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The problem of electromagnetic wave pressure on a thin conductive vibrator located in a rectangular waveguide is solved. Wave Hio
falls on the vibrator. The vibrator is located perpendicular to the wide wall of the waveguide. The current in the vibrator arising under
the action of the electric field of the wave is calculated. The current distribution along the vibrator is almost uniform. The current in
the microwave range depends little on the vibrator conductivity. Two components of the magnetic field - longitudinal and transverse
exist in the Hio wave. When these components interact with the current in the vibrator, forces arise, acting on the vibrator across the
waveguide and along it. The magnitude of the longitudinal force is greatest when the vibrator is located in the middle of a wide wall.
It is almost 2 times greater than the force acting on the vibrator in free space at the same average radiation intensity, When the vibrator
length is close to half the radiation wavelength, the force is maximum. The transverse force is determined by the interaction of the
current in the vibrator with the longitudinal component of the magnetic field in the waveguide. It is maximum when the vibrator is
located at the distance of Y4 of the length of the wide wall from its middle. If the length of the vibrator is less than half the wavelength
of the radiation, the force is directed towards the axis of the waveguide, otherwise - in the opposite direction. The possibility of using
microwave radiation pressure to create micromachines and to control the position of the vibrator in space has been evaluated. This
requires a radiation power of several watts.
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The pressure of electromagnetic radiation is one of the fundamental physical phenomena. Its use is an actual direc-
tion of modern optics, laser physics and electrodynamics.

The ability to control the movement of bodies using the pressure of light or other electromagnetic radiation was
recognized as possible after the experiments of P.N. Lebedev, in which he measured the pressure of light on solids and
gases. For a long time, it seemed that the smallness of the light pressure, in the words of J. Poynting "...excludes it from
consideration in earthly affairs". The situation has changed with the appearance of lasers. This is due to the possibility of
sharp focusing of the laser beam, when the diameter of the focal spot is comparable with the dimensions of the light
wavelength.

A. Ashkin, 2018 Nobel Prize winner, proved that the light pressure produced by a laser beam is sufficient to capture,
hold in a given place, levitate and move micron-sized particles [1]. The existence of a transverse force was also proved,
which pulls the particle into the center of the beam. Based on these works, devices were subsequently developed to control
the position and movement of microparticles — "laser tweezers" [2-4]. Technical applications of the ponderomotive action
of microwave and optical radiation in metrology and the design of ponderomotive microwave power meters are described
in the monograph [5].

Currently applied not only the pressure of the wave on the object, but also the occurrence of a torque in the case of
waves polarized in a circle. It was shown in [6] that the laser beam can rotate the microparticles.

In the microwave range, the operation of objects with the help of radiation pressure meets with great difficulties. This
is due to the fact that the diameter of the focal spot is comparable to the wavelength. In the microwave region, this size is
about 1 cm. Objects of this size are difficult to hold by radiation pressure. And small part of the beam energy falls on
small objects in the microwave beam, and therefore the mechanical action on them is weak. So, in order to obtain fields,
the magnitude of which is sufficient to operation objects, very large radiation powers are needed.

But in this range, thin vibrator wires can be used as targets. It was shown in [7-9] that the scattering, absorption and
pressure of electromagnetic radiation on conducting fibers, the diameter of which is much smaller than the wavelength,
are very large. Figure 1 shows the dependences of scattering (dashed line), absorption (thin solid line), and radiation
pressure (thick solid line) on the thickness of the nickel wire at a radiation wavelength of 10 cm. The abscissa axis shows
the values of the wire diameter in micrometers, the ordinate axis shows the values of the scattering efficiency factors Qsca,
absorption Qas, and radiation pressure Opr. These parameters are often used to characterize the interaction between elec-
tromagnetic radiation and objects [10, 11].

The force with which radiation presses on an object is determined by the formula:
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P
Fpr =;Qpr :

Here P is the power of the radiation that hit the object, c is the speed of light in the environment, O, is the radiation
pressure efficiency factor.
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Figure 1. Efficiency factors of scattering, absorption, and radiation pressure on a thin metal wire

For a fully absorbent surface 0, = 1, for an absolutely reflective surface O, = 2. Figure 1 shows that for a metal
wire with a diameter of about 1 pum, the radiation pressure efficiency factor can reach very large values — up to several
thousand. This can be used to levitate or move such objects in space.

Some new effects are observed in the interaction of electromagnetic radiation with vibrators of finite length. The
pressure of a plane electromagnetic wave on a thin metal vibrator in free space was theoretically studied in [12]. When
the length of the vibrator is close to half the wavelength of the radiation, resonance is observed, and the radiation pressure
on this vibrator increases compared to the pressure on an infinitely long conductor. Radiation pressure efficiency factor
increases with decreasing vibrator diameter.

The paper [13] describes an experiment on measuring the pressure of radiation with a wavelength of 8 mm on thin
copper vibrators located in free space.

A vibrator in free space is subjected to a longitudinal force in the direction of propagation of the incident wave. If the
vibrator is located in the waveguide, the configuration of the electric and magnetic fields near it is more complex than in free
space. The direction and magnitude of the forces acting on it are different. Therefore, it is of interest to study such a case.

LINEAR VIBRATOR IN A RECTANGULAR WAVEGUIDE
The geometry of the problem is shown in Figure 2. A vibrator with a length of 2L is located in a rectangular wave-
guide perpendicular to the wide wall. The wave type is H10, a and b are the lengths of the wide and narrow walls. The
electric field vector in the H10 wave is parallel to the vibrator axis, the magnetic field lines are perpendicular to it.

z

Figure 2. Vibrator in the waveguide

The fields in the waveguide are described by the following expressions:
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Here A, is the wavelength in the waveguide, A, is the critical wavelength.

kl

The power of the wave propagating in the waveguide:
1 . E,
P,=—Re| E H_dS=—"ab. 2
0 2 ,!; ) ¥ X 4 ZC ( )
Integration is performed over the cross-sectional area of the waveguide
The radiation intensity distribution along the x coordinate (wide wall of the waveguide) is as follows
2F, .
I(x) = Z0gin2 ™ 3)
ab a
The strength of the electric field in the middle of a wide wall is:

r - [FRZ W
ab

Along a narrow wall (the coordinate y) the intensity of the wave does not change.

Two magnetic field components, H, and H., exist in the waveguide with the Hio wave. Therefore, there are two
components of the force acting on the vibrator — F; and Fy.

In a waveguide with a wave Hio:

F=(JxB)- 2L =2Ly,

Force directed along the z-axis (longitudinal force):
F == Rels (s)- H:}ds, )
2% ’
Force directed along the x-axis (transverse force):

F :%Ji Re{J, (s)- H.}ds )

-L

Electric current in the vibrator
The current in the vibrator is determined by the strength of the electric field in the wave incident on it, regardless of
whether it is a plane wave in free space or an Hip wave in a waveguide. Therefore, to calculate the wave pressure on the
vibrator in the waveguide, we will use the method of calculating the magnitude of the current in the vibrator, described
in [12].
The current is determined by the following expression:

' - ink(s+L)+oP N
J(x,s):qlmF 1—cosk(s+L)—sm.k(S~+ )“?‘ (S)(l_cossz) Sin[“}. (7
kk sin 2L + oP* (L) a

It differs from the same expression in the work [12] by the factor sin(nx/ a) , which takes into account the change

in the electric field strength along the wide wall of the waveguide.
Here:
-ikR(s" L) e—ikR(.v' L)

scn_[| €
i (S)_Jl R(s' ,—L)+R(s' ,L)

1
o= is the small parameter (a<< 1),
2In| r/(2L) P ( )

E is the electric field of the incident wave at the location of the vibrator,

sin/g(s—s' )dsl >
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zi(s) is the linear resistance, Ohm/m,

Zg(s)=2mnrz,(s)/Z,, Zi:i’ 7 - /%(lﬂ'),
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Z, = \/E =377 Ohm is the wave impedance of free space, k, = k./g L, €, and b, are the relative dielectric
&

and magnetic permeability of the environment, 7\,W is the wavelength in the waveguide, o is the circular frequency. Values

E, k, Z are taken for the medium in the waveguide, €,=1, p,= 1.

Expression (7) is valid for vibrators with a length less than A. It is written in the Gaussian unit system.

Calculations were performed for the case when radiation with a frequency of 37.5 GHz propagates in a rectangular
waveguide (the wavelength in free space is 8§ mm). A thin copper vibrator is located in the waveguide perpendicular to the
wide wall.

The standard size of the cross section of such waveguide is:

a=72mm, b=3.4 mm.

The wavelength in the waveguide is 9.62 mm. Therefore, assuming that the largest length of the vibrator is 3 mm,
we can evaluate its properties for the largest relative length 2L/A, = 0.312.

In calculations, the transverse dimensions of the waveguide were taken as follows:
a="72mm, b= 10 mm.
Higher types of waves can arise in such waveguide. But if you take measures against the occurrence of these waves,

then you can evaluate the effect of the main type of wave on a vibrator with a relative length of up to 2L/, = 1.

Figure 3 shows the distribution real and imaginary parts of the current along the vibrator by power 1 W. A copper
vibrator with a diameter of 100 um and a length of 3 mm is located perpendicular to the wide wall. The current value in
amperes is shown for the case when the vibrator is located in the middle of a wide wall, at the maximum electric field.
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Figure. 3. The vibrator current
a —real part, b — imaginary part

The current distribution is uneven, with a maximum in the center. But the current changes are very small - in the
sixth place after the decimal point. The average value of the current along the length of the vibrator is

J, =0.042+0.055; 4

This current almost 2 times less than the current in the same vibrator and the same electric field in free space, where
it is equal
J, =0.071+0.052i 4

Figure 4 shows the dependences of the real and imaginary parts of the current in the vibrator on its length. The real
part of the current has a maximum when the length of the vibrator is close to half the wavelength of the radiation. The
imaginary part changes sign near the point 2L/, = 0.5. The resistance of a short vibrator is inductive, while that of a

long vibrator is capacitive.
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Figure 4. Dependence of the current in the vibrator on its length

Table 1 shows the current values in vibrators made of materials with different conductivity. Conductivity determines
the value of the surface resistance Z, the thickness of the skin layer 6 and current J.

Table 1. The dependence of the current in the vibrator on the conductivity of the material

Material o, 1/(Ohm-m) Z, Ohm/square 5, pm J, A
Copper 5.88-107 0.050 (1+5) 0.34 0.071+0.052i
Nickel 1.45-107 0.103 (1+5) 0.68 0.077+0.057i
Platinum 9.52-10° 0.125 (1+i) 0.84 0.078+0.057i
Graphite 1.4-10° 1.028 (1+i) 6.95 0.080+0.053i

It can be seen that the current is almost independent of conductivity, which differ by more than 400 times. This is
explained by the fact that with a decrease in conductivity, the surface resistance increases, which makes it difficult for the
current to flow. But the thickness of the skin layer increases, which facilitates its flow.

Longitudinal force acting on the vibrator
Substitution in formula (5) of expressions for current J(s) and the components of the magnetic field H, gives the
following expression for the longitudinal component of the force acting on the vibrator:

E, A X
F.(x)=—2—sin| — JiReJS ds . (8)
(x) 2c A\, GJ—L {()}
The form of the formula is almost the same as for the force acting on the vibrator in free space [12]. The difference
is in the presence of factors showing that the force depends on the x-coordinate and on the wavelength.
The current changes along the vibrator are very small. Therefore, the average value of the current can be used, so
that formula (8) becomes:

F.(x)= EOLisin(ﬂJ Re{J,} )
: c A, a i

Figure 5 shows the dependence of the force acting on the vibrator on its position in the waveguide. The calculations
were made for a copper vibrator with diameter of 100 um and length of 3 mm, located in waveguide with cross section
of 7.2x3.4 mm?. The radiation wavelength in free space is 8 mm, the radiation power is 1 W.

Radiation pressure is the greatest when the vibrator is located in the middle of the wide wall of the waveguide, where
the electric field strength is maximum, and it drops to zero near the narrow walls. The dependence of the force on the x
coordinate is close to the sin*c function. The force is directed in the positive direction of the z-axis, in the direction of

wave propagation.
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Figure 5. Dependence of the longitudinal force acting on the vibrator on its position in the waveguide

Figure 6 shows a graph of the efficiency factor of the radiation pressure on the vibrator as a function of its length.
The vibrator is copper, its diameter is 100 um. Curve 1 is shown for a vibrator in a waveguide with an H;o wave, which
is located perpendicular to the wide wall in its middle, curve 2 is for the same vibrator in free space. Parameter 2L/,
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plotted along the abscissa axis. In this parameter A, is the wavelength in the waveguide for curve 1, the wavelength in

free space for curve 2. It is remarkable that the efficiency factor of the radiation pressure on the vibrator in the waveguide
can be 2 times greater than on the vibrator in free space, and reach a value of 123. But for this, it is necessary that its
length be approximately half the wavelength in the waveguide. Thus, at a radiation frequency of 37.5 GHz (the wavelength
in free space is 8 mm, in the waveguide — 9.62 mm), the length of the vibrator should be 4.7 mm. This means that the
length of the narrow wall of the waveguide must be at least 5 mm instead of the standard value of 3.4 mm.

The arrow on the abscissa shows the radiation pressure efficiency factor for a vibrator 3 mm long, which can be
placed in a standard waveguide 7.2x3.4 mm?. It is equal to 18.2. This is much less than the maximum possible value.
Therefore, it is advisable to use waveguides with non-standard cross-sectional dimensions, with a large vertical wall b to
effectively use the radiation pressure.

The positions of the maxima of the radiation pressure efficiency factors on curves 1 and 2 do not coincide. For a
vibrator in free space the maximum is at 2L/ = 0.48, for a vibrator in a waveguide it’s located at 2L /% = 0.49.

The radiation pressure efficiency factor increases without limit, tending to infinity as the vibrator diameter decreases.

However, this does not mean that the force acting on the vibrator increases, since the power of the radiation that hit the
vibrator decreases in this case. The force acting on the vibrator decreases with a decrease in its diameter [12].
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Figure 6. Dependence of the radiation pressure efficiency factor on the vibrator on its length
1 - vibrator in the waveguide, 2 - vibrator in free space

Transverse force acting on the vibrator
We use formula (6) in this case. Substituting into it the expression for the H. component from formula (1), we obtain:

Fr(x)zf—z%cos(ﬂjr Im{J (s)} ds. (10)

o a )<
Taking into account the small change in the current value along the vibrator, we can write:

F.(x)= EOL%COS[HJ Im{J,}. (11)

c Ay, a

The results of calculations using this formula are shown in Figure 7. The transverse force is zero in the middle of
the waveguide and near its walls. The force maxima are located at x = a/4 and x = 3a/4. The force is always directed
towards the middle of the waveguide, i.e. the vibrator is drawn into the region of maximum field intensity.
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Figure 7. Dependence of the transverse force acting on the vibrator, on its position in the waveguide

Figure 8 shows the dependence of the transverse force on the length of the vibrator. The vibrator is located at the
maximum of the magnetic field (x = a/4). The maximum force is located at 2L/%, = 0.41. This value does not match
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either the value for the longitudinal force in free space 2L/, = 0.48), nor with the value for the longitudinal force in the
waveguide (2L/A, = 0.49), although it does not differ much from them.

The force changes sign at 2L/ = 0.475: the longer vibrator is pushed out of the region of high field intensity. The
maximum of buoyancy force is located at 2L/, = 0.56. It is approximately 3 times greater than the maximum of the positive
force. Further, the force decreases in magnitude, but it does not reach zero at 2L /A, = 1, as in the case of the longitudinal force.
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Figure 8. Dependence of the transverse force acting on the vibrator in the waveguide, on its length

Forces acting on the vibrator in waveguides of various sections
The forces acting on the vibrator in a waveguide with a cross section of 7.2x3.4 mm? were calculated above. It is of
interest to estimate the forces acting on a vibrator located in a waveguide with a different cross section at the same
radiation power for wavelengths corresponding to the waveguide cross section. There are two factors here:
1. The radiation pressure efficiency factor O, increases by increasing in the wavelength and the same vibrator diameter
so the force acting on the vibrator increases [12].
2. At the same radiation power in a waveguide with a larger cross section, the radiation energy density decreases, so
the force acting on the vibrator decreases.
We assume that the vibrator is made of copper, has a diameter of 100 um and a length equal to the length of the
short wall of the waveguide. Let's find the magnitude of the forces:
1. longitudinal force F: acting on a vibrator located in the middle of a wide wall at the maximum radiation intensity;
2. transverse force F acting on a vibrator located at the maximum of the magnetic field H. (for x = a/4 or x = 3a/4).
The power of radiation in the waveguide is equal Py =1 W. The results of calculations are shown in Table 2.

Table 2. Forces acting on a vibrator in a waveguide

Cross section of Wavelength, Longitudinal Transverse
waveguide, mm? cm force F--10'9 N force Fi' 1019 N
7.2x3.4 0.8 26.8 9.59
23x10 3 6.68 6.55
3.5 6.74 6.14
28x12 5 2.38 8.77
5.45 26.1 6.91
58%25 10 2.00 6.91
10.7 1.69 8.75
72%34 10 4.35 6.31

The forces in all waveguides are approximately the same, despite the large difference in the sizes of the latter.
This is explained by the presence of counteracting factors mentioned above.

On the possibility of manipulations with targets in the form of thin vibrators in the microwave range
Let us evaluate the possibility of manipulations on thin vibrators using microwave radiation pressure: their displace-
ment in space and levitation. Let us consider the case when the target is a copper vibrator, it diameter is 100 um and a
length of 3 mm. It is located in the waveguide with cross section of 7.2x3.4 mm?. Power of radiation is 1 W. Table 2
shows, that the longitudinal force acting on the vibrator is equal 26.8-1071° N, the transverse force is 9.59-10"1° N,
The mass of this vibrator is m = 1.65-107 kg. The acceleration of the target is:

a= r =0.0163 m/s%.

m

The target will move a distance of about 8§ mm in 1 s, when it move by this acceleration. This is quite a noticeable
distance. It can be seen that microwave radiation pressure can be used to move millimeter-sized wire targets.

The radiation power required to keep such a target on the weight (levitation) can be estimated from the expression
for the ponderomotive force
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P
F==0 .
c Qpr

Force required for levitation is equal F = mg = 1.62-10% N. This is the weight of the target. The radiation pressure
efficiency factor on a vibrator 3 mm long is O, = 18.2. The power required for levitation is approximately 27 watts. This
is a high power, but quite achievable in modern microwave technology.

CONCLUSION
A thin wire vibrator in the waveguide experiences radiation pressure.
There is a longitudinal component of the ponderomotive force directed towards the propagation of the wave and a
transverse component directed towards the middle of the waveguide cross section.
3. The forces depend little on the conductivity of the vibrator material and the size of the waveguide cross section.
4. The magnitudes of the ponderomotive forces acting on thin metal vibrators are sufficient to control their position
and move in space. Microwave radiation can be used to move such objects in space and keep them in a given place,
similar to how it is done in the optical range using lasers.
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Po3B’s3aH0 3a1a4y THCKY €IeKTPOMArHiTHOI XBUJIi HA TOHKHUI MPOBIJHUKOBUIT BiOpaTop y xBmieBoi 3 Mozoro Hio. Bibparop po3srario-
BaHMH NEPICHIUKYIISPHO J0 IUPOKOI CTIHKU XBIJIEBOAY. Po3paxoBaHO crily CTpyMy Y BiOpaTopi, SIKH BUHUKAE IIiJT €0 EIEKTPHYHOTO
oy xBwii. Po3noain ctpyMy B3moBxk BiOpaTtopa maiibke piBHOMipHHN. CTpyM y MIKpOXBHJIBOBOMY Jiara3oHi MaJlo 3a1€XKUTh Bif MPo-
BimHOCTI Bibparopa. Y xBmii Hio icHyI0Th B CKJIa[JOBI MAarHITHOTO TOJIS - TO3IOBXKHS 1 HorepeyHa. [Ipu B3aeMoii X KOMIOHEHTIB 31
CTPYMOM y BHHHKAIOTh CHIJIH, SIKi JIIOTH Ha BiOpAaTOp IOIEpEeK XBIJICBOAY 1 B3/IOBXK HHOTO. BelanunHa MO3IOBKHBOI CHIIM HalOLIbIIA,
KOJIM BiOpaTop po3TalloBaHUi MOCEpPEANHI HIMPOKOi CTiHU. BoHa Maibke B 2 pa3u IMepeBHIye CUITY, sIKa Ji€ Ha BiOpaTop y BiTbHOMY
MIPOCTOPI NPH Till Jke cepeHil IHTEeHCUBHOCTI BUNpOMiHIOBaHHS. Komu osknHa BibpaTopa O1r3bKa 10 MOJIOBUHH JOBXWHU XBUIIi BU-
MPOMIHIOBaHHSI, CHJIa MaKcUMaJibHa. TTonepeyHa cuiia BUHUKAE TIPU B3aEMOJIT CTpyMy y BiOpaTOpi 3 MO3I0BKHBOIO CKIIAJI0BOKO MarHiT-
HOT'O TOJIsL B XBUJICBOIi. BOHa MakcHMalibHa, KOJIM BiOpaTop pO3TAlllOBAaHUI Ha BiJCTaHI Y4 JTOBXHMHH IMUPOKOI CTIHU Bifl TI CEpEMHM.
SIkuio goBXKMHA BiOpaTopa MEHIIIE TOJIOBUHH JIOBXKUHHU XBHJII BUIIPOMiHIOBaHHSI, CHJIa CIIPSIMOBaHa B GiK OCi XBHJICBO/LY, IHAKIIIE - Y TIPO-
TunexHaui Oik. OuiHeHa MOXKIIMBICTh BUKOPHCTAHHS TUCKY MIKPOXBHIIBOBOTO BUIIPOMIHIOBAHHS LISl CTBOPEHHS MIiKPOMAIIIWH 1 YIpaB-
JIiHHS MTOJIO’KEHHM BiOpaTopa B mpocTtopi. i1 Iboro moTpiOHA MOTYKHICTH BUTIPOMIHIOBaHHS B KiJIbKa BaT.

Ku104oBi c10Ba:enekTpoMartitHa XBHJIS, IPOBIAHMKOBHUI BiOpATOp, TUCK BUIIPOMIHIOBaHHS, XBUIICBOI, [T03/I0BXKHS CHJIa, TONEpEYHa
cua.



