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Interactions of cosmic axions with Rydberg atoms in resonant cavities via the Primakoff process
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A quantum theoretical treatment of the interactions of cosmic axions with Rydberg atoms in resonant cavities
via the Primakoff process is developed, by taking into account the finite temperature and the dissipation due to
the finite damping time of the cavities. The time evolution of the number of the excited Rydberg atoms,
evaluated numerically based on the theoretical formulations, enables us to obtain the detection efficiency of the
axion-converted photons with a good signal-to-noise ratio. The optimum experimental setup to search for dark
matter axions with Rydberg atoms is presented.

PACS number~s!: 95.35.1d, 14.80.Mz, 32.80.Rm
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Search for the so-called ‘‘invisible’’ axions@1,2# as non-
baryonic dark matter particles is one of the most challeng
issues related to recent particle physics and cosmology@3,4#.
The relevant mass window of such axions still open is
tween 1meV and 1 meV@3,5#. It is, however, extremely
difficult to detect the cosmic axions due to their extraor
nary weak interactions with ordinary matters, although p
neering tries were reported already@6,7#.

A promising way to detect the cosmic axions is to conv
firstly the axions into microwave photons in a resonant c
ity under a strong magnetic field via the Primakoff proce
as originally proposed by Sikivie@8#. A quite efficient
scheme to search for the cosmic axions is then expected
obtained by utilizing Rydberg atoms to detect the axio
converted microwave photons in the cavity@9#. A schematic
diagram of the experimental system with Rydberg atom
shown in Fig. 1. The axions are converted into photons i
cavity permeated by a strong magnetic field~called the con-
version cavity!, and then the photons transferred to anot
cavity ~called the detection cavity! via a coupling hall are
absorbed by the Rydberg atoms. The detection cavity is s
be free from the magnetic field to avoid the complexity
the energy levels due to the Zeeman splitting of the relev
levels. The Rydberg atoms, the transition frequency of wh
is tuned approximately to the cavity resonant frequency,
prepared by exciting alkaline atoms in the ground state w
laser excitation just in front of the detection cavity. Thus t
Rydberg atoms are coupled with the photons only in the
tection cavity. The frequency width of lasers now available
so small~much less than 1 MHz! that it is possible to prepar
all the Rydberg atoms in the lower state initially, thus bei
free from the inherent noise in the detection system in
sense. Only the Rydberg atoms thus excited to the upper
by absorbing the photons are detected quite efficiently w
the selective field ionization method@10# just out of the cav-
ity. By cooling the resonant cavities down to about 10 m
with a dilution refrigerator in high vacuum, all the releva
background photons are reduced to less than the expe
number of the axion-converted photons. Thus we can ex
that the Rydberg single-photon detector system provide
530556-2821/96/53~4!/1740~5!/$06.00
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quite efficient detection scheme of the cosmic axions w
the background noises suppressed sufficiently in themse

In order to obtain quantitative and rigorous results on
above-mentioned expectations we develop a quantum t
retical treatment of the interactions of cosmic axions w
Rydberg atoms in resonant cavities via the Primakoff p
cess, that is, via the axion-converted photons under a st
magnetic field. To the present author’s knowledge, no s
detailed, and especially quantum theoretical treatment
axion-atom interactions in resonant cavities has been p
lished so far. We believe also that these theoretical formu
tions and calculations are interesting from the viewpoint
applications of the cavity quantum electrodynamics to fu
damental research. Specifically, we take into account the
nite temperature and the dissipation due to the finite damp
time of the cavities. From these theoretical calculations
can determine the time evolution of the Rydberg atoms
cited by absorbing both the background blackbody a
axion-converted photons. This enables us to estimate
signal-to-noise (S/N) ratio in the detection of axion-
converted photons. By taking into account the transit time
the Rydberg atoms through the cavity and the numeric
evaluatedS/N ratio, the minimum time required to observ
the signals from the cosmic axions is estimated as a func
of the collective coupling strength of Rydberg atoms with t
radiation mode in the cavity. Thus we find the optimum e
perimental setup to search for the cosmic axions with
present scheme.

In this Rapid Communication we present the results
these theoretical analyses, and more detailed and prac
design of the whole experimental system to search for
cosmic axions with Rydberg atoms based on these anal
will be presented separately in forthcoming papers.

The axion-photon interaction under a strong static m
netic field ~flux densityB0) is described by the Lagrangian

La5e0gaggfE•B0 , ~1!

wheregagg and f are the coupling constant and the axio
field operator, respectively. In this expression, the dielec
constante0 is explicitly factored out so as to makegagg
R1740 © 1996 The American Physical Society
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53 R1741INTERACTIONS OF COSMIC AXIONS WITH RYDBERG ATOMS . . .
independent of the choice of the unit of electromagnetis
The electric field operator in the cavityV is given by

E~x,t !5A\vc

2e0
@a~x!c~ t !1a* ~x!c†~ t !# ~2!

for the radiation mode with a resonant frequencyvc , where
c† and c are the creation and annihilation operators, a
a(x) is the mode vector field normalized b
*V ua(x)u2 d3x51. The whole cavityV may be viewed as a
combination of two subcavities, the conversion cavityV 1
with volume V1 and the detection cavityV 2 with volume
V2 coupled together:V 5V 1% V 2 . The axion-photon con-
version takes place inV 1 , while the Rydberg atoms ar
excited by the photons inV 2 where B0(x)50. Then, the
mode vector may be divided as

a~x!5a1~x!1a2~x!, ~3!

where a1(x)50 for xPV 2 and a2(x)50 for xPV 1 , re-
spectively. The normalization fora(x) is written as

E
V 1

ua1~x!u2 d3x1E
V 2

ua2~x!u2 d3x51. ~4!

The actual cavity is designed so that neglecting the sm
joint region the subcavitiesV 1 andV 2 admit the mode vec-
tors a1

0(x) anda2
0(x) ~up to the normalization and comple

phase!, respectively, whose frequencies are almost equa
some common valuev̄c . In this situation, as confirmed by

FIG. 1. Schematic diagram of the present experimental sys
to search for cosmic axions with Rydberg atoms in cooled reso
cavities. The axions are converted into photons in the conver
cavity permeated by a strong magnetic field, while the photons
absorbed by the Rydberg atoms in the detection cavity which is
from the magnetic field. Only the excited Rydberg atoms are i
ized and detected with the selective field ionization method. T
cavities are cooled down to;10 mK with a dilution refrigerator.
.
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numerical calculation, two nearby eigenmodes with the f
quenciesvc ,vc8.v̄c are obtained for the whole cavityV .
Then, the mode vectora(x) is constructed approximately o
a1(x).a1

0(x) and a2(x).a2
0(x) with significant magni-

tudes in bothV 1 and V 2 . The conversion of the cosmi
axions takes place predominantly for the radiation mo
which is resonant with the axions satisfying the conditi
uvc2mau &g, as will be seen later, whereg is the cavity
damping constant. The cavity can be designed so as to
the separation ofuvc2vc8u@g for the nearby modes with
strong enough coupling betweenV 1 andV 2 . Therefore, in
calculating the signal from the axion-photon conversion,
resonant mode can be extracted solely for the electric fiel
a good approximation, as given in Eq.~2!, whose frequency
is supposed to be close enough to the axion mass.

The cosmic axions, on the other hand, form a coher
stateuha&. Since the velocity dispersion of the cosmic axio
is expected to be very small,ba;1023 @3,8#, the axions may
be treated effectively with a single mode operatora corre-
sponding to the coherent state. It is relevant to normalize
coherent mode with

n̄ a5^haua†auha&.la
3~ra /ma!, ~5!

where ra is the axion energy density and the de Brog
wavelength of the axions is estimated to
la5h/(bama);100 m for the axion massma;1025 eV.

The axion-photon conversion in the cavityV 1 is well
described in terms of the coherent axion modea and the
radiation modec with the effective Hamiltonian

Hac52\k~a†c1ac†!, ~6!

which is obtained from the interaction Lagrangian~1!. By
considering the relationsu^hauauha&u5n̄ a

1/2 from Eq. ~5! and
u^hauf6uha&u.(\ra /ma

2)1/2 in

e0gagg^hau~*V 1
d3x f1E2•B0!uha&.\k^hauac†uha&

~‘‘ 6 ’’ represent the positive and negative frequency pa
respectively! @11#, the coupling constantk is estimated for
vc.ma in the unit ofc5\51 @12# as

k.6310226 eVS gagg

1.4310215 GeV21D S z1GB0

4 T D
3S bama

102331025 eVD 3/2S V1

104 cm3D 1/2

, ~7!

where B0 is the maximal density of the external magne
flux. The form factor is defined by

G[V1
21/2z1

21U E
V 1

d3x a1~x!•@B0~x!/B0#U, ~8!

with

z1[F E
V 1

d3xua1~x!u2G1/2

. ~9!

This factorz1 @,1 as seen from Eq.~4!# represents the ef
fective reduction of the axion-photon conversion which
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R1742 53I. OGAWA, S. MATSUKI, AND K. YAMAMOTO
due to the fact that the magnetic field is applied only
V 1 . If a transverse magnetic~TM010! cavity with G5A0.7
is taken typically forV 1 , as cited in Eq.~7!, z1GB054 T is
obtained for a magnet ofB057 T with the cavity volume
factor z150.7.

The Rydberg atoms are excited by absorbing photon
the cavity V 2 , which is utilized for counting the axion
converted photons. In practice, by injecting a uniform atom
beam, certain numberN of atoms are constantly present
the cavity interacting with the radiation mode. Then, such
ensemble of identical atoms is expected to behave as a
lective system@13#. The effective coupling between the ra
diation modec and the collective atomic modeb is given by

Hbc52\VN~b†c1bc†!, ~10!

where VN5VN̄ 1/2;1029 eV(V/104 s21)(N/105)1/2 with
N̄ [( i ua2(xi)/ā u2;N summed over the atomic positionxi

@a(xi)5a2(xi) in V 2 , ua2(xi)u<ā ], and the single atom
field coupling is calculated byV5(d/\)(\vc /2e0)1/2ā at a
position of ua2(x)u5ā with the electric dipole matrix ele
mentd for the transition of frequencyvb @13,14#.

The time evolution of the axion-photon-Rydberg syste
is governed by the following equations of motion in th
Heisenberg picture, when all of the Rydberg atoms are p
pared initially in the lower state:

dzi

dt
5Ki j zj1Fi , ~11!

wherezi5(b,c,a), Fi5(0,Fc ,Fa), and

K5S 2 ivb iVN 0

iVN 2 ivc2 1
2 g ik

0 ik 2 iva2 1
2 ga
D ~12!

with g5vc /Q (Q is the quality factor of the cavity! and
ga.ba

2ma , the energy dispersion of the cosmic axions. T
external forcesFc andFa are introduced for the Liouvillian
relaxations of the photons and axions, respectively@13,14#.

The equations of motion~11! are solved by determining
the eigenmodeslm with factorization

det~s12K !5~s2l0!~s2l1!~s2l2!. ~13!

The initial particle numberŝzi
†(0)zj (0)&5d i j n̄ j are taken a

follows: n̄ a is given in Eq. ~5!, n̄ b50 for the number o
excited atoms~all the Rydberg atoms are prepared in t
lower state!, andn̄ c5(e\vc /kBTc21)21 for the thermal pho
tons at the cavity temperatureTc . Then, by taking into ac-
count the correlation properties ofFc and Fa @13,14#, the
particle numbers att.0 are determined in terms ofn̄ c and
n̄ a :

ni~ t !5^zi
†~ t !zi~ t !&5r ic~ t !n̄ c1r ia~ t !n̄ a , ~14!

where

r i j ~ t !5(
m,n

gi j
m* gi j

n F S 12
j j

nmn
De2nmnt/tg1

j j

nmn
G ~15!
in

c

n
ol-

e-

e

with gi j
m5 lims→lm

(s2lm)(s12K) i j
21 , ja5ga /g, jc51,

nmn52(lm* 1ln)/g, andtg5g21.
In the following analyses we assume the conditi

Dvb[vb2vc50 for simplicity, wherer bc(`)51 is ob-
tained @13#. All the results obtained below are, howeve
not sensitive to the differenceDvb as long as uDvbu
&g/2 is satisfied. The factors relevant to the atomic sig
r ba(t)n̄ a from the axion-photon conversion are calcula
as gba

m 52kVN(lm2lk)
21(lm2l l)

21 (mÞk,l ; kÞ l ).
Then, by factorizingr ba(`) with (k/g)2, the atomic excita-
tion is given asymptotically fort@tg by

nb~`!5n̄ c1~k/g!2g~Dva!n̄ a , ~16!

whereDva[va2vc . Figure 2~a! shows typical behavior of
the form factorg(Dva) numerically calculated for various
values of the coupling constantVN . The form factor
g(Dva) has peaks corresponding to the resonant conditi
l0.l6 for gba

m . Especially, whenVN.g/4, it has two
peaks~Rabi splitting! aroundDva.6VN with width .g.

The transit time of the atoms passing through the cav
places the effective time for the atom-field interactions. It
typically t tr51025 s(L/1021 m)(104 ms21/v), whereL is
the cavity length andv the mean velocity of atoms. Thi
transit time also determines the number of atoms per
time, N/t tr , which are measured at the exit of the cavi
Thus, the counting rates of the excited atoms which are p
duced by the axion-photon conversion and thermal noise
given, respectively, by

Rs5
r ba~ t tr!n̄ a

t tr
, Rn5

r bc~ t tr!n̄ c

t tr
. ~17!

The measurement time required to search for the signa
the confidence level ofms is then estimated by

Dt5
m2~11Rn /Rs!

Rs
. ~18!

FIG. 2. ~a! The form factorg(Dva) and ~b! the measuremen
time Dt(s) required to search for the cosmic axion signal w
3s confidence level, respectively, as a function of the detun
frequencyDva /g for various values ofVN . The optimal transit
time is chosen~see Fig. 3! for eachDva . The relevant parameter
used are vc5vb51025 eV, Q553104, V 15104 cm3, B0

57 T, andTc510 mK.
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53 R1743INTERACTIONS OF COSMIC AXIONS WITH RYDBERG ATOMS . . .
Shown in Fig. 3 is the transit time dependence ofDt for
m53 which is numerically calculated for various values
VN . In this calculation we have assumed the cavity para
eters Tc510 mK (n̄ c.931026) and g52310210 eV
(tg.331026 s) with vc51025 eV andQ553104. The
axion-photon couplingk is taken from Eq. ~7!, and
n̄ a.5.731025 is calculated in Eq.~5! by assumingra equal
to our galactic halo densityrhalo.0.3 GeV cm23 with
ma51025 eV andba51023. As seen in Fig. 3,Dt takes the
minimum value;10 s if t tr is taken to be several times o
tg for VN*0.3g. If t tr*10tg , Dt is increasing propor-
tional to t tr with r ba(t tr).r ba(`). On the other hand, if
t tr&tg , there is not enough time for the atom-field intera
tions to provide a significant atomic signal.

The atomic transit timet tr thus should be adjusted to b
several timestg for the case ofVN*0.3g, in order to real-
ize the optimal measurement timeDt. In this situation, the
atom-field interactions last long enough in the cavity, so t
the asymptotic values are almost achieved for the ato
excitations; r ba(t tr).(k/g)2g(Dva) and r bc(t tr).1. The
S/N ratio is then found to be significant from a rough es
mate Rs /Rn.g(Dva)(k/g)2n̄ a /n̄ c(Tc).2–6 with the
maximal value ofg(Dva)5gmax.4 –10 as shown in Fig
2~a!. This estimate has actually been confirmed in the
merical calculation ofDt shown in Fig. 3, where theS/N
ratio is calculated precisely from Eq.~17! at each value of
t tr with the specific value ofDva to give g(Dva)5gmax.

The measurement timeDt is also shown in Fig. 4 as a
function of VN . Here the optimal transit timet tr , as shown
in Fig. 3, is taken for the respective values ofVN . It is found

FIG. 3. Transit time dependence of the measurement t
Dt(s). The relevant parameters are the same as in Fig. 2.

FIG. 4. The measurement timeDt(s) as a function of the cou-
pling constantVN . The relevant parameters are the same as
Fig. 2.
-
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in Fig. 4 that the choice ofVN /g around 0.1–1.0 is the mos
favorable. Close inspection of the relevant transiti
strengths and the level schemes of alkaline Rydberg at
@10# shows that the realization of the collective atom-fie
coupling VN in this range can be obtained by selecting a
propriate Rydberg states and controlling suitably the num
of injected atoms. The optimal transit timet tr , on the other
hand, can be obtained by adjusting the atomic velocity.

Since the axion mass is unknown we have to sea
for the axions by varying the cavity resonant frequency a
also the transition frequency of the Rydberg atoms. T
tuning of the cavity resonant frequency can be obtain
by moving an insulating rod inserted in the cavity. The tu
ing of the transition frequency of the Rydberg atoms a
accomplished in two ways: rough tuning of the frequency
done by selecting appropriate levels of the atoms, i.e.,
changing the principal quantum numbern of the Rydberg
states, while fine-tuning of the frequency is performed
applying an electric field in the detection cavity, thus indu
ing the Stark shift of the transition energy of the Rydbe
states. The frequency step ofvc ~with keepingvb5vc) to
be changed in the search for axions with unknown mass m
be taken to be

Dvc5g/2, ~19!

as suggested from the form ofg(Dva) shown in Fig. 2~a!.
This can also be seen by plotting theDva dependence of the
measurement timeDt with the optimalt tr , as shown in Fig.
2~b! for various values ofVN . If the axion massma
(.va) lies in the frequency range scanned with this st
then the atomic signal will become significant at a cert
step to give the resonant value ofDva ; g(Dva)>gmax/2 as
found in Fig. 2~a!, and Dt.50 s or shorter as seen in Fig
2~b!.

In this situation, the total scanning time over a frequen
range of 0.1vc is estimated to be

t tot5
0.1vc

Dvc
Dt.5 days ~20!

in the experimental search for the cosmic axions w
gagg;1.4310215 GeV21 @15# and ma;1025 eV. Taking
into account all the axion-mass dependence of the rela
parameters, the aboveDt and t tot depend on the axion mas
approximately as

Dt.50 sS ma

10 meVD 2.5

, t tot.5 daysS ma

10 meVD 1.5

.

~21!

From these dependences, the present method could be
plied for the axion of mass up to about 50meV with only one
conversion cavity. Use of multiple cavities for axion conve
sion @7# will enable us to extend the present method furth
to more massive axions.

In conclusion, we have developed a quantum theoret
treatment of the axion-Rydberg atom interactions in reson
cavities via the Primakoff process. From the time evoluti
of the excited Rydberg atoms due to the absorption of
axion-converted and thermal background photons, the tra
time dependence of the detection efficiency of the axio

e

n



m
th
em
g
se
u

es

p-
rch

the
an,
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is estimated numerically for actual experimental circu
stances. Then, the optimum conditions are found for
setup of the experimental arrangement in the present sch
These analyses clearly indicate that the Rydberg-atom sin
photon detection scheme in resonant cavities is a quite
sitive method to search for the cosmic axions, enabling
to reach the theoretical limit of the cosmic axion density
.
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pecially of the Dine-Fischler-Srednicki-Zhitnitskii~DFSZ!
type @2,15# within a reasonable measuring time.
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