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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 numbds): 95.35+d, 14.80.Mz, 32.80.Rm

Search for the so-called “invisible” axionfdl,2] as non-  quite efficient detection scheme of the cosmic axions with
baryonic dark matter particles is one of the most challenginghe background noises suppressed sufficiently in themselves.
issues related to recent particle physics and cosmdlagy. In order to obtain quantitative and rigorous results on the
The relevant mass window of such axions still open is be-above-mentioned expectations we develop a quantum theo-
tween 1ueV and 1 meV[3,5]. It is, however, extremely retical treatment of the interactions of cosmic axions with
difficult to detect the cosmic axions due to their extraordi-Rydberg atoms in resonant cavities via the Primakoff pro-
nary weak interactions with ordinary matters, although pio-C€SS, that is, via the axion-converted photons under a strong
neering tries were reported alrea;7]. magnetic field. To the present author’s knowledge, no such

A promising way to detect the cosmic axions is to converidetailed, and especially quantum theoretical treatment of

firstly the axions into microwave photons in a resonant cav—;".‘xr'f’rzjl'ator;1 m\t/srat():tllc')nS mlrest(r)]n?r:;[] CaV'ELeS hat\_s tl)(?en pll“'b'
ity under a strong magnetic field via the Primakoff process IShed So far. We belleve aiso that these theoretical formula-

as originally proposed by Sikivid8]. A quite efficient tions and calculations are interesting from the viewpoint of

scheme to search for the cosmic axions is then expected to applications of the cavity quantum electrodynamics to fun-

. o ) mental research. Specifically, we take into account the fi-
obtained by utilizing Rydberg atoms to detect the axion-yjte temperature and the dissipation due to the finite damping

converted microwave photons in the caig). A schematic  inq of the cavities. From these theoretical calculations we
diagram of the experimental system with Rydberg atoms ig4, getermine the time evolution of the Rydberg atoms ex-
sho_wn in Fig. 1. The axions are convgrt(_ad into photons in &iieq by absorbing both the background blackbody and
cavity permeated by a strong magnetic fiétalled the con-  axjon-converted photons. This enables us to estimate the
version cavity, and then the photons transferred to anothekjgnal-to-noise §/N) ratio in the detection of axion-
cavity (called the detection cavityia a coupling hall are  converted photons. By taking into account the transit time of
absorbed by the Rydberg atoms. The detection cavity is set e Rydberg atoms through the cavity and the numerically
be free from the magnetic field to avoid the complexity of evaluatedS/N ratio, the minimum time required to observe
the energy levels due to the Zeeman splitting of the relevanthe signals from the cosmic axions is estimated as a function
levels. The Rydberg atoms, the transition frequency of whiclof the collective coupling strength of Rydberg atoms with the
is tuned approximately to the cavity resonant frequency, areadiation mode in the cavity. Thus we find the optimum ex-
prepared by exciting alkaline atoms in the ground state witlperimental setup to search for the cosmic axions with the
laser excitation just in front of the detection cavity. Thus thepresent scheme.

Rydberg atoms are coupled with the photons only in the de- In this Rapid Communication we present the results of
tection cavity. The frequency width of lasers now available isthese theoretical analyses, and more detailed and practical
so small(much less than 1 MHzhat it is possible to prepare design of the whole experimental system to search for the
all the Rydberg atoms in the lower state initially, thus beingcosmic axions with Rydberg atoms based on these analyses
free from the inherent noise in the detection system in thigVill be presented separately in forthcoming papers.

sense. Only the Rydberg atoms thus excited to the upper state The axion-photon interaction under a strong static mag-
by absorbing the photons are detected quite efficiently witetic field (flux densityB,) is described by the Lagrangian
the selective field ionization meth¢d0] just out of the cav-

ity. By cooling the resonant cavities down to about 10 mK Za= €0Yay,y$E-Bo, (1)

with a dilution refrigerator in high vacuum, all the relevant

background photons are reduced to less than the expectadereg,,, and ¢ are the coupling constant and the axion
number of the axion-converted photons. Thus we can expedield operator, respectively. In this expression, the dielectric
that the Rydberg single-photon detector system provides eonstante, is explicitly factored out so as to makg,,,
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dilution numerical calculation, two nearby eigenmodes with the fre-
;efsrt‘grflra“on quenciesw,,w.=w. are obtained for the whole cavity".
A Ty~10mK tuning rod laser Then, the mode vecta#(x) is constructed approximately of
a(X)=ad(x) and a,(x)=a3(x) with significant magni-
e A gﬂidzation tudes in both7; and 7,. The conversion of the cosmic
chamber| mj P — axions takes place predominantly for the radiation mode
e = which is resonant vyith the axions satisfying the coqdition
cavity A stark |w.—m,| <7y, as will be seen later, wherg is the cavity
v electrode damping constant. The cavity can be designed so as to give
the separation ofw.— w(|>y for the nearby modes with
strong enough coupling between; and 7°,. Therefore, in
calculating the signal from the axion-photon conversion, the

resonant mode can be extracted solely for the electric field in
a good approximation, as given in E@), whose frequency
is supposed to be close enough to the axion mass.

The cosmic axions, on the other hand, form a coherent
state| 7,). Since the velocity dispersion of the cosmic axions
is expected to be very sma,~10 3 [3,8], the axions may
be treated effectively with a single mode operatocorre-

tuningf| |atomic sponding to the coherent state. It is relevant to normalize the
rod beam coherent mode with
_ . .3
FIG. 1. Schematic diagram of the present experimental system N a=(nala'alna)=N3(pa/Ma), ®)

to search for cosmic axions with Rydberg atoms in cooled resonant here is the axion enerav density and the de Broglie
cavities. The axions are converted into photons in the conversio’ Pa | ! 9y Ity gl

cavity permeated by a strong magnetic field, while the photons argvavelength of the axions 1S eSt'mated_5 o be
absorbed by the Rydberg atoms in the detection cavity which is freda= h/(ﬁama)~ 100 m for thET axion massi, ~ 1.0 . ev.
from the magnetic field. Only the excited Rydberg atoms are ion- 1h€ axion-photon conversion in the cavity; is well
ized and detected with the selective field ionization method. Th&lescribed in terms of the coherent axion madend the
cavities are cooled down te 10 mK with a dilution refrigerator. ~ radiation modec with the effective Hamiltonian

independent of the choice of the unit of electromagnetism. Hac=~fi(actach), ©6)

The electric field operator in the cavif” is given by which is obtained from the interaction Lagrangiél). By

considering the relation 7,/a| 7,)| =n = from Eq.(5) and

Lo _
ExD)=\ 5o la00et)+ @ 0c ()] @ Kmaldlma)|=(hpalmd)in

,-d3x ¢, E_-B =1 ac’
for the radiation mode with a resonant frequengy, where €o0ay{ 7al (J 70X & o)l 7a)=h < malact| 72)

ct and c are the creation and annihilation operators, and(“ +" represent the positive and negative frequency parts,

a(x) i52 ghe mode vector field normalized by yogpectively [11], the coupling constank is estimated for
J A @(x)|* d®x=1. The whole cavity?” may be viewed asa . in the unit ofc=%=1 [12] as
Cc a

combination of two subcavities, the conversion cavity
with volume V; and the detection cavity”, with volume - Jayy {,GB,
V, coupled together?'=7,®7",. The axion-photon con- k=6X10"?° eV| 1a<10 5 Ge\fl)( 1T )
version takes place i}, while the Rydberg atoms are '

excited by the photons i, where Bo(x)=0. Then, the Bam, VAR
mode vector may be divided as X 103x105 evl |10F cni) ° (7
a(X)= ay(X) + ap(X), (3 whereB, is the maximal density of the external magnetic
_ flux. The form factor is defined by
where ay(x) =0 for xe 75 and a,(x)=0 for xe 77, re-
spectively. The normalization fa®(x) is written as i1 5
G=V; ", jfd X aq(X)-[Bo(X)/Bo]|, (8)
”
f |y ()| d3x+f |y (x)|* d®x=1. 4 .
7 7 with

The actual cavity is designed so that neglecting the small _ q4° 5 12 9

joint region the subcavitieg’; and 7, admit the mode vec- G1= ” x| ay(x)] ©)

tors af(x) and a3(x) (up to the normalization and complex
phase, respectively, whose frequencies are almost equal t@his factor{, [<1 as seen from Eq4)] represents the ef-
some common value, . In this situation, as confirmed by a fective reduction of the axion-photon conversion which is
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due to the fact that the magnetic field is applied only in
7. If a transverse magnetid@My;o cavity with G= /0.7 10¢

is taken typically for7;, as cited in Eq(7), {1GBy=4T is S
obtained for a magnet dBy,=7 T with the cavity volume 2 1L
factor £/,=0.7. o

The Rydberg atoms are excited by absorbing photons in o.1L
the cavity 7,, which is utilized for counting the axion- 10% oW
converted photons. In practice, by injecting a uniform atomic g "
beam, certain numbeX of atoms are constantly present in O 1.0
the cavity interacting with the radiation mode. Then, such an S0 5o
ensemble of identical atoms is expected to behave as a col- i
lective systen{13]. The effective coupling between the ra- e e e e S T )
diation modec and the collective atomic modeis given by Aw, [y

Hpc=—#AQy(b'c+bch), (10)

FIG. 2. (a) The form factorg(Aw,) and (b) the measurement
where QN:Q|\|_1/2~ 107° eV(Q/10* sT1)(N/10°)Y2 with  time At(s) required to search for the cosmic axion signal with
N EEi|a2(xi)/a—[2~N summed over the atomic positioq 30 confidence level, re_spectively, as a function o_f the detu_ning
[a(x)=ay(x) in 75, |a2(Xi)|Sa_], and the single atom- f_requ_encyAa)a/y for_ various values of}y. The optimal transit
field coupling is calculated b@Z(d/h)(th/ZEO)llza_at a time is choseﬁsee_Flg;?for eacrlAwa.o'l;he rsle_vag‘lt p;rsameters
position of |a,(X)|=a with the electric dipole matrix ele- Lisfi ::]Z?C__lcgbrgio eV, Q=5x10, 7,=10" e, Bo
mentd for the transition of frequency,, [13,14. S e '

The time evolution of the axion-photon-Rydberg system
is governed by the following equations of motion in the
Heisenberg picture, when all of the Rydberg atoms are pre¥mn=—(Ap+Xp)/y, and7,=7y

with gfi=lims .\ (s=Am)(s1-K)jt, &=valy, &=1,
-1

pared initially in the lower state: In the following analyses we assume the condition
Awp=wp—w.=0 for simplicity, wherer,()=1 is ob-
dz tained [13]. All the results obtained below are, however,
H:KHZJ‘”LFN (1) nhot sensitive to the differencd w, as long as|Awy|
=<+v/2 is satisfied. The factors relevant to the atomic signal
wherez;=(b,c,a), F;=(0,F.,F,), and rpa(t)n 5 from the axion-photon conversion are calculated
. _ as gpe=—kQnA\m—N) TAm—A) Y (m#K; K#]D.
—lwp 1Qy 0 Then, by factorizing ,,(°) with (x/vy)?, the atomic excita-
‘ IOy —iwe—Lty i K 12 tion is given asymptotically fot> 7, by
0 P —iwa—1va Np(22) =N ¢+ (k/7)?g(Awa)N 4, (16)

. _ ) ) whereA w,= w,— 0. . Figure Za) shows typical behavior of
with y=w¢/Q (Q is the quality factor of the cavilyand  the form factorg(Aw,) numerically calculated for various
Ya=B3M,, the energy dispersion of the cosmic axions. Theyalues of the coupling constarf)y. The form factor
external forced=. andF, are introduced for the Liouvillian 0(Aw,) has peaks corresponding to the resonant conditions

relaxations of the photons and axions, respectiy&8;14. No=\. for gpy. Especially, whenQ\>vy/4, it has two
The equations of.motiom;) are solved by determining peaks(Rabi splitting aroundA w,=~ + Q with width = y.
the eigenmodes ,, with factorization The transit time of the atoms passing through the cavity

places the effective time for the atom-field interactions. It is
typically t,=10"° s(L/10° ! m)(10* ms /v), whereL is

the cavity length and> the mean velocity of atoms. This
transit time also determines the number of atoms per unit
time, N/t,,, which are measured at the exit of the cavity.
Thus, the counting rates of the excited atoms which are pro-
duced by the axion-photon conversion and thermal noise are
given, respectively, by

def{sl—K)=(s—Ag)(S— A, )(S—\_). (13

The initial particle number(szfr(O)zJ(_O)>= ;N j are taken as
follows: n , is given in Eq.(5), n ,=0 for the number of
excited atoms(all the Rydberg atoms are prepared in the
lower state, andn .= (e"“</*8Tc— 1)~ for the thermal pho-
tons at the cavity temperatufie,. Then, by taking into ac-
count the correlation properties &, and F, [13,14], the

article numbers at>0 are determined in terms of . and — —
p— ¢ R _rba(ttr)n a R _rbc(ttr)n c

Na: s ) n (17
+ o - ttr ttr
Ni(t)=(z (t)zi(t))=ri(HHn c+riz(t)n 4, 14
(D=2 =re(O o+ Tia(ON o 19 The measurement time required to search for the signal at
where the confidence level afo is then estimated by

o m2(1+R,/Ry)

(15 R

(18

& | &
rij(t) =2, gir?*gir}[(l——J)e vt/ 7y 2L
m,n 14

mn Ymn
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in Fig. 4 that the choice df) /vy around 0.1-1.0 is the most
favorable. Close inspection of the relevant transition
strengths and the level schemes of alkaline Rydberg atoms
[10] shows that the realization of the collective atom-field
coupling Q) in this range can be obtained by selecting ap-
propriate Rydberg states and controlling suitably the number
of injected atoms. The optimal transit tinbg, on the other
hand, can be obtained by adjusting the atomic velocity.

Since the axion mass is unknown we have to search
for the axions by varying the cavity resonant frequency and
also the transition frequency of the Rydberg atoms. The
tuning of the cavity resonant frequency can be obtained
Pby moving an insulating rod inserted in the cavity. The tun-
ing of the transition frequency of the Rydberg atoms are
accomplished in two ways: rough tuning of the frequency is
L ) : done by selecting appropriate levels of the atoms, i.e., by
8_3I Whr:?h |s|nu|m_er|cally ﬁalculated fordvz:]nous \_/alues of changing the principal quantum numberof the Rydberg

N In this caleulation we av§6assume the cav_l% param'states, while fine-tuning of the frequency is performed by
eters To= 1,06 mK .(n c=9X 1,% ) and y=2x10 *" eV applying an electric field in the detection cavity, thus induc-
(7,=3x10 ° s) with w=10"° eV andQ=5x10". The ing the Stark shift of the transition energy of the Rydberg
axion-photon couplingx is taken from Eq.(7), and  qai0s The frequency step of, (with keepingwy=,) to

_~ 5 . . .
N ,=5.7x10° 1S calculated n Eq(5) by ass“m'”?ga equal be changed in the search for axions with unknown mass may
to our galactic halo densityp,~0.3 GeVcm* with be taken to be

m,=10"° eV andB,=10 3. As seen in Fig. 3At takes the

minimum value~10 s ift, is taken to be several times of Aw.=7I2, (19

7, for Qy=0.3y. If t,=107,, At is increasing propor-

tional to t, with ry,(t,)=rpa(). On the other hand, if as suggested from the form g{Aw,) shown in Fig. 2a).

ty=<r,, there is not enough time for the atom-field interac- This can also be seen by plotting the, dependence of the

tions to provide a significant atomic signal. measurement timAt with the optimalt,,, as shown in Fig.
The atomic transit time, thus should be adjusted to be 2(b) for various values ofQy. If the axion massm,

several times-,, for the case of)y=0.3y, in order to real- (=w,) lies in the frequency range scanned with this step,

ize the optimal measurement tindet. In this situation, the then the atomic signal will become significant at a certain

atom-field interactions last long enough in the cavity, so thastep to give the resonant value ®f,; g(Aw,)=0max/2 as

the asymptotic values are almost achieved for the atomifound in Fig. 2a), and At=50s or shorter as seen in Fig.

excitations; rp(ty) = (x/)?g(Aw,) and ry(ty)=1. The 2(b).

S/N ratio is then found to be significant from a rough esti- In this situation, the total scanning time over a frequency

mate Ry/R,=g(Aw,)(k/y)?n ,/n (T)=2-6 with the range of 0.l is estimated to be

maximal value ofg(Aw,)=0mna=4-10 as shown in Fig.

2(a). This estimate has actually been confirmed in the nu- t :O'lwcAtzs days (20)

merical calculation ofAt shown in Fig. 3, where th&/N T Aw,

ratio is calculated precisely from E@L7) at each value of

ty with the specific value oA w, to give g(A w,) = Gmax-
The measurement timat is also shown in Fig. 4 as a

function of Q. Here the optimal transit timg,, as shown

in Fig. 3, is taken for the respective values(ty . It is found

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

Shown in Fig. 3 is the transit time dependenceAdf for

in the experimental search for the cosmic axions with
Uayy~1.4x10°*° GeV ! [15] and m,~10"° eV. Taking

into account all the axion-mass dependence of the related
parameters, the abovet andt,, depend on the axion mass
approximately as

3
10° a

A - m 2.5 5 d ma 1.5
t= 10 pev) @ o> S5 ) -
(21)

From these dependences, the present method could be ap-
plied for the axion of mass up to about x@V with only one
conversion cavity. Use of multiple cavities for axion conver-
sion [7] will enable us to extend the present method further
to more massive axions.
0.01 0.1 I In conclusion, we have developed a quantum theoretical
Qfy treatment of the axion-Rydberg atom interactions in resonant
cavities via the Primakoff process. From the time evolution
FIG. 4. The measurement timet(s) as a function of the cou- Of the excited Rydberg atoms due to the absorption of the
pling constantQ, . The relevant parameters are the same as iraxion-converted and thermal background photons, the transit
Fig. 2. time dependence of the detection efficiency of the axions

At (s)

10 T R |
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is estimated numerically for actual experimental circum-pecially of the Dine-Fischler-Srednicki-ZhitnitskiDFS2)
stances. Then, the optimum conditions are found for thdype[2,15 within a reasonable measuring time.

setup of the experimental arrangement in the present scheme. The authors would like to thank A. Masaike for his sup-
These analyses clearly indicate that the Rydberg-atom singlgort and encouragement throughout this work. This research
photon detection scheme in resonant cavities is a quite semvas in part supported by the JSHS.), the Matsuo Foun-
sitive method to search for the cosmic axions, enabling ugation, and a Grant-in-Aid for the Scientific Research by the

to reach the theoretical limit of the cosmic axion density esMinistry of Education, Science, Sports and Culture, Japan,
under Program No. 05402005.
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