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PRESSURE OF ELECTROMAGNETIC RADIATION
ON VERY THIN CONDUCTORS

Background.. We use the mechanical action of laser radiation in the optical range for levitation, holding and moving
of microparticles. We use that fact that the radiation beam presses on the particle, pulls it into a region of high field
intensity and holds it there. We use the effect of strong absorption and scattering of microwave radiation by very thin
conductors - metal wires, graphite and semiconductor fibers, to overcome difficulties caused by comparable large focal
spot of the beam in the microwave range.

Obijectives. To provide an analysis of the possibility of levitation and control of the movement of thin metal targets,
which can be metal conductors with a diameter of several micrometers and a length of several millimeters, using mi-
crowave radiation without focusing on the target.

Results. We provide a theoretical analysis of the effect of microwave radiation strong pressure on thin conductors. We
derive a condition for the maximum of radiation pressure - the relationship between the radiation wavelength, the
diameter of wire and its conductivity. Also, we provide results of measurement of forces acting on thin conductors. For
such purpose, we have used a torsion bar scales with a wire suspension with a diameter of several micrometers and an
optical rotation angle reading. We show the good agreement between the calculation and experimental results.

KEY WORDS: radiation beam pressure, thin fiber, wire, levitation
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INTRODUCTION

The pressure of electromagnetic radiation on material bodies (ponderomotive effect) was predicted by J.
Maxwell in his treatise on electromagnetism (Maxwell 1873). It was first measured by P.N. Lebedev (Lebedev
1901), and his experiments had a strong influence on the development of physics in the late 19th - early 20th
centuries.

For a long time, it seemed that the smallness of light pressure, in the words of J. Poynting, “excludes it
from consideration in earthly affairs” (Poynting 1910). But in the 1950s, intensive research began on the use of
microwave radiation pressure to measure power in waveguide paths. As a result, there were created instruments
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for high accuracy radiation power measurement in the centimeter and millimeter ranges (Cullen 1952, Barlow
1966, Barlow et al. 1970, Valitov 1959, Orlov 1962). Then there were developed instruments for measurement of
laser radiation (Kokodii et al. 1988).

An engine was built - a device where a carousel with flat wings rotates under the influence of microwave
radiation pressure in a waveguide (Valitov et al. 1961). It was the world’s first device that used radiation pressure
to perform work and move bodies in space.

Ponderomotive devices did not become widespread, and the pressure of electromagnetic radiation re-
mained as some interesting physical effect without much practical application.

The situation changed radically with the advent of lasers with high radiation coherence and the ability to
focus the beam into a spot whose dimensions are comparable to the light wavelength (sharp focusing). A. Ashkin,
Nobel Prize winner in 2018, in experiments conducted in the 1970s, showed that the light pressure produced by a
laser beam is sufficient to capture, hold and move micron-sized particles (Ashkin 1970, Ashkin 1973).

Ashkin exposed green light from argon laser (A = 514.5 nm) onto transparent polymer spheres with a
diameter of 0.59 - 2.68 um, suspended in water. A focused beam of light on a sphere with a diameter of 2.68 pm
creates a force F = 6.67x1071% N. This force in the biological microcosm is very large. According to Newton's law,
it creates an acceleration of a biological cell of 9.5x107'® kg mass equal to 7x107 m/s?, which is million times
greater than the acceleration of free fall on Earth (g = 9.8 m/s?)!

He has also showed that there is a transverse force that draws a refractive particle into a region of high
light intensity - towards the axis of the beam from its periphery. His research became the basis for the creation of
now widely known optical (laser) tweezers, which can be used to hold or move of microparticles, biological cells
and individual atoms (Shwarz et al. 2021, Andriyanov et al. 2019, Tashtimirova et al. 2021, Jones et al. 2015,
Padgett et al. 2010).

He has also made experiments on optical levitation, where the force of light pressure lifted and held
micron-sized particles in the air.

The success of these experiments is explained by the fact that the focal region of the laser beam has
dimensions comparable to the wavelength of visible light (several micrometers). The radiation intensity there is
very high even with a beam power of several milliwatts, and the light pressure force is sufficient to manipulate
micron-sized particles, which in such case receive all the power of the light beam.

The same research has begun in the microwave range, which is also interesting for use in science and
technology. But in this range, solving the problem of manipulation objects using radiation pressure encountered
great difficulties. This is due to the fact that the size of the focal spot is of the same order as the radiation wave-
length. In the microwave range, this size is about 1 cm. It is impossible to focus a microwave beam more strongly
under normal conditions. In order for the entire beam energy to reach the object, it must have the same dimensions.
But objects of such dimensions have large mass, and it is difficult to manipulate them using radiation pressure. If
the objects are small, just a small part of the beam power hits them, and therefore the effect on them is weak. To
obtain fields whose magnitude is sufficient to manipulate objects, very high radiation powers are required.

But in works (Pettit et al. 2019, Kuzmichev et al. 2003, Akhmeteli et al. 2015, Kokodii et al. 2017, 2023,
2023, Kalambet et al. 2020) it was discovered that in the microwave range there is an effect of strong absorption
and scattering of radiation by thin wires, which diameter is much smaller than the incident radiation wavelength.
The values of absorption and scattering efficiency factors characterizing the interaction between wave and object
can reach several hundreds and thousands. It can be expected that the radiation pressure efficiency factor in these
cases will also be large. This will be described in detail in subsequent sections of such paper.

TASK STATEMENT
The force with which electromagnetic radiation presses on an object can be determined by the formula
P
Fpr = ;Qpr . (1)

Here P is the radiation power, which hits the object, c is the light velocity, Qyr is the radiation pressure
efficiency factor. For example, for a completely absorbing surface Qpr = 1, for an absolutely reflective plate Qpr =
2.

For a circular cylinder on which a plane electromagnetic wave is incident normal to its axis, the radiation
pressure efficiency factor is determined by the formulas (Kerker 1969, Van de Hulst 1981):

2L . ;
er :EZRe(bl +h _2b|b|+1), (2
=0

2 & « .
Q; :EZRe(a| ta, _2a|a|+1). 3)
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The superscripts E and H indicate the direction of polarization of the wave - along the axis of the cylinder
(E-wave) or perpendicular to it (H-wave).

Coefficients by and a; depend on the cylinder diameter D, wavelength A and complex refractive index
m=n-—ik :

- MA(M) i (p) =i (M) (p)
mJ;(mp)H? (p) -3, (mp) HP (p) "

(4)

M3 (mp) (o)~ Ii(mp) Iy ()
| = - , :
mJ, () H® () =3y () H{® (p)
Here p :%, Ji(z) is the Bessel function, H/®(z) is the Hankel function of the 2nd kind, the prime

®)

denotes the derivative of the function with respect to the entire argument.

RADIATION PRESSURE ON A THIN METAL CYLINDER
A feature of the dependencies presented in Fig. 1 is a strong increase of the radiation pressure efficiency
factor in the case of E-polarization on thin conducting cylinders - metal wires and semiconductor fibers. In the
microwave range for wires of nano- and micrometer diameters, its value reaches several hundreds and thousands.
In Fig. 2 presented is the dependence of the radiation pressure efficiency factor for a copper wire on the
parameter p (curve 1). One can see that at a certain value of this parameter, at the maximum, it is greater than

2000. It is interesting, that it can be greater than the radiation pressure efficiency factor for an absolutely reflective

cylinder (curve 2), although the radiation pressure on a flat surface with a finite reflection coefficient always less
than the pressure on absolutely reflective surface.

3000
Qpr

2000

1000

—

0 0.0002 0.0004 0.0006 0.0008 0 0.001

Fig. 2. Radiation pressure efficiency factor dependencies on p for:
in the microwave range
1) thin copper wire, 2) absolutely reflective wire,
3) thin copper wire, calculated using approximate formula.

Let us find the coordinate and value of the maximum of the radiation pressure efficiency factor. For this,
one can use the fact that for a very thin wire the conditions , <1, |[Mp|<<1 are satisfied, and in series (2) and

(3) one can use only the first term, and in the coefficients b, — the first term of the expansion into series of Bessel
and Hankel functions. Let us describe the case of the E-wave. After some transformations, we obtain the following
expression for the radiation pressure efficiency factor, which well describes the trajectory of the function Q7 (p)

in the region of its maximum (curve 3 in Fig. 2):
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mn’p
1+ (r]zp2 In p)2
(6)

Here n is the real part of the complex refractive index. According to Drude theory, the complex refractive
index of a metal in the infrared and microwave regions of the spectrum is determined as

2o, 1) ™)

where o is conductivity, m is circular frequency, go = 8.85-1012 F/m is the dielectric constant of free space.
Position of the maximum can be found by differentiating of the expression (6). As result we obtain the
following equation for determining the coordinates of the maximum,

1-3n*p*In(p)’ —2n°p* In(p) =0.
The last term in this equation is much smaller than the other and can be neglected. Thus, the equation
becomes the following form:

m=

1-3n*p* In(p)2 =0
8

Pimax = exp[1 LambertW ( T j}
1
Pomax = exp(2 LambertW [_\/__n)]
Pamax = exp( —E LambertW [——D
2 J_n

where LambertW(x) is the Lambert function. It was introduced into the MAPLE mathematical computer system
by the developers of this program (Corless et al. 1996), and then into the MATHCAD, MATLAB, MATHEMAT-
ICA programs. Three roots correspond to three branches of this function. The physical meaning in our problem
has a third root. It shows the exact value of the position of the maximum on curve 3 of the Qpr(p) dependence in
Fig. 2. But it is difficult to use the LambertW(x) function due to its lack of knowledge. Therefore, we have found
an approximate solution of equation (8). One can use a fact that it is easy to construct a graph of n(p), which covers
the range of refractive index values for conductors in the infrared and microwave regions of the spectrum. From it
one can find the inverse function p(n), which is very simple,
1
Prax == 9)
This formula well describes the position of the radiation pressure efficiency factor maximum for conduc-
tors in the microwave range. It can be rewritten in the following form,
A

41n ! (10)

where D is the diameter of the conductor, A is the radiation wavelength in free space, and A; =X/ n is the wave-

length inside the conductor. Thus, the condition for maximum is a diameter value that is approximately 10 times
smaller than the radiation wavelength in the conductor. For example, for copper at a wavelength of 2 =8 mm,
the maximum will be for a conductor diameter of 170 nm. For graphite, the maximum will be for a conductor
diameter of 3.5 microns.

The graph shows that the effect of microwave radiation on cylindrical metal nanoparticles is very strong.
This can be used to retain and transportation such particles using microwave radiation, similar to laser tweezers in
the optical range (Kokodii et al. 2020).

Putting expression (9) into (6) gives the value of the radiation pressure efficiency factor maximum,

n 1/och

~N—=_
Qabsmax"

2 4\mce,

In our example, the value of the radiation pressure efficiency factor at the maximum is large — about 2000.
The maximum is at very small diameter values — about 200 nm. But even in the micrometer range of diameter

It has three roots:

max
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values, the radiation pressure efficiency factor is large. For a copper cylinder with a diameter of 30 microns, it is
equal to 28, which is also a large value.

The cylinder as an object of interaction with electromagnetic radiation is unique. The effect of strong
interaction of thin cylinders with radiation was studied in detail in (Kokodii et al. 2024).

EXPERIMENT
We have made an experiment, where a target made of several metal wires has been moved in space. We
have also measured the force of the electromagnetic radiation which moved a target.

We have used a torsion bar scale as the measuring transformer. The scheme of the experimental setup is
presented in Fig. 4. A rocker arm 2 of a 50 mm length is suspended on tungsten wire 1 with a diameter of 8 microns
and a length of 150 mm. At the edges of the rocker there are located receiving elements 3 and 4. One of them is
an aluminum foil plate with dimensions 15x15x0.15 mm. Its radiation pressure efficiency factor is Qpr = 2. It
was used for reference measurements. Another receiving element is a grating from copper wires with a diameter
of 300 microns, located at distance 1 mm from one another. To measure the movement of the mobile system under
the influence of radiation pressure, a laser beam 6 was directed at mirror 5. After reflection, the beam fell on scale
7. The beam offset | on the scale is related to the rotation angle « of the mobile system by the relation,

| =2alL,
where L is the distance from the mirror to the scale.

MW Generator

Fig. 4. Scheme of the experimental setup
1 — suspension, 2 — rocker arm, 3 — flat receiving element,
4 — grating receiving element, 5 — indicator mirror, 6 — laser,
7 - scale

Radiation with 8 mm wavelength was directed to the receiving element. The power of incident radiation
on the receiver was P = 32 mW. Under the influence of the pressure of this radiation, the system has been rotated
through an angle « = 1.54°. This angle can be determined by the formula

M
a= (13)
where M = Fr is the torque acting on the system, F is the force applied to the receiving element, r is the arm of
the force (the distance from the suspension to the middle of the receiving element), W is the specific counteracting
moment of the suspension.

The specific counteracting moment of the suspension is determined by the relation following from solid

mechanics,

4
w06 _og g0 M,
32h rad
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where d = 8 um is the diameter of the suspension, h = 150 mm is its length, G = 151 GPa is the shear modulus of
tungsten.

The torque acting on the mobile system, according to (13), is equal to

M =aW =9.62-10" N-m/rad .
A force acting on the receiving element is,
F= M =5.50-10" N.
r

Here r = 17.5 mm is the arm of the force, that is, the distance from the suspension to the middle of the
receiving element.

A force acting on each wire is,

F = % =3.44-10™ N,

where N = 16 is number of wires.
According to equation (1), the radiation pressure efficiency factor is equal to
Fc
=—=516.
Qpr Pl
Here P; = F1+/N = 0.002 W is the power incident on each wire.
Calculations using equation (2) give the value Qpr = 5.39. The difference between theory and experiment
is 4%. This is a good coincidence, considering the inaccuracy of estimating the power incident on each wire, the
theoretical determining of the mechanical parameters of the suspension, and other factors.

CONCLUSIONS

We have studied the effect of very strong microwave radiation pressure on thin metal conductors. The
radiation pressure efficiency factor on them can reach several hundreds and thousands.

We have determined the conditions for maximum radiation pressure - the relationship between the radia-
tion wavelength, the diameter of the conductor and its conductivity.

We have shown a possibility of a levitation of targets in the form of metal wires with a diameter of several
microns and a length of several millimetres, as well as control of their movement in space for the radiation power
of several watts.

We have also measured the force acting on a thin metal wire by microwave radiation.
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TUCK EJJEKTPOMAT'HITHOI'O BUITPOMIHIOBAHHSA
HA AYXE TOHKI ITPOBIJHUKH

M. KOKO/JIIi !, A. HATAPOBA ?, C. MOBEHKO !, . TYPIHA !,
I. TAPSYEBCBKA !, . HATAPOB 3, M. PYJHEBA !
Xapxiscoxuii nayionanvnutl ynisepcumem imeni B.H. Kapasina, 61022, Xapxie, Yxpaina
2 Xapxiscoxutl nayionanvhuil ynieepcumem Iosimpsanux Cun imeni Isana Kooceoyba, 61023, Xapxis, Ypaina
3 Incmumym paoiogizuxu ma enexmpouixu in. O.A. Ycuxosa HAH Yipainu, 61085, Xapkie, Yxpaina

AKTyajbHicTh. MexaHiuHa Jisl Ja3epHOTO0 BUNIPOMIHIOBAHHS B ONITHYHOMY JiaNia30Hi BUKOPUCTOBYEThCS
JUISL JIEBITALlll, yTPUMaHHS i TPAaHCHOPTYBaHHS MiKpO4acCTHHOK. TyT BUKOPHCTOBYETHCS T€, IO ITyYOK BH-
MPOMIHIOBaHHS TUCHE Ha YaCTHHKY, BTSTYE ii B 001aCTh BEJIMKOI IHTEHCUBHOCTI 1OJIS H yTpUMYeE 11 Tam. Y
MIKpPOXBHJILOBOMY Jlialla30Hi CTBOPEHHS MOAIOHUX MPHUCTPOIB 3ycTpivae BEJIMKI TPYAHOLI, MOB'I3aHi 3
THM, 10 AAGPAKIIISE HE A€ 3MOTH 3MIHCHATH ToCTpe (POKYCYBaHHS ITydKa, TOMY IiaMeTp (HOKaIBHOI IIISIMH
BUXOJHTH HE MEHIINM 3a | caHTHMeTp. HeMOXIMBO OTpUMaTH TaKy BEIHMKY KOHIICHTPAIIiIO0 €HEPTii BUIPO-
MIHIOBaHHS, K B ONTHYHOMY Jiama3oHi, e JiaMeTp (GokatpHOI IIIMHU MOke OyTH He OunpmM 3a 1 Mik-
pomerTp.

Meta podoru Lli TpynHOIII MOXHA MOJOIATH, SKIIO BUKOPHCTOBYBATH €()EKT CHIILHOTO MOTJIMHAHHSA 1
PO3CiIOBaHHS MIKPOXBHJILOBOTO BHIIPOMIHIOBAHHS Ay)K€ TOHKUMH IPOBITHUKAaMH - METaJICBIMH APOTAMH,
rpadiTOBUMH 1 HAIBIPOBIAHUKOBUMH BOJOKHAMHU.

Marepianu Ta MeToaH. Y CTaTTi IPOBEICHO TEOPETUUHHUMN aHalli3 epeKTy CHIBHOTO TUCKY MIKPOXBHJIBO-
BOTO BUIIPOMIHIOBaHHS Ha TOHKI MPOBITHUKH. BUBEIEHO yMOBY MakCUMyMY THCKY BUIPOMIHIOBAaHHS -
CIIBBITHOILIEHHS MK JIOB)KUHOIO XBHJII BUIIPOMIHIOBaHHS, lilaMETPOM NPOBIJHHUKA Ta HOTO IPOBIAHICTIO.
VY makcumyMmi akTop ehpeKTHBHOCTI TUCKY MIKPOXBHJIBOBOT'O BHUIIPOMIHIOBAHHS YK€ BEJIUKHUIL - COTHI i
THCSUI.

PesyabTaTu. [IpoBeieHO aHami3 MOKIIMBOCTI JIEBITALlI] Ta KEPYBaHHS PYyXOM TOHKHX METAJICBUX MillIeHEH
3a TOTIOMOTOI0 MiKPOXBHJIBOBOTO BUIIPOMIHIOBaHHS. MIIIICHAMH MOXYTh OyTH MeTaleBi MIPOBITHUKH Jia-
METPOM KiTbKa MIKPOMETPIB i TOBKUHOIO KiTbKa MisliMeTpiB. @OKyCyBaTH BUIIPOMiHIOBaHHS Ha MIIICHb
Hemae HeoOximHocTi. [IpoBeieHo BUMipIOBaHHS CHJI, IO AifOTh Ha TOHKI MPOBITHUKH. IS IIFOTO BUKOPH-
CTaHO TOPCIOHHI Bary 3 MiIBICOM i3 JPOTY IiaMeTPOM KiTbKa MiKPOMETPIB i OITHYHUM BiITIKOM KyTa IO-
BOpOTY. Pe3ynbTatu po3paxyHKiB i pe3yJbTaTH EKCIICPUMEHTY 100pe 30iratoThCs OJMH 3 OJTHHM.
KJIFOUYOBI CJIOBA: Tuck my4yka BUNPOMiHIOBaHHS, TOHKE BOJIOKHO, JIPIT, JIE€BiTALis.
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