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Interest	  in	  Axions	  and	  Axion-‐Like	  
Par1cles	  is	  Strong	  and	  Growing	  

Recall	  the	  proper1es	  of	  dark	  ma<er:	  
1.	  Very	  weak	  interac1ons	  with	  normal	  ma<er	  and	  radia1on.	  
2.	  Non-‐rela1vis1c	  during	  structure	  forma1on.	  
3.	  Cosmological	  stability.	  
	  
WIMPs	  are	  probably	  the	  favored	  DM	  candidate.	  (C.f.	  the	  1tle	  of	  C3	  “non-‐WIMP	  …”	  .)	  
However,	  we	  should	  carefully	  listen	  to	  nature.	  
	  
The	  jury	  is	  s1ll	  out,	  but	  preliminary	  LHC	  searches	  as	  well	  as	  sensi1ve	  direct	  searches	  
have	  not	  not	  found	  evidence	  of	  dark-‐ma<er	  WIMPS.	  This	  makes	  it	  especially	  1mely	  to	  
look	  closer	  at	  other	  ways	  to	  realize	  the	  essen1al	  features	  of	  dark	  ma<er.	  
	  
Proper1es	  of	  axions	  and	  axion-‐like	  par1cles	  (ALPS):	  
1.	  Very	  weak	  interac1ons.	  
2.	  Non-‐thermal	  produc1on.	  (Non-‐rela1vis1c.)	  
3.	  Low	  mass.	  (Long	  life.)	  
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Planning	  process	  started	  early	  this	  year	  at	  
the	  “Roadmap	  Workshop”	  

	  Vistas	  in	  Axion	  Physics:	  A	  Roadmap	  for	  Theore1cal	  
and	  Experimental	  Axion	  Physics	  through	  2025	  
	  
Sea<le,	  April	  23-‐26,	  2012	  
	  
	  
NSF	  &	  DOE	  

This	  gave	  CF3	  a	  running	  start.	  
	  
“This	  workshop	  will	  (1)	  organize	  
much	  of	  the	  scien1fic	  founda1on	  
for	  the	  next	  genera1on	  of	  axion	  
and	  axion-‐like-‐par1cle	  (ALP)	  
experiments	  and	  searches,	  (2)	  
and	  will	  be	  a	  roadmap	  for	  the	  
researchers,	  research	  sponsors	  
and	  the	  broader	  scien1fic	  
community.”	  
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CF3 goals include:!

Be aggressive in assembling input from the broad axion and ALP community.
!!

Connect with other groups (Intensity, Cosmic, …).!
!
Bring together the viewpoints and wisdom of very diverse researchers in 

axion and ALP science.!
!
Agency guidance: Flesh out the roadmap, priorities.!
!
Highlight key theory and instrumentation challenges.!
!
Review the theory and instrumentation state of the art and attempt to divine 

where they are going.!
!
Total success would include seeding future collaborations and directions.!
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Identified theory challenges going 
forward (1) include!

Generic DM Issue: Structure formation!
!n-body simulation and NFW halo profiles?!
!n-body simulation and fine structure?!
!!

Axions and radiation from topological strings!
!What axion mass gives sensible Ωm?!

!
Anticipate discoveries at the LHC!
!Axinos and fPQ!
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Theory challenges going forward (2) 
include!

White dwarfs: Can we better understand cooling?!The cooling of whiteThe cooling of white dwarftsdwarftsThe cooling of white The cooling of white dwarftsdwarfts
�� LuminosityLuminosity functionfunction ((WD’sWD’s per per unitunit

(Isern et al. 2008,2010)

magnitudemagnitude) ) alteredaltered byby axion axion coolingcooling
�� ClaimClaim of of detectiondetection of new of new coolingcooling

mechanismmechanism ((IsernIsern 2008)2008)(( ))
�� AxionAxion--electronelectron couplingcoupling of ~1x10of ~1x10--1313

((�� axion axion massesmasses of 2of 2--5 5 meVmeV oror
largerlarger) ) fitsfits datadata..gg ))

DFSZ axion (cos�=1)

INT Washington, April 2012 Igor G. Irastorza / Universidad de 
Zaragoza

38

DFSZ axion (cos� 1)

Isern et al., 2010!
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Theory challenges going forward (3) 
include!

Bose-condensates & structure: Is the DM a Bose condensate?!

Isern et al., 2010!

  

IRAS Images of the Galactic Plane  

The images shown below were downloaded from the Skyview Virtual Observatory. They are IRAS maps of  

the Galactic plane in the direction of galactic coordinates (l,b) = (80°, 0°), at each of the four IRAS   

wavelengths (12, 25, 60 and 100 !m). The maps on the left have a field of view of 10° x 10°, the ones on  

the right 30° x30°. 

The images show a triangular feature. The position of the feature is indicated by the locator figures at the

top. The color scale of the images is the default ('Stern special') scale used by the Skyview Virtual

Observatory. The images have not been processed in any way.  

The triangular feature can be interpreted as the imprint of a caustic ring of dark matter upon the gas and 

dust in the Galactic disk. See astro-ph/0109296. The ring has radius 8.3 kpc. The images show the IRAS

maps in a direction tangent to the ring. Looking in the tangent direction enhances the appearance of the

cross-section of the ring. The cross-section of a caustic ring of dark matter is a "elliptic umbilic" catastrophe.

This catastrophe has the shape of a triangle except that the vertices are cusps instead of angles. The gas and

dust responds to the gravitational field of the dark matter caustic. The gravitational field is smoother than the

caustic but retains its triangular shape.

The caustic rings of dark matter are predicted to lie in the Galactic plane and to be oriented such that one of

the vertices points away from the galactic center. The triangular feature in the IRAS maps has these

properties. 

To see larger size, click on the thumbnail

 10° x 10° 30° x 30°

Triangular 

Feature 

Locator 

12 !m 

25 !m 

60 !m 

For instance:!
Look where n=5 ring would be!
in our galaxy!
Skyview virtual observatory!

(a) (b)

(c) (d)

FIG. 13: Cross sections of the inner caustics produced by the axially symmetric initial velocity field

of Eq. (27) with g1 = !0.033, and (a) c1 = 0, (b) c2 = 0.01, (c) c3 = 0.05, (d) c3 = 0.1. Increasing
the rotational component of the initial velocity field causes the tent caustic (a) to transform into
a tricusp ring (d).

29

Nararajan & Sikivie, 2005!
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Collect ideas to broaden the mass 
reach …!
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The meV mass frontier of axion physics

Georg G. Ra!elt,1 Javier Redondo,1 and Nicolas Viaux Maira2

1Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany
2Departamento de Astronomı́a y Astrof́ısica, Pontificia Universidad Católica de Chile,

Av. Vicuña Mackenna 4860, 782-0436 Macul, Santiago, Chile.
(Dated: 19 August 2011)

We explore consequences of the idea that the cooling speed of white dwarfs can be interpreted in
terms of axion emission. In this case the Yukawa coupling to electrons has to be gae ! 1 " 10!13,
corresponding to an axion mass of a few meV. Axions then provide only a small fraction of the cosmic
cold dark matter, whereas core-collapse supernovae release a large fraction of their energy in the form
of axions. We estimate the di!use supernova axion background (DSAB) in the universe, consisting
of 30 MeV-range axions with a radiation density comparable to the extra-galactic background light.
The DSAB would be challenging to detect. However, axions with white-dwarf inspired parameters
can be accessible in a next generation axion helioscope.

PACS numbers: 14.80.Va, 97.20.Rp, 97.60.Bw, 98.70.Vc

I. INTRODUCTION

The Peccei-Quinn (PQ) mechanism remains perhaps
the most compelling explanation for the absence of CP-
violating e!ects from the QCD vacuum structure [1–3].
An unavoidable consequence is the existence of the ax-
ion, the Nambu-Goldstone boson of a new U(1)PQ sym-
metry. Axions acquire a mass ma ! m!f!/fa by their
mixing with neutral mesons, where m! = 135 MeV and
f! = 92 MeV are the pion mass and decay constant,
and fa is a large energy scale related to the sponta-
neous breaking of U(1)PQ. Axions generically interact
with hadrons and photons. They may also interact with
charged leptons, the DFSZ model [4] being a generic case.
All interactions are suppressed by f!1

a , so for large fa, ax-
ions are both very light and very weakly interacting. Re-
actor and beam-dump experiments require ma

<! 30 keV
[3], while precision cosmology excludes the ma range
1 eV–300 keV [5]. Sub-eV mass axions would still be
copiously produced in stars. The cooling of white dwarfs
(WDs), neutron stars and supernova (SN) 1987A pushes
the limits to ma

<! 10 meV [6], i.e. fa >! 109 GeV. We
here explore the impact of axions near this limit, i.e. the
meV frontier of axion physics.
This range is complementary to the other extreme of

the allowed axion window. During the QCD epoch of
the early universe, the axion field gets coherently ex-
cited, generating a cold dark matter (CDM) fraction of
!a/!CDM ! "2

i (10 µeV/ma)1.2 [7], where "i = ai/fa
is the initial “misalignment angle” relative to the CP-
conserving value. For "i ! 1, axions with ma ! 10 µeV
(fa ! 1012 GeV) provide all of CDM and can be detected
in the ADMX experiment [8]. If the reheating temper-
ature after inflation was large enough to restore the PQ
symmetry, our visible universe emerges from many do-
mains and an average ""2

i # ! "2/3 has to be used. In
this case, axions also emerge from the decay of topolog-
ical defects and the CDM density could correspond to
ma as large as a few 100 µeV [9]. Either way, meV-mass
axions provide only a subdominant CDM component.

II. COOLING OF COMPACT STARS

The most restrictive astrophysical limits on those ax-
ion models that couple to charged leptons arises from
WDs. An early study used the WD cooling speed, as
manifested in their luminosity function, to derive a limit
on the axion-electron coupling of gae <! 4 $ 10!13 [10].
In the early 1990s it became possible to test the cool-
ing speed of pulsating WDs, the class of ZZ Ceti stars,
by their measured period decrease Ṗ /P . In particular,
the star G117-B15A was cooling too fast, an e!ect that
could be attributed to axion losses if gae ! 2$10!13 [11].
Over the past twenty years, observations and theory have
improved and the G117-B15A cooling speed still favors
a new energy-loss channel [12]. What is more, the WD
luminosity function also fits better with axion cooling if
gae = 0.6–1.7$ 10!13 [13].
While complete confidence in this intriguing interpre-

tation is certainly premature (perhaps even in the need
for a novel WD cooling itself), the required axion pa-
rameters are very specific, motivating us to explore other
consequences based on the WD benchmark.
Axion cooling of SNe has been widely discussed in the

context of SN 1987A [6, 14–16]. The 10 s duration of
the neutrino burst supports the current picture of core
collapse and cooling by quasi-thermal neutrino emission
from the neutrino sphere. New particles that are more
weakly interacting than neutrinos, such as the axions dis-
cussed here, can be produced in the inner SN core, leave
unimpeded, and in this way drain energy more e#ciently
than neutrinos, which can escape only by di!usion. The
SN 1987A neutrino burst duration precludes a dominant
role for axions. Quantitatively, this argument depends on
the model-dependent axion-nucleon couplings, the uncer-
tain emission rate from a dense nuclear medium, and on
sparse data. As we shall see, the limit does not preclude
the WD interpretation, but a SN would lose a significant
fraction of its energy in the form of axions.
The speed of neutron-star cooling as measured by the

surface temperature of several pulsars [17] is another pos-

David B. Kaplan ~ INT ~ April 25, 2012

Fined tuned axion enhances isocurvature dipole moment

small       enhances dipole 
anisotropy of dark matter  

�i

Detectable if � 10�4

We could detect an axion string 10,000,000 times 
horizon lengths away (6 x 1016 light-years) 

For fa ~ 1017 GeV:   �i � 10�3

��a

�a
� 2

�⇥i

⇥i
� 2

(2⇤/r)
⇥i

Now: peculiar velocity measurements agree to 
Future: detect  �v ⇥ 1� 10�4

From axion strings:

� �v

=� δv = 10 -4 sensitive to 
r = 107 !

�v ⇥ 0.5� 10�3
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It isn’t crazy to think about searches 
for neV axions!

�Bext � 0.1T
�

1016 GeV
fa

⇥

|�L�a |�L�o

�Eext � 100
kV
cm

FIG. 2: The molecules are polarized by an external electric field ⇤Eext � 100 kV
cm . They are then placed in a linear

superposition of the two states |�L⇥a and |�L⇥o, where the nuclear spin is either aligned or anti-aligned with the

molecular axis respectively, leading to a phase di⇥erence between them in the presence of the axion induced nuclear

dipole moment dn. The external magnetic field ⇤Bext � 0.1 T
�

fa
MGUT

⇥
causes the spins to precess, so that the phase

di⇥erence can be coherently accrued over several axion oscillations. The frequency can be scanned by dialing this

magnetic field ⇤Bext until it is resonant with the axion frequency.

field. When the precession frequency matches the axion frequency, a phase shift will be continually accrued

over several axion oscillations. After interrogation for a time T , the phase shift in the experiment (using

the energy shift �E from (11)) is

�⇥ = �E T � 10�10

⇤
T

1 s

⌅ ⇤
�E

10�25 eV

⌅
(13)

This relative phase between the two spin states |�L⇥a and |�L⇥o can then be measured.

18

Peter Graham &!
Surjeet Rajendran!

CF3 LJR      9 



Experimental situation: focus comes 
back to three key technologies!

cavity: next year!

cavity: 4-year!

cavity: very challenging!

helioscope: current!

helioscope: 10-year!

Laser: locked FP!
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RF cavity futurism (1)!

higher-frequency !
quantum-limited amplifiers!

“hybrid” superconducting !
cavities!

RF-Driven Josephson Bifurcation Amplifier for Quantum Measurement

I. Siddiqi, R. Vijay, F. Pierre, C. M. Wilson, M. Metcalfe, C. Rigetti, L. Frunzio, and M. H. Devoret
Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 06520-8284, USA

(Received 11 February 2004; published 10 November 2004)

We have constructed a new type of amplifier whose primary purpose is the readout of super-
conducting quantum bits. It is based on the transition of a rf-driven Josephson junction between two
distinct oscillation states near a dynamical bifurcation point. The main advantages of this new amplifier
are speed, high sensitivity, low backaction, and the absence of on-chip dissipation. Pulsed microwave
reflection measurements on nanofabricated Al junctions show that actual devices attain the perform-
ance predicted by theory.

DOI: 10.1103/PhysRevLett.93.207002 PACS numbers: 85.25.Cp, 05.45.–a

Quantum measurements of solid-state systems, such as
the readout of superconducting quantum bits [1–7], chal-
lenge conventional low-noise amplification techniques.
Ideally, the amplifier for a quantum measurement should
minimally perturb the measured system while maintain-
ing sufficient sensitivity to overcome the noise of subse-
quent elements in the amplification chain. Additionally,
the drift of materials properties in solid-state systems
mandates a fast acquisition rate to permit measurements
in rapid succession. To meet these inherently conflicting
requirements, we propose to harness the sensitivity of a
dynamical system—a single rf-driven Josephson tunnel
junction—tuned near a bifurcation point. In this new
scheme, all available degrees of freedom in the dynami-
cal system participate in information transfer and none
contribute to unnecessary dissipation resulting in excess
noise. The superconducting tunnel junction is the only
electronic circuit element that remains nonlinear and
nondissipative at arbitrary low temperatures. As the key
component of present superconducting amplifiers [8–10],
it is known to exhibit a high degree of stability.

The operation of our Josephson bifurcation amplifier
(JBA) is represented schematically in Fig. 1. The central
element is a Josephson junction whose critical current I0
is modulated by the input signal using an application-
specific coupling scheme, such as a SQUID loop (see
inset of Fig. 1) or a superconducting single-electron tran-
sistor (SSET) like in superconducting charge qubits (in-
put port). The junction is driven with a sinusoidal signal
irf sin!!t" fed from a transmission line through a circu-
lator (drive port). In the underdamped regime, when the
drive frequency ! is detuned from the natural oscillation
frequency !p, the system can have two possible oscilla-
tion states that differ in amplitude and phase [11,12].
Starting in the lower amplitude state, at the bifurcation
point irf # IB $ I0, the system becomes infinitely sensi-
tive, in absence of thermal and quantum fluctuations, to
variations in I0. At finite temperature, sensitivity scales
as kBT=’0, where ’0 # "=2e is the reduced flux quantum
and T the temperature. The reflected component of the
drive signal, measured through another transmission line

connected to the circulator (output port), is a convenient
signature of the junction oscillation state that carries with
it information about the input signal. This arrangement
minimizes the backaction of the amplifier since the only
fluctuations felt at its input port arise from the load
impedance of the circulator, which is physically sepa-
rated from the junction via a transmission line of arbi-
trary length and can therefore be thermalized efficiently
to base temperature. In this Letter, we present an experi-
ment that demonstrates the principle of bifurcation
amplification.

The dynamics of the junction are described by the time
evolution of the junction gauge-invariant phase differ-
ence !!t" # Rt

%1 dt02eV!t0"= !h, where V is the voltage
across the junction. In presence of the microwave drive
irf sin!!t", the oscillations of the junction phase can be
parameterized using in-phase and quadrature-phase com-
ponents !!t" # !k sin!!t" & !? cos!!t" (higher harmon-
ics of oscillation are negligible). When the detuning
" # !1%!=!p" and the quality factor Q # !pRC sat-
isfy "Q>

!!!

3
p

=2, then two steady-state solutions can exist
for !!t" (see Fig. 2). Here !p # !2eI0= !hC"1=2 is the junc-

D
R

IV
E

irf sin(!t)

irf sin(!t+"(I0,irf))

I0 C

INPUT

OUTPUT

R=50#
T=Tb

FOLLOWER
AMPLIFIER

JBA

  INPUT
CIRCUIT

SQUID
 LOOP

!s

JBA

FIG. 1. Schematic diagram of the Josephson bifurcation
amplifier. A junction with critical current I0, parametri-
cally coupled to the input port, is driven by a rf signal
which provides the power for amplification. In the vicinity of
the dynamical bifurcation point irf # IB, the phase of the
reflected signal phase # depends critically on the input signal.
Inset: example of a parametric input coupling circuit.
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new amplifier technologies!
2

storage
 cavity

transmon and

flux bias

meas 
cavity

a

b
1 mm

100 !m

FIG. 1. Circuit schematic and device. a, Circuit schematic
showing two cavities coupled to a single transmon qubit. The
measurement cavity is probed in reflection by sending mi-
crowave signals through the weakly coupled port of a direc-
tional coupler. A flux bias line allows for tuning of the qubit
frequency on nanosecond timescales. b, Implementation on a
chip, with ⇥m/2� = 6.65GHz measurement cavity on the left
and its large coupling capacitor (red), and ⇥s/2� = 5.07GHz
storage cavity on the right with a much smaller coupling ca-
pacitor (blue). A transmon qubit (green) is strongly coupled
to each cavity, with gs/2� = 70MHz and gm/2� = 83MHz.
It has a charging energy EC/2� = 290MHz and maximal
Josephson energy EJ/2� ⇥ 23GHz. At large detunings from
both cavities, the qubit coherence times are T1 ⇥ T2 ⇥ 0.7µs.

ties, with finger capacitors controlling the individual cou-
pling strengths (gs/2� = 70MHz and gm/2� = 83MHz).
The usual shunt capacitor between the transmon islands
is replaced with capacitors to the ground planes to re-
duce direct coupling between the cavities. Additionally,
a flux bias line17 allows fast control of the detunings
�s = ⇤g,e � ⇤s and �m = ⇤g,e � ⇤m between the trans-
mon and cavities, where we use the convention of labeling
the transmon states from lowest to highest energy as (g,
e, f , h, ...).

To achieve high photon number selectivity of the
CNOT operations, there must be a large separation be-
tween the number-dependent qubit transition frequen-
cies. To obtain this, we use small detunings (�s/gs < 10)
between the qubit and storage cavity. Figure 2 shows
spectroscopy in this quasi-dispersive regime as a func-
tion of flux bias when the storage cavity is populated
with a coherent state (⇧n̂⌃ ⇥ 1). Results of a numerical
energy-level calculation are overlaid, showing the posi-
tions of various transitions. We define ⇤n

g,e as the photon

!"#

!"$

!"!

!"%

!"&

!"'

!"(

)
*+
,
-
+
.
/
0
12
3
4
5
6

7$89 7$$9 7$%9 7$'9 7$99 7!89

):-;1<=>?1/-**+.@12µA6

FIG. 2. Pulsed spectroscopy with coherent state in storage
cavity (⌅n⇧ ⇥ 1) vs. qubit-cavity detuning �s = ⇥g,e � ⇥s.
Calculated transition frequencies are overlaid in color. Red
and orange lines are the |g⇧ ⇤ |e⇧ transitions of the qubit
when n = 0 and 1, respectively. Transitions to higher trans-
mon levels (|f⇧ and |h⇧) are visible because of the small de-
tuning. The arrow indicates the flux bias current used during
the CNOT operations.

number-dependent transition frequency |n, g⌃ ⇤ |n, e⌃.
Other transitions, such as |2, g⌃ ⇤ |0, h⌃, are allowed due
to the small detuning. Fortunately, we also see that the
separation between ⇤0

g,e and ⇤1
g,e grows rapidly to order

⇥ 2g = 140MHz as the qubit approaches the storage
cavity.

To test the photon meter, we generate single photons
in the storage cavity with an adiabatic protocol. Our
method uses the avoided crossing between the |0, e⌃ and
|1, g⌃ levels to convert a qubit excitation into a photon.
The preparation of a photon begins with the qubit de-
tuned below the storage cavity (�s ⌅ �3gs), where we
apply a �-pulse to create the state |0, e⌃. We then adi-
abatically tune the qubit frequency through the avoided
crossing with the storage cavity, leaving the system in the
state |1, g⌃. The sweep rate is limited by Landau-Zener
transitions which keep the system in |0, e⌃. Our prepara-
tion protocol changes the qubit frequency by 600 MHz in
50 ns, giving a transition probability less than 0.1% (cal-
culated with a multi-level numerical simulation). This
protocol actually allows for the creation of arbitrary su-
perpositions of |0, g⌃ and |1, g⌃ by changing the rota-
tion angle of the initial pulse. For example, if we use
a �/2-pulse, after the sweep we end up in the state
(|0, g⌃+ei�|1, g⌃)/

⌥
2, where ⇥ is determined by the rota-

tion axis of the �/2-pulse. One could also use a resonant
swap scheme, which has been successfully used to create
Fock states9 up to |n = 15⌃. The method used here has
the advantage of being very robust to timing errors.

After the photon is prepared, the qubit frequency is
adjusted such that �s/gs ⌅ 5. At this detuning, the sep-
aration between ⇤0

g,e and ⇤1
g,e is ⇥ 65MHz. In Fig. 3(a),

Quantum Non-demolition Detection of Single Microwave Photons in a Circuit

B. R. Johnson,1 M. D. Reed,1 A. A. Houck,2 D. I. Schuster,1 Lev S. Bishop,1 E. Ginossar,1

J. M. Gambetta,3 L. DiCarlo,1 L. Frunzio,1 S. M. Girvin,1 and R. J. Schoelkopf1

1Departments of Physics and Applied Physics, Yale University, New Haven, CT 06511, USA
2Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

3Institute for Quantum Computing and Department of Physics and Astronomy,
University of Waterloo, Waterloo, ON, Canada, N2L 3G1

(Dated: March 12, 2010)

Thorough control of quantum measurement is
key to the development of quantum information
technologies. Many measurements are destruc-
tive, removing more information from the sys-
tem than they obtain. Quantum non-demolition
(QND) measurements allow repeated measure-
ments that give the same eigenvalue1. They could
be used for several quantum information process-
ing tasks such as error correction2, preparation
by measurement3, and one-way quantum comput-
ing4. Achieving QND measurements of photons is
especially challenging because the detector must
be completely transparent to the photons while
still acquiring information about them5,6. Recent
progress in manipulating microwave photons in
superconducting circuits7–9 has increased demand
for a QND detector which operates in the giga-
hertz frequency range. Here we demonstrate a
QND detection scheme which measures the num-
ber of photons inside a high quality-factor mi-
crowave cavity on a chip. This scheme maps a
photon number onto a qubit state in a single-
shot via qubit-photon logic gates. We verify the
operation of the device by analyzing the aver-
age correlations of repeated measurements, and
show that it is 90% QND. It di�ers from previ-
ously reported detectors5,8–11 because its sensitiv-
ity is strongly selective to chosen photon number
states. This scheme could be used to monitor the
state of a photon-based memory in a quantum
computer.

Several teams have engineered detectors which are sen-
sitive to single microwave photons by strongly coupling
atoms (or artificial atoms) to high-Q cavities. This archi-
tecture, known as cavity quantum electrodynamics (cav-
ity QED), can be used in various ways to detect pho-
tons. One destructive method measures quantum Rabi
oscillations of an atom or qubit resonantly coupled to the
cavity8–10. The oscillation frequency is proportional to⇥
n, where n is the number of photons in the cavity, so

this method essentially measures the time-domain swap
frequency.

Another method uses a dispersive interaction to map
the photon number in the cavity onto the phase di�er-
ence of a superposition of atomic states (|g�+ei�|e�)/

⇥
2.

Each photon number n corresponds to a di�erent phase
⌅, so repeated Ramsey experiments5 can be used to es-
timate the phase and extract n. This method is QND,
because it does not exchange energy between the atom
and photon. However, since the phase cannot be mea-
sured in a single operation, it does not extract full in-
formation about a particular Fock state |n� in a single
interrogation. Nonetheless, using Rydberg atoms in cav-
ity QED, remarkable experiments have shown quantum
jumps of light and the collapse of the photon number by
measurement.5,12

Here we report a new method which implements a set
of programmable controlled-NOT (CNOT) operations
between an n-photon Fock state and a qubit, asking the
question “are there exactly n photons in the cavity?” A
single interrogation consists of applying one such CNOT
operation and reading-out the resulting qubit state. To
do this we use a quasi-dispersive qubit-photon interac-
tion which causes the qubit transition frequency to de-
pend strongly on the number of photons in the cavity.
Consequently, frequency control of a pulse implements a
conditional ⇤ rotation on the qubit – the qubit state is
inverted if and only if there are n photons in the storage
cavity. To ensure that this is QND, the qubit and stor-
age cavity are adiabatically decoupled before performing
a measurement of the qubit state.

To realize this method we extend circuit-based cav-
ity QED13 by coupling a single transmon qubit14,15 si-
multaneously to two cavities. This allows one cavity to
be optimized for fast readout and the other for coher-
ent storage of photons. Related work by Leek et al. 16

realized a single transmon coupled to two modes of a sin-
gle cavity, where the the two modes were engineered to
have very di�erent quality factors. A schematic of the
two-cavity device is shown in Fig. 1(a). A high-Q cav-
ity serves as a photon memory for preparation and stor-
age, and a low-Q cavity is used for fast readout of the
qubit. The cavities are realized as Nb coplanar waveg-
uide resonators with ⇥/2 resonances at ⇧s/2⇤ = 5.07GHz
and ⇧m/2⇤ = 6.65GHz, respectively. The cavities are
engineered, by design of the capacitors Cs and Cm, to
have very di�erent decay rates (�s/2⇤ = 50 kHz and
�m/2⇤ = 20MHz) so that the qubit state can be mea-
sured several times per photon lifetime in the storage
cavity. A transmon qubit is end-coupled to the two cavi-
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RF cavity futurism (2)!

higher-frequency, large volume!
resonant structures!

50 AXION DETECTION IN THE 10 eV MASS RANGE 4745

Resonant conversion occurs when q +em .
We expect the magnetic field to be dominated by the

B(z) = —xBp cos(qz) term but, since our detector has
finite vol~me, the field is modified by finite size efFects.
We discuss these now. The x component of the magnetic
field at point (z, x) inside the detector is given by

Replacing sums with integrals, we find

(gL, tB {z,z) B—p f{x)cos{qz) —zg(x, z) cos ~ 2 )

B (z, z) =-Ip2'
N /2

n, =—N, /2
sin(qdn, ) +OI(1&

N /2 z —n, d
X

(z —n, d)2+ (x —n d)z
'

n=—N/2
(6) for [x) ( L /2 and [z[ & L,/2, where

IpBp —= )

f(z)—:1—e / cosh(qx),

g(x, z) = — arctan
~ ~

+arctan
~ ~

+arctan
~ ~

+arctan
~

(I,./2 —zl (I,./2 —z& (L./2+ x'l (L,./2+ z&
I,L. 2-z) L. 2+zi iL, /2 —z) (L,./2+ z)

(8)

Note that f(x) = 1 everywhere inside the detector vol-
ume, except withina distance bx q ms
surface. Equation (7) shows that the most important fi-
nite size effects occur when cos(qL, /2) g O. Figure 2
shows the x dependence of B when

~
cos(qL /2)~ = 1,

which is when the finite size effects are largest. Both the
exact [Eq. (6)] and the approximate [Eq. (7)] expressions
for B are plotted. There is excellent agreement between
the two. Of course, the exact curve displays the kinks
in B which result &om the discreteness of the current
distribution, whereas the other curve is smooth.

Henceforth, we will make the simplifying assumption
that B = xB (z). For m L, m L„» 1, Eq. (4) be-
comes

iE (n, +e—P, )sV = 0'p
n =+1 ~~ —L,/2 Bp

t

crp =
~ ~

L LsL Bp
1 (ag~1 1
4-& -) (1O)

where we have dropped terms of O(P2), and op is defined
by

0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ 0 ~ ~ ~ ~ ~ ~ 0 ~ ~ 0 ~ ~ ~ ~ ~ 0 ~

Finally, with B (z) = Bp cos(qz), t—he cross section be-
comes

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ I ~ ~ ~ ~ ~ 0 0 ~ ~ ~ ~ ~ ~ ~ 0
~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~
o ~ e Lg
~ ~ ~

~ 0 0 0 0 0 0 ~ 0 ~ ~ ~ ~ 0 ~ 0 0 ~ 0 0 0
~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
0 I 0 0 0 ~ 0 t 0 0 ~ ~ ~ 0 ~ ~ 0 ~ ~ ~ ~
~ 0 ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ 0 ~ 0 ~ ~ ~ ~ I ~
0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~
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FIG. 1. Top and side views of the detector, showing the
arrangement of wires.

FIG. 2. B (z, x) versus z for ~z~ = L,/6, I = Ip sin(n dq),
qd = s/20, L = I = 600d. The jagged line is numerical
and exact, while the smooth line is the analytical result of
Eq. (7).
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Axion detection in the 10 4 eV mass range

Pierre Sikivie, D. B. Tanner, and Yun Wang*
Physics Department, University of Florida, Gainesville, Florida M611

(Received ll Msy 1994)
We propose an experimental scheme to search for galactic halo axions with mass m 10 eV,

which is above the range accessible with cavity techniques. The detector consists of a large number
of parallel superconducting wires embedded in a material transparent to microwave radiation. The
wires carry s current configurstion which produces s static, inhomogeneous magnetic field B(x)
within the detector volume. Axions which enter this volume may convert to photons. We discuss
the feasibility of the detector and its sensitivity.

PACS number(s): 95.35.+d, 14.80.Mz

The axion has remained a prime candidate for dark
matter [1].Current constraints on the axion allow masses
between 10 and 10 eV. If the galactic halo is made
up exclusively of axions, their density in the solar neigh-
borhood is approxiinately 0.5 x 10 24 g/cms and their ve-
locity dispersion is approximately 10 c. Galactic halo
axions can be detected by stimulating their conversion
to photons in an electromagnetic cavity permeated by a
strong magnetic field [2]; detectors of this type are be-
ing built with increasing sensitivity [3]. However, at the
present time, it appears that these cavity detectors can-
not cover the entire mass window. In particular, their
range is limited in the direction of large axion masses by
the complexities involved in segmenting a given magnetic
volume into many small cavities. The most complex sys-
tem envisaged so far would reach m 1.6 x 10 5 eV
[3]. Much larger masses are diKcult for the cavity de-
tector to access given presently available technology. In
this paper, elaborating on earlier ideas [4], we propose
an alternative approach which is specifically intended to
address the possibility of larger axion masses.
The basis for the detector is as follows. The coupling

of the axion to two photons is [1] (5 = c = 1)
n a N, f5md '—m„)
8rr f N (3 md+ m„)
A G=——g F F4'

where o, is the 6ne structure constant, a is the axion Geld,
f is the axion decay constant, m„and rn~ are the up and
down quark current masses, and N and N, are model-
dependent coeKcients. In grand unified axion models,
one has N, /N = s, and hence g~ = m„/(m„+ mg)
0.36. The axion mass is given by

Ck' ma
06 x 10is ( V)2

Because of the coupling of Eq. (1), axions will con-
vert to photons (and vice versa) in an externally applied
magnetic 6eld. The cross section for a —+ p conversion
in a region of volume V and dielectric constant ~ and
permeated by a static magnetic field B(x) is [2]

2

16rr2P~ ( rr f~ )
2

x d ze*(" " '"n x B(x)
V

where (E,k ) = E (1,P ) is the axion four-moment»rn,
and (or, k~) = u(1, +en) is the photon four-inomentum.
n is the unit vector in the direction of k~. E = ur be-
cause the magnetic 6eld is static. The momentum trans-
fer q = k~ —k, which is necessary because the photon
is massless while the axion is massive, is provided by the
inhomogeneity of the magnetic 6eld. Galactic halo ax-
ions are nonrelativistic, with k 10 m . Hence, to
obtain resonant conversion the magnetic 6eld should be
made inhomogeneous on the length scale (m +e)
Figure 1 shows schematic top and side views of the

detector we propose. It consists of an array of par-
allel superconducting wires embedded in a microwave-
transparent dielectric. The dielectric medium keeps the
wires in place. The dimensions of the detector are
(L,L„,L ). y is the common direction of the wires.
The intersections of the wires with the (x, z) plane form
an array with unit cell size d & m ~. We denote the
location of a wire with the integers (n„n ) where

f m gm„mg f 10 GeV)
rn = " =06eV

f~ m~+ my ( f~ )
Thus Eq. (1) can be rewritten

(2)

n E (—.N, /2, N, /2), N, d = L, ,

n 6 (—N /2, N /2), N d = L
Let the wires carry the following current configuration:

I(n„n ) = I(n, ) = Iosin(n, dq) . (5)

'Present address: NASA/Fermilsb Astrophysics Center,
FNAL, Batavia, IL 60510-0500.

In the limit I ~ oo and d —+ 0, the magnetic Geld gen-
erated is B(z) = xBocos(qz—) where Bo ——Io/(qd ).

50 4744

meV RF search maybe isn’t crazy!
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Helioscope futurism: Big Magnets!
IAXOIAXO magnetmagnet: 1st concept: 1st conceptIAXO IAXO magnetmagnet: 1st concept: 1st concept

Total R = 2 m
Bore diameter = 600 mm
N bores = 8
Average B in bore = 4 T 

(in critical surface)
MFOM = 770MFOM  770

�� IAXO IAXO scenarioscenario 2 2 conservativeconservative
�� SurpassSurpass IAXO IAXO scenarioscenario 3 3 isis

possiblepossible
�� FurtherFurther optimizationoptimization ongoingongoing See talk�� FurtherFurther optimizationoptimization ongoingongoing

Igor G. Irastorza / Universidad de 
Zaragoza

26

See talk
I. Shilon

INT Washington, April 2012

!"#$%�&'(()*+,
- . + / ) 011213-'45,6.78+�/,()94 011213

INT Washington, April 2012 Igor G. Irastorza / Universidad de 
Zaragoza 32
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Laser futurism: High Finesse w/ 
Locked Fabry-Perot!

REAPR Requirements 

•  Optimize magnetic field length 
•  High finesse cavities 
•  Cavities locked to each other with no 

leakage from the generation cavity 
•  Need sensitive photon detection 

4/24/12 W. Wester, Fermilab, Vistas in Axions 23 

Talk by P. Mazur 

Talk by D. Tanner 
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CF3	  Feeding	  into	  the	  Snowmass	  Process	  
The	  CF3	  instrumenta1on,	  involving	  intense	  lasers,	  strong	  magne1c	  fields	  and	  
quantum-‐limited	  amplifier	  technology	  can	  explore	  couplings	  many	  orders	  of	  
magnitude	  smaller	  than	  those	  explored	  in	  collider	  or	  WIMP	  experiments.	  This	  is	  very	  
a<rac1ve	  to	  experimenters.	  (Neutrinos	  in	  this	  context	  are	  strongly	  interac1ng.)	  
	  
This	  mee1ng	  kicks	  off	  the	  “Snowmass”	  phase	  of	  CF3	  planning.	  
	  
We’re	  working	  hard	  to	  assemble	  community	  input.	  
	  
We’re	  looking	  at	  overlaps	  with	  other	  groups.	  
	  
We	  are	  working	  with	  European	  counterparts:	  G.	  Raffelt	  and	  A.	  Ringwald.	  
	  
We’re	  ramping	  up	  ac1vity:	  SnowDark	  late	  March,	  SC	  Workshop	  early	  March.	  
	  
We	  hope	  to	  have	  a	  working	  document	  by	  Snowmass	  2013:	  

	   	  The	  pacing	  issue	  is	  one	  of	  inclusion	  and	  agreement.	  
CF3 LJR      15 


