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INTRODUCTION AXIOMA BkUP

AXION COUPLING

AXION-FERMION interaction

detection of atomic transitions
|0〉 → |i〉 in which axions are absorbed

I AXIOMA =⇒ detection of VIS-NIR photons in
rare-earth doped materials

I QUAX =⇒ axions are converted to magnons in a
ferri-/para-magnet
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AXIOMA - AN UPCONVERSION SCHEME

AXION-FERMION interaction

detection of atomic transitions
|0〉 → |i〉 in which axions are absorbed

I QUAX =⇒ axions are converted to magnons
I AXIOMA =⇒ axions are converted to VIS-NIR photons
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case P(z) =z '+z ' and (6) becomes

((gp +k ) QP I&& (jap k =0.
The same approximation would have been ob-
tained (in the limit u, k/tc«1) for an arbitrary f„
as may be seen by expanding the denominator of
(4) in powers of v, . The four solutions of (9) are

(u =+{-'[&o '+k'+ {((u '+k')'+4u, '(u 'k') 'P'
The solution z4, obtained by taking minus signs
in both choices, is negative imaginary, showing
the existence and rate of growth of self-excited
waves, This solution is valid only when s,k/v«1
which. implies uo»g„as becomes evident from
the approximate expression

(u, = - iu, (opk/((op'+ k')~'

A more detailed study of (6) shows that for large
values of k one obtains damped waves.
The author is indebted to Dr. B. D. Fried for

many valuable discussions of these matters.

~0. Buneman, Phys. Rev. Lett. 1, 8 (1958).
M. Rosenbluth: Recent Theoretical Developments

in Plasma Stability, paper presented Nov. 1958 at the
San Diego Meeting of the Fluid Dynamics Division of
the American Physical Society.
3N. G. Van Kampen, Physics 22, 641 (1957). This

reference contains a comprehensive review of previous
literature.

SOLID STATE INFRARED
QUANTUM COUNTERS*

N. Bloembergen
Harvard University,

Cambridge, Massachusetts,
(Received December 29, 1958)

Since maser operation is based on stimulated
emission of radiation, masers have an inherent
limiting noise temperature of hv/k due to spon-
taneous emission. '~' Weber' has called atten-
tion to the fact that it is possible to construct
quantum- mechanical amplifiers without sponta-
neous emission noise. In fact, this is the usual
state of affairs for x-ray or y-counters. This
note describes how a solid counter for infrared
or millimeter wave quanta might be constructed
in principle.
Consider a crystal containing ions which,

among others, have the energy levels shown in
Fig. l. Salts of the rare earths and other tran-
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FIG. 1. Infrared quantum counter. Several ions of
transition group elements have appropriate energy lev-
el diagrams: hv2&=1 —5000 cm, hv32=10 —5&& 10
cm

sition group ions, which may be embedded as
impurities in host lattices, offer examples of
this situation. '~ ~ The distance between the
ground level and level E, is such that k py2&)kT.
If, for example, hv»-100 cm ' and T-2'K, only
the ground state is populated. Intense light at
the optical frequency v» is not absorbed, because
level E, is empty. Whenever an incident infra-
red quantum h p» is absorbed, the light will in-
duce a second transition to E„provided its in-
tensity produces transitions at a faster rate than
the radiationless decay or spontaneous emission
from level E, back to the ground state.
Spontaneous emission from E, to E, will pro-

duce resonance radiation. The system will be
repumped, and several quanta hv» may be re-
emitted for each incident quantum hv2y It will
be difficult to detect these quanta h v» in the
presence of the intense pumping flux, although
one may use discrimination in polarization and
direction of propagation. %hen radiation due to
spontaneous emission from level E, to E, is able
to leave the crystal, quanta hv» may be counted
directly. If this radiation is self-absorbed, a
fourth level will provide an effective discrimina-
tion in frequency. The fluorescent quanta hv, 4
may be counted with a photomultiplier and a
suitable filter.
A variation of this scheme is that E, is an

occupied deep impurity level, E, is an empty
impurity level, and E, represents the conduction
band. The incident quantum hv» triggers a
photoconductive avalanche in the semiconductor
near absolute zero of temperature.
It is illuminating to point out the relationship

with optical pumping methods proposed by

84

– pump laser resonant with transition 2→ 3

– material transparent to the pump until an IR photon is
absorbed (1→ 2)

– level 3 is fluorescent =⇒ detection can be accomplished
via conventional detectors (PMT or PD)

– such energy level scheme can be realized in wide
bandgap materials doped with trivalent rare-earth ions

N. Bloembergen, Phys. Rev. Lett. 2, 84 (1959)
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to leave the crystal, quanta hv» may be counted
directly. If this radiation is self-absorbed, a
fourth level will provide an effective discrimina-
tion in frequency. The fluorescent quanta hv, 4
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84

B0

axion field

– material transparent to the pump until an AXION is
absorbed (1→ 2)

– transition 1→ 2 takes place between
GS ZEEMAN–SPLIT LEVELS to allow for tunability
(B0 field) in the interesting axion mass range

– level 3 is fluorescent =⇒ detection can be accomplished via
IR single photon detectors

– dopant (rare-earth ion) concentration compatible with
transition rate by axion absorption Ri for a MOLE of target
atoms:

and provides additional motivation for it. The coupling
to nucleons causes axions to be radiated by the collapsed
stellar core produced in a supernova explosion. The
requirement that the observed neutrino pulse from
SN1987a not be quenched by axion emission implies
fa > 4 × 108 GeV [23,24]. Using Eq. (1), this is equiv-
alent to ma < 1.6 × 10−2 eV.
The couplings under consideration are also constrained

by laboratory searches. Limits on gaēe have been obtained
[25] by searching for solar axions using the axioelectric
effect in a laboratory target [26]. A limit on the product
gaγγgaēe, where gaγγ is the coupling of the axion to photons,
was obtained [27] by searching for the conversion of solar
axions to x-rays in a laboratory magnetic field [8].
In the nonrelativistic limit, Eq. (2) implies the interaction

energy

Haf̄f ¼ þ
gf
2fa

!
~∇a · ~σ þ ∂ta

~p · ~σ
mf

"
; ð3Þ

where mf is the mass of fermion f, ~p its momentum, and
~S ¼ 1

2 ~σ its spin. The first term on the rhs of Eq. (3) is
similar to the coupling of the magnetic field to spin, with
~∇a playing the role of the magnetic field. That interaction
causes magnetic dipole (M1) transitions in atoms. The
second term causes Δj ¼ 0, Δl ¼ 1, parity-changing tran-
sitions. As usual, l is the quantum number giving the
magnitude of orbital angular momentum, and j that of total
angular momentum. We will not use the second term
because, starting from the ground state (l ¼ 0), it causes
transitions only if the energy absorbed is much larger than
the axion mass. If f ¼ e, the required energy is of order eV.
If f ¼ p; n, the required energy is of order MeV.
The ground state of most atoms is accompanied by

several other states related to it by flipping the spin of one
or more valence electrons, or by changing the z component
Iz of the nuclear spin. The energy differences between these
states can be conveniently tuned by the Zeeman effect. The
interaction of the axion with a nuclear spin ~I may be written

HaN̄N ¼ gN
fa

~∇a · ~I ð4Þ

where the gN are dimensionless couplings of order 1 that
are determined by nuclear physics in terms of gp and gn.
Relevant calculations are presented in Ref. [28].
The transition rate by axion absorption from an atomic

ground state j0i to a nearby excited state jii is

Ri ¼
2

maf2a
minðt; t1; taÞ

·
Z

d3p
d3n
dp3

ð~pÞjhijðge~Sþ gN~IÞ · ~pj0ij2 ð5Þ

on resonance. Here and henceforth ~S is electron spin. t is
the measurement integration time, t1 is the lifetime of the

excited state, and ta is the coherence time of the signal. The
latter is set by the energy dispersion δE ¼ mað1þ 1

2 v̄
2Þ of

dark matter axions, where v̄2 is their average velocity
squared. The frequency spread of the axion signal is Ba ¼
t−1a ¼ δE=2πma. The resonance condition is ma ¼ Ei − E0,
where Ei and E0 are the energies of the two states. The
detector bandwidth, i.e. the frequency spread over which
resonant transitions occur, is B ¼ 1=minðt; t1Þ. d3n=
dp3ð~pÞ is the local axion momentum distribution. The
local axion energy density is

ρa ¼ ma

Z
d3p

d3n
dp3

ð~pÞ: ð6Þ

Let us define gi by

g2i v̄
2maρa ≡

Z
d3p

d3n
dp3

ð~pÞjhijðge~Sþ gN~IÞ · ~pj0ij2: ð7Þ

gi is a number of order one giving the coupling strength of
the target atom. It depends on the atomic transition used,
the direction of polarization of the atom, and the momen-
tum distribution of the axions. It varies with time of day and
of year since the momentum distribution changes on those
time scales due to the motion of the Earth.
For a mole of target atoms, the transition rate on

resonance is

NARi ¼ g2i NAv̄2
2ρa
f2a

minðt; t1; taÞ

¼ 2.13 × 103

sec

!
ρa

GeV=cm3

"!
1011 GeV

fa

"
2

· g2i

!
v̄2

10−6

"!
minðt; t1; taÞ

sec

"
ð8Þ

where NA is Avogadro’s number. There is an (almost) equal
transition rate for the inverse process, jii → j0i with
emission of an axion. It is proposed to allow axion
absorptions only by cooling the target to a temperature
T such that there are no atoms in the excited state.
The requirement NAeð−ma=TÞ < 0.1 implies

T ¼ 12 mK
!
1011 GeV

fa

"
: ð9Þ

The transitions are detected by shining a tunable laser on
the target. The laser’s frequency is set so that it causes
transitions from state jii to a highly excited state (with
energy of order eV above the ground state) but does not
cause such transitions from the ground state or any other
low-lying state. When the atom deexcites, the associated
photon is counted. The efficiency of this technique for
counting atomic transitions is between 50% and 100%.

PRL 113, 201301 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

14 NOVEMBER 2014

201301-2

P. Sikivie, PRL 113, 201301 (2014)

1%←→ ∼ 1020 target atoms/cm3←→ & 1 liter ACTIVE VOLUME
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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– electrostatic interaction 104 cm−1
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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– further splitting by spin-orbit interaction 103 cm−1

– crystal field (Stark splitting)
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RE IN INORGANIC MATRICES

POSSIBLE UPCONVERSION SCHEMES IN Er3+ AND DETECTOR INTRINSIC THRESHOLD
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Results @ 1060 nm: 

• Output power @400mA: 160 mW 

• Tuning range: 130 nm 

• Threshold current: 23 mA 

• Diff. efficiency: 0.45 W/A 

• Losses: 100 mW 

λ/2  functions  to  increase  1”  reflectance  from  grating 
 
*all measured results were repeated several times with different combinations of optical components. 
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TUNABLE PUMP LASERS

(A) pump at 4I13/2 →4 S3/2
(λ ∼ 840 nm)
→ fluorescence at 540 nm

(B) pump at 4I15/2 →4 F9/2
transition (λ ∼ 1120 nm)
→ fluorescence at ∼ 650 nm

=⇒ intrinsic threshold∼ 0.7 eV
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RE IN INORGANIC MATRICES

IMPROVING THE DETECTOR INTRINSIC THRESHOLD
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states. A good agreement was found with g factors determined by
CW EPR (Table 1) as well as with other experiments and calculations
[31,32].

Fig. 4 shows the variation of the Zeeman level energies of the
I (0)15/2

4 , I (0)13/2
4 and I (1)13/2

4 doublets for magnetic fields up to
2.5 T and parallel to c or to a (or b) axes. Nonlinear dependences are
mainly observed for the excited states with fields larger than E0.5 T
perpendicular to c. This nonlinear behavior is due to mixing of the
crystal field levels by the magnetic field. When allowed by sym-
metry, mixing is stronger between close lying levels and becomes
significant when their energy separation is of the order of the Zee-
man one. These conditions are fulfilled for the excited states with B0
perpendicular to c (i): the I (0)13/2

4 and I (1)13/2
4 levels are separated

by only E5 cm!1 at zero field and g 7.45=⊥ , corresponding to a
Zeeman splitting of 8.7 cm!1 at 2.5 T; (ii) as the field is not along c,
the total Hamiltonian has a lower symmetry than S4 (or D d2 ),
relaxing the selection rules on level mixing. When the field is par-
allel to c, the lowest energy level which can be mixed with I (0)13/2

4

(resp. I (1)13/2
4 ) is I (3)13/2

4 (resp. I (2)13/2
4 ) with an energy separation

of 136 cm!1 (resp. 31 cm!1). The nonlinear behavior is therefore
weaker in this case. This is also observed for B c0∥ or B c0 ⊥ in the
ground state, where I (0)15/2

4 and I (1)15/2
4 are separated by 22 cm!1.

For B0 parallel to the c-axis, the experimental Zeeman splittings
Z Z1 2− , Y Y1 2− , Y Y3 4− are respectively 3.31, 1.75 and 1.46 cm!1. The
best theoretical fit was obtained with a 2.11 T field oriented along c,
close to the estimated magnitude of the experimental field B( 0≈
2.2 T) . The calculated splittings were 3.31, 1.59 and 2.08 cm!1, in
reasonable agreement with experimental values. When B0 was per-
pendicular to c, the experimental Zeeman splittings were 8.26, 6.05
and 5.28 cm!1 and the best theoretical ones 8.26, 6.17 and
4.82 cm!1. The latter were obtained with a 2.2 T magnetic field
oriented 18° away from a (or b) in the (a,b) plane. Indeed, the mag-
netic field was strong enough to lower the axial symmetry in the
calculations.

We also investigated the polarization of the transitions between
Zeeman levels in the B c0∥ case where the original axial site sym-
metry is preserved. Each calculated level was characterized by its
crystal field quantum number μ, which can take the values 1/2± and

3/2± in D d2 symmetry (Fig. 1). The selection rules for electric and

magnetic dipole transitions are given in Table 2. As the I I13/2
4

15/2
4↔

transition obeys the J 1Δ = selection rule, magnetic dipole processes
are allowed.

The polarized spectra shown in Fig. 2 are in good agreement with
theory. For example, the Z Y2 2→ line is only observed in the π
spectrum ( 3/2 1/2μ μ= − → = electric dipole transition) whereas
the Z Y2 3→ and Z Y1 4→ lines are s polarized ( 3/2 3/2μ μ= − → = −
and 3/2 3/2μ μ=+ → =+ magnetic dipole transitions). The Z Y1 1→
line is mainly π polarized ( 3/2 1/2μ μ=+ → = − electric dipole
transition) but a small s component is also observed. This may be
due to a small misorientation of the magnetic field.

3.2. Hyperfine structure

Hyperfine structure of Er3167 + was investigated by recording
transmission spectra with a narrow linewidth (100 kHz over the
experiments time scale) tunable laser. The zero magnetic field spec-
trum centered at 1530.37 nm (vacuum) of the I (0)15/2

4 - I (0)13/2
4

transition is shown in Fig. 5(a) and is similar to the one reported in Ref.
[23], although the spectral resolution was limited to 150MHz in this
previous work. A part from the intense line corresponding to the I¼0
nuclear spin isotopes, several weaker lines are observed. The transition
denoted by a star is due to Er3þ ions with one nearest neighbour 6Li
isotope [33]. Other lines correspond to transitions between hyperfine

Fig. 4. Calculated Zeeman level energies as a function of B0 magnetic field parallel
to c (solid lines) or to a (dashed lines). (a) I (0)15/2

4 , (b) I (0)13/2
4 and I (1)13/2
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Table 2
Selection rules for electric (E) and magnetic (B) dipole transitions in D d2 symmetry.

μ !1/2 1/2 !3/2 3/2

!1/2 B c∥ B E c, ⊥ B E c, ⊥ E c∥
1/2 B E c, ⊥ B c∥ E c∥ B E c, ⊥
!3/2 B E c, ⊥ E c∥ B c∥ B E c, ⊥
3/2 E c∥ B E c, ⊥ B E c, ⊥ B c∥

Fig. 5. High resolution absorption spectra at 10 K. (a) I (0) I (0)15
4

13/2
4→ transition

at zero magnetic field. Inset: example of a central hole burnt in a transition
between hyperfine levels and the corresponding side hole. A, B, and ⋆ labels see
text. (b) (Resp. (c)) Z Y1 1→ transition absorption spectrum for B c0∥ (resp. B c0 ⊥ ).
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pendicular to c, the experimental Zeeman splittings were 8.26, 6.05
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4.82 cm!1. The latter were obtained with a 2.2 T magnetic field
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are allowed.

The polarized spectra shown in Fig. 2 are in good agreement with
theory. For example, the Z Y2 2→ line is only observed in the π
spectrum ( 3/2 1/2μ μ= − → = electric dipole transition) whereas
the Z Y2 3→ and Z Y1 4→ lines are s polarized ( 3/2 3/2μ μ= − → = −
and 3/2 3/2μ μ=+ → =+ magnetic dipole transitions). The Z Y1 1→
line is mainly π polarized ( 3/2 1/2μ μ=+ → = − electric dipole
transition) but a small s component is also observed. This may be
due to a small misorientation of the magnetic field.

3.2. Hyperfine structure

Hyperfine structure of Er3167 + was investigated by recording
transmission spectra with a narrow linewidth (100 kHz over the
experiments time scale) tunable laser. The zero magnetic field spec-
trum centered at 1530.37 nm (vacuum) of the I (0)15/2

4 - I (0)13/2
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transition is shown in Fig. 5(a) and is similar to the one reported in Ref.
[23], although the spectral resolution was limited to 150MHz in this
previous work. A part from the intense line corresponding to the I¼0
nuclear spin isotopes, several weaker lines are observed. The transition
denoted by a star is due to Er3þ ions with one nearest neighbour 6Li
isotope [33]. Other lines correspond to transitions between hyperfine
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Table 2
Selection rules for electric (E) and magnetic (B) dipole transitions in D d2 symmetry.
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2.2 T) . The calculated splittings were 3.31, 1.59 and 2.08 cm!1, in
reasonable agreement with experimental values. When B0 was per-
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and 5.28 cm!1 and the best theoretical ones 8.26, 6.17 and
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We also investigated the polarization of the transitions between
Zeeman levels in the B c0∥ case where the original axial site sym-
metry is preserved. Each calculated level was characterized by its
crystal field quantum number μ, which can take the values 1/2± and
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transition obeys the J 1Δ = selection rule, magnetic dipole processes
are allowed.

The polarized spectra shown in Fig. 2 are in good agreement with
theory. For example, the Z Y2 2→ line is only observed in the π
spectrum ( 3/2 1/2μ μ= − → = electric dipole transition) whereas
the Z Y2 3→ and Z Y1 4→ lines are s polarized ( 3/2 3/2μ μ= − → = −
and 3/2 3/2μ μ=+ → =+ magnetic dipole transitions). The Z Y1 1→
line is mainly π polarized ( 3/2 1/2μ μ=+ → = − electric dipole
transition) but a small s component is also observed. This may be
due to a small misorientation of the magnetic field.

3.2. Hyperfine structure

Hyperfine structure of Er3167 + was investigated by recording
transmission spectra with a narrow linewidth (100 kHz over the
experiments time scale) tunable laser. The zero magnetic field spec-
trum centered at 1530.37 nm (vacuum) of the I (0)15/2

4 - I (0)13/2
4

transition is shown in Fig. 5(a) and is similar to the one reported in Ref.
[23], although the spectral resolution was limited to 150MHz in this
previous work. A part from the intense line corresponding to the I¼0
nuclear spin isotopes, several weaker lines are observed. The transition
denoted by a star is due to Er3þ ions with one nearest neighbour 6Li
isotope [33]. Other lines correspond to transitions between hyperfine
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Table 2
Selection rules for electric (E) and magnetic (B) dipole transitions in D d2 symmetry.

μ !1/2 1/2 !3/2 3/2
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Fig. 5. High resolution absorption spectra at 10 K. (a) I (0) I (0)15
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at zero magnetic field. Inset: example of a central hole burnt in a transition
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The Er3+, 4f shell electrons are dressed of their
interaction with the matrix.
Calculated Zeeman level energies as a function of B0
magnetic field parallel to c (solid lines) or to a (dashed
lines) in Er:YLF.
(a) 4I13/2(0) and 4I13/2(1)

(b) 4I15/2(0)
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LASER-INDUCED IR FLUORESCENCE AND AXION TRANSITION

– Er:YLF (0.01%, 1% doping), oriented

– immersed in liquid He (4.2 K)/superfluid He (1.51 K)
=⇒ axion transition saturated

– tunable laser (Ti:Sa)

– infrared (1.5µm) fluorescence scheme

– B0 = 370 mT (permanent magnet)
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B ‖ c

Figure 1 Transition 4I15/2,5,2 !  4I9/2,9/2. Left: The magnetic field is oriented along the optical axis of the crystal (B||c); 
Right: The magnetic field vector is perpendicular to the optical axis of the crystal (B┴c). Measurements are 
performed for two polarizations of the incident electromagnetic wave – E||c and E┴c. 

 

The band is centered at 12361 cm-1, while literature reports it at 12364 cm-1 (experimental data) and at 12321 cm-1 
(calculated) [1]. The width of the band is 1.3 pm, while at 13 K it was 1.9 pm. Gain: 106 for the measurements without 
magnetic field and no amplification for the measurements under magnetic field. 

For B||c: 

∆!! = ∆!!,! = 41,3!!" = 78.2!!"# = 18.9!!"# 

∆!! = ∆!!,! = 32.99!!" = 62.5!!"# = 15.2!!"# 

The formula !!" = ∆!!
!!!!!

 can be used only for a free ion, but not for those in crystal field. The splitting of the 4I15/2(0) 

state for B||c was reported to be around 19.3 GHz at 370 mT (information entracted from figure 4b ref. [2]). We can then 
assume that the splitting of 18.9 GHz can be assigned to the ground 4I15/2,5/2 state, while the one of 15.2 GHz – to the 
4I9/2,9/2. 

For B┴c: 

∆!! = ∆!!,! = 88!!" = 166.7!!"# = 40.3!!"# 

∆!! = ∆!!,! = 32!!" = 60.6!!"# = 14.7!!"# 

The splitting of 40.3 GHz is close to the value of 37.1 GHz extracted from figure 4b ref. [2] for the 4I15/2(0) state for B┴c 
and B = 370 mT. The splitting of 14.7 GHz can thus be assigned to the 4I9/2,9/2 state. 
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 can be used only for a free ion, but not for those in crystal field. The splitting of the 4I15/2(0) 

state for B||c was reported to be around 19.3 GHz at 370 mT (information entracted from figure 4b ref. [2]). We can then 
assume that the splitting of 18.9 GHz can be assigned to the ground 4I15/2,5/2 state, while the one of 15.2 GHz – to the 
4I9/2,9/2. 

For B┴c: 

∆!! = ∆!!,! = 88!!" = 166.7!!"# = 40.3!!"# 

∆!! = ∆!!,! = 32!!" = 60.6!!"# = 14.7!!"# 

The splitting of 40.3 GHz is close to the value of 37.1 GHz extracted from figure 4b ref. [2] for the 4I15/2(0) state for B┴c 
and B = 370 mT. The splitting of 14.7 GHz can thus be assigned to the 4I9/2,9/2 state. 
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λ3 − λ1 = 88 pm→ 166.7µeV→ 40.3 GHz

λ4 − λ3 = 32 pm→ 60.5µeV→ 14.7 GHz

By comparison with data in the literature we are able to identify the splitting of the ground state in the (A)
upconversion scheme with B ‖ c.
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B ‖ c

λ3 − λ1 = 41.3 pm→ 78.2µeV→ 18.9 GHz

λ4 − λ3 = 32.99 pm→ 62.5µeV→15.2 GHz

B ⊥ c

λ3 − λ1 = 88 pm→ 166.7µeV→ 40.3 GHz

λ4 − λ3 = 32 pm→ 60.5µeV→ 14.7 GHz

NO ATOMS IN THE EXCITED STATE REQUEST

NAe−(ma/T) < 0.1↔ T = 12 mK
[

ma(eV)

0.6·10−4

]
= 15.6 mK =⇒ ⇑ B0 field (thus ma) to operate at T ∼ 200 mK
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LASER-INDUCED BACKGROUNDS

Is the laser heating the crystal? / At which level is the transparency condition not satisfied?
Measure the temperature of the active volume of the detector via LIF from the Stark levels.
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Table 1
31Experimental and calculated energy levels of the Er ion in the LiYF matrix; M and irreps are given too4 J

2S21 21 21L level uM u G E (cm ) E (cm )J J i exp calc

4I 5 /2 G 0 215 / 2 7

15 /2 G 17 36

3 /2 G 28 97

1 /2 G 57 486

9 /2 G 255 2506

7 /2 G 290 2866

11/2 G 320 3237

13/2 G 355 3427

4I 1 /2 G 6540 655313 / 2 6

3 /2 G 6545 65567

13/2 G 6585 65967

7 /2 G 6680 66976

5 /2 G 6704 67187

9 /2 G 6731 67506

11/2 G 6745 67647

4I 1 /2 G 10 213 10 21711 / 2 6

3 /2 G 10 230 10 2317

5 /2 G 10 290 10 2867

7 /2 G 10 300 10 3076

11/2 G 10 309 10 3137

9 /2 G 10 327 10 3256

4I 9 /2 G 12 364 12 3219 / 2 6

3 /2 G 12 486 12 4757

7 /2 G 12 540 12 5156

5 /2 G 12 568 12 5277

1 /2 G 12 663 12 6406

4F 9/2 G 15 307 15 3059 / 2 6

3 /2 G 15 325 15 3227

1 /2 G 15 341 15 3386

7 /2 G 15 416 15 4156

5 /2 G 15 469 15 4727

4S 3/2 G 18 433 18 4363 / 2 7

1 /2 G 18 492 18 4936

2H(2) 5 /2 G 19 152 19 17411 / 2 7

7 /2 G 19 172 19 1986

9 /2 G 19 224 19 2426

11/2 G 19 309 19 3137

1 /2 G 19 326 19 3196

3 /2 G 19 342 19 3327

4F 5/2 G 20 571 20 5627 / 2 7

7 /2 G 20 573 20 5666

3 /2 G 20 662 20 6597

1 /2 G 20 671 20 6666
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3 /2 G 22 279 22 2877
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1 /2 G 22 653 22 6636
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Stark splitting of the free ion terms 
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LASER-INDUCED BACKGROUNDS
Measure the temperature of the active volume of the detector via LIF from the Stark levels:
LIF from (15/2,15/2) at two different temperatures scales as the ratio of the Boltzmann factors P(E)
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INTRODUCTION AXIOMA BkUP

LASER-INDUCED BACKGROUNDS

Measure the temperature of the active volume of the detector via LIF from the Stark levels:
LIF from (15/2,15/2) is linear with laser power
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MATCHING THE AXION LINEWIDTH

The linewidth ∆f = 1/πτ+ (τ+ lifetime of the upper Zeeman level) of the transition between the GS
Zeeman-split levels should be matched to Qa ∼ 2 · 106 (axion linewidth)

22 IEEE JOURNAL OF QUANTUM  ELECTRONICS A p i t  
figuration. In  this case, u8 is again taken  as lo-'' em2. 
The spectral  width of level 3' in a divalent  rare  earth 
is relatively  broad, and electric dipole transitions between 
4-f" levels and 4 7 '  5-d levels are parity-allowed. Thus 
for the  pump  transition 2 -+ 3', either  a  typical f number, 
f E IO-', or a  typical average cross section, 2, = em2, 
can  be specified. 

The detector  geometry used to derive the  quantum 
efficiency of the QC using the energy-level scheme of 
Fig. 1 is shown in  Fig. 3. A uniform signal flux, Pd(W/cma), 
is incident on the detector face of area A, where -4 = 1,1,, 
and a uniform pumping flux, P,(W/cm2), is incident on 
the detector face perpendicular to area A,  with  area A' 
equal to 1,d. Not,e that P, refers to  the pump flux available 
for absorption  in the pump  transition  and  not  the  t'otal 
flux of a  lamp if a  broadband source is being used. The 
host  material cont.ains impurity ions of density n which 
possess the energy-level scheme of Fig. 1. Fluorescence 
a t  wavelength X, is emitted  by the detector  in 4~ ster- 
adians, and f2 steradians of it are collected and focused 
on a photomultiplier  surface of quantum efficiency v, for 
detecting quanta at h,. If the probability  (internal  quan- 
tum efficiency) for generation of a fluorescence photon 
at wavelength X. per incident photon a t  wavelength X, 
is vr, then  the  total  quantum efficiency for the QC, r l t ,  

will  be 

f2 
r l t  = 7 1 P r l I  471- (2)  

The value of qp  depends  on the wavelength X, and  the 
spectral  sensitivity of the particular  broadband  photo- 
multiplier tube being used. For  the energy-level scheme 
of Fig. I, two distinct  types of QC action are possible. 
In  Case I, the  output emission takes place in the  transition 
3 t 1 ; in Case 11, the  output emission takes place in 
the transition 3 -+ 2 .  A derivation of the  transient  and 
steady-state  quantum efficiencies, v,(t) and q,, for each 
case is presented  in the Appendix. 

Case I 
The  steady-state  quantum efficiency, qf, for Case I is 

found to be 

q(1 - e-uand) 
V I  = ___ ( q  + 4') + fiw, 111 2/r,u,Pp' (3)  

The value of rlf is  less than  unity for all possible parameters 
but may exceed q, the fraction of the instantaneous popula- 
tion of level 3 that decays radiatively to level 1 and 
contributes  to  the  output flux. The  steady-state  quantum 
efficiency, v I ,  is plotted  in Fig. 4 as  a  function of the 
pump flux for "typical" RE"- and RE3'-doped materials, 
with T~ as a parameter.  The values q = 0.3, q' = 0.1, 
and hwp = 2.8 by lo-'' joules (the energy of a ruby laser 
photon) were  assumed in the calculation of 'I, in  Fig. 4. 
For RE3"-doped  materials the upper abscissa scale is used, 
while for RE"-doped materials the lower abscissa scale 

\ 
\ / 

/ 
\ 

PHOTO SURFACE, 7),, 

Fig. 3. Quantum-counter device geometry used in analysis of device 
performance. 

I 1 I I I I 
10-7 10-5 10-3 lo-' 10' lo3 lo5 

PUMP FWX ( P,), W/crn2 

Fig. 4. Graph of internal  quantum efficiency 71 for typical EE$+ 

parameter  (second).  Numerical  values  used  are: q = 0.3, q' = 0.1, 
and RE2+ materials  as a function of pump flux P, with 7 2  as a 

gP = 10-19 cm2, ap = 10-'6 cm2. 
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CONCLUSIONS

AXIOMA I results for a gas system New J. Phys. 17 (2015) 113025
I upconversion in RE-doped crystals Appl. Phys. Lett. 107 (2015) 93501
I solid crystals of inert gasses: demonstrated apparatus that allows high purity crystals

growth and verified electrons emission through the solid-vacuum interface in s-Ne and
s-CH4

Currently investigating:
– laser-induced noise
– matching Qa with the Zeeman transition (τm)
– upconversion efficiency and lifetime of the excited state
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BACKUP SLIDES
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AXION DETECTION IN A GAS SYSTEM

I BGC (buffer gas cooling). 16O2 cooled by collisions with a helium-3 thermal
bath at temperature THe ' 280 mK =⇒ Wba(Bmin) = 11 cm−1 (1.4 eV)

I magnetic field region:
Wba saturates for B > Bmax = 18 T
1.4 eV< ma <1.9 eV

I detection: REMPI (resonance-enhanced multi-photon ionization spectroscopy)
I Nrefl = 13500 to maximize the fraction of molecules that interacts with the

laser beam F = (Nrefl πw2)/(h d + h2 tan θ)

the C 2g
3 V1 �( ) component, the conditionW W B w w12 T 11 cm max ,ba ba

min 1
laser rot

int� � � ��( ) ( ) can be
easily satisfied. Thismeans that a and b levels of the axion transition are fully resolved by (2+1)REMPI
spectroscopy.

4. Experimental apparatus and results

A schematic representation of the experimental apparatus is shown infigure 3.Machined fromCryo-G10, the
BGC cell is thermally anchored to themixing chamber of a dilution refrigerator by high-purity copper braids
[35]. Thermal conductivity along the cell length is provided by copper wires running vertically along the outer
Cryo-G10walls. A holewith a diameter of d=15 cm ismade in one of thewalls to let the 16O2molecules escape
from the cell into a second chamberwhose internal surface is covered by a layer of activated charcoal. At
cryogenic temperatures, this acts as a pumpwith a speed of a few thousands dm 3 s−1, creating a high-vacuum
region. The (2+1)REMPI interrogation then takes place in the bore of 57 cmdiameter superconductingmagnet
(coaxial to the BGC cell)which creates a homogeneousmagnetic field of up to 18 T along a traveling distance
h=12 cm. Two facing high-reflectivity (Rm=99.995%)mirrors are used to accomplishmultiple reflections of
the laser beam so as to draw a pattern of a large number of spots,Nrefl, through the trapezoidal section of the
(truncated-cone-shaped)molecular beam. In this way, the laser radiation interacts with a fraction

N w h d h tanrefl
2 2� Q R� �( ) ( ) of themolecular flux, wherew denotes the laser beamwaist and θ=60° is

themolecular beamdivergence. Then, forw=1 mmandNrefl=13 500, 1� � is found. At the end of the
magnet, amicro-channel plate is then employed to collect the (2+1)REMPI ionization products. Capillary
filling is used to inject both themolecular oxygen and theHe-3 buffer gas, coming from room-temperature
bottles, into the 280 mKBGC cell. For an efficient cooling process, the oxygenmolecules should enter the cell
with a temperature of 60 K, which ensures an appreciable vapor density (8 1017q cm−3). The same type of
consideration applies to the helium-3 buffer gas; here, as alreadymentioned, an inlet temperature of 280 mK
gives rise to a vapor pressure of 3 1016q cm−3. These injection temperatures can be obtained by choosing, for
each of the two gas lines, themost appropriate thermal-exchange configuration (both in terms of geometry and
materials) through all the stages of the refrigerator aswell as on the BGC cell walls. Thewhole is housed in a
cylindrical vacuum chamber equippedwith a number of optical windows for laser spectroscopy. As
demonstrated in [26], for the case illustrated infigure 2, an effective (2+1)REMPI-detection can be
accomplishedwith laser pulses offluence 1mJ 100 m ;2Q N_ [ ( ) ] conservatively, this can be assumed as a
threshold value, F 30thr � mJmm−2. This can be obtainedwith a commercial Nd:YAG[4ω0]-pumped LiCaAlF:
Ce3+ laser with the following characteristics: repetition rate RR 150 Hz� (the condition RR v hm� must be
satisfied), pulse length 10 ns� , linewidth 0.05 nm� , pulse energy 140 mJ� [36]. This corresponds to an initial
laserfluence of F 30in � mJmm−2. It is worth pointing out that, after N 13 500refl � reflections, the laser
fluence drops to the value F F F0.5m

N
fin in in

refl*� � that is significantly below Fthr. To overcome this drawback,

Figure 3. Schematic layout of the experimental apparatus. The 280 mK 16O2 beam emerging from the BGC source is subjected to
REMPI spectroscopy. Any ionization product, only possible as a consequence of axion-driven a l b absorption events, is eventually
detected by amicro-channel plate. The actual signal depends on the specificmolecular transition used, themolecule’s polarization
direction (determined by themagnetic field), and themomentumdistribution of the axions (varyingwith time of day and of year) [1].
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(2+1)REMPI
2 ph to intermediate state
+1 ph to ionize

detect an axion absorption occurrence before collisions with surrounding particlesmay cause decay from level b.
As alreadymentioned,molecular oxygen is well-suited to the (2+1)REMPI interrogation scheme. In general,
thismethod involves a resonant single ormultiple photon absorption to an electronically excited intermediate
state followed by another photonwhich ionizes themolecule; the ionization product is then detectedwith
almost 100% efficiency usually by amicro-channel plate (MCP). Specifically, the (2+1) symbolmeans that two
photonsmust be absorbed to excite themolecule in the intermediate state and one photon to ionize the
molecule.With reference tofigure 2, in the 16O2 case, (2+1)REMPI spectroscopy can be carried out exploiting
the C 2g

3 V1 �( ) component as the intermediate state by using laser pulses tunable around 287 nm [32, 33].
Anomalously, the rotational levels belonging to this component are characterized by far long lifetimes (in other
words, they aremuch less predissociative than usual), thus favorably exhibiting enough narrow line widths (<
6 cm−1) [34]. Therefore, callingwlaser the laser linewidth andwrot

int thewidth of the narrowest rotational level in

Figure 2.Energy-level diagram involved in the (2+1)REMPI spectroscopic detection. The oxygenmolecules promoted by the axion
field into the (N=1, J=1,MJ=−1) level are subsequently ionized by using laser pulses tunable around 287 nm (violet arrows).
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GAS SYSTEM: ULTRACOLD MOLECULAR OXYGEN 16O2

In 1 s, the number of oxygen molecules that have been exposed to the axion field is

Nmolec =
nmax

4
π(d/2)2vm,

where vm =
√

(8 kB T)/πm
and nmax ' (1/30) nHe = 1015 cm−3 max molecular density that can be cooled to THe

=⇒ the axion-induced absorption event number

N = Nmolec
h̄

vm
RabF(ndays · 24 · 3600)

In the worst caseRab = 1 Hz/NA → N ' 1 for an acquisition time of 10 days

. . . is it possible to increase the density?
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