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Charge mechanism of low-frequency stimulated Raman scattering on viruses
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A physical mechanism of stimulated light scattering on nanoscale objects in a water suspension is pro-
posed. The proposed mechanism is based on the dipole interaction between the light wave and the inevitable
uncompensated electrical charge on a nanoscale object (e.g., a virus or nanoparticle) in a water environment.
Experimental data on the tobacco mosaic virus are presented to support the proposed physical mechanism. It is
demonstrated that stimulated amplification spectral line frequencies observed experimentally are well explained
by the proposed mechanism. In particular, the absence of lower-frequency lines and the shifting of generation
lines when the pH changes are due to ion friction in the ionic solution environment. The selection rules observed
experimentally also confirm the dipole interaction type. It is shown that microwave radiation on the nanoscale
object acoustic vibrations frequency should appear under such scattering conditions. We demonstrate that such
conditions also allow for local selective heating of nanoscale objects from dozens to hundreds of degrees Celsius.
This effect is controlled by the optical irradiation parameters, and it can be used to selectively affect a specific
type of virus.
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I. INTRODUCTION

Recently, many works have been published on the direct
observation of acoustic vibrational modes of nanoscale ob-
jects (viruses in particular) via low-frequency optical Raman
scattering [1] and extraordinary acoustic Raman scattering
[2,3]. However, these techniques are limited to the study of
single particles placed in artificial environments, e.g., on a sur-
face or using double nanoholes [3], thus practical applications
are also limited. The traditional electrostriction mechanism
has been put forward to account for these phenomena.

There are many studies on low-frequency stimulated Ra-
man scattering on viruses and nanoparticles in a water
environment [4,5] where these objects are charged. However,
there is a serious gap in the theory, namely the absence of a
model for the nonlinear interaction of electromagnetic radia-
tion with charged elastic nano-objects. In this case, a much
stronger excitation mechanism than electrostriction can be
responsible for this phenomenon. This mechanism is based
on the interaction of a charge with an electromagnetic wave.
The origin of the mechanism is in some features close to
the Langmuir wave mechanism. Ultimately, this mechanism
explains several ambiguous features of this type of light scat-
tering. Presently, nanoscale biological objects such as viruses
in water suspensions are of great interest [6], and obtaining
new information on such objects via a new method opens up
new possibilities for controlling these objects. For example,
the proposed mechanism opens up the possibility of selective
heating via resonant biharmonic pumping of only a specific
type of virus in a suspension of various viruses.

*vadimoshurko@gmail.com

At present, the mechanism of stimulated light scattering is
not completely clear for nanoscale objects. Stimulated light
scattering with a frequency shift equal to the frequency of
the acoustic vibrations characteristic of nanoscale objects
is traditionally explained using models based on the elec-
trostriction (ponderomotive) mechanism, which suggests the
modulation of the electric susceptibility of an electrically
neutral medium by an external field [7]. The electrostriction
mechanism clearly does not fit the phenomenon considered
in this study because the medium is not electrically neutral
in a virus suspension. Biological and nonbiological objects
(e.g., viruses and polymeric nanospheres, respectively) in wa-
ter suspensions have a significant uncompensated electrical
charge [8,9], and the protein shell (capsid) of viruses, which is
composed of amino acids, undergoes electrolytic dissociation
in a water environment [10]. This explains the phenomenon
of proteins and ribonucleic acid electrophoresis caused by un-
compensated electrical charge, as the number of acid residues
is different from the number of alkaline residues [10]. Conse-
quently, proteins and viruses exhibit the so-called isoelectric
point, i.e., the pH of the environment when the uncompen-
sated charge dissipates. Therefore, the uncompensated charge
value of the virus can be controlled by varying the pH of the
solution.

The experimental studies in the literature show that poly-
meric nanospheres in water suspensions also possess a
significant charge, e.g., ∼20e (elementary charges) per a sin-
gle 50-nm polystyrene nanoparticle [8]. It is obvious that the
energy of the electrostatic interaction between such a charge
and the electric field in the laser beam waist is many orders of
magnitude larger than the electrostriction interaction energy
(i.e., the energy of interaction between the induced dipole mo-
ment and the external field). The electrostatic force affecting
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the charge is evidently much stronger than the electrostriction
forces. Until now, this scenario has not been taken into ac-
count, although the interaction between the electromagnetic
field of the light beam and the charge may be the primary
mechanism determining the low-frequency stimulated light
scattering phenomenon.

Due to ionic (or cataphoretic) friction, the presence of a
significant uncompensated electrical charge causes a strong
suppression of acoustic vibrations in nanoscale particles sur-
rounded by water [8]. In other words, the friction should be
so strong that any vibration is almost impossible. However,
experiments show that in water suspensions of nanoparticles,
including viruses, a directional stimulated emission is formed
on Stokes frequency (i.e., redshifted by the value of the fre-
quency of the acoustic vibrations inherent in these particles).
We will subsequently refer to this effect as low-frequency
stimulated light scattering (LFSS).

There are a series of LFSS peculiarities, which are com-
parable to conventional stimulated Raman scattering (SRS).
For example, unlike SRS, LFSS is almost never observed on
the frequency of the lowest vibrational mode [4,5,7]. Fur-
thermore, as will be shown later, in the case of viruses, the
observed LFSS frequency can depend on the ion and virus
concentrations in the solution.

LFSS also differs noticeably from the stimulated Brillouin
scattering (SBS) process. In SBS, the stimulated light scatter-
ing appears on an acoustic wave inside a macroscopic object,
and the frequency shift is defined only by the speed of sound
in this object. In LFSS, the frequency shift is clearly caused
by the scattering of acoustic waves on nanoscale objects and is
dependent on the characteristics of the nanoscale objects, such
as size. Thus, these peculiarities and the unclear mechanism
of stimulated light scattering on nanoscale objects’ acoustic
vibrations enable us to state that LFSS is a new nonlinear
optics phenomenon. The purpose of this work is to develop
a model that describes the LFSS phenomenon based on a
charge mechanism and to explain the experimentally observed
features of the process.

II. FORMALISM

A. Charge mechanism of LFSS

Consider a simplified model of a charged dielectric
nanoscale object (a nanosphere or nanosized virus particle) in
the electromagnetic field of a light wave. The object itself is
not electrically neutral in this case. Usually, the excess charge
of such an object is compensated for by oppositely charged
ions in the solution or a surfactant, which is always added to
a nanoparticle suspension to prevent adhesion. This charge-
compensating ionic shell size is defined by the Debye length
for the solution. The existence of such a shell requires adding
another factor to the model, i.e., the friction that inevitably
appears during acoustic vibrations of a nanoscale object in an
ionic shell.

Let the TE light wave be directed along the z axis and
the electric field vector oscillate along the x axis. The wave
equation for E(r, t ) is given as

D̂E(r, t ) = ∇(∇E(r, t )) + 4π

c2

∂J(r, t )

∂t
, (1)

where D̂ = �−1/c2∂2/∂t2 is the d’Alembertian, c is the
speed of light, and J(r, t ) is the density of the current induced
by the acoustic movement of the charge. In the case of usual
SRS or the electrostrictional (ponderomotive) mechanism, the
first term on the right-hand side of the equation is equal to zero
because of the zero total charge of the medium. However, in
our case we should take into account that

∇E(r, t ) = 4πq(r, t ),

where q(r, t ) is the charge volume density.
Let the object be charged uniformly with the initial charge

density constant over the volume (q0 = const). If the object is
absolutely rigid (i.e., its elastic modulus equals infinity), there
will be no movement apart from reciprocating oscillations in
the field �E of the light wave. Such oscillations make no contri-
bution to inelastic light scattering and will not be considered.
Acoustic vibrations are possible in an elastic object with a
finite Young’s modulus, and they can appear spontaneously
at room temperature because the acoustic phonon energy h�

is much less than the heat energy kBT .
Let us consider the acoustic displacement u = r′ − r,

where r′ is the displaced position of point r in an acoustic
wave. The solid body acoustic equation can be expressed as

�u(r, t ) − �
∂u(r, t )

∂t
− 1

v2

∂2u(r, t )

∂t2
= 1

v2
Fm, (2)

where v is the speed of sound, and Fm is the force mass
density, i.e., volume density (Fv = dF/dV ) divided by the
density of the mass, Fm = Fv/ρ. Here, we also introduce
the phenomenological term that describes the friction propor-
tional to velocity with the coefficient �. As was mentioned
earlier, this is necessary to account for external ionic shell
resistance to oscillations.

It is obvious that in our case, the force density is

Fm = q(r, t )/ρ(r, t )E(r, t ),

where q is the charge volume density.
An acoustic wave in a nanoscale object can be natu-

rally considered as a wave of density modulation ρ ′(r, t ) =
ρ0 f (r, t ), where f is the dimensionless function describing
this wave. The charge density modulation is described by
the same function f , and consequently the ratio q′/ρ ′ on the
right-hand side of Eq. (2) remains constant.

Then the only form of direct interaction between the light
wave field and the nanoscale object charge is charge de-
compensation caused by the well-known Debye-Falkenhagen
effect [11]. When an electromagnetic wave passes through
an ionic solution, starting from a wave frequency, the ion
heavy hydration shell fails to keep up with the ion movement,
leading to a sharp growth in solution conductivity. For the
majority of water solutions, this frequency lies in the region of
several gigahertz and is lower than the observed characteristic
frequencies of nanosphere/virus acoustic vibrations (dozens
of gigahertz). In recent works, the inertia of hydration shells
is always taken into account [12] in explaining the emergence
of uncompensated charge while exciting acoustic vibrations
in charged nanoscale objects.

The origin of the charge decompensation wave is close
to the well-known Langmuir waves in plasma [13]. How-
ever, these waves are not identical to Langmuir’s wave. In
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plasma, the charges are practically free and the elasticity of the
“oscillator” is determined only by the Coulomb interactions.
In a virus, charges are bound to the surface of a large (300
nm) rigid body—the virus capsid. In this case, the elasticity
of the oscillator (and also its eigenfrequency) is determined
by Young’s modulus of the capsid proteins.

For simplicity, consider a one-dimensional problem de-
scribing a tobacco mosaic virus particle that looks like a thin
cylinder. Like the light wave E vector, let the cylinder axis be
directed along the x axis. If the negative (or positive) charge
volume density of the virus is modulated by an acoustic wave
q−(x, t ) = q−

0 f (x, t ), then the opposite ion charge density in
the hydration shell in the solution remains constant (q+ =
q+

0 ) due to the Debye-Falkenhagen effect, and it equals q0

for the one-dimensional problem. The total charge density is
then defined by the difference q(x, t ) = q−

0 f (x, t ) − q+
0 . An

easy direct calculation shows that the total charge density is
q(x, t ) = q0

∂u
∂x .

Apart from the force induced by the light wave field
q0uxE (z, t ), there are also interactive forces between charged
areas similar to that in Langmuir waves in plasma. These
forces are

Fe = q(x, t )E ′ = q(x, t )
∫

∂E ′

∂x
dx

= q(x, t )
∫

4πq(x, t )dx = 4πq2
0uux, (3)

where E ′ is the field created by uncompensated charges.
Finally, the equation for acoustic displacement u(x, t ) is

uxx − �ut − 1

v2
utt = q0

ρ0v2
uxE (z, t ) + 4π

q2
0

ρ0v2
uux. (4)

B. Dipole approximation

It is difficult to find a general solution of this equation for a
harmonic light wave. However, it is evident that a charge mov-
ing in the field of a light wave does not itself cause inelastic
scattering. To find the inelastic components of the scattering, it
is necessary to examine the processes in which the light wave
field modulates a parameter of the system. In particular, let
us consider the modulation of the total dipole moment by the
external electric field. To achieve this, an auxiliary problem
has to be solved: consider a constant force affecting the dipole
moment of the object instead of a light wave field, i.e., let
us determine how a constant external field changes the dipole
moment.

On the right side of Eq. (4), there is the density of the
force affecting the object via the field and the interaction
between the areas of the distributed charge. The estimation
readily shows that although the LFSS field is relatively weak
compared to the left side of Eq. (4), the second term on the
right side of Eq. (4) (the interaction between the areas) is
much smaller than the first term for realistic acoustic vibration
amplitudes and can thus be neglected.

It is obvious that in the absence of acoustic vibrations,
the charge distribution is uniform and there is no dipole
moment—or, to be precise, it is possible to choose a ref-
erence frame in which the dipole moment equals zero. The
dependence of a charged object dipole moment on the chosen
reference frame is insignificant as force is defined only by the

dipole moment derivative. When an acoustic wave appears,
charged areas are created due to charge decompensation, and
the total dipole moment (per unit volume) for a virus of length
L and its derivative are

p = q0

L

∫ L

0
xuxdx (5)

and

px = q0

L
Lux(L) = q0ux(L).

In a dipole approximation, to determine the force affecting
each element dx at point x, we determine the coordinate-
dependent dipole moment p(x) and its derivative as

px(x) = q0ux.

The light wave electric field force density is

Fv = 1
2 pxE (z, t ) = 1

2 q0uxE (z, t ). (6)

Estimations show that the magnitude of the dipole moment
and the force affecting the dipole are in fact much larger
than the electrostriction (ponderomotive) forces traditionally
considered in nonlinear optics.

In Eqs. (5) and (6), the displacement u(x, t ), and con-
sequently the dipole moment, are functions of the external
field E. To consider the dependence p(E ) using the simplified
model, let us examine a charged object (a virus) in a con-
stant external field E . As E = const on the right-hand side
of Eq. (4), using the standard substitution u(x, t ) = U (t )V (x),
we derive the following system of equations:

Utt (t ) + γUt (t ) + �2
mU (t ) = 0, (7)

Vxx(x) − q0

2ρ0v2
EVx(x) + �2

m

v2
V (x) = 0. (8)

Here, we denote γ = �v2 and the common constant
−�2

m/v2. The solution of Eq. (8), with the free ends condition
ux(0) = ux(L) = 0, is

V (x) = u0e
q0Ex

4ρ0v2 cos

⎛
⎝x

√
�m

v2

2

− E2q0
2

16ρ0
2v4

⎞
⎠, (9)

where �m = mπv/L is the mth mode eigenfrequency, and u0

is the amplitude. Hence, we can determine the derivative of
the dipole moment based on Eqs. (5), (6), and (9),

px(E ) = U (t )
u0q0

4ρ0v2
e

q0EL

4ρ0v2

× [q0E cos(�E L) − (4v2ρ0�E ) sin(�E L)], (10)

where

�E =
√

�2
m

v2
− E2q0

2

16ρ2
0v4

. (11)

In Eqs. (10) and (11), U (t ) is the solution of Eq. (7) in
the form of a periodic function with

√
�2

m − γ 2 frequency
and the attenuation coefficient γ . For our purposes, let U = 1.
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In Eqs. (7) and (8), the field E is constant, and Eqs. (7), (8),
and (9) are not intended to solve the stimulated amplification
problem but are only used to estimate the dipole moment
dependence on the field.

Under the conditions of LFSS, the field can be considered
small, i.e., E � 4ρ0�mv/q0. This is true up to E ∼ 109 V/m,
which is significantly stronger than the intensities used in ex-
periments, i.e., I ∼ 1 MW/cm2. Thus, px(E ) can be expanded
into a series using E ,

px(E ) = q2
0u0(−1)m

2ρ0v2
E + 3

16

q3
0u0L(−1)m

ρ2
0v4

E2 + . . . . (12)

The series coefficients depend on the amplitude of the ini-
tial oscillation u0, which is quite different in regular molecular
SRS. In fact, almost any molecule has nonzero polarizability;
however, in our case, the polarizability is not equal to zero
only if the initial charge distribution is nonuniform. This is
possible, for example, due to spontaneous acoustic vibrations.
If there is no nonuniform distribution, then the polarizability
(i.e., the dipole moment dependence on the external field)
evidently equals zero. The external field itself affects all areas
equally, and hence it does not create a nonuniform charge
distribution, which would result in a nonzero dipole moment.

C. Stimulated amplification of radiation

Given the dipole approximation, we substitute the force
density with 1/2px[E (z, t )]E (z, t ) on the right-hand side of
the acoustic equation, Eq. (4). Accounting for the expansion
of Eq. (12), for the first two terms of the series we obtain

uxx − �ut − 1

v2
utt = α1E (z, t )2 + α2E (z, t )3, (13)

where

α1 = q2
0u0(−1)m

4ρ0v2
, α2 = 3q3

0u0L(−1)m

32ρ2
0v4

(14)

and E (z, t ) is the light field. To determine the amplifica-
tion of the radiation components in a stimulated process, we
consider a combination of a pump wave and a Stokes wave
based on the traditional nonlinear optics approach E (z, t ) =
E0exp(iω0t−ik0z) + Esexp(iωst−iksz) + c.c. In this case, the
right side of Eq. (13) does not depend on x, and Eq. (13) can
be split into two ordinary equations,

Utt (t ) + γUt (t ) + �2
mU (t ) = α1E (z, t )2 + α2E (z, t )3 (15)

and

Vxx(x) + �2
m

v2
V (x) = 0. (16)

The second equation, Eq. (16), with the free ends condi-
tion is an expression for eigenfrequencies �m = mπv

L , m =
1, 2, . . . ,

V (x) = u0 cos

(
�m

v
x

)
. (17)

In the first equation, Eq. (15), we substitute the combi-
nation of pump and Stokes waves (frequencies ω0 and ωs,
respectively) mentioned earlier, and we derive a solution u =
UV at a frequency � = ω0 − ωs,

u� = α1V (x)
E0Es

�2
m − �2 + 2iγ�

e(i�t−ik�z). (18)

Similarly, we derive a solution at the Stokes frequency ωs,

us = α2V (x)
E2

0 Es

�2
m − ω2

s + 2iγωs
e(iωst−iksz) (19)

It can be seen that the second solution for the Stokes com-
ponent ωs does not have pronounced resonances at detuning
equal to eigenfrequencies ω0 − ωs = �m and does not explain
the observed stimulated amplification at these frequencies.

Consequently, the only possible stimulated amplification
mechanism for Stokes or anti-Stokes frequencies is a simul-
taneous amplification at a microwave frequency � (at which
waves with frequencies ω0 and ωs are combined) and further
amplification of the frequency ωs when the frequencies ω0 and
� are combined.

D. Coupled waves equations

To investigate the possibility of such simultaneous ampli-
fication, we consider the propagation of four waves at the
frequencies ω0, �, ωs, and ωa (where ωa is the anti-
Stokes radiation frequency). Again, we derive the solutions of
Eq. (13) for these frequencies considering only the first-order
terms on the right side of the equation,

u0 = α1V (x)
(E0Es + E0Ea)

ω2
m − ω2

0 + 2iγω0
e(iω0t−ik0z), (20)

us = α1V (x)
E0E�

�2
m − ω2

s + 2iγωs
e(iωst−iksz), (21)

ua = α1V (x)
E0E�

�2
m − ω2

a + 2iγωa
e(iωat−iksz), (22)

u� = α1V (x)
(E0Es + E0Ea)

�2
m − �2 + 2iγ�

e(i�t−ik�z). (23)

Next, to substitute these equations into the wave equation,
Eq. (1), we define the terms Jt = μ0∂

2ui/∂t2, and using a
slowly varying envelope approximation, we obtain a system of
coupled wave equations in which we wave out the dependence
on the x coordinate,

dE0

dz
= β0E�(Es + Ea), (24)

dEs

dz
= βsE�E0, (25)

dEa

dz
= βaE�E0, (26)

dE�

dz
= β�E0(Es + Ea), (27)
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FIG. 1. Experimental low-frequency stimulated scattering: (a),(b) interference fringes from a Fabry-Pérot interferometer and (c) LFSS
spectra for the tobacco mosaic virus concentration (a) ∼1.0 × 1012 cm−3, �ν ∼ 44.1 GHz and concentration (b) ∼2.0 × 1012 cm−3, �ν ∼
31.38 GHz.

where β are constants defined by Eqs. (18)–(23). Solving these equations for the Stokes component, we obtain

Es(z) = Es0

1 − Es0Re(χ )z
, (28)

where Es0 is the magnitude of Stokes radiation (e.g., spontaneous Stokes radiation) at z = 0, and χ is

χ (�) =
√

− c2μ2
0α

2
1ω0�

(�2
m − ω2

0 + 2iγω0)(�2
m − �2 + 2iγ�)

(
(ω0 + �)

(
�2

m − (ω0 − �)2 + 2iγ (ω0 − �)
)

(
�2

m − (ω0 + �)2 + 2iγ (ω0 + �)
)
(ω0 − �)

+ 1

)
. (29)

III. COMPARISON OF THE THEORY WITH EXPERIMENT

We can now compare the developed theoretical model
with experimental results on low-frequency stimulated light
scattering in suspensions of tobacco mosaic virus (TMV) in
tris buffer. As can be seen from (29), the theoretical model
predicts that the dumping coefficient defines which lines are
amplified. In the experiment, this coefficient can be tuned
by changing the pH of the solution. The easiest way is to
change the pH of the solution without changing the other
experimental conditions by evaporating a part (for example,
half of the water) in the vessel.

In the experimental setup described in detail in the Bunkin
et al. study [6], the cuvette with the studied suspension was
irradiated by focused second-harmonic pulses of a single-
frequency YAG : Nd3+ laser (wavelength λ of 532 nm, pulse
duration τ of 10 ns, and pulse energy Ep of up to 40 mJ).
The radiation was focused onto the cuvette center by a lens
with a focal length f of 30 mm. Stimulated light scattering
spectra were studied using a Fabry-Pérot interferometer and
recorded with a complementary metal-oxide semiconductor
(CMOS) camera, a Basler acA1920-40 μm. The chosen inten-
sity ensures that the obtained spectra are caused by stimulated
Raman scattering rather than stimulated Brillouin scattering
[6]. It was experimentally shown in [6] that when the intensity
is so high (∼ 109 W/cm2) stimulated Raman scattering of
light dominates, and stimulated Brillouin scattering disap-

pears. The formation of laser plasma was not observed during
experiments.

The results of the TMV suspension spectra measurements
[14] are presented in Fig. 1. For a virus concentration of 1.0 ×
1012 cm−3 and a laser pulse energy Ep of ∼20 mJ, an LFSS
line was detected at a 1.47 cm−1 shift relative to the pump
line, which corresponds to a 44.1 GHz oscillation frequency
[Fig. 1(a)]. For a virus concentration of 2.0 × 1012 cm−3 and
a laser pulse energy of ∼30 mJ, an LFSS line was detected
at a 1.046 cm−1 shift [31.38 GHz, Fig. 1(b)]. The experi-
mental results also confirm this directional character of the
LFSS emission. An electron microscopy view of a dried TMV
suspension after LFSS experiments is shown in Fig. 2. No
changes in the shape of viruses after irradiation have been
observed.

Thus, experiment confirms changes in amplified line fre-
quency due to a change of pH of the solution. Simple
estimations (17) show that observed lines are not the lowest
eigenfrequency lines.

Also, the LFSS spectra of suspensions of polystyrene
nanoparticles of various diameters were measured in
Ref. [15]. As for the virus suspension, lines corresponding
to the lowest eigenfrequencies of polystyrene spheres were
not observed in [15]. The stimulated Raman scattering lines
were in the region above 10 GHz. Now this can be easily
explained if we take into account the mechanism of ionic
friction proposed here.

043513-5



V. B. OSHURKO et al. PHYSICAL REVIEW A 105, 043513 (2022)

FIG. 2. Electron microscopy picture of dried TMV suspension
after LFSS experiments.

A. Vibrational states selection rules

Considering the experimentally measured values of
Young’s modulus and the speed of sound of TMV in the
study by Stephanidis et al. [16], it is easy to calculate acoustic
vibrations frequencies for a TMV cylinder 300 nm in length
and 18 nm in diameter in a water environment. Numerical
calculations performed in the COMSOL MULTIPHYSICS software
for all possible vibration types (supposing the speed of sound
v = 3430 m/s, density ρ0 = 1100 kg/m3, and Young’s modu-
lus Е = 9.5 MPa [6]) yield the results shown in Table I.

Bending vibration frequencies turned out to be higher than
112 GHz, and radial vibration frequencies are above 190 GHz.
As can be seen, the longitudinal vibration frequencies 34
and 45 GHz coincide well with the observed TMV LFSS
frequencies (31 and 44 GHz). Notably, increasing the virus
concentration in tris buffer in the experiments yielded the
observed LFSS frequency switch from 44 to 31 GHz. In one
experimental session, the 44 and 31 GHz lines even appeared
simultaneously, but the intermediate frequency, ≈40 GHz,
was never observed.

This observation is in good agreement with the proposed
theoretical model. In fact, the ≈40 GHz frequency corre-
sponds to an even vibrational mode for which the integral
[Eq. (5)] defining the dipole moment [Eq. (17)] equals zero.
Hence, the experiment confirms the dipole type of interaction
and the subsequent selection rule for odd vibrational modes.

Therefore, the absence of lower vibrational frequencies
in the amplified LFSS lines can now be explained. In fact,
the expression in Eq. (29) denoting the gain increment de-
fines only one window of amplification. As can be seen from
Eq. (29), this window is dependent on the magnitude of the
ionic friction γ . Figure 3 presents the gain increment Re(χ )

TABLE I. TMV longitudinal vibration mode frequencies.

M 0 1 2 3 4 5 6 7
f (GHz) 5.71 11.43 17.15 22.86 28.58 34.30 40.01 45.73

M 8 9 10 11 12 13 14 15
f (GHz) 51.45 57.16 62.88 68.60 74.32 80.04 85.76 91.48

FIG. 3. Gain increment for the frequencies of 10 odd modes
(m = 1, 3, 5, . . .) from Table I for two friction coefficients: (a) 10.0
GHz (solid) and (b) 2.0 GHz (dashed).

as a function of � for a set of resonance odd mode frequencies
�m from Table I (m = 1, 3, . . .) for two values of the ionic
friction coefficient (2.0 and 10.0 GHz). It is evident that the
weaker friction (2.0 GHz) results in a maximal gain incre-
ment Re(χ ) for m = 4 at a frequency of approximately 33
GHz. The apparent reason for this is nonzero ionic friction.
The increase in ionic friction coefficient to 10.0 GHz—as
expected—leads to an enormous broadening and merging of
resonance peaks, with the maximum at ∼41 GHz.

Figure 4 illustrates the growth of these components with an
increase in the interaction length z, based on Eq. (31). Upon
reaching z = 2.65 mm, the spectrum is reduced to virtually a
single line: the 41 GHz line for the 10.0 GHz friction coeffi-
cient, and the 33 GHz line for the 2.0 GHz friction coefficient.

These results correspond well to the experimental data and
allow for explaining the observed LFSS frequency change
caused by an increase in the TMV concentration in the suspen-
sion. The ionic friction evidently decreases with a decrease in
the number of ions compensating the charge on the virus. Dur-
ing the experiments, we increased the virus concentration by
evaporating water from the solution, but heavy virus particles
and tris molecules, which create a weak-alkaline environment,
were not evaporated. Hence, the pH of the solution increased.
As mentioned earlier, the isoelectric point (i.e., the pH for
which the virus becomes electrically neutral) lies at rather
high pH values (i.e., high alkalinity). Therefore, as water
evaporates, the pH increases and the value of the uncompen-
sated charge decreases. Consequently, there are fewer solution
ions compensating for the charge of the virus, leading to a
reduction in ionic friction, which in turn results in a change in
amplification frequency (Fig. 4).

Only one adjustable parameter was used to describe this
LFSS phenomenon, i.e., the ionic friction magnitude. Notably,
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FIG. 4. Gain dependence on the interaction length z for the frequencies of 10 odd modes (m = 1, 3, 5, . . .) from Table I and spectral lines
at the exit from the interaction region z = 2.65 mm for the friction coefficients (a) 10.0 GHz, (b) 2.0 GHz.

this phenomenon can hardly be explained in terms of other
physical mechanisms.

Another experimental result can now be easily understood:
the experimental series in [15] reveals that for both 70 and
500 nm polystyrene particle suspensions, LFSS lines with
very close frequencies are observed (i.e., 18–20 GHz), al-
though the particle size and the lower resonant frequency
differ by orders of magnitude. However, taking into account
that friction does not depend on the surface area, the window
of amplification is the same for the same friction coefficient
for both cases (e.g., for big and small nanoparticles) based
on Eq. (29). Furthermore, only those modes with frequencies
around the amplification maximum are amplified.

B. Nanoscale objects heating

Another conclusion follows directly from the preceding
conclusion. If some part of the pump energy is spent on
overcoming friction, this should result in the heating of the
local nanoscale particles. To roughly estimate this heating in
terms of the described theoretical model, we suppose that
the virus is a dipole with a moment p ≈ QL, where Q is
the uncompensated charge value experimentally estimated as
∼ 50 × 1.6 × 1019 C. The energy of the dipole in the field
E is then A ≈ QLE , and the total power can be taken as
P ≈ QLE�m. The portion of this power converted into heat
can be estimated from the magnitude of the ionic friction
as 1 − exp(−γ τp), where τp is the laser pulse duration.
With the friction coefficient γ ≈ 109 c−1 and pulse duration
τp � 1/γ , all of the absorbed radiation is transformed into
heat. The amount of heat produced during the pulse τp is A ≈
QLE�mτp. Then, if we neglect the thermal conductivity (dur-
ing the laser pulse, the heat wave diffusion length is ∼100 nm,
given a water thermal conductivity χ = 1.9 × 10−5 cm2/s),
we obtain the final heating temperature as

T ≈ QL�mτp

ρ0CpV
E0, (30)

where Cp ≈ 3000 J/(kg K) is the protein heat capacity. Then,
at a light field strength E0 ≈ 108 V/m, we obtain the heating
as T ≈ 26.0 K during a 10 ns laser pulse. This rough estimate
shows that heating can occur in experiments, though the tem-
perature is still insufficient to denature the proteins.

However, it is obvious that a simple severalfold pulse du-
ration increase (up to 0.1–1 μs) may lead to a strong local
heating of up to dozens or hundreds of degrees Celsius. Nev-
ertheless, the overall heating may be insignificant in all these
cases. Notably, the virus is heated by local selective nonres-
onant radiation that is not absorbed by the suspension. This
is the stimulated nature of the process that provides highly
selective heating of certain virus types.

It is known that TMV heating up to only 94◦C leads to
partial denaturation of capsid proteins and the formation of a
spherical virus [17,18]. Therefore, selective heating of given
virus types that changes the capsid shape may strongly affect
the virus functioning.

It is significant that LFSS allows for selectively heating
given types of nanoscale objects up to substantial tem-
peratures. The very possibility of such heating opens new
prospects for local selective treating of nanoscale objects,
viruses, and cellular organelles via nonlinear optics for
biomedical applications.

IV. CONCLUSION

In this work, a physical mechanism of low-frequency
stimulated light scattering on nanoscale objects in water sus-
pension is proposed. The proposed model differs significantly
from the traditional stimulated scattering mechanism based on
electrostriction. The model is based on a dipole interaction be-
tween the light wave and the uncompensated electrical charge
that inevitably exists on a nanoscale object (virus or nanoparti-
cle) in a water environment. The experiments were conducted
by observing low-frequency stimulated light scattering in to-
bacco mosaic virus suspensions, and the data obtained support
the proposed model. The selection rules observed experi-
mentally also confirm the dipole type of the interaction. It
has been demonstrated that stimulated amplification spectral
line frequencies observed experimentally cannot be explained
by traditional mechanisms but are well explained by the
proposed charge mechanism. In particular, the absence of
lower-frequency lines and the window of amplification are due
to ion friction in the ionic solution environment. It has been
shown that under low-frequency stimulated light scattering
conditions, microwave radiation should appear at nanoscale
object acoustic vibration eigenfrequency. We demonstrate
that such conditions also allow for local selective heating of
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nanoscale objects to dozens and hundreds of degrees Celsius.
This effect is controlled by optical irradiation parameters and

can be used to selectively affect a specific virus type among
other viruses in a solution.
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