arrays	
  
•  Arrays	
  of	
  up	
  to	
  1000	
  caviHes	
  proposed	
  25	
  years	
  ago	
  or	
  more.	
  
•  Largest	
  prototype	
  system	
  used	
  4	
  caviHes	
  (Kinion,	
  2004)	
  
•  Al	
  experiments	
  done	
  to-­‐date	
  used	
  only	
  a	
  single	
  cavity.	
  

From	
  “A	
  Proposed	
  
Search	
  for	
  Dark	
  MaSer	
  
Axions	
  in	
  the	
  0.6-­‐16	
  
µeV	
  Range”,	
  K.	
  van	
  
Bibber	
  et	
  al.,	
  1991.	
  	
  



Why	
  Such	
  Slow	
  Progress?	
  

•  Tuning	
  mechanisms	
  for	
  mulHple	
  caviHes	
  are	
  mechanically	
  
complex,	
  space	
  in	
  cryostat	
  is	
  limited.	
  

•  Power	
  budget	
  is	
  very	
  limited	
  at	
  mK	
  temperatures.	
  
•  Cryogenic	
  piezo	
  mechanisms	
  seem	
  to	
  have	
  performance	
  and	
  

reliability	
  problems.	
  	
  
•  …?	
  



Tuning	
  MulHple	
  CaviHes	
  with	
  A	
  Single	
  Mechanical	
  MoHon	
  

Linear	
  moHon	
  

•  Idea:	
  Tune	
  many	
  caviHes	
  to	
  a	
  common	
  frequency	
  with	
  a	
  single	
  mechanical	
  
degree	
  of	
  freedom.	
  Only	
  1	
  piezo	
  actuator	
  for	
  enHre	
  array.	
  

•  Problem:	
  caviHes	
  will	
  all	
  be	
  at	
  slightly	
  different	
  frequencies	
  due	
  to	
  
mechanical	
  inaccuracies.	
  

•  We	
  need	
  some	
  way	
  to	
  “trim”	
  the	
  caviHes	
  so	
  they	
  are	
  all	
  at	
  the	
  same	
  
frequency,	
  at	
  the	
  level	
  of	
  a	
  few	
  parts	
  per	
  million	
  for	
  Q∼105	
  



Tunable	
  Dielectrics	
  

•  In	
  the	
  limit	
  where	
  backreacHon	
  of	
  an	
  inserted	
  dielectric	
  object	
  on	
  
fields	
  is	
  small,	
  change	
  in	
  cavity	
  frequency	
  is	
  simply:	
  

•  Frequency	
  change	
  is	
  proporHonal	
  to	
  change	
  in	
  dielectric	
  constant.	
  
	
  

•  With	
  non-­‐linear	
  dielectric	
  response,	
  effecHve	
  small	
  signal	
  AC	
  
dielectric	
  constant	
  is	
  affected	
  by	
  a	
  	
  DC	
  field.	
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where the surface integral is zero because n̂ × Ē = 0 on S0. Rewriting gives

ω − ω0

ω
=

−
∫
V0("ϵĒ · Ē∗

0 + "µH̄ · H̄∗
0 )dv

∫
V0(ϵĒ · Ē∗

0 + µH̄ · H̄∗
0 )dv

. (6.99)

This is an exact equation for the change in resonant frequency due to material pertur-
bations, but is not in a very usable form since we generally do not know Ē and H̄ , the
exact fields in the perturbed cavity. However, if we assume that "ϵ and "µ are small,
we can approximate the perturbed fields Ē, H̄ by the original fields Ē0, H̄0, and ω in
the denominator of (6.99) by ω0, to give the approximate fractional change in resonant
frequency as

ω − ω0

ω0
≃

−
∫
V0("ϵ|Ē0|2 + "µ|H̄0|2)dv
∫
V0(ϵ|Ē0|2 + µ|H̄0|2)dv

. (6.100)

This result shows that any increase in ϵ or µ at any point in the cavity will decrease the
resonant frequency. The reader may also observe that the terms in (6.100) can be related
to the stored electric and magnetic energies in the original and perturbed cavities, so that
the decrease in resonant frequency can be related to the increase in stored energy of the
perturbed cavity.

EXAMPLE 6.7 MATERIAL PERTURBATION OF A RECTANGULAR CAVITY

A rectangular cavity operating in the TE101 mode is perturbed by the insertion
of a thin dielectric slab into the bottom of the cavity, as shown in Figure 6.24.
Use the perturbational result of (6.100) to derive an expression for the change in
resonant frequency.

Solution
From (6.42a)–(6.42c), the fields for the unperturbed TE101 cavity mode can be
written as

Ey = A sin
πx
a
sin

πz
d

,

Hx = − jA
ZTE

sin
πx
a
cos

πz
d

,

Hz = jπA
kηa

cos
πx
a
sin

πz
d

.

In the numerator of (6.100), "ϵ = (ϵr − 1)ϵ0 for 0 ≤ y ≤ t and zero elsewhere.
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FIGURE 6.24 A rectangular cavity perturbed by a thin dielectric slab.
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be exploited for non-volatile embedded memories [8].  Above cT  the material is paraelectric 
with a very large dielectric constant and field-dependent nonlinearity.  In both phases the 
electrical properties are strongly temperature-dependent.  Although the paraelectric phase is 
of most interest in this work, we still colloquially refer to the material as a ferroelectric.   

The Curie temperature in bulk BTO can be easily manipulated by mixing with other 
materials or compounds to allow for room-temperature operation. Figure 4-2a shows the 
variation in Curie point with various additives [9].  Strontium titanate, SrTiO3 (STO) is an 
interesting and useful choice because it also has a high permittivity, so the dielectric constant 
and nonlinearity (tunability) remain high as the Ba/Sr ratio is changed, but the Curie 
temperature decreases almost linearly with the amount of strontium as shown.  The solid 
solution of BTO and STO is barium-strontium titanate, BaxSr1-xTiO3 (BST), with x specifying 
the mole fraction of barium.  Three representative examples are marked in Figure 4-2a.    The 
Curie temperature falls below room temperature when 0.7x � .      

 
Figure 4-2 – (a) Variation in Curie temperature of bulk BTO with varius additives (after [9]).  
(b) Structure of BST showing oxygen octehedra surrounding the titanium ion (after  [10]). (c) 
Field dependence near the Curie temperature for a high-barium BST ceramic (after [2]). 

BST has a cubic perovskite structure, with the large barium and strontium ions occupying 
the corners of the unit cell as shown in Figure 4-2b [10].   The oxygen ions form an 
octahedral “cage” surrounding the small central titanium atom.  In the paraelectric phase, the 
high-permittivity of the material derives from the fact that the titanium ion can be easily 
displaced by an applied field, yielding a large induced dipole moment or polarization. This 
effect is further enhanced by long-range ordering effects at low temperatures.  The 
displacement or polarization (indicated by arrows in the figure, assuming a vertical field) 
begins to saturate at high fields, leading to a reduction in the small-signal effective dielectric 
constant.  The measured dielectric response for a representative bulk ceramic Ba0.73Sr0.27TiO3 
mixture is shown in Figure 4-2c [2].   

(Ba,Sr)+2 O-2 Ti+4 

(a) 

(b) 

(c) 

Ba0.7Sr0.3TiO3 

Ba0.5Sr0.5TiO

Ba0.3Sr0.7TiO

Ba0.73Sr0.27TiO
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Fig. 5. Dielectric constant of STO thin film sample as a function
Fig. 3. Dielectric constant of STO single crystal as a function of of temperature and biasing field.

temperature and biasing field.

which could be considered as a result of an imperfec-feature of the incipient ferroelectric is the maximum
tion of the film technology. Figure 6 shows the lossdielectric permittivity at the temperature tending to
factor of STO thin film sample of different quality asabsolute zero. Figure 4 shows the loss factor of STO
a function of biasing field at TG78 K and fGsingle crystal as a function of temperature at fG
10 GHz. One should give attention to the fact that10 GHz [6]. It should be stressed that tan δF10−3
the loss factor increases with E for the better qualitycould be reliably measured with the sample without
films and conversely decreases with E for the worseany metallization. In this case the biasing field could
quality films.not be applied. As it was said above the measure-

ments with HTS electrodes cause the unanswered
questions about the state of the ferroelectric crystal.

3.5. Conventional Ferroelectrics (BSTO)

Solid solution of STO and BTO can be obtained
3.4. Thin Film Incipient Ferroelectrics (STO) in a single crystal form [6]. The dielectric constant of

BSTO single crystal is presented in Fig. 7 as a func-Figure 5 illustrate the dependence of relative
tion of temperature for different values of the param-dielectric permittivity of STO thin film sample on
eter x which characterizes the rate of barium in thetemperature and biasing field. One should compare
solid solution. The temperature of maximum ε (T )Fig. 3 and Fig. 5, which illustrate the same depen-
corresponds approximately to Tc—temperature ofdence for STO single crystal and STO thin film

sample. The dielectric permittivity of thin film sample
is smaller, than that of a single crystal. The cause of
this is mechanical strain and charged defects in film

Fig. 6. Loss factor of STO thin film samples of different structuralFig. 4. Loss factor of STO single crystal as a function of tempera-
ture scaled to fG10 GHz. quality as a function of biasing field at fG10 GHz and TG78 K.

Single	
  Crystal	
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Thin	
  Amorphous	
  Film	
  

Vendik	
  et	
  al.,	
  1999.	
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StronHum	
  Titanate	
  Dielectric	
  Losses	
  at	
  10	
  GHz	
  

Loss	
  tangent	
  	
  tanδ=1/Q	
  

•  	
  Intrinsic	
  Q	
  factor	
  is	
  1/tan	
  δ	
  ∼250	
  below	
  4	
  K.	
  

Vendik	
  et	
  al.,	
  1999.	
  



Figure	
  of	
  Merit	
  for	
  Tunable	
  Dielectrics	
  
	
  

	
  Figure	
  of	
  Merit	
  K	
  =	
  Tunability*Q	
  =	
  (εv0-­‐εv1)/	
  ε0	
  tan	
  δ,	
  where	
  
εv0	
  is	
  zero	
  field	
  dielectric	
  constant	
  and	
  εv1	
  is	
  in	
  maximum	
  bias	
  
field.	
  
	
  
•  For	
  stronHum	
  Htanate	
  at	
  cryogenic	
  temperatures	
  and	
  GHz	
  

frequencies,	
  	
  K≈200	
  

•  With	
  a	
  parHally	
  filled	
  resonator,	
  it’s	
  possible	
  to	
  adjust	
  
tunability	
  and	
  Q	
  as	
  long	
  as	
  the	
  product	
  K	
  remains	
  constant	
  
–  For	
  example,	
  K=10-­‐3	
  *105=100	
  
–  It	
  should	
  be	
  possible	
  to	
  build	
  a	
  resonator	
  with	
  10-­‐3	
  
tunability	
  and	
  Q∼105	
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Quartz	
  cylinder	
  substrate	
  

nonlinear	
  dielectric	
  
(STO,	
  BST...)	
  
10-­‐100	
  microns	
  

Electronic	
  Fine	
  Tuning	
  

Thin,	
  microwave	
  
transparent	
  
electrodes	
  (both	
  
sides)	
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•  Studied	
  tuning	
  effect	
  of	
  dielectric	
  film	
  on	
  a	
  cylindrical	
  quartz	
  substrate.	
  
•  Tuning	
  depends	
  on	
  film	
  thickness,	
  dielectric	
  constant	
  and	
  radial	
  posiHon.	
  
•  For	
  typical	
  STO	
  amorphous	
  film	
  properHes,	
  thickness	
  will	
  need	
  to	
  be	
  ~	
  1	
  

micron	
  and	
  gap	
  to	
  wall	
  ~	
  1	
  mm.	
  



Fermilab	
  LDRD	
  Proposal	
  2015	
  
In	
  collaboraHon	
  with	
  Daniel	
  Bowring	
  (Fermilab,	
  Accelerator	
  
Division)	
  and	
  Shashank	
  Priya	
  (Virginia	
  Tech,	
  Dept	
  of	
  Mechanical	
  
Engineering)	
  

1.  Measure	
  tunability	
  and	
  loss	
  tangent	
  of	
  dielectric	
  samples	
  in	
  
fields	
  up	
  to	
  10	
  Tesla	
  at	
  2	
  K,	
  using	
  coplanar	
  resonator	
  
technique.	
  Materials	
  to	
  explore:	
  Ba(ZrxTi1-­‐x)O3	
  and	
  (Sr,Bi)TiO3	
  
Films	
  will	
  be	
  deposited	
  on	
  quartz	
  substrates	
  at	
  Virginia	
  Tech.	
  

2.  Test	
  tuning	
  of	
  4	
  GHz	
  cavity	
  with	
  BST	
  dielectric	
  at	
  room	
  
temperature.	
  Goal	
  is	
  to	
  demonstrate	
  0.1%	
  tuning	
  without	
  
significant	
  deterioraHon	
  of	
  Q.	
  

3.  Test	
  cavity	
  tuning	
  at	
  2	
  K	
  using	
  opHmized	
  film.	
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Other	
  R&D	
  Topics	
  
•  Tuning	
  large	
  arrays	
  of	
  caviHes	
  would	
  be	
  easy	
  if	
  we	
  could	
  achieve	
  

mechanical	
  precision	
  at	
  the	
  level	
  of	
  1/Q∼10-5∼(1	
  micron/	
  10	
  cm).	
  	
  
This	
  may	
  or	
  may	
  not	
  be	
  possible.	
  

•  	
  R&D	
  to	
  invesHgate	
  limits	
  of	
  mechanical	
  precision	
  would	
  be	
  useful.	
  	
  

•  If	
  the	
  necessary	
  degree	
  of	
  mechanical	
  precision	
  is	
  impossible,	
  
common	
  mechanical	
  coarse	
  tuning	
  could	
  be	
  combined	
  with	
  
electronic	
  fine	
  tuning	
  of	
  individual	
  caviHes.	
  A	
  modest	
  degree	
  of	
  fine	
  
tuning	
  would	
  be	
  required	
  ∼0.1%	
  at	
  the	
  most.	
  

•  Possible	
  fine	
  tuning	
  mechanisms:	
  
–  Tunable	
  dielectric	
  films	
  
–  Varactor-­‐loaded	
  caviHes	
  
–  Feedback	
  
–  Short	
  stroke	
  piezo	
  actuators	
  
–  Others?	
  


