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Status and Future of Microwave Cavity Axion Searches 

Karl van Bibber and Darin Iiinion 
Lawrence Livermore Nat ional  Laboratory, Livermore, CA 9,lSSO 

We review the  status of an  ongoing  large-scale  search for axions which may con- 
stitute  the dark matter of our Milky  Way halo. The experiment is  based  on the 
microwave cavity  technique  proposed by Sikivie, and  marks a ’second-generation’ 
to the original  experiments  performed by the  Rochester  -Brookhaven-Fermilab col- 
laboration,  and  the University of Florida  group.  Sensitivity to galactic  asions  has 
been  achieved, a t  least for one  important  model  coupling. A remarkable  break- 
through  in  making  near-quantum Limited dc  SQUID amplifiers in the several  hun- 
dred  megahertz  range has provided the  enabling technology for a major upgrade 
of this  effort.  By  improving  the  noise  temperature by more  than  an  order of mag- 
nitude, a much  more  sensitive  search  may be carried out,  greatly  improving  the 
prospects for  discovering the asion. 

1 Introduction and Historical Perspective 

After  more than twenty  years, the Peccei-Quinn  mechanism  still  remains the 
most natural  and  minimal extension of the  Standard Model to enforce strong- 
CP symmetry? The  resulting axion2 has likewise defied either being discovered 
or excluded,  aIthough the allowed lna,ss for the axion is now bounded  within 
a three  decade ramge or so, l o A 6  - eV. The lower hound  results from 
cosmology (axions overclose the Universe): and the upper bound from astro- 
physics (asions quench the  neutrino signal from SNI%Ta)P  Scenarios evading 
these  limits  are of course possible: but  strained. 

Nevertheless,  finishing the job on the axion w i l l  not be easy work. Within 
the original  axion  model it was presumed that the symmetry-breaking~~ scale 
was the electroweak scale, fa - 250 GeV,  implying axions of mass -100 keV, 
and  with couplings strong  enough to ensure  their  detection  in  accelerator- 
and reactor-based esperiments.  These  axions were quickly ruled out,  and new 
models were created for which the  symmetry-breaking scale could be  arbi- 
trarily high!j7 As both the mass and all  couplings of the asion  are inversely 
proportional to  the  symmetry-breaking scale ( l , 2 ) ,  removing the axion to very 
large values of fa implied that axions would be both extremely  light and pos- 
sess couplings so weak as to  render  them ’invisible’. In Eqn. 2 we exhibit  the 
axion’s  coupling to  two  photons, specifically relevant to  this  experiment;  the 
parameter E/N can  be  any  rational  number. 



where J r n u / m d  - 0.5 is the  ratio of the up- and  down-quark  masses  and 
cy, is the  electromagnetic fine structure  constant. 

Interestingly, however as the  asion mass becomes lighter,  the  mass density 
of the Universe in asions  created  during  the Big Bang  increases: 

where pc is the crit'ical  density of the universe, A Q C D  is the QCD scale, and 
H ,  is the Hubble constant. As asions would have been produced as a zero- 
temperature Bose gas. and would have never been in thermal  equilibrium  with 
anything else, it was dear that. a very light  axion would be an attractive Cold 
Dark Matter  candidate, possibly the  predominant  component of the mass of 
the Universe. How to detect it was another  matter. 

In 1983, Pierre Sikivie solved the  conundrum of  how t80 detect  dark  matter 
axions with vanishingly  small  couplings" This technique relies on the Pri- 
nlakoff effect, i.e. the two-phot,on interaction of a pseudoscalar, where one of 
the  photons is virtual. Here, dark  matter axions would convert into a weak 
microwave signal in a strong magnet.ic field - a sea of virtual  photons - the 
process being  resonantly  enhanced by a high-Q cavity resonator. The sig- 
nal corresponds to  the total energy of t,he axion,  mass  plus  kinetic,  and beirlg 
non-relativistic,  the  fully  thermalized  signal is expected to be  nearly ~nonochro- 
matic, AE,/m, - /3' - In addition to the  virial component,  the axion 
signal may additionally possess fine structure in the  form of a spectrum of 
extremely  narrow  peaks (AE,/rn, - lo-'') due to late-infall asions. Should 
the axion  exist,  this  fine  structure - Doppler-modulated in frequency with  both 
the  earth's  motion  about  its own axis and  around  the  sun - would  contain a 
wealth of information  about  the history of our galactic  formation. 

While the microwave cavity  technique made  the axion detectable in  prin- 
ciple, the expected  signal would still  be  extraordinarily weak: 9~10 

pa - - 10-21w (5)') 7.7T (") 2001 ( X )  0.6.5 ("> 90000 ( 0.7 G H z  v ) ( A ) ( 4 )  p h a l 0  

where Bo is  the background  magnetic field, V is the  cavity  volume, C is a 
mode-dependent form factor, Q is the loaded  quality  factor, u is the resonant 



frequency,  and pa is the local halo asion density. For the  parameters of this 
experiment  and  assuming that pa = Phalo  zz 450 l\/leV/cc,” the power from 
IiSVZ axions is typically 5 x IO-~’W. 

As one does  not know the mass of the  asion,  the cavity  must be tuned 
i n  small  steps,  the resonance  condition  being v = rn,. The  rate  at which the 
nmss region is swept out,  either  to find the  asion  at a given s/n .or exclude it 
at a given % confidence level is dictated by the Dicke radiometer  equation: 

where k ’ ~  is Boltzmann’s  constant  and B is the  bandwidth. For a given SNR, 
our scanning  rate is: 

e ~ (25 i iF i l )  ( 4 ) ( y )  3 

d t  month SNR (6) 

where 2”‘ = T, + T, is the system noise temperature, specifically the sun1 
of the physical temperature of the  cavity T, and the noise temperature of 
the amplification  chain T,. Equation 5 makes  plain that an arbitrarily  small 
signal may be  made  statistica.lly  significant by increasing the signal power 
(Pa E B’V), decreasing the  system noise temperature or by integrating  longer. 
For a practical search covering a mass range expressed in decades.  the latter is 
not an option. TechnoIogy and resources also limit  one’s ambitions rega.rding 
the  magnet. Therefore the key to  the discovery of the asion is the  technology 
of ultra-low noise microwave amplifiers. 

One could legitimately  wonder if there was not another  method to deter- 
mine  the possible existence of the  asion, in a broadband way i n  mass, and 
independent of the  assumption that  it  constitutes  the dark matter. Consid- 
erable  thought  and effort has been devoted to this question over the yea,rs, 
and the conclusion seems firm that no laboratory  experiment even remotely 
approaches the required sensitivity for very light axions.12 In the  end, if the 
axion is to be discovered, we believe that it will rely on the prodigious  density 
of axions  produced by the Big Bang  and  furt,her aggregated by our galactic 
gravitational  potential.  Requiring  the axion to constitute  the  dark  matter 
should  not be viewed as  an  independent  strong  assumption.  Rather, should a 
light axion exist at all, it could hardly  fail to be cosmologically significant. 

Two pilot  experiments were performed in  the  late 1980’s, one by a Ro- 
chester-Brookhaven-Fermilab (RBF) collaboration,13  and another by a group 
at  the University of Florida (UF)J4 Both  experiments utilized  small-volume 
superconducting  solenoidal  magnets (up to 8 t8esla, over a  volume of several 
liters),  and  heterojunction-based amplifiers  in the 4-20 I( noise temperature 



range.  While  falling  short by two to three  orders of magnitude  from  sensitivity 
to KSVZ axiom, much practical  experience was gained on which the present 
experiment  built. Noteworthy in the RBF effort were extensive modeling of 
the cavity-amplifier  system by the RBF group!5 and  the use of a higher-TM 
mode  to extend  the frequency range of the search,  albeit at the cost of a greatly 
reduced cavity  form-factor. An important  contribution of the research by the 
UF group was the  demonstration of power-combining of two independent cavi- 
ties,  as a first step  towards  multiplexing  many  small cavities of high frequency 
while fully  utilizing a large  magnetic volurneA6 The design and implementation 
of the present  experiment drew heavily on both  the personnel and experience 
of these  two  searches. 

2 Status of the Present Experiment 

Figure 1 shows the  apparatus, consisting of the  magnet  and  the  insert  contain- 
ing  the  cavity  and cryogenic amplifiers. 

2.1 The Magnet  

The  magnet employed in this search is a superconducting  NbTi solenoid con- 
structed by Wang NMR 1ncJ7 It is a low current (224 A ) ,  high inductance ( 5 3 3  
H) design to maximize field stability, which serves t.0 minimize  eddy  currerlt 
heating of talle cavity. The operating field at the center of the coi1 is usually 
7.62 T. 

The  current is supplied by a power supply through a pair of vapor-cooled 
current  leads  constructed  from  copper  foil.  Computer  stabilization of the power 
supply  provides field stability of 5 ppm. 

The  magnet is a warm  bore  design,  meaning that it contains  internal  ther- 
mal shielding between the 4.2 K coil and  the  inner bore. This allows the  magnet 
to  remain cold whether the  insert is in place or not.  The coil has  remained  at 
4.2 K since its arrival  in  March, 1995, using an average of 60 liters of liquid 
helium per day. 

2.2 The Cavity and Tuning Rods 

The microwave  cavity is a right-circular  cylinder  constructed from stainless 
steel and  plated with  ultra-high  purity, oxygen-free copper.  Annealing the 
cavity  after  plating increased the copper's  conductivity. The inside diameter 
is 50 cm and  the length is 1 m. 
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Figure 1: The U.S. Axion search detector. 



To maximize  the form  factor from (4) : 

the  cavity electric field should be parallel  to the  static,  external  magnetic field. 
The TMolo mode  has  the highest form fact,or (C 0.5 - 0.6), and is therefore 
used in the  search. For this  mode,  the resonant  frequency of the  empty cavity 
is 460 MHz,  and  the unloaded Q is approximately 200,000. 

Moving a combination of metal  and dielectric rods, running  the full  length 
of the  cavity, changes the resonant frequency. These  rods  can  move  from  t'he 
center of the cavity to the wall. The single cavity accommodates two rods. 

To achieve the required 500 Hz resoIution in  resonant  frequency it is nec- 
essary to move the  tuning rods in very fine steps.  Stepper lnotors with a 
resolution of 1.8'/step followed by a gear reduction of 4200O:l control the 
rods. The final step size is a.pprosimatel>. 80 nm. 

2.3 Insert Cryogenics 

Superfluid "e maintains  the physical temperature of the  cavity near 1.5 I<. 
21 mpillary  tube supplies  helium from the  170 liter inner reservoir to a sma.11 
pool in the  bottom of the vacuum can+ X valve in the  capillary  tube regulat,es 
the liquid level. A roots blower purnps on the  helium, evapora.tively c o o l i ~ g  
the cavity  and cryogenic amplifiers to 1.5 I i .  The pressure of the helium gas i n  
the cavity is roughly 0.1 Torr. 

2.4 Cryogenic Amplifiers und Cavity Coupling 

The cryogenic amplifiers used in this search are  double-balanced GaAs HFET 
amplifiers  supplied by NRAOP8 The in situ measured noise temperatures range 
from 1.7 - 4.5 K .  For minimum noise temperature, it is important  that  the 
amplifiers be positioned so that the B field is parallel to  the plane of the 
HFET channels?'  Cascading  two of these  amplifiers achieves sufficient gain 
( 3 5  dB) to render  downstream noise contributions negligible. 

The amplifiers  are  capacitively coupled to  the cavity  using a short  length of 
semi-rigid  coax. The linear antenna is formed by removing the outer  conductor 
from  the  last 5 cm of the coax. The strength of the coupling is varied by 
changing the insertion  depth.  Critical coupling  is maintained  throughout  the 
run,  meaning  that on resonance the cavity  presents a matched  load to the first 
a.mplifier - 



A directional  coupler placed between the  antenna and the first ampIifier 
alIows a direct, measurements of the coupling. This coupler is used for mea- 
surements of the reflection from  the cavity. The first amplifier is effectively 
critically coupled to  the  cavity when this reflection is very small on resorlance: 
typically - 30 dB. 

A stepper  motor  similar to  the ones used for tuning  controls  the insertion 
depth of the  antenna. The resolution is approximately 1.5 p m  with  a ,5 cm 
range of motion. 

2.5 Room Temperature Electronics 

Figure 2:  Axion detector schematic. 

Figure 2 is a block diagram showing the two major components of the 
room temperature electronics, the setup for measuring  transmission tl~rough 
the cavity and the receiver electronics. 

Before data is  taken at a given frequency, a transmission  measurement 
is made. For the  measurement, power is fed through a second, very weakly 
coupled port in the cavity and  the  transmitted power is measured using a  scalar 
network analyzer. A fit of the transmission  curve to the sum of it. Lorentzian 
and  constant  background  determines  the  resonant  frequency  and Q. 



The receiver is simply  an extremely  sensitive  radio receiver with  the cavity 
as the LC tank  circuit.  First,  the 35 dB cryogenic amplification  described 
earlier is followed by 35 dB of room-temperature  post-amplification.  Nest,  the 
signal passes through  an image-reject mixer shifting  the  resonant frequency 
down to 10.7 MHz. From there,  an oven-stabilized,  eight-pole  crystal filter 
sets  the  bandwidth of the measurement at 30 kHz. This filter  also  prevents 
image power from  entering  the subsequent  mixing  stages. Nest, a second 
mixing  stage  shifts  the center  frequency to 35 kHz. This  audio  signal is then 
sent to both  medium-  and high-resolution search channels. 

The medium-resolution  search  channel  consists of a St anford Research Sys- 
tems l9 FFT spectrum  analyzer.  The  sampling period of the analyzer is 80 
msec,  giving a frequency  resolution of 125 Hz. Each step involves averaging 
10000 such spectra,  resulting in a 400 point power spectrum  with 125 Hz bins. 
These  data are coadded  and  the result searched for hIaswellian peaks a few 
bins wide (about 700 Hz) characteristic of thermalized asions in the halo.'" 

An independent, high-resolution search channel operates i n  parallel to ex- 
plore the possibility of fine-structure in the axion signal.'1!'' The 35 kHz signal 
passes through  a six-pole  crystal filter and  third  mixing  stage t,o shift the center 
frequency to 5 kHz.  During  the 80 seconds that  the medium resolution  channel 
is  averaging spectra, cz PC based DSP takes a single 50 second spect,rum  and 
performs  an FFT. The resulting frequency resolution is 20 mHz, about  the 
limit imposed by t,he Doppler  shift clue to  the eart,h's  rotat.ion.  These data are 
searched  for  coincidences between different scans, as well as coincidences with 
pea.ks in the  medium resolution data. 

2.6 Sensitivity Calibration 

The sensitivity of the axion  detector is found by measuring the noise power as 
the physical temperature of the cavity T, is varied. On resonance, the cavity 
acts like a 50 52 termination  and  emits a noise power PC = ~ B B T ,  where I3 
is the  bandwidth.  The noise power at  the  output of the amplifier is given by 
P = KBBG(T~ + Ta)? where G is the  gain of the amplifier and T, is its noise 
temperature. 

The noise temperature of the amplifier T, is independent of temperature 
for Tc < 12 IC, most likely due  to inefficient cooling of the HFET channels. The 
temperature  dependence of the gain  can be taken out by following the height 
of a fixed power peak  injected into  the cavity  during the  test.  The result is 
a straight-line plot of noise power versus cavity temperature whose intercept 
gives the noise temperature of the amplifier. Figure 3 gives the result  from  one 
of these  tests. 
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Figure 3:  Results from an in situ noise temperature test. Several measurements of the noise 
power were made at three different cavity temperatures. 

2.7 Opemtions 

Using LabVIEW 23 software running  on a Macintosh computer,  this experi- 
ment  is  completely automated.  providing 24 hour/day  operation.  The tasks 
of the computer include regulating  the  magnet power supply,  controlling the 
LHe level i n  the vacuum can,  t.uning  the  cavity  and tsracking t.he correct  mode. 
maint,aining  critical  coupling,  coordinating the two search channels, and log- 
ging the data for analysis. 111 addition,  the  computer  monitors and logs cryogen 
levels, room and cavity temperatures,  magnet coil and lead  volt,ages,  pressures, 
and many  other  parameters.  This  system  has been very reliable, allowing us 
to run at )vel1 over 90% duty cycle since February 1996. 

2.8 Datu  taking 

The first scan performed in a region is  sequential,  with  the  cavity frequency 
stepped  in  roughly 2 kHz intervals. The  computer  adjusts  the size of the 
physical steps to maintain  the correct  frequency  shifts. This process is repeated 
until sufficient integration time is achieved,  typically 2-4 times. 

This first scan does not  always  provide  uniform coverage, so the software 
also provides the  capability to scan specific regions  with differing amounts of 
integration.  This provides a flattened  signal-to-noise ratio across the region. 
Positive  fluctuations in this power spectrum are identified as candidate peaks 
and rescanned. Peaks which are statistical in nature will not  reappear  and can 
be  eliminated as axion signals. 

Candidates which survive the rescan are considered persistent,  and  must 
be checked in other ways. Most will disappear when the ports used for reflec- 
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Figure 4: Axion couplings and masses excluded at the 90% confidence level by this 
experiment as of January 1999. The soIid lines  indicate the ICSVZ and DFSZ model 
predictions. The arrows at the bottom indicate the coverage of different  cavity con- 
figurations. Also shown are the results from the two pilot  experiments scaled to 90% 
c.1. and p a  = Phcr lo .  

tion and transmission  nleasurements  are  terminated, signifying that they were 
external  sources  leaking  into  the  system.  Those few that remained  have  all 
been linked to external sources by using  an antenna i n  the roan .  If a peak 
were to  survive  all of these checks, the definitive  test would be to see if it 
appears only when the magnetic field is on. 

The only  significant  complication  with this scheme  are  mode-crossings, 
regions where the TMolo frequency is  degenerate  with  either  a TE or TEM 
mode.  When  there  are two tuning  rods in the cavity,  often it is possible to 
move the  locations of these crossings and fill in the  gaps in the  data.  When 
this is not possible, it is necessary to fill the  entire cavity  with LHe, shifting 
the frequency of these regions by roughly 3%, before scanning. 

So far, no axion  signal  has been detected. Based on these  results, we 
exclude at  90% confidence a KSVZ axion of mass between 2.5 and 3.3  p e V ,  
assuming that thermalized  axions  comprise a major  fraction of our  galactic 
halo. This exclusion region and the results  from two pilot  experiments are 
shown  in Figure 4. For more  details see Ref. 24. 



3 Technology Development 

There are two major  directions for this  experiment  to go in the  future, up  
in frequency and down  in  sensitivity.  Higher  frequencies will require  smaller 
cavities, which can  be power combined to  maintain effective use of the magnet 
volume. Work on this is already  underway. Much higher frequencies may be 
achievable with a lattice of posts inside a larger  cavity.  Going to lower  sensi- 
tivity,  with  the  ultimate goal of achieving DFSZ, will require a major upgrade. 
Two  steps  in  this  direction  are  the  development of dc SQUID amplifiers w i t h  
near  quantum-limited noise temperatures and a  colnpletely different photon 
detector  employing  Rydberg atoms being  commissioned  in  Kyoto. 

3.1 Multiple Cuvity Arrays 

Exploring  higher  frequency regions will require  smaller  cavities. However, plac- 
ing  a  single,  smaller  cavity into  the  magnet would be inefficient. Since the  asion 
signal is coherent, over the volume of the cavity (AD = h/rn,v 10 - 100m). 
it is possible to  power combine the  signal from multiple  cavities and maintain 
effective use of the magnet volume. 

There  are several new challenges presented by running  with  multiple mi-- 

ities. The most. fundamenta.1 issue is keeping them all  ttuned to the same 
frequency. The mechanical tuning  meclmlism employed in the single cavit?. 
search is not prxtical  when the  dimensions of the cavit,y become small. In- 
stead, ivork is progressing on new, piezoelect<ric based t4uning and coupling 
mechanisms:  providing equal, if not bett,er  step resolut,ion. 

A four-cavity  array  scheduled  for  commissioning late in 1999 will he t.he 
first realization of a multiple  cavity array and  piezoelectric tuning. With a 
single alumina  tuning rod, this  setup will cover the region from 0.81 to 1. I 
GHz. Minimum  tuning rod  motions  are on the order of 300 nm, corresponding 
to a  typical  frequency  resolution of 500 Hz. 

3.2 Higher Frequency Couities 

The technique of power-combining signals  from  many  small cavities is onl~: 
practide for frequencies up  to M 3 GHz. This is because the  number of cavities 
required scales as fila, where f o l o  is the frequency of the TMolo mode. An 
alternative for reaching  higher frequencies is the  strategic placement of metal 
posts inside a single  larger cavity:' 

Figure 6 shows a triangular  lattice of 19 posts inside a circular cavit?.. 
With  r/R = 0.1, this  arrangement raises the TliLlolo frequency by a factor of 5 
compared to the  empty  cavity value. Figure 7 shows the  calculated longitudinal 



Figure 5 :  Picture of the four-cavity array. 

electric field for this  mode.  The form factor is R 0.5, a reasonable  value for a 
cavity asion  detector.  It is important4 to note that t,he usable volume i n  this 
configuration  is 4 times  greater than that of the corresponding empty cavity 
with the same resonant  frequency. 

Tuning these  cavities  can not be  done  with a simple tuning rod as before. 
Translational  symmetry in the  axial direction must be  maintained  to avoid 
mode-localization, so inserting  a small dielectric  rod along the axis is also 
unacceptable. The  fundamental frequency scales roughly as u-’, where a is 
the nearest-neighbor  spacing in the  lattice, so this must be  changed to  tune 
the cavity. 

A simple method for changing the  lattice  spacing is shown in Figure 8. 
The centered square  lattice on the left can be broken down into two square 
lattices with  spacing 2a. One of the  lattices  is  translated as indicated,  and 
the  structure  transforms  into  the  rectangular  lattice shown on the  right.  The 
tuning  bandwidth A f o l ~ f f ~ l ~  is - 10%. 

More study is required to determine if this is a feasible method  to ex- 
plore higher frequencies. The biggest concerns are limited  tuning  bandwidth, 
constraints on the physical  dimensions to avoid mode-localization, possible 
degradation of the form factor as the cavity  is tuned, and the density of inter- 
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Figure 6: a4 triangular lattice of 19 posts inside a single circular cavity. 

fering TE and TEM modes at higher  frequencies.  Resolving  these issues could 
extend  the mass range of microwave  cavity asion searches by another decade. 

Since the expected power from DFSZ asion con\-ersion is a,n order of magnitude 
lower than  that, from ECSVZ asions  it would t,ake one hundred t,irnes longer to 
reach similar sensitivity. From Equation 6 ,  the scanning  rate goes as T;', 
therefore, an order of magnitude  reduction in  system noise temperature would 
allow a scan at DFSZ sensitivity  with the  same rate as the present scan yith 
KSVZ sensitivity. 

In the present  experiment T, M T, 1.5 I i ,  and thus ?Ic 2 3 IC. Tc may be 
lowered to - '200 mK with a dilution  refrigerator, but T, 2 1.5 I< for current 
HFET amplifiers  independent of physical temperature kelow 12 I<. In the past 
two years, however, a group at  Berkeley led by John Clarke has developed 
dc SQUID amplifiers in the 100 - 1000 MHz range specifically for the axion 
experiment. Noise temperatures as low as 120 mK have been measured at 
a physical temperature of 500 mK, and unlike HFET amplifiers, the noise 
temperature in dc SQUID amplifiers  is  expected to scale  with temperature- 

The dc SQUID (Figure 9(a)) consists of two  Josephson junctions connected 
in parallel on a superconducting  loop. The current-voltage (I-V> characteristics 
are shown in  Fig. 9(b) €or = n@o and ( n  + 1/2)@0, where ip is the f lus  
applied to the loop, n is an integer, and = h /2e  e 2.07 x Wb is the 
flus quantum. When the SQUID is  biased with a constant  current  (greater 



Figure 7: Longitudinal electric field of the TNIolo mode for the configuration in Figure 
6 with r/R = 0.1. 



Figure 8: Changing from a centered square lattice to a rectangular lattice. 

than 210 where Io is the  critical  current of each junction),  the voltage across 
the SQUID oscillates with period as is  increased  (Figure 9(c)). The 
bias  current  is  adjusted to give the  maximum  voltage swing, and  the SQUID 
is  operated on the  steep portion of the V - @ curve  where the flux-to-voltage 
transfer coefficient, 181,7/8Dj~> is a rnaxirnum. Thus, the SQUID produces 
an  output voltage i n  response to a small  input,  flus Sa(<< Q O ) ,  m d  is effectively 
a  flus-to-voltage  transducer.  Detailed  computer  simulations of the signal  and 
noise properties were made by Tesche and 

The most common  configuration of a d c  SQUID amplifier is shown in 
Figure ~ ( c I ) . ? ~  The superconducting  loop is a square washer with a slit on one 
side. The loop is closed via a superconducting  counter-electrode  connected to 
the washer by two resistively-shunted Josephson junctions. FIus is coupled 
into  the SQUID through a microstrip input coil separated from the washer 
by a thin  insulating layer. Originally, the  input  signal was coupled between 
the ends of the coil,  forming  a  simple transformer  with  the  input coil as the 
primary  and SQUID loop as the secondary. This worked for frequencies up 
to 200 MHz, where the parasitic  capacitance  between  the coil and  the SQUID 
washer becomes  too great. Recently, this  problem was solved by coupling the 
input  signal hetween one end of the coil and  the SQUID washer, which acts 
as a ground  plane for the coil. A microstrip  resonator is thus formed by the 
open-ended  stripline whose impedance  is  determined by the inductance of the 
input coil and  its ground  plane and  the  capacitance between them. Near the 
fundamental frequency of the  stripline, the gain of the amplifier is strongly 
enhanced. 

The square-washer SQUIDS had  inner and outer  dimensions of 0.2 mm x 
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Figure 9: (a) The dc SQUID; (b) I-V characteristics; (c) V vs. @/@o at constant bias 
current IB; (d) square washer SQUID. 

0.2 rnm and 1 mm x 1 mm, and  the  input coils had a width of 5 prn and  lengths 
ranging  from 6 - 71 rnm. Figure 10 shows the gain achieved for four different 
lengths of coil on the  same SQUID. The gain is typically 18 dB.  Plotting  the 
resonant  frequency vs. the  length of the  microstrip line  [Inset, Fig. 101 shows 
that this frequency  goes inversely with the coil length k' as expected, provided 
one adds an additional  length of 16 mm to account for the  inductance of the 
input circuitry. By shortening  the coil further,  the resonant frequency can  be 
moved to a higher  value.  Figure l l (a> shows the highest frequency achieved 



30 

25 

n 

20 
G 

- w  s 
15 

10 

- 

- 
; = : : : I 1  2 
2 200 

20 40 60 
Coil Length (mm) 

- 

100 200 300 400 500 600 700 
Frequency (MHz) 

Figure 10: Gain vs. Frequency for four coils of different lengths on the same SQUID. 
The resonant frequencies vs. length are shown inset; the fitted curve is (1.49 x 
10'/(6+ 1 6 ) ) h I H z ,  where e is in m m .  

to  date, 1.06 GHz. 
Since dc SQUIDS are inherently very broadband,  the  bandwidth of these 

amplifiers is  determined by the Q of the  input  stripline  resonator which is 
typically in the  range 2 - 10. Reducing Q would increase the  bandwidth, but 
would sacrifice gain. An alternative is to place a variable  reactance at  the open 
end of the  stripline which enables  one to change the  phase  shift of the reflected 
wave and hence change the resonant  frequency.  In  principle, the  tuning range 
is 0.5fo - fo, where fo is the resonant  frequency of the open-ended  line, as the 
load is varied from a short to  an open. 

Tuning of these  amplifiers has been accomplished by connecting a pair of 
GaAs varactor  diodes across the previously  open  end of the  rni~rostrip.2~ The 
capacitance of the diodes  is  controlled by varying  their reverse bias voltage. 
Figure 11 (b) shows the measured  gain at 4.2 I<, for 9 values of diode capaci- 
tance.  The  resonant frequency is progressively lowered from 195 MHz to 117 
MHz as the  capacitance is increased; the  maximum  gain is constant  to within 
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Figure 11: (a) Gain vs. frequency  for a 6-turn microstrip SQUID. (13) Gain  vs.  fre- 
quency for a 31-turn SQUID microstrip amplifier at 4.2 Ii for 9 values of bias voltage 
appIied to the varactor diode. 

1 dB. Measurements of the noise temperature  at 4.2 K with and without  the 
varactors revealed no discernible difference. 

The noise temperature of the SQUID amplifiers was measured using a 
heated  resistor,  similar to the  method described  earlier for the sensitivity cal- 
ibration.  The  dominant source of noise in these devices is t h e  Johnson noise 
from the resistive shunts across the Josephson junctions.  This noise scales lin- 
early  with  temperature, so the noise temperature of dc SQUIDS is expected to 
be  proportional to their  physical temperature  until either  the quantum limit 
(Ta = hv/ks ln2y8 is reached or hot  electron effects in the shunts become 
dominant. 

For an early  device  with an 11-turn  input coil at 4.2 IC, the  gain was 22 
dB on resonance, and  the noise temperature T, was 0.9 k 0.3 IC, including 
an  estimated 0.4 K contribution from the  room-temperature  postamplifier. 
Subsequently, to reduce this noise contribution, a cooled,  single-stage HFET 
amplifier was used as a postamplifier. Figure 12(aL> shows the measured noise 
temperature, which has a minimum of 0.25 f 0.1 K at 365 3IHz for a bath 
temperature of 1.8 K. In  this  measurement,  the low-noise bandwidth is limited 
by the HFET postamplifier  and  not  the  SQUID. 

In a further  attempt to reduce  the noise temperature, SQUIDS were cooled 
to 0.4 - 0.5 K in a  charcoal-pumped, single-shot 3He cryostat.’9 The HFET 
postamplifier was mounted on the 1 K pot.  Within  the error bars, the noise 
temperature at each frequency scales with the  bath  temperature.  The  system 
noise temperature at 438 MHz was 0.50 dz 0.07 I<, of which 0.38 ic 0.07 K was 



Y 

Y 
d 

Y 
rr- 

n u 
W 



43-1 -136 J3X 440 U Z  
Frequency (MHz) 

Figure 13: Output noise power of microstrip SQUID at 500 mIi  with its input coupled 
to a resonant LC circuit. There was no applied signal. 

3.4 Rydberg Atom Single Qzluntum Detector 

Another  second-generation  axion  search  is  under  development at. the University 
of Kyoto. This effort seeks to  exploit the extremely low-noise photon  counting 
capability of Rydberg  atoms i n  a  Sikivie-type microwave cavity  experiment. 
The initial  goal  is to sweep out a 10% mass window arouncl 2 .4peV.  

Rydberg atoms are  atoms  (usually alkali metals) where one electron is pro- 
moted to a  principal  quantum  number n >> 1, near  the ionizat,ion limit?0  The 
valence electron of such highly  excited atoms in hydrogen-like.  These Rydberg 
atom  states for n - O(100) are promising as microwave-photon  detectors for 
three reasons: (i) The energy difference between  adjacent levels (E,+I - ICn), 

which scales as n - 3 ,  is in the microwave  region. For n N" 100 the energy dif- 
ference is M 7 GHz. (ii) The electric  dipole transition rate between adjacent 
levels, which scales as n2 is large,  implying a high efficiency for absorbing a 
microwave photon. For rz M 100 the  transition  rate is 3 x 10"s. (iii} The 
lifetime of excited states, which scales as n3 is suitably long. For n z 100 the 
lifetime  is M 1 ms. 

The use of Rydberg  atoms for single-quantum  counting  is  an  idea going 
back more than two decades 31 and  suggests  the following implementation 
for the Sikivie axion  experiment. The "front-end" of the  experiment is the 
same, i.e. there is a  tunable  cavity for axion-photon conversion. Photons  from 
this cavity  are coupled out to a field-free antechamber, also tuned to  the  same 



frequency. An atomic beam is prepared to  the desired  Rydberg level by optical 
pumping, which then  traverses the  antechamber.  Here, however, the spacing 
of the  transition levels must. be  adjusted to  match  the frequency of the  cavity: 
this  may  be accomplished  through the  Stark effect, by applying  a  small DC 
voltage  in a parallel-plate  configuration. It is here that  the  Rydberg  atoms 
absorb the microwave photons. 

Upon  exiting  the  chamber,  the  atomic  beam is now a mixture of two states. 
with  most of the  atoms in the prepared state,  and very few atoms  promoted  to 
the higher Rydberg level. Detection of only those  atoms which have absorbed 
the microwave  photon of t,he correct  frequency is accomplished by selective 
field ionization.  After  exiting  the  chamber, the  beam passes through a uniform 
prescribed  eIectric  field,  perpendicular to  its velocity. The combined  Coulomb 
plus  linear  potential  has  a  saddle  point, or potential ba.rrier, whose height is set 
precisely (through  the applied electric field) such that  the electrons  promoted 
to the  upper level are unbound, ie. simply  fall  out of the  atom, whereas those 
in the  init'ial  state  remain bound. Just as in  a  photomultiplier tube,  the free 
electron  is then accelerated and  detected.  In  practice,  one may discriminate 
between energy Ievels differing by only a few 10's of MHz. 

There are several challenges in implementation. At  the most fundamental 
level, t,he quantum mechanical interaction of the Rydberg states with the cavitJ- 
("Cavity QED") is non-trivial.  Addditionally,  there are coherent  interactmiom 
of R.ydberg atoms in the cavity. At the  more  practical  level,  the  "turn-on" 
of fields seen by the  atoms  must he adiabatic so as  not  to project. tmhe m a n y  
Rydberg states onto severa.1 Stark  states. Sirnila.rly, the  Rydberg  states are only 
weakly bound and slight perturbations may induce non-selective ionizatian. 
Lastly,  the energy  (frequency)  resolution  with which an  asion signal may be 
resolved is Iirnited by the  transit  time of the  atoms  through  the cavity, and 
would seem  marginal for the virialized component.  Sensitivity to fine-structure 
does not seem  possible. 

An experiment  utilizing  Rydberg atom single-quantum  detection in Kyoto 
is well along in commissioning ('CARRACK' for  Cosmic Axion Research with 
Rydberg  Atoms in a Resonant  Cavity in Kyoto)3' A sketch of the  apparatus 
is shown in  Figure  14.  The microwave resonator is a  single  copper  cavity 
(4.5 crn radius, 72.5 cm  long) which fits  inside a superconducting solenoid (15 
cm  diameter, 50 cm  long, 7 T peak field). Power from  the conversion cavity is 
coupled to a niobium  superconducting  cavity just above i t ,  where the  magnetic 
field is  canceled by a bucking coil. The frequency of both cavities  are made  to 
track by means of 6 mm sapphire  rods  inserted  axially  into them.  The cavities 
are cooled to < 15 mIC by means of a dilution  refrigerator. 

A beam of rubidium  atoms is accelerated,  neutralized and directed  verti- 
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Figure 14: Schematic  diagram of the experimental  system to search for axions with 
Rydberg atoms in cooled resonant cavities. 



cally through  the  detection cavity. Just before  entering  the  detection cavity, 
the  atoms  are excited to  a Rydberg state with  principal  quantum  number 
near 160, by triple  optical  excitat,ion  with  three  colinear  diode  laser  beams. 
In the  detection cavity, the  Rydberg  atoms  are  then  Stark-tuned so an E l  
np + ( n  + 2)s transition is  matched to  the  cavity frequency.  After exiting,  the 
Rydberg  atoms  are selectively ionized by an electric field (around 0.5 V/cm) 
and  the  liberated  electron is detected  and  amplified by an electron  multiplier 
(” Channeltron” 1. 

Studies have been performed to confirm that  the experiment is sensitive to 
single  blackbody  photons  in the < 15 mI< range.  These include verifying the 
temperat’ure  dependence,  and  the  number and velocity of the  Rydberg  at0rns.3~ 
Several percent of mass range a,round 2.4 GHz (- 10peV) has been swept 
out , but  candidate peaks  have not been eliminated  yet, nor have potentia.1 
systematic backgrounds been rejected. 

4 Conclusion 

Our  experiment  has already demonstrated  that, Sikivie-type  axion  detectors 
can reach the  sensitivity to detect  galactic  halo  asions  with plausible cou- 
pling to photons.  Multiple  cavity  arrays will extend the  mass coverage while 
SQUID based amplifiers will increase the  sensitivity and alIow us to search 
for DFSZ asions comprising only a fraction of the  halo.  The  Rydberg atom 
single-quantum  detector could improve the power sensitivity by yet another 
order of magnitude. 
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