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Abstract

The pressure of electromagnetic radiation in the optical range is widely used to hold microparticles in a given place
and control their movement. This is possible by focusing the laser radiation into an area with the dimension of several
micrometers. The intensity of radiation in this area is large and sufficient to retain micro-particles in the laser beam and
manipulate them. Nowadays, intensive research is underway on the use of microwave and terahertz radiation and the
possibility of applying radiation pressure in these ranges. But in the microwave range, the focal spot dimension is much
larger than in the optical one. Therefore, control of the objects whose dimensions are comparable to those of the focal spot
using the radiation pressure requires very high power. For the objects with small dimensions, a small amount of radiation
energy falls on them, and the acting force decreases. However, it is known that thin conductive fibers interact very strongly
with microwave radiation. This can be used to levitate short thin metal fibers (vibrators), hold them in predicted place and
control their position in space.

The paper describes the measurements of the pressure of microwave radiation with a wavelength of 8 mm on thin
copper fibers. Torsional balance is used for this purpose. In the metal case on a suspension from a tungsten fiber with
a diameter of 8 microns there is located the rocker arm with 50 mm length with receiving elements in the form of system
of copper fibers with a diameter of 300 microns and 15 mm length. Microwave radiation was directed to one of the
receiving elements using a horn. The calibration of torsion balance, the measurement process, and the evaluation of the
resulting error are described. The measurements gave the value of the efficiency factor of the radiation pressure Qpr = 4.86.

This agrees satisfactorily with the results of calculations Qpr = 5.39. The difference is 10%.

Keywords: microwave radiation; thin fibers; radiation pressure; measurement.

Received: 18.10.2021

Edited: 30.11.2021

Approved for publication: 06.12.2021

Introduction

Pressure of electromagnetic radiation is one of the
fundamental physical phenomena. Until the invention
of lasers, it seemed that smallness of the light pressure
excludes it from using for manipulation of objects. With
the invention of lasers, the situation changed radically.
This is due to the possibility of focusing a laser beam
into the spot whose dimensions are comparable to the
light wavelength. A. Ashkin in his experiments [1, 2]
has shown that the laser beam pressure is sufficient to
grip, retain and move the micron-size particles (laser
pincer). A. Ashkin has also demonstrated the optical
levitation of particles in the air.

In the microwave range the driving of objects
with the radiation pressure and the implementation of
levitation occur with great difficulties. The dimensions
of the focal spot are of the order of radiation wavelength
(about 1 centimeter). Objects of such dimensions
have a large mass and it is difficult to keep them
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with the radiation pressure. If the objects are small,
only a small part of the energy of focused radiation
falls on them, and its pressure is weak. Therefore, an
extremely large radiation power is necessary to obtain
the fields, which magnitude is sufficient to drive
objects.

But with using targets in the form of thin
conducting fibers (metal, semiconductor, graphite), it
is possible to use the effect of a very strong interaction
between electromagnetic radiation and such objects. In
works [3—5] absorption and scattering of microwave
radiation of centimeter and millimeter ranges by metal
and graphite fibers with diameter of several dozen
micrometers were investigated. The absorption efficiency
factor of such targets reaches several hundreds, that is,
their effective absorption cross-section is much larger
than the geometric cross-section. There is a reason to
expect that the radiation pressure efficiency factor is
also very large.
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Radiation pressure efficiency factor
The radiation pressure force on the object is
determined by the formula
P
F, pr= ;Qpr’
where P is the incident radiation power, c is the light
velocity, 0, is the radiation pressure efficiency factor.

The radiation pressure efficiency factor on a very
thin metal fiber must be large, because it is determined
by absorption and scattering of radiation, which are
also very large. Therefore, it is possible to use targets
in the form of thin fibers as objects for driving and
levitation.

The radiation pressure efficiency factor on the
fiber can be calculated by the formulas following from
the problem of the electromagnetic wave diffraction on
the cylinder [6—8].

For a normal incidence the formulas are

2 = * *
0f :EZRe(b, +b,., —2bb;,), (1)
1=0
2 . .
er = E;Re(al +a,,—2aa,, ) 2

Indexes E, H and coefficients b,, a, correspond to
the two types of polarization:

E-polarization, when the electric field vector is
parallel to cylinder axis, and H-polarization, when the
magnetic field vector is parallel to cylinder axis.

Fig. 1 presents dependencies of the radiation
pressure efficiency factor for some thin fibers at the
radiation wavelength of 8 mm, calculated by formulas
(1) and (2).

With the reducing of conductivity, the radiation
pressure decreases in a maximum, and the maximum
shifts towards larger diameters. Further, the effectiveness
factor decreases for all diameters, but for thicker fibers
it is larger than for thin ones.

High values of the radiation pressure occur only
in the E-polarization case. In the H-polarization the
radiation pressure efficiency factors are small.
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Fig. 1. Radiation pressure efficiency factor as a function of the
diameter of fiber, 1 — copper; 2 — nickel; 3 — constantan

Experimental facility

For measurements we have used a torsion balance,
which is schematically presented in Fig. 2. A weigh
beam 2 of 50 mm length is connected to the tungsten
suspension 1 with diameter of 8 um and length of
150 mm. At its edges there are located the receivers
3 and 4. During measurements one of them is
illuminated by the microwave radiation beam 5. The
entire system is located in a metal case with windows
for transition of microwave radiation and laser beam 6
for measuring of the beam deflection angle from the
equilibrium position. The indication system consists
of a mirror 7 attached to the weigh beam, laser 8
and reference scale 9. The moving system can be
installed in the required position with the device 10.
A calibration load 11 is shown below the system.

We have used two types of receivers:

1. In the control measurements we have used
plates made of aluminum foil with the dimensions
15%15%0.15 mm. The radiation pressure efficiency
factor on such receiver is Qpr= 2.

2. A grating from the copper fibers with diameter
of 0.3 mm. We have used the grating with randomly
located fibers to exclude diffractive interaction between
them, and the radiation pressure can be considered
equal to the sum of the forces acting on each
element.

We have used the backward-wave tube with
a wavelength of 8 mm as a source of radiation. The
radiation power was controlled by the thermistor
wattmeter, which was connected to the waveguide
transmission line through a directional coupler with
a transitional attenuation of 20 dB. The waveguide was
with cross-section of 7.2%X3.4 mm and at the end it
had a horn with 20x15 mm mouth and 60 mm length.
The receiver was located at a distance of 3 mm from
the horn mouth.

Calibration of the measurement system

The deflection angle of a moving system from the
equilibrium position under the influence of radiation
pressure is determined by the torsion moment M,,

Fig. 2. Atorsion balance
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which is created by radiation, and the opposite sus-
pension moment M.
The torsion moment:

P
M,=F, r= zQ"" r, (3)
where F, is the radiation pressure force on the receiver,
r is the distance from the rotation axis of the moving
system to the center of the receiver. At this point the
force effects on the moving system.
The opposite moment:

M=Wa, “4)

where W is the specific opposite suspension moment
(suspension rigidity), o is the deflection angle of
a moving system from the equilibrium position.

From the condition of equality of these moments
it follows that the deflection angle of the system under
the influence of the radiation pressure is

PQprr
oW

Deflection of the light indicator on the reference
scale at small angles:

=20 l,

(&)

o

where L is the distance from the indicator mirror to
the scale.

The calibration of the system is based on the ratio
between the period of torsional oscillations 7, the
moment of inertia of the system J and the suspension

rigidity W [9]:
T =2m, /i
w

We have measured the period of oscillations of
a free moving system 7" and the period 7| of oscillations
of a system with a load with a known moment of iner-
tia J,. With solving the resulting system of equations,
one can find the moment of inertia of the system
J and the suspension rigidity W:

J. T
7> -7

4 J

1

_]Iz_Tz‘

Measurements of the oscillation periods 7' and T,

gave the following results:
Tr=118%1s, T =172 £ 1s.

The load presented in Fig. 2 is a copper rod with
the following parameters:

m=189 £ 0.01g /=30=% 0.2 mm.

The moment of inertia of the load is determined
by the formula

_ml’
v

Its significance J, = (1.42 £ 0.02)'107 kg'm*
The error of its calculation was found by the method
of calculation the error of the result of indirect
measurements.

The working equation (5) does not include the
moment of inertia of the system. Therefore, in our
calculations we estimate just the error of determining
the suspension rigidity. Calculations give the following
values:

W= 3.58x10" N-m/rad, AW = 0.01%10"'° N-m/rad.

The relative error in determining of the suspension
rigidity is 3%.

Measurement of the radiation pressure

1. Control measurements

We have used a moving system with aluminum
plates as receivers.

Radiation power at the output of the generator is
P, = 0.1 W. The radiation intensity at the output of the
horn with dimensions of the mouth §;, = 20X15mm is

P
I, = S_O =333 W/m?2. At 3 mm distance from the horn,

where 'the receiver is located, the intensity due to the
divergence of the radiation beam decreases and has
the value of / = 281 W/m2 On the receiver with
a 15x15mm surface area falls the power of P=0.063W.

The radiation pressure efficiency factor on the
plate is 0, = 2. The arm of the force is considered
equal to the distance from the system rotation axis to
the center of the receiver, » = 17.5 mm. Substitution
of these data into (5) gives us the deflection angle of
the system

o = 0.0326 rad = 1.87°.

The scale of the indicator device was located at
a distance L = 0.85 m from the indicator mirror on
the moving system. Deflection of the indicator light
on the scale was / = 53 mm. This corresponds to the
angle a = 1.78°. The results of the experiment differ
from the theoretical ones by 5%.

Values of the quantities used in calculations and
results of the calculations and measurements were
written with an excessive number of decimal digits.
Estimation of the measurement error and determination
of the number of reliable decimal digits in the results
will be made below.

The measurements have shown the operability of
the experimental facility, the absence of the thermal
effects associated with the heating of the parts of
the measuring transducer, and the correctness of the
calibration of the torsion balance.

2. Measurement of the radiation pressure on thin
fibers

We have used a system of copper fibers with
300um diameter as a receiver. The radiation pressure
efficiency factor on a single fiber, calculated by
equation (1) is 0, = 5.39. The low value of 0, can
be explained by the fact that the wires have a relatively
large diameter, but it still fulfills the condition of a
thin fiber (D<<)\). The power of the generator was
insufficient for work with thinner fibers. At the output
of the generator Py = 0.15 W. The radiation intensity
in the horn mouth is 500 W/m?, on the receiver which
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is located at 3 mm distance from the horn it is / =
=420 W/m?2. The power by one fiber is

P, = 1IDI = 0.0189 W.

Here D=300um, this is fiber diameter, / = 15mm,
this is fiber length.

The number of fibers in the receiver is N=18.
Therefore, the receiver is illuminated by the power of

P = PN =0.0340 W.

The deflection angle of a moving system under
the radiation pressure is theoretically determined by
equation (5):

PQM r
——— = 0.0298 rad = 1.71".
/4

o=

The indicator scale was located at a distance of

L = 0.65 m from the mirror on the moving system.

The deflection of the indicator light on indicator scale

is / = 35 mm. This corresponds to the angle a = 1.54°.

The experimentally determined radiation pressure

efficiency factor is 0, = 4.86. The coincidence with

the calculated one (Q, = 5.39) is satisfactory. The
difference between them is 10%.

Calculation errors
From (3) and (4) it follows

cWli
O =21pr

The main sources of errors:

1. The error in determining the stiffness of the
suspension rigidity, which is AW/W = 3%.

2. The absolute error of indication of moving
system deflection A/ = 2 mm. When the values of
deflection are about 40 mm, the relative error is
Al/l = 5%.

3. The absolute error of measuring the distance
from the indicator mirror of the moving system to the
scale is also about 2 mm. When the distance value is
L = 600 ... 800 mm relative error is AL/L<1%.

4. The relative error of measuring the radiation
power with a thermistor wattmeter is 5%. To the
error of determining the power P, which falls on the
receiver, contributes the error of determining the part

of the power that has passed through it due to the
divergence of the beam from the horn. Therefore, the
total error AP/P is 10%.

5. The distance r from the moving system
rotation axis to the point of application of a force
on the receiver could not be accurately determined
in our experiments. It was assumed that A7 = 2 mm,
therefore the relative error is about 10%.

The error of determining the radiation pressure
efficiency factor can be estimated by the equation:

) ()
—L ==+ =+ — |+ =]+ —].
0, w / L P r
Substituting here the numerical values of partial
errors gives

%:15%,

pr
Thus, the experiment gives the following value of
the radiation pressure efficiency factor

0, = 49 + 0.7.
With a confidence probability of 95%, the
estimated value of 0, = 5.39 is in the confidence
range.

Conclusions

I. Thin metal conductors (D<</) strongly
interact with microwave electromagnetic radiation.

2. Theoretical analysis shows that the radiation
pressure efficiency factor on the fibers of micrometer
diameter reaches values of several hundred at the
maximum. For thicker fibers it decreases, but for
diameters of tens and hundreds of micrometers, it is
still significantly larger than one.

3. For the first time it has been performed
an experiment for the microwave radiation pressure
efficiency factor measurement on thin fibers. The
relatively large diameter of the fibers is due to
the low power of the generator. The results of
measurements are reliably consistent with the results
of theoretical calculations and show the possibility of
using targets in the form of thin fibers as objects for
manipulation of them using the microwave radiation
pressure.
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AHoTamis

Tuck eseKTpOMarHiTHOro BMITPOMIHIOBaHHSI B ONTWYHOMY [lialla30Hi HIMPOKO 3aCTOCOBYETHCS IS YTPUMaHHS
MiKpOUYAaCTUHOK i KepyBaHHSI HuUMHU. Lle mocsiraeTbes 3aBOSKM MOXJIIMBOCTI (DOKYCYBaHHS JIa3epHOTO BUIIPOMIHIOBAHHS
B 00JIaCTb PO3MIpOM Y JeKiJibka MiKpOMeTpiB. I[HTEHCUBHICTh BUIIPOMiIHIOBAaHHS B Hili 1OCTaTHS IS YTPUMaHHS MiKPOHHUX
YaCTMHOK Yy TPOMEHI Jla3zepa i MaHIimyssiiil 3 HUMKM. 3apa3 MPOBOAATHCS iHTEHCUBHI MOCHIIKEHHS IIOA0 BUKOPMCTaHHS
MiKPOXBWJIBOBOTO 11 TeparepoBOro BUIMIPOMiHIOBaHb Ta MOXJIMBOCTI 3aCTOCYBaHHSI TUCKY BUMPOMiHIOBAHHS B LIMX Jiara3oHax.
AJle B MIKpOXBMJILOBOMY Jiana3oHi po3Mmipu (okajlbHOI 00jacTi HabaraTo Oilblli, HiXK B ONTUYHINA. ToMy mIsi KepyBaHHS
00’eKTaMu, pO3Mip SKUX MOPIBHIHUI i3 po3MipoM (oKaabHOI 00JaCTi, 32 JOMOMOIOI0 TUCKY BUIIPOMiHIOBAaHHS HEOOXilHi
Jy>Ke BeJIMKi moTyxHocTi. [Tpyu Manux po3Mipax 00’€KTiB Ha HUX IMOTpaIUIs€ HeBEJIMKA KiJbKiCTh €Heprii BUTPOMiHIOBAHHS,
i mitouya cuia 3aMeHIyeTbesd. OMHAK, BiTOMO, IO TOHKI MTPOBITHMKOBI BOJIOKHA YK€ CHJIBHO B3aEMOIIIOTh 3 MiKPOXBUJILOBUM
BUMNpPOMiHIOBaHHsIM. Lle Moxe OyTM BMKOPUCTAHO ISl JIeBIiTallil KOPOTKUX TOHKMX MeTajJieBUX BOJIOKOH (BiOpaTopiB),
YTPUMaHHI iX y 3alaHOMYy MicClli Ta KepyBaHHI IXHIM ITOJOXEHHSIM y MPOCTOPi.

VY crarTi onucaHo BUMIpIOBaAaHHS TUCKY MiKpOXBUJIBOBOIO BUITPOMIHIOBAHHSI 3 JTOBXMHOIO XBWJIi 8 MM Ha TOHKi MigHi
BOJIOKHA. JIJ1sT 1IbOTO BUKOPUCTAHO KPYTUJIbHI Baru. ¥ MeTajeBOMY KOpITyci Ha MiaBici 3 BOJb(MPaMOBOTro BOJOKHA iaMETPOM
8 MKM pPO3TallloBaHO KOPOMMCIJIO NOBXMHOIO 50 MM i3 MpUUMaJIbHUMU €JIeMEHTAMU y BUIJISIAI CUCTEMU MiJHUX BOJOKOH
nmiametpoMm 300 MKM i moBxkuHO0 15 MM. Ha omuH i3 mpuiiMaJbHUX €JIEMEHTIB 3a JOMOMOIOI PyIiopa CIpsIMOBYBAJIOCH
MiKpOXBWJIbOBE BUIPOMiHIOBaHHS. ONuUcaHO KaiiOpyBaHHS KPYTWIbHUX Bar, MpoLEC BUMIPIOBaHb Ta OLIHKY MOXMOKHU
pe3yabTaTiB. BuMmipioBaHHsI manu 3HayeHHs (akTopa e(eKTUBHOCTI TUCKY BUITPOMiHIOBAHHS Qpr = 4.86. lle 3amoBiabHO
Y3TOJKYEThCS 3 pe3yjbTaTaMU PO3PaxXyHKiB Qp, = 5.39. Pizaung cranoButs 10%.

KiouoBi cioBa: MiKpOXBUJIbOBE BUIIPOMIHIOBAHHS; TOHKI BOJIOKHA; TUCK BUIIPOMiHIOBaHHS; BUMIpIOBAHHSI.
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AHHOTAIMS

JlaBreHre 3JIEKTPOMATrHUTHOTO M3JTyIeHUsI B OTITUYIECKOM THaIia30He MCIONb3YeTCsl B JIA3ePHBIX JIOBYIIKaX (“ONTUIECKUX
nuHIEeTax”) IS yIpaBlieHUs TOJOXEHWEeM MUIIeHel (MMKPOYacTUIl, OMOJOTMYECKUX KJIETOK M Ip.). DTO BO3MOXHO
6naromapsi GOKyCHPOBKE JIa3epHOTO M3JTyYeHUs] B 00JaCTh pa3MepOM B HECKOJIBKO MUKPOMETPOB. HTEHCUBHOCTD U3JTyYeHMSI
B HEW IOoCTaTouyHa MJIs yAEpXKaHWsl YacTULl B Jiyde M MaHUMYISIUUM ¢ HUMU. B MUKpOBOMHOBOM AMama3oHe IUaMeTp
doKaTbHOTO TISITHA HAMHOTO OOJbINe, W IS YIPaBIeHUs OOBEKTAaMU C TTOMOIIBIO MaBJIEHUS W3TyUYeHUs HEOOXOTUMBI
oueHb Oosbliue MouiHoctu. Ho usBecteH 3¢ @dekT ouyeHb CHMIBHOTO B3aMMOICHCTBMSI TOHKUX MPOBOMSIIIMX BOJOKOH
C MUKPOBOJIHOBBIM m3itydeHreM. DakTop 3¢GEeKTUBHOCTA NaBIeHUS M3IYIeHUST Ha TaKue OOBEKTHI JOCTUTAET 3HAUYEHUIt
B HECKOJIbKO COTE€H. DTO MOXET ObIThb MCIOJb30BAHO ISl JIEBUTAIIMM OOBEKTOB B BUAE TOHKMX METALIMYECKUX BOJIOKOH
W JUIS YIPABJICHUs UX TOJIOXCHUEM B MPOCTPAHCTBE.
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B cratbe onucano U3MEPCHUE NAaBJICHUA MHUKPOBOJHOBOIO M3JIIY4YEHUA C IUIMHOW BOJIHBI 8§ MM Ha TOHKHE MeIHbIe
BOJIOKHA. HJ’[H 3TOI'0 MCIIOJb30BaHbl KPYTUJIBbHBIC BEChI. OnucaHa Ka.JTI/I6p0BKa KPYTUJIIbHBIX BECOB, ITPOLIECC MSMCpeHI/HL/'I

" OLICHKaA ITOTPCIIHOCTU pE3yjbTraTa. 9KCHepI/IMCHT TIOATBECPAWJI BBIBOIbI TCOPUU.

KiroueBbie ciioBa: MMKpPOBOJIHOBOE M3JIydyeHME; TOHKME BOJIOKHA; MaBJICHUE U3IYyYCHUS; U3MEPEHUS.
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