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Traditional LSW-type experiments

m ALP Production: EM cavity mode + magnetic field — ALP
m ALP Detection: ALP + magnetic field — signal mode
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Figure 1 - The traditional LSW experiment scheme (CROWS)
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The scheme of the proposed setup

m 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).

m 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.

\as Figure 2 - The experiment scheme



Theoretical model

m Axion-like particles (ALPs) are described by massive real pseudo-
scalar field of a(Z,t) with mass of m,,.

m The Lagrangian ALPs - photon interaction:

1 1 1 “ .
L=—-F,F" + -8,a0"a— ~m2d®+ 2 o 5, F* | (1)
4 2 2 4
. ~ 1 5
where g, - coupling constant, F'*" = 55“”0‘ Fop - dual field
tensor.
m The Lagrangian (1) yields the following equations of motion:

(0,0 +m2) a = FLE,, P, (2)

DuF" = gory FM0,,a. (3)
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Production of axion-like particles

m If the electromagnetic invariant
F % = _4(B- B) 0

is non-vanishing then Eq. (2) implies that the axion field can be
produced.

m For a single TM,,;,4 or TE,,;,; mode (E -B ) = 0. Thus it is necessary
to use at least two modes.

m In this case two axion waves are produced:

Flu(7) . ik |E— | —iwxt (5)
7— 7 ’

ay (Z,t) = —gz;’:%e / d®z’
v,

cav

where ki = \/w} —m2, wy = |wy £ wal, w12 - frequencies of

a’

pump modes, F1(Z) - functions of their complex amplitudes.
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Modelling of axion field
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Time-averaged energy density of ALPs

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

1 1

. i 1
(pE)r = §<ai>T + 5@%3 ax)r + §m3<a2i>T . (6)

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

m mass of ALPs;
m cylindrical cavity geometry;
® pump modes.
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Comparison of (p¥) and (p%)

Cylinder border] <p%>, 10° ev.em?® Cylinder border <pt>, 10% ev-.em®
10 o 10 40

z,m

10 10
0002040608101214161820 0002040608101214161820

m, 10%eV m, 10%eV
Cylinder border] <pE>, 105 ev-em?® Cylinder border <pt>, 10* ev-em®
10 121 10 840

7,40
6,40
539
439

1,06
0,91
0,76

z,m
z,m

-1,0 -1,0
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
p.m p.m

Figure 8 - The time-averaged energy density of ALPs for TMg1o +
TEg11 pump modes .
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Comparison of various combinations
of pump modes
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Comparison of various geometry of cavity
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Figure 5 - The time-averaged energy density of ALPS for TMg19 +
TEp11 pump modes for various cavity geometry
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Radiation pattern

m Consider the expression (5) for ay (Z,t):

—’/

ay(Z,t) = — gawﬂ? /d3 ’%_eikilf—m—wit. (5)

m In far distance where |Z| > |Z'| let us decompose integrand in
the formula (5) by a small parameter Z’. Then we obtain the
asymptotic formula:

a i T|—iw i . N T 1
ay (T,t) = 49 TW| Re e'FEIFI—iwrt / d*% Fu(@)-exp [—zki (m' . %)]4—0 <®> .

m Definition of the function of radiation pattern:

(a%)r
fi(%a) = lim 2 .
|&]—o00 max ()T




Radiation pattern
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Figure 6 - Radiation pattern for TMg19 + TEg11 pump modes for
various masses of ALPs and cylindrical cavity geometries
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ALPs detection

m The equation (3) )
OuF" = goyny F* 0,0 (3)

describes the generation of a signal electromagnetic field during
the interaction of ALPs with the field B..

m The decomposition of the signal electromagnetic field by the eigen-
modes of the detection cavity is considered:

E¥E(F Z En (D) EE(t (9)

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

1 - .
N, ~ % 3z (|E58(Z,1)|%) ~
2 cav

V2
2w

(E-@1%) . (10)
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ALPs detection

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

2
. 1|92, E3QB: vy
sig 2 P ayy c . cav  +
(B = 5 [T e Tew el
m Signal-to-noise ratio:
Ny 1 t
SNR ~ -2 \f 12
Ny 2L,Q V B (12)

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

12872T Ly A2 B
4 7r2 22 2 —SNR
E3(B2)?Qr2,VEVL V ¢

1/4

Jayy = (13)
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Experimental model sensitivity
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Figure 7 - Dependence of the coupling constant g, on the mass of

ALPs m, for various pump modes of the production cavity
(Ri =1m,L; =1 m) for the TMp;0 mode of the detecting cavity
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Conclusions

The time-average energy density (pf)T dominates over the time-
average energy density (pZ)7;
The time-average energy density <pf )1 has a «resonance» at ALPs
with the mass of m, < wy;

The spacial distribution of the time-average energy density (pf )T
significantly depends on pump modes. The most optimal ones are
modes satisfied following relation: n; = no and odd ¢ + g2;

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 m,,
of production cavity are TMy19+TEq11.
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Further research

m Further plans include the following research:
m 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:

Figure 8 - Projected design of the experimental setup i
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Further research

m 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);

m description of the interaction of ALPs with the field Ee in the
detecting cavity in the QF T terms to obtain more accurate results;

m 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

m The expressions for the electromagnetic field have the form:
Bi(#,1) = V2Re [5(5 wi)e—wit} =12 (14)

Bi(#,t) = V2Re [Bi(F,wi)e ], i =1,2; (15)

where 6_';(:?, w;) and [)_);(f, w;) - complex amplitudes of TM,,,, and
TE,p; pump modes

m For the scalar product (E - B) we obtain:

—

(E(f,t)-é(f,t)) = Re [Fy(F) - e+ + F_() - e ~] | (16)

where wy = |w; + ws,
Fy (&) = &() - Bo(X) + & (&) - Bi(#) ,

F_(%) = £ () - Bo(7) + &(@) - B{ (7).




Exact form of TM,,,, modes

m TM,,;,, modes are expressed in terms of the electric and magnetic
fields as:

TMnpq __ Tnp sinmp @
= EJ(Rp){Cosngp}COS(LZ>’
—& T T T i T
TMnpq _ I qi CAnp g (Lnp sin ne - qf
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npq
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Exact form of TE,,, modes

m TE,,, modes are expressed in terms of the electric and magnetic
fields as:

BTEnpq_BJ (x’np ){
z — P0Jn Rp
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Geometrical form-factor of k=

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

(B 0P) =

2 E2 B* 2
ga"w OQ c Vvlcav i K,i
4 A m

m The geometrical form-factor of k7 is

Ki - \/(Hvz“fwos)z + (H%:Lsin)z, (19)

where

n n +cos

cos __ cos msin

Kmsin = | ®msin + 2 L2 . (20)
wi g

24/33



Geometrical form-factor of k=

m The geometrical form-factors of o and LS have the form:

& o |Fe(@)] A {cos(kﬂxx)}

=+ cos z (=

o = 75

QXsin . Vs (T )1 1 E? |x — '] | sin(k+|Z —27|)
+cos _ ﬂgz(—') d*a’ 8?’ |Fi(iﬂ)| AL% COS(‘Z{::I:LE*:'C |) _
msin T Va Vi Eg |j’_ f/| sin (k:t‘x -7 |)
2 cav 1 cav
/ P e / pdp'dg' 0 Fe(@)| A-I3 [ cos(hali—a)) |7~
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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Modelling of axion field
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