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1. Introduction.

Light feebly-interacting pseudoscalar particles appear in modern particle physics in various
ways. Originally, a pseudoscalar particle called an axion was proposed in late 1970s to explain
the strong CP problem in quantum chromodynamics [1, 2]. In addition to the motivation for the
particle physics models, axions and ALPs are of a great interest in cosmology because they could
make up a significant fraction of the dark matter in the Universe [3-5].

The Lagrangian for interacting ALPs and photons can be written as follows

LZ—%FM‘,F"“’+%aﬂaa”a—%miaz—%gawaFWF'“V , (1)
where F,, is the electromagnetic tensor and FHv = %e’“’"ﬁ Fop is its dual, a is the ALP field of
mass m, with dimensionful photon-axion coupling g .

A typical strategy for probing ALPs implies both their production and detection in a laboratory,
and usually called Light-Shining-through-Wall (LSW) experiments [6-9]. The LSW setups consist
of two cavities separated by a non-transparent wall. ALPs are produced in the first cavity by
interaction of electromagnetic field components. Generated ALPs can pass through the wall and
convert back to photons in the detection cavity. Recently, several proposals with LSW radio cavities
appeared in the literature including superconducting radio frequency (SRF) cavities [10-12]. In this
paper we compare four different LSW cavity setups including modification of the CROWS [9, 13].

Figure 1: Two specific types of the experimental configuration consisting of two cylindrical cavities with
(left panel) coaxial or (right panel) parallel orientation and screened by axion-penetrable wall. Wavy and
solid lines represent electromagnetic field (cavity mode or magnetic field) and ALPs respectively.

We also study transfer of ALPs from the emitter to the receiver for the specific designs and
discuss their optimal configuration, either coaxial or parallel (see e. g. Fig. 1 for detail).

2. Axion electrodynamics.

The Euler-Lagrange equation for the ALP field reads,

1 .
(00" +m?)a = ~ 1 Sayy Fu F™ (2)
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while the Maxwell’s equations with an ALP-induced current read,
OuF" = —8ayy Opa F*” . 3)
One can rewrite Eqgs. (2) and (3) in terms of the electric and magnetic fields,
(00" +m%) a = gayy(E - B) )

(V-E)=pa, [VXBl=E+],, 5)

where the density of charge p, and current fa are respectively given by

Pa = _gayy(ea ’ E) > fa = gayy([ea X E] +dé) . (6)

3. The emitter cavity.

We consider two options for the production of ALPs using RF cavities:

(i) a normally conducting RF cavity with a single pump mode with frequency wy immersed
in a strong static magnetic field Eext. We use the notation MF emitter (i. e. pump mode (M) +
magnetic field (F)) for this case throughout the paper;

(i) a superconducting RF cavity with two pump modes at frequencies w; . We use notation
MM emitter (pump mode (M) + pump mode (M)) for this setup.

For the MF emitter case, the source function in the Eq. (4) contains a single component
oscillating at the frequency w, = wg. However, for the MM emitter case, there are two components
at frequencies w, = Wi = Wy + w (W3 > wp). Each particular combination of the field for both
MF emitter and MM emitter reads,

F(1,8) = 8ayy ES"BS™ Re (€ - B)(R) - e7'@al | )

where EG™, B are typical values of the emitter EM fields, (é .8 )(X) is a dimensionless function
determined by the production approach. It is worth noticing that Eq. (4) implies the following

solution,
a(t,X) = gayy ESmBgm/ a*x Re[(é - B) (¥
ikali-F'|~iwat .
= Re [a(X) e7'¥al]| | 8
Ty = Rele@e ] ®
where k, = \w? — m2 are typical momenta of the produced ALPs, integration is performed over

the emitter volume Vip,. One can replace ik, with —k, = —vm?% — w?% in Eq. (8) for m, 2 w,.

4. The receiver cavity.

A resonant generation of electromagnetic modes in the detecting cavity caused by the axion-
induced current (see Egs. (6) for detail). Two options are assumed for detection:
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(i) the receiver cavity is a normally conducting one, and it is immersed into external constant
magnetic field Eext. We use the notation M*F receiver (induced signal mode (M*) + magnetic field
(F) of the receiver) for that case (the label M* denotes the mode that we expect to detect throughout
the paper);

(ii) the receiver cavity is superconducting, and it is pumped by the detecting mode. We use the
notation M*M receiver (induced signal mode (M*) + pump mode (M) of the receiver) for this setup
of the cavity. The typical magnitude of the signal can be characterized by the expression [10, 12]

G = Qe .L/ P (T, ©)

Wy Viec

rec

where Q.. is a quality factor for the receiver eigenmode and V. is the volume of the receiver
cavity, wy is a frequency of the receiver signal eigenmode, and és (X) is a dimensionless signal
eigenmode. Remarkable, the general expression of the overlapping integral in Eq. (9) for both M*F
and M*M receivers reads

/ Px (E-T) = —iwsgmBg“/ Px (&-B)(Da) , (10)
VreC ‘/rec

where B“ is a characteristic magnetic field of the detection cavity and (5 -f?)* (X) is a dimensionless
complex-conjugated function that is associated with a specific way of ALP detection.

5. Signal power.

Here we discuss the signal induced by the axion field for the cavity experimental setups. To be
more concrete, by using Egs. (8) and (10) we can rewrite the amplitude in Eq. (9) in general form

VemG

G = iQrecay, Eg" BBy —4

1D

where A is typical distance between cavities, and the dimensionless factor G is given by the following

expression
dx (A% 5 3 = elkalX=X1 A
g:/ / &-B) (@) (E-B)(F 2 (12)
Vi Vem( ) () (&-B)(X) — T
Viee  Vem
The typical signal power reads
w S w, 1
Pag= g [ X AEX ) = 231G Vi (13)
rec Qrec2

VI'CC

where ES (X, 1) is a signal solenoidal electric field that is resonantly enhanced by the ALP in the
receiver.
We estimate sensitivity numerically as maximum output in the receiver cavity that is given by
the Dicke radiometer equation,
Pgional
SNR = 2% . VA, (14)

noise
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where ¢ is an integration time for a signal, Av is its bandwidth and P is @ power of thermal

noise which can be estimated as Ppgjse = TAv in the limit wg < T, where T ~ 1.5 K is the typical

temperature of the receiver. We consider two options for Ay: the bandwidth of a cavity mode

itself (i.e. Av = vs/Qrec, Where v = wg/(21)) and the narrowest possible bandwidth of a pump

generator, which can be as small as Ay ~ 1/t (see e. g. Refs. [10, 12] and references therein).
Finally, by using Eqs. (13) and (14) we obtain the expected sensitivity,

1

Ay ;
) o

2A’T SNR
Q)sQrecE2 B B2 Vzmvrec|g|2

0,em~ 0,em O,rec’ ©

8ayy=

where signal to noise ratio is SNR =~ 5 and the typical parameters are considered in the next sections.

6. The expected reach.

Now we compare the efficiencies of four different experimental setups for probing ALPs with
LSW methods:

MF emitter + M*F receiver;

¢ MM emitter + M*M receiver;

¢ MM emitter + M*F (RF) receiver;
* MF emitter + M*M receiver.

In addition, we study in detail the sensitivity dependence on the cavity location and on the
aspect ratio R/ L of the ALP emitter.

6.1 MF emitter + M*F receiver.

Let us consider the typical LSW setup consisting of two RF cavities which are placed both
into a strong static magnetic field [9, 13]. We carry out analysis for the characteristic volume of
the emitter and receiver cavities Viee = Vem =~ 1m?>, we also exploit the receiver quality factor
QOrec = 10°. We consider the typical magnitude of the emitter pump mode E§™ = 3MV/m. The
typical values of the static magnetic fields are taken to be By™ = B* = 3 T. The distance between
receiver and emitter walls is A = 0.5 m. The pump mode of the emitter and the signal mode of the
receiver are TMy;o.

In Fig. 2 (left panel) we show the expected sensitivity of the setup as a function of R/L for
both parallel and coaxial designs of the cavities (see e. g. Fig. 1 for detail), we also set the ALP
benchmark masses to be m, = 0 and m, ~ w,. It must be noticing that we consider sensitivity
for m, = 0 as the most important (optimal) setup characteristic compared to the resonant bound at
mg = wy regime throughout the paper. It implies that the typical bounds at m, = 0 cover the larger
logarithmic mass scale range (m, < w4/2) in (gayy,my) plane.

Thus we take into account that Q. = 10° for R/L = 1. Tt turns out that coaxial design
for R/L = 1 is more preferable. It is remarkable that in this case the typical expected reaches
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Figure 2: The sensitivity of MF emitter + M*F receiver setup for both coaxial and parallel cavity locations
and the TMyo emitter and receiver modes. Left panel: the dependence on the emitter cavity radius-to-length
ratio R/L. Right panel: expected reach as a function of ALPs mass at optimal R/ L for coaxial (R/L =~ 1.67,
R ~0.81m, L ~0.49m) and parallel (R/L ~ 0.37, R ~ 0.49m, L ~ 1.32m) geometries. The integration
time is # = 10° s. The temperature of the receiver is taken to be 7 = 1.5 K.

for both masses m, = 0 and m, =~ w, coincide by the order of the magnitude at the level of
Sayy =3 x 10711 GeV~!. However, there is a notable difference between the expected reaches at
mg = 0 and m, ~ wy for the parallel design. Note that optimal radius to length ratio (that implies
better sensitivity on g, in case of m, = 0) is R/L = 1.67 for coaxial design and R/L =~ 0.37 for
parallel design.

In Fig. 2 (right panel) we show the expected reach as a function of the ALP mass m, for both
coaxial and parallel locations of the cavities at the optimal ratios R/L assuming two options of the
signal bandwidth Av =~ v/Q. and Av ~ 1/t, where ¢t ~ 10 is the typical time of measurement.
The conservative cavity bandwidth Av =~ v/Q\. yields the expected limit g,,, < 5 X 10710 Gev~!
that is weaker than the CAST constraint [14]. However, the optimistic bandwidth Ay =~ 1/t can
provide the expected reach g4, < 3 X 10- 1 GeV~! for m, < Wa/2.

6.2 MM emitter + M*M receiver.

The second setup of our interest consists of two equal SRF cavities [10]. In the emitter cavity,
ALPs are generated by an interaction of two cavity modes. In the detection cavity, produced ALPs
interact with a single pump mode (which coincides with one of the production cavity pump modes),
producing the resonantly enhanced signal mode in the receiver cavity. The magnitude of the surface
amplitude of pump modes for an SRF cavity to be as small as By™" < 0.1 T (E;™"° < 30MV/m)
to avoid the superconductivity state destruction. The volume of the emitter and receiver cavities
Viee = Vem =~ 1 m?, their quality factor Q@ ~ 10'°. This high quality factor implies specific fine tuning
of the emitter cavity frequency, see [15]. The expected power of the emitter cavity is Pey, =~ 0.1 kW.

In Fig. 3 (left panel) the expected reach as function of emitter radius-to-length ratio R/L
is shown. We exploit Q. = 10' for R/L = 1. It turns out that the optimal magnitude of
R/L for the coaxial cavity location and for the ALP mass limit m, = 0 is R/L ~ 1.6. The
regarding expected sensitivity is g4y, < 5% 107! GeV~! that is comparable with the CAST bound
8ayy SO6X 10~'' GeV~!. For parallel location of the cavities, the optimal radius-to-length ratio is
R/L ~ 0.35 implying m, = 0. We note that zero axion mass bounds g,y < 6 X 10710Gev~! are
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Figure 3: The sensitivity of MM emitter + M*M receiver cavity setup. This facility implies combination
of TMojo + TEg;; production pump modes. The pump mode of a receiver and its signal mode are chosen
to be TMy0 and TEq;; respectively. Left panel: the expected limit g, as a function of production cavity
radius-to-length ratio R/L (we set the emitter volume at Ve, = 1 m?). Right panel: Sensitivity as a function
of ALPs mass at optimal R/L for coaxial (R/L ~ 1.60, R ~ 0.80m, L ~ 0.50 m) and parallel (R/L =~ 0.35,
R ~0.48m, L ~ 1.37 m) designs.
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Figure 4: The sensitivity of the MM emitter + M*F receiver setup for TMyo + TE;; emitter pump modes
and TMy,¢ detection signal mode. The case of ALPs frequency w, = w, is considered. Left panel: the
sensitivity dependence on emitter cavity radius-to-length ratio R/L (fixed volume of V., = 1 m?® and fixed
length of L. = 0.5m). Right panel: sensitivity as a function of ALPs mass at optimal R/L for coaxial
(R/L=~144,R ~0.77m, L ~0.54m, Ry = 0.22m, L. =~ 0.5m) and parallel (R/L ~ 0.33, R ~ 0.47 m,
L ~ 1.43m, R ~ 0.18m, L. ~ 0.5m) design. Integration time is ¢ = 10° s, the temperature of the
receiver is taken as 7 = 1.5 K.

ruled out by the CAST. The signal cavity bandwidth is chosen to be at the level Av ~ 1/¢, where
t ~ 10°s is a typical time of the measurements.

In Fig. 3 (right panel) we show the expected limit g, of this setup as a function of the ALP
mass m,. It turns out that the sensitivity has a sharp peak at the resonance m, ~ w, for both
coaxial and parallel designs. For the optimistic signal bandwidth Av ~ 1/t regarding expected limit
is estimated at the level of g4y, < 5% 10711 GeV™! form, < w, /2.
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Figure 5: The sensitivity of the MF emitter + M*M receiver setup for TMy;¢ emitter pump mode and
TMyo receiver pump mode and TEg;; receiver signal mode. Left panel: the sensitivity dependence on
receiver cavity radius-to-length ratio R/L (fixed volume of Vi, = 1 m? and fixed length of Ley, = 0.5 m).
Right panel: sensitivity as a function of ALPs mass at optimal R/L for coaxial (R/L ~ 1.46, R ~ 0.78 m,
L ~0.53m, Repy =~ 0.22m, Ley = 0.5m) and parallel (R/L ~ 0.36, R ~ 0.49m, L ~ 1.35m, Rey, ~ 0.18 m,
Lem =~ 0.5m) design. Integration time is # = 10% s and the temperature of the receiver is taken as 7 = 1.5 K.

6.3 MM emitter + M*F receiver.

The next setup that we consider in our study consists of a production SRF cavity with two
pump modes and a detection RF cavity immersed into static magnetic field [11, 16].

In Fig. 4 we show the sensitivity of this type of experiment for the characteristic volume of
the emitter cavity Ve, =~ 1 m? and its quality factor Qe =~ 1019, Amplitudes of the emitter pump
modes are By™ = 0.1T (E;™ = 30MV/m) to avoid destruction of the superconducting state. The
expected power of the emitter cavity is Pe, =~ 0.1 kW. The distance between receiver and emitter
walls is A = 0.5 m. The pump modes of the emitter are TM;¢ and TEy;, and the signal mode of
the receiver is TMojg. The receiver quality factor is Qe = 10° and the typical value of the static
magnetic field By = 3 T.

In Fig. 4 (left panel) we show the typical expected reach for this setup as a function of R/L
for the emitter cavity. We emphasize that the regarding bounds are ruled out by the CAST facility
at gayy < 3.0X 10719GeV~!. This can be also justified from the right panel of Fig. 4 where the
typical bounds are shown in the (g4y,,m,) plane.

6.4 MF emitter + M*M receiver.

The final setup consists of a production RF cavity with a pump mode into static magnetic field
and a detection SRF cavity with a pump mode.

In Fig. 5 we show the sensitivity of this type of experiment for the characteristic volume of the
receiver cavity Ve =~ 1 m? and its quality factor Qe = 109, The amplitude of the emitter pump
mode is E;™ = 3MV/m (B{™ = 0.01 T) and the magnitude of static magnetic field is Bexe = 3 T.
The expected power of the emitter cavity is Pepy ~ 100kW. The distance between receiver and
emitter walls is A = 0.5 m. The pump mode of the emitter is TMgo, the pump mode of the receiver
is TMpjo and the signal mode of the receiver is TEq;;. The receiver quality factor is Qrec = 10'0
and the typical value of the pump mode amplitude is By = 0.1T.



Light-shining-through-wall cavity setups for probing ALPs Dmitry Salnikov

Type of the setup Bgm’(l) B(e)m’(z) Bgec Orec Pem |G| Sayy

MF em. + M*F rec. | 0.01T 3T 3T | 10° | 100kW | 1072 | 3x 10711 Gev~!
MMem. + M*Mrec. | 0.1T | O.1T [0.1T | 109 | 0.1kW | 1073 | 5x 10711 GeV~!
MMem. + M*F rec. | 0.1T | O.1T | 3T | 10° | 0.1kW | 1073 | 3x 107 10GeV~!

MF em. + M*Mrec. | 0.01T 3T | 01T | 10 | 100kW | 1073 | 9x 10711 Gev~!

Table 1: Table 1: Comparison of the characteristics for various experimental setups. The geometrical
formfactor |G| and the setup sensitivity g,,, are presented for the best ratio of R/L of coaxial location and
the mass of ALPs m, < wg,/2.

In Fig. 5 (left panel) we show the typical expected reach for this setup as a function of R/L for
the receiver cavity. We emphasize that the regarding bounds are ruled out by the CAST facility at
8ayy S 9.0X 10~ GeV~! for the mass range m, < w, /2. This can be also justified from the right
panel of Fig. 5 where the typical bounds are shown in the (g4y,, ) plane. Remarkably however
that the typical peak bounds at m, =~ 2 x 107%eV can rule out the CAST limits.

7. Results and discussion.

We compared four types of the LSW radio setups for ALP searches and determined the best
design for them. We summarize our study presenting important parameters for each setup in Table 1.

We concluded that the MF emitter + M*F receiver and the MM emitter + M*M receiver setups
can achieve the similar top sensitivity g4, < (3 —5) x 101! GeV~!at m, < wg/2. In particular,
it turns out that the larger electromagnetic field combination and the geometrical formfactor of RF
cavities compensate its smaller quality factor. Moreover, we find that the best relative location of
the cavities is coaxial with the ratio of R/L ~ 1.6.

The MF emitter + M*F receiver setup is a modification of the CROWS experiment [13] that
implies larger volume of the cavities Ve = Viee =~ 1 m?, lower temperature, and narrower bandwidth
of the signal, Av ~ 1/t. However, there is a disadvantage of this setup that implies the relatively
large emitter power Pe, ~ 100kW. The advantage of the MM emitter + M*M receiver setup is
that its emitter power is 4 orders of magnitude smaller than the previous one. Given the benchmark
parameters, the last two setups, MM emitter + M*F receiver and MF emitter + M*M receiver, has
the weakest sensitivity, see Table 1. Moreover, the typical bounds g4y, < 0(1071%) Gev~! would
be ruled out by the CAST.
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