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Traditional LSW-type experiments

ALP Production: EM cavity mode + magnetic field → ALP
ALP Detection: ALP + magnetic field → signal mode

Figure 1 - The traditional LSW experiment scheme (CROWS)
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The scheme of the proposed setup

SRF cavities — larger quality factor and amplitudes for EM modes
but external magnetic field destroys superconducting state (condi-
tion on the surface magnetic field: | ~B| < 0.2 T for Niobium walls).
In SRF cavities additional EM mode instead of magnetic field.

Z. Bogorad et al., 2019;
R. Janish et al., 2019;

C. Gao et al., 2020.

Figure 2 - The experiment scheme
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Theoretical model

Axion-like particles (ALPs) are described by massive real pseudo-
scalar field of a(~x, t) with mass of ma.
The Lagrangian ALPs - photon interaction:

L = −1

4
FµνF

µν +
1

2
∂µa ∂

µa− 1

2
m2
aa

2 +
gaγγ

4
aFµν F̃

µν , (1)

where gaγγ - coupling constant, F̃µν =
1

2
εµναβFαβ - dual field

tensor.
The Lagrangian (1) yields the following equations of motion:

(∂µ∂
µ +m2

a) a =
gaγγ

4
Fµν F̃

µν , (2)

∂µF
µν = gaγγ F̃

µν∂µa. (3)
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Production of axion-like particles

If the electromagnetic invariant

Fµν F̃
µν = −4( ~E · ~B) (4)

is non-vanishing then Eq. (2) implies that the axion field can be
produced.
For a single TMnpq or TEnpq mode ( ~E · ~B) = 0. Thus it is necessary
to use at least two modes.
In this case two axion waves are produced:

a±(~x, t) = −gaγγ
4π
<e

∫
Vcav

d3x′
F±(~x′)

|~x− ~x′|
· eik±|~x−~x

′|−iω±t, (5)

where k± =
√
ω2
± −m2

a, ω± = |ω1 ± ω2|, ω1,2 - frequencies of
pump modes, F±(~x) - functions of their complex amplitudes.
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Modelling of axion field

m = 8 · 10−7 eV,

R1 = 1 m, L1 = 1 m, ω+ = 14.7 · 10−7 eV.
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Time-averaged energy density of ALPs

To describe the intensity of ALPs production, the time-average
energy density was calculated:

〈ρE±〉T =
1

2
〈ȧ2±〉T +

1

2
〈∂ia±∂ia±〉T +

1

2
m2
a〈a2±〉T . (6)

The spatial distribution of the time-average energy density (6) de-
pends on:

mass of ALPs;
cylindrical cavity geometry;
pump modes.
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Comparison of 〈ρE+〉 and 〈ρE−〉
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Figure 3 - The time-averaged energy density of ALPs for TM010 +
TE011 pump modes
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Comparison of various combinations
of pump modes
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Figure 4 - The time-averaged energy density of ALPs for TM011 +
TE011 and TM011 + TE012 pump modes
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Comparison of various geometry of cavity

2 , 6 0 2 , 6 5 2 , 7 0 2 , 7 5 2 , 8 0 2 , 8 5 2 , 9 0- 1 , 0
- 0 , 8
- 0 , 6
- 0 , 4
- 0 , 2
0 , 0
0 , 2
0 , 4
0 , 6
0 , 8
1 , 0

 C y l i n d e r  b o r d e r

m a ,  1 0 - 6  e V

z, m

0 , 0 0
0 , 2 1
0 , 4 2
0 , 6 3
0 , 8 4
1 , 0 4
1 , 2 5
1 , 4 6
1 , 6 7

< ρE+ > ,  1 0 - 4  e V . c m - 3

0 , 0 0 , 5 1 , 0 1 , 5 2 , 0 2 , 5- 1 , 0
- 0 , 8
- 0 , 6
- 0 , 4
- 0 , 2
0 , 0
0 , 2
0 , 4
0 , 6
0 , 8
1 , 0

 C y l i n d e r  b o r d e r

ρ,  m

z, m

0 , 1 7
0 , 3 6
0 , 5 4
0 , 7 3
0 , 9 2
1 , 1 1
1 , 3 0
1 , 4 8
1 , 6 7

< ρE+ > ,  1 0 - 4 e V . c m - 3

2 , 0 2 , 2 2 , 4 2 , 6 2 , 8- 3
- 2
- 1
0
1
2
3

 C y l i n d e r  b o r d e r

m a ,  1 0 - 6  e V

z, m

0 , 0 0
0 , 2 7
0 , 5 4
0 , 8 0
1 , 0 7
1 , 3 4
1 , 6 1
1 , 8 7
2 , 1 4

< ρΕ
+ > ,  1 0 - 3  e V . c m - 3

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0- 3
- 2
- 1
0
1
2
3

 C y l i n d e r  b o r d e r

ρ,  m

z, m

0 , 0 5
0 , 3 1
0 , 5 7
0 , 8 3
1 , 0 9
1 , 3 6
1 , 6 2
1 , 8 8
2 , 1 4

< ρΕ
+ > ,  1 0 - 3 e V . c m - 3

Figure 5 - The time-averaged energy density of ALPs for TM010 +
TE011 pump modes for various cavity geometry
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Radiation pattern

Consider the expression (5) for a±(~x, t):

a±(~x, t) = −gaγγ
4π
<e

∫
Vcav

d3x′
F±(~x′)

|~x− ~x′|
· eik±|~x−~x

′|−iω±t. (5)

In far distance where |~x| � |~x′| let us decompose integrand in
the formula (5) by a small parameter ~x′. Then we obtain the
asymptotic formula:

a±(~x, t) = −
gaγγ
4π|~x|<e e

ik±|~x|−iω±t
∫

Vcav

d3~x′ F±(~x
′)·exp

[
−ik±

(
~x′ · ~x|~x|

)]
+o

(
1

|~x|

)
.

(7)

Definition of the function of radiation pattern:

f±(ϕ, θ) = lim
|~x|→∞

〈a2±〉T
max
ϕ,θ
〈a2±〉T

. (8)
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Radiation pattern
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Figure 6 - Radiation pattern for TM010 + TE011 pump modes for
various masses of ALPs and cylindrical cavity geometries
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ALPs detection

The equation (3)
∂µF

µν = gaγγ F̃
µν∂µa. (3)

describes the generation of a signal electromagnetic field during
the interaction of ALPs with the field ~Be.
The decomposition of the signal electromagnetic field by the eigen-
modes of the detection cavity is considered:

~Esig(~x, t) =
∑
m

~Em(~x)Esig
m (t) . (9)

The number of produced photons of the signal mode can be esti-
mated according to the following relation:

Ns '
1

2ω

∫
2 cav

d3x 〈| ~Esig(~x, t)|2〉 ' V2
2ω
〈|Esig

m (t)|2〉 . (10)
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ALPs detection

The average energy density of the signal mode is expressed with
the following equation:

〈|Esig
m (t)|2〉 =

1

2

[
g2aγγE

2
0QB

z
c

4π
· V1 cav

∆
· κ±m

]2
. (11)

Signal-to-noise ratio:

SNR ' Ns
Nth

1

2L2Q

√
t

B
. (12)

Finally, we obtain the estimate of coupling constant at which ALPs
can be detected by considered experimental model:

gaγγ '

[
128π2TL2∆2

E4
0(Bzc )2Qκ2mV

2
1 V2

√
B

t
SNR

]1/4
. (13)
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Experimental model sensitivity

Figure 7 - Dependence of the coupling constant gaγγ on the mass of
ALPs ma for various pump modes of the production cavity

(R1 = 1 m, L1 = 1 m) for the TM010 mode of the detecting cavity
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Conclusions

The time-average energy density 〈ρE+〉T dominates over the time-
average energy density 〈ρE−〉T ;
The time-average energy density 〈ρE+〉T has a «resonance» at ALPs
with the mass of ma . ω+;
The spacial distribution of the time-average energy density 〈ρE+〉T
significantly depends on pump modes. The most optimal ones are
modes satisfied following relation: n1 = n2 and odd q1 + q2;
The radiation pattern of ALPs depends on cavity geometry and
their momentum. The conditions under which a particular type of
radiation pattern is realized are considered;
The experimental model sensitivity corresponds to other experi-
ments. The most optimal pump modes for lower mass of ALPs ma

of production cavity are TM010+TE011.
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Further research

Further plans include the following research:
analysis of another configuration of the experimental model, in
which the generating cavity has the shape of a «tube», and the
detecting cavity is a cylindrical layer around it:

L1

L2

R2

R1

�

Figure 8 - Projected design of the experimental setup
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Further research

optimization of the experiment: selection of the most suitable ge-
ometry of the generating and detecting cavities, their relative po-
sitions and the mode of generation of ALPs (ultra-relativistic or
non-relativistic);

description of the interaction of ALPs with the field ~Be in the
detecting cavity in the QFT terms to obtain more accurate results;
a study of another type of experiment in which the production and
detection of ALPs occurs in a single cavity.
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Thank you for attention!
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Source function

The expressions for the electromagnetic field have the form:

~Ei(~x, t) =
√

2<e
[
~Ei(~x, ωi)e−iωit

]
, i = 1, 2; (14)

~Bi(~x, t) =
√

2<e
[
~Bi(~x, ωi)e−iωit

]
, i = 1, 2; (15)

where ~Ei(~x, ωi) and ~Bi(~x, ωi) - complex amplitudes of TMnpq and
TEnpq pump modes

For the scalar product ( ~E · ~B) we obtain:(
~E(~x, t) · ~B(~x, t)

)
= <e

[
F+(~x) · e−iω+t + F−(~x) · e−iω−t

]
, (16)

where ω± = |ω1 ± ω2|,

F+(~x) ≡ ~E1(~x) · ~B2(~x) + ~E2(~x) · ~B1(~x) , (17)

F−(~x) ≡ ~E∗1 (~x) · ~B2(~x) + ~E2(~x) · ~B∗1(~x) . (18)
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Exact form of TMnpq modes

TMnpq modes are expressed in terms of the electric and magnetic
fields as:

ETMnpq
z = E0Jn

(xnp
R
ρ
){ sinnϕ

cosnϕ

}
cos
(qπ
L
z
)
,

ETMnpq
ρ =

−E0
k2npq − (qπ/L)2

· qπ
L
· xnp
R
· J ′n

(xnp
R
ρ
){

sinnϕ
cosnϕ

}
sin
(qπ
L
z
)
,

ETMnpq
ϕ =

−E0
k2npq − (qπ/L)2

· 1

ρ
· nqπ
L
· Jn

(xnp
R
ρ
){

cosnϕ
− sinnϕ

}
sin
(qπ
L
z
)
,

BTMnpq
z = 0,

BTMnpq
ρ =

−iωTMnpq E0
k2npq − (qπ/L)2

· n
ρ
· Jn

(xnp
R
ρ
){ cosnϕ

− sinnϕ

}
cos
(qπ
L
z
)
,

BTMnpq
ϕ =

iωTMnpq E0
k2npq − (qπ/L)2

· xnp
R
· J ′n

(xnp
R
ρ
){ sinnϕ

cosnϕ

}
cos
(qπ
L
z
)

;
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Exact form of TEnpq modes

TEnpq modes are expressed in terms of the electric and magnetic
fields as:

BTEnpqz = B0Jn
(
x′np
R
ρ

){
sinnϕ
cosnϕ

}
sin
(qπ
L
z
)
,

BTEnpqρ =
B0

k2npq − (qπ/L)2
· qπ
L
·
x′np
R
· J ′n

(
x′np
R
ρ

){
sinnϕ
cosnϕ

}
cos
(qπ
L
z
)
,

BTEnpqϕ =
B0

k2npq − (qπ/L)2
· 1

ρ
· nqπ
L
· Jn

(
x′np
R
ρ

){
cosnϕ
− sinnϕ

}
cos
(qπ
L
z
)
,

ETEnpqz = 0,

ETEnpqρ =
iωTEnpqB0

k2npq − (qπ/L)2
· n
ρ
· Jn

(
x′np
R
ρ

){
cosnϕ
− sinnϕ

}
sin
(qπ
L
z
)
,

ETEnpqϕ =
−iωTEnpqB0

k2npq − (qπ/L)2
·
x′np
R
· J ′n

(
x′np
R
ρ

){
sinnϕ
cosnϕ

}
sin
(qπ
L
z
)
.
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Geometrical form-factor of κ±m

Recall the expression for the time-average energy density of the
signal electromagnetic mode:

〈|Esig
m (t)|2〉 =

1

2

[
g2aγγE

2
0QB

z
c

4π
· V1 cav

∆
· κ±m

]2
. (11)

The geometrical form-factor of κ±m is

κ±m =

√
(κ±mcos)2 + (κ±msin)2, (19)

where

κ±m
cos
sin =

(
α±m

cos
sin +

β±m
cos
sin

ω2
±L

2
1

)
. (20)
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Geometrical form-factor of κ±m

The geometrical form-factors of α±mcos
sin and β±mcos

sin have the form:

α±m
cos
sin =

∫
2 cav

d3x

V2
Ezm(~x)

∫
1 cav

d3x′

V1

|F±(~x ′)|
E2

0

· ∆

|~x− ~x′|

{
cos (k±|~x− ~x′|)
sin (k±|~x− ~x′|)

}
,

β±m
cos
sin =

∫
2 cav

d3x

V2
Ezm(~x)

∫
1 cav

d3x′

V1

∂2z′ |F±(~x ′)|
E2

0

· ∆ · L2
1

|~x− ~x′|

{
cos (k±|~x− ~x′|)
sin (k±|~x− ~x′|)

}
−

−
∫

2 cav

d3x

V2
Ezm(~x)

∫
1 S

ρ′dρ′dϕ′

V1

∂z′ |F±(~x′)|
E2

0

· ∆ · L2
1

|~x− ~x′|

{
cos (k±|~x− ~x′|)
sin (k±|~x− ~x′|)

} ∣∣∣∣z′=L
z′=0

.
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Modelling of axion field

m = 8 · 10−7 eV,

R1 = 1 m, L1 = 1 m, ω+ = 14.7 · 10−7 eV.
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Modelling of axion field

m = 12 · 10−7 eV,

R1 = 1 m, L1 = 1 m, ω+ = 14.7 · 10−7 eV.
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Modelling of axion field

m = 14 · 10−7 eV,

R1 = 1 m, L1 = 1 m, ω+ = 14.7 · 10−7 eV.
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Modelling of axion field

m = 14.7 · 10−7 eV,

R1 = 1 m, L1 = 1 m, ω+ = 14.7 · 10−7 eV.
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Modelling of axion field

m = 10 · 10−7 eV,

R1 = 0.5 m, L1 = 4 m, ω+ = 25.0 · 10−7 eV.
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Modelling of axion field

m = 10 · 10−7 eV,

R1 = 0.71 m, L1 = 2 m, ω+ = 18.0 · 10−7 eV.
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Modelling of axion field

m = 10 · 10−7 eV,

R1 = 0.82 m, L1 = 1.5 m, ω+ = 16.1 · 10−7 eV.
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Modelling of axion field

m = 10 · 10−7 eV,

R1 = 2 m, L1 = 0.25 m, ω+ = 27.8 · 10−7 eV.

33/33


	8.Plus: 
	8.Reset: 
	8.Minus: 
	8.EndRight: 
	8.StepRight: 
	8.PlayPauseRight: 
	8.PlayRight: 
	8.PauseRight: 
	8.PlayPauseLeft: 
	8.PlayLeft: 
	8.PauseLeft: 
	8.StepLeft: 
	8.EndLeft: 
	anm8: 
	8.19: 
	8.18: 
	8.17: 
	8.16: 
	8.15: 
	8.14: 
	8.13: 
	8.12: 
	8.11: 
	8.10: 
	8.9: 
	8.8: 
	8.7: 
	8.6: 
	8.5: 
	8.4: 
	8.3: 
	8.2: 
	8.1: 
	8.0: 
	7.Plus: 
	7.Reset: 
	7.Minus: 
	7.EndRight: 
	7.StepRight: 
	7.PlayPauseRight: 
	7.PlayRight: 
	7.PauseRight: 
	7.PlayPauseLeft: 
	7.PlayLeft: 
	7.PauseLeft: 
	7.StepLeft: 
	7.EndLeft: 
	anm7: 
	7.19: 
	7.18: 
	7.17: 
	7.16: 
	7.15: 
	7.14: 
	7.13: 
	7.12: 
	7.11: 
	7.10: 
	7.9: 
	7.8: 
	7.7: 
	7.6: 
	7.5: 
	7.4: 
	7.3: 
	7.2: 
	7.1: 
	7.0: 
	6.Plus: 
	6.Reset: 
	6.Minus: 
	6.EndRight: 
	6.StepRight: 
	6.PlayPauseRight: 
	6.PlayRight: 
	6.PauseRight: 
	6.PlayPauseLeft: 
	6.PlayLeft: 
	6.PauseLeft: 
	6.StepLeft: 
	6.EndLeft: 
	anm6: 
	6.19: 
	6.18: 
	6.17: 
	6.16: 
	6.15: 
	6.14: 
	6.13: 
	6.12: 
	6.11: 
	6.10: 
	6.9: 
	6.8: 
	6.7: 
	6.6: 
	6.5: 
	6.4: 
	6.3: 
	6.2: 
	6.1: 
	6.0: 
	5.Plus: 
	5.Reset: 
	5.Minus: 
	5.EndRight: 
	5.StepRight: 
	5.PlayPauseRight: 
	5.PlayRight: 
	5.PauseRight: 
	5.PlayPauseLeft: 
	5.PlayLeft: 
	5.PauseLeft: 
	5.StepLeft: 
	5.EndLeft: 
	anm5: 
	5.19: 
	5.18: 
	5.17: 
	5.16: 
	5.15: 
	5.14: 
	5.13: 
	5.12: 
	5.11: 
	5.10: 
	5.9: 
	5.8: 
	5.7: 
	5.6: 
	5.5: 
	5.4: 
	5.3: 
	5.2: 
	5.1: 
	5.0: 
	4.Plus: 
	4.Reset: 
	4.Minus: 
	4.EndRight: 
	4.StepRight: 
	4.PlayPauseRight: 
	4.PlayRight: 
	4.PauseRight: 
	4.PlayPauseLeft: 
	4.PlayLeft: 
	4.PauseLeft: 
	4.StepLeft: 
	4.EndLeft: 
	anm4: 
	4.19: 
	4.18: 
	4.17: 
	4.16: 
	4.15: 
	4.14: 
	4.13: 
	4.12: 
	4.11: 
	4.10: 
	4.9: 
	4.8: 
	4.7: 
	4.6: 
	4.5: 
	4.4: 
	4.3: 
	4.2: 
	4.1: 
	4.0: 
	3.Plus: 
	3.Reset: 
	3.Minus: 
	3.EndRight: 
	3.StepRight: 
	3.PlayPauseRight: 
	3.PlayRight: 
	3.PauseRight: 
	3.PlayPauseLeft: 
	3.PlayLeft: 
	3.PauseLeft: 
	3.StepLeft: 
	3.EndLeft: 
	anm3: 
	3.19: 
	3.18: 
	3.17: 
	3.16: 
	3.15: 
	3.14: 
	3.13: 
	3.12: 
	3.11: 
	3.10: 
	3.9: 
	3.8: 
	3.7: 
	3.6: 
	3.5: 
	3.4: 
	3.3: 
	3.2: 
	3.1: 
	3.0: 
	2.Plus: 
	2.Reset: 
	2.Minus: 
	2.EndRight: 
	2.StepRight: 
	2.PlayPauseRight: 
	2.PlayRight: 
	2.PauseRight: 
	2.PlayPauseLeft: 
	2.PlayLeft: 
	2.PauseLeft: 
	2.StepLeft: 
	2.EndLeft: 
	anm2: 
	2.19: 
	2.18: 
	2.17: 
	2.16: 
	2.15: 
	2.14: 
	2.13: 
	2.12: 
	2.11: 
	2.10: 
	2.9: 
	2.8: 
	2.7: 
	2.6: 
	2.5: 
	2.4: 
	2.3: 
	2.2: 
	2.1: 
	2.0: 
	1.Plus: 
	1.Reset: 
	1.Minus: 
	1.EndRight: 
	1.StepRight: 
	1.PlayPauseRight: 
	1.PlayRight: 
	1.PauseRight: 
	1.PlayPauseLeft: 
	1.PlayLeft: 
	1.PauseLeft: 
	1.StepLeft: 
	1.EndLeft: 
	anm1: 
	1.19: 
	1.18: 
	1.17: 
	1.16: 
	1.15: 
	1.14: 
	1.13: 
	1.12: 
	1.11: 
	1.10: 
	1.9: 
	1.8: 
	1.7: 
	1.6: 
	1.5: 
	1.4: 
	1.3: 
	1.2: 
	1.1: 
	1.0: 
	0.Plus: 
	0.Reset: 
	0.Minus: 
	0.EndRight: 
	0.StepRight: 
	0.PlayPauseRight: 
	0.PlayRight: 
	0.PauseRight: 
	0.PlayPauseLeft: 
	0.PlayLeft: 
	0.PauseLeft: 
	0.StepLeft: 
	0.EndLeft: 
	anm0: 
	0.19: 
	0.18: 
	0.17: 
	0.16: 
	0.15: 
	0.14: 
	0.13: 
	0.12: 
	0.11: 
	0.10: 
	0.9: 
	0.8: 
	0.7: 
	0.6: 
	0.5: 
	0.4: 
	0.3: 
	0.2: 
	0.1: 
	0.0: 


