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Abstract: A recent study [PRB 100, 075427 (2019)], finally, 
demonstrated the plasmon-analog of refractive index 
enhancement in metal nanostructures (MNSs), which has 
already been studied in atomic clouds for several decades. 
Here, we simply utilize this phenomenon for achieving 
continuously-tunable enhanced Cherenkov radiation (CR) 
in MNSs. Beyond enabling CR from slow-moving particles, 
or increasing its intensity, the phenomenon can be used in 
continuous-tuning of the velocity cutoff of particles con-
tributing to CR. More influentially, this allows a continu-
ously-tunable analysis of the contributing particles as if 
the data is collected from many different detectors, which 
enables data correction. The phenomenon can also be 
integrated into lattice MNSs, for continuous medium tun-
ing, where a high density of photonic states is present and 
the threshold for the CR can even be lifted. Additionally, 
vanishing absorption can heal radiation angle distortion 
effects caused by the metallic absorption.

Keywords: plasmon index enhancement; Cherenkov 
 radiation; particle detectors.

1   Introduction
A charged particle, moving with a constant velocity in 
a dielectric medium, emits the well-known Cherenkov 

radiation (CR) [1, 2] when its velocity (v) exceeds the 
phase velocity (νph = c/n(ω)) of light, i.e. ν > νph, in this 
medium [3]. Such a condition is met for particles of 
energy in the order of 100 keV, which can be generated 
in nuclear processes and particle accelerators – also used 
for free-electron lasers [4, 5]. CR can be utilized for par-
ticle detection purposes [6, 7]. Velocity distribution of 
emitted particles can be characterized by the angle θCR 
of CR via cos θCR = νph/ν [3]. Detection of slower-moving 
particles, however, necessitates media with much larger 
refractive indices.

Recent developments in the control and manufac-
turing of nanostructures (NSs) [8–10] enabled particle 
detectors based on metal nanostructures (MNSs) [11–13]. 
CR near a thin metal film deposited on dielectric [11] and 
periodic structures [14–16] of metallic nanoarrays [17–19] 
are very different from a medium of a uniform index. Lat-
tices of MNSs facilitate hyperbolic metamaterials [20, 21]. 
In these metamaterials enhanced photonic density of 
states boosts the intensity of CR. Moreover, the threshold 
for CR radiation can be lifted in these metamaterials [22]. 
Such a periodic medium is experimentally demonstrated 
to emit CR for electron energies as low as 0.25 keV [20, 22]. 
Furthermore, left-handed metamaterials demonstrate a 
reversed CR [23, 24]. The progresses in CR metamaterials 
have stimulated the use of CR imaging for biological and 
medical applications [25].

Besides facilitating the movements in CR imaging, 
MNSs also provided a medium for observing plasmon 
analogs [10] of electromagnetically-induced transpar-
ency (EIT)-like effects [26–28], originally observed for 
three or more level atoms [29–31]. Fano resonances 
[26, 27, 32], plasmon-analog of EIT, and nonlinear 
response enhancement [33–36] have been demonstrated 
in MNSs. Very recently, the plasmon-analog of refrac-
tive index enhancement was finally also demonstrated 
via simple analytical calculations which are supported 
by the exact solutions of the three- dimensional (3D) 
Maxwell equations [37]. Lavrinenko and colleagues 
demonstrated [37] that the linear response of a metal 
nanorod (y-aligned) to the applied electric field can 
be controlled, in particular it can be enhanced, via 
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interacting with a second (perpendicular, x-aligned) 
nanorod, see dimers in Figure 1. This happens when 
the second (x-aligned) nanorod is driven with a 
pump which does not couple to (not excite) the first 
(y-aligned) nanorod directly. The interaction between 
the two nanorods is provided by the hotspot (near-field) 
of the second nanorod which relies on the intersection 
of the two nanorods.

In this paper, we discuss the utilization of this index 
control scheme to the plasmonic CR-based detectors 
employing metal nanoparticles. The phenomenon [37] 
can be used to tune (e.g. to decrease) the phase velocity,1 
of the light propagation in a particle detector continu-
ously. We show that the phenomenon can be utilized (i) 
to enhance the total CR, (ii) to enable the CR from slow-
moving particles, (iii) to control the wavelength of CR, 
and (iv) to gain control over the cutoff velocity of the 
particles emitting the CR. Actually, more influential than 
(i)–(iv) is: the continuous tuning of the detector, after it 
is manufactured, allows a particle velocity distribution 
analysis as if many detectors exist.

We consider an ensemble of metal nanorod dimers, 
see Figure 1, and calculate a polarization density P(ω) 
from the enhanced dipole moment responses of such 
dimers. The dipole moments of x-aligned nanorods are 
controlled by an x-polarized auxiliary (aux) Gaussian 
pulse. The x-polarized nanorod couples to the y-polarized 
nanorod and tunes its response to an applied (probe) 
E-field of polarization along the y-direction. (The y-aligned 
nanorod can be excited with a y-polarized field.) Thus, 
an x-polarized aux beam (E2) can continuously tune the 
refractive index of the medium for a y-polarized CR emis-
sion. The charged particles travel through the medium in 
the x-direction [20, 21, 38–40]. Enhanced y-polarized CR 
emission and its angle, measured in the x-z plane, can be 
recorded using a y-polarization selector (filter). We discuss 
the phenomenon in the following sections in detail.

The main input of the presented scheme is neither the 
enhancement of the CR intensity nor bringing the velocity 
threshold to slower-moving particles. In current particle 
detectors, employing metal nanostructures, CR intensity 
is already enhanced due to the increased density of states 
[20] and the velocity threshold can even be lifted [21, 22]. 
None of these current detectors, however, can provide a 
continuous tuning, thus a continuous spectral analysis, of 
the particles’ velocities via CR.

We can make the functionality of the new scheme 
more visible as follows. A conventional (CR-based) 

particle detector, whether employing the nanoparticles or 
not, takes (records) the emission spectral data for the fixed 
parameters of the manufactured detector; even if the CR 
spectrum is enhanced and the threshold is lifted. Then, 
it analyses the particle velocity distribution, etc. The par-
ticle detector, we study in this paper, does the following. 
It can record data on the velocity distribution of particles 
as if one collects data on the velocity distribution of the 
source from many particle detectors, in principle infinite, 
each having different fixed parameters (e.g. indices). This 
way, comparing all such data sets, for example, one can 
make corrections on the errors of data [43] occurring due 
to non-uniform absorption, or other unpredictable issues. 
Such a game changing continuously-tunable tool/device, 
to the best of our knowledge, is not present in the new-
generation CR-based particle detectors.

The index control mechanism we employ here pro-
vides one other significant advantage in CR-based particle 
velocity detection. In conventional CR-based detectors, 
employing periodic metal nanostructures, there exists a 
serious amount of loss. This severely distorts (e.g. broad-
ens) the relation between the Cherenkov angle and the 
particle velocity on which the particle detection is based 
[14, 39]. In the index control scheme, we study here, 
however, the enhanced index can be achieved at vanish-
ing/reduced absorption, see Figure 2. Vanishing/reduced 
absorption at different parameters can be achieved by 
using aux pulses operating at different frequencies.
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Figure 1: Silver nanoparticle dimers, aligned in the x and y 
directions, are illuminated with an x-polarized auxiliary Gaussian 
pulse of frequency Ω.
The x-aligned silver nanoparticles interact with the incident 
field very strongly to produce nm-size hotspots and yields an 
enhancement in the polarization of the y-aligned nanoparticle via 
strong interaction between the two nanoparticles. A slow-moving 
charged particle traveling in the medium [20, 21, 38–40] emits a 
y-polarized CR via the index enhancement. Polarization density 
when the auxiliary pulse is off and on are given in Figure 3A.i and 
B.i, respectively.

1 Not the group velocity, unlike Refs. [41, 42].
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We also present the contribution to the power of CR 
from different particle velocities of an 18F emission [44] for 
different enhancements of the refractive index. We further 
calculate the angle θCR for particle moving at different 
velocities.

Here, we consider a periodic spatial distribution of 
the nanorod dimer centers. All dimers are aligned along 
a given direction. Such kinds of periodic structures can 
be achieved by e-beam lithography techniques [45]. 
Although here we consider a periodic ordering of the 
dimers, arbitrary distributions of such nanodimers can 
also be achieved in solutions when one of the nanorods 
of the dimer is manufactured via a magnetized metallic 
material [46, 47]. This can be useful for in vitro CR imaging 
[25]. Here, we do not consider the extra enhancement 
effects possible to appear due to periodicity, in this first 
demonstration of such a game-changing device. Never-
theless, periodicity of the dimers is expected to increase 
the CR emission via enhanced density of photonic states, 
a feature already appearing in their no-index-controlled 
counterparts [29–31]. Using lattice structures of index con-
trolled dimers can provide not only an enhanced emis-
sion, compared to the metal nanoarrays [22], without a CR 
threshold, but also make their CR emission features con-
tinuously tunable.2 Although we consider the basic dimer 
structure Ref. [37] studies originally; nanostructures, 

easier to manufacture, can display similar features with 
such dimers.

It is important to note that: in this work, we aim merely 
to provide a basic and the first, “proof of principle”, dem-
onstration of an important utilization of plasmon index-
enhancement (control) scheme [20] for CR applications. 
We present the validity of the model we use in Appendix 6, 
which has already been demonstrated for nanostructures 
of similar sizes [38]. Some small deviations from the mean 
polarization method may certainly appear. But, here we 
aim to bring a new and influential mechanism into light 
with basic and valid arguments (Appendix 2).

The paper is organized as follows. In Section. 2, we 
describe how the (auxiliary) x-polarized pulse can control 
the refractive index of the medium for an x-polarized light 
propagation. We review the results of Ref. [20], where a 
single frequency was considered, and generalize them to 
the case wherer a Gaussian control pulse is employed. In 
Section 3, we present the utilization of the refractive index 
control to the continuous spectral analysis of a radioactive 
source emitting charged particles. Section 4 contains our 
summary.

2   Index enhancement
Lavrinenko and colleagues [37] showed that the response 
of a y-aligned metal nanorod, to a field of frequency ω, 
can be enhanced when it is coupled to a perpendicular 
(x-aligned) nanorod which is driven by an x-polarized 
auxiliary pulse of the same frequency ω. Owing to the 
structure of the localized surface plasmon resonances, 
the x-polarized aux pulse couples (most efficiently) 
merely to the x-aligned nanorod, and not to the y-aligned 
nanorod. The y-polarized nanorod, however, couples to 
the plasmon mode of the x-aligned nanorod at the hotspot 
which appears at the intersection of the two nanorods. 
Ref. [37] showed that (see Figure 2) the polarization of 
the y-aligned  nanorod – which can be driven only with 
a y-polarized light – responds to the incident field E1 
with an enhanced polarization about a given frequency 
Ω = 0.967ω0. ω0 is the resonance of the nanorods. At ω = Ω, 
the polarization is enhanced with a vanishing absorption, 
a phenomenon also observed in atomic ensembles using 
aux microwave [29, 31] or optical [48, 49] pulses. Although 
Ref. [37] demonstrates the phenomenon for the coupling 
of two (identical) nanorods, as becomes apparent below, 
the phenomenon can be observed for the coupling of dif-
ferent plasmon resonances with other configurations.
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Figure 2: Enhanced oscillation strength [37] of the y-aligned 
nanorod in the presence of an auxiliary pulse E2, oscillating at the 
same frequency with the probe pulse E1(t) = E1e−iωt.
Without the enhancement scheme, maximum x1 attains a value of 
0.2 only. At Ω = 0.967ω0 the polarization is enhanced with vanishing 
absorption. The phase of the aux pump is fixed to φ = π/2, in Eq. (3), 
as in Ref. [37].

2 Study of such periodic structures with the index-controlled scheme 
is also possible leading to very interesting and naive features, such 
as continuous tuning of band diagrams and possible jumps of such 
features at certain index values.
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The system of two coupled nanorods is treated by two 
coupled oscillators, as, this model is sufficient to explain 
almost all fundamental plasmon interaction behaviors, 
for example, in Fano resonances [50, 51], except second-
quantized features [52]. The results are also supported 
with the exact solution of three-dimensional (3D) Maxwell 
equations, i.e. finite difference time domain (FDTD) 
simulations.

The polarizations (plasmon oscillations) of the 
plasmon modes of the two perpendicular nanorods can be 
described with two coupled oscillators:

 
γ ω+ + − = ��� � 2

1 1 1 1 1 2 1( ),x x x gx F t  (1)

 
γ ω+ + − = ��� � 2

2 2 2 2 1 1 2 ( ),x x x gx F t  (2)

where γ1 = γ1 = 0.026ω0, ω1 = ω2 = ω0 and g = 0.06ω0 [37] are 
the damping rates, resonances, and the coupling between 
the two plasmon oscillations of the two nanorod, respec-
tively.3 ω0 is the resonance of both nanorods. The second 
nanorod is driven by the field φ ω− −=�

2 2( ) i i tF t F e e  and the 
response of the x1/F1 is investigated, in Ref. [37], when a 
y-polarized electric field ω−=�

1 1( ) i tF t F e  is applied on the first 
nanorod oscillating with the same frequency ω. In such 
a case an analytical solution for the plasmon oscillation 
x1(t) = x1e−iωt
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can be obtained with δ ω ω γ ω= − −2 2 .i i ii  x1 is plotted 

in Figure 2 [37] for ω =2
2 0/ 1,F  ω =2

1 0/ 0.01F  and φ = π/2. 
Polarization density, (dipole moment)/volume [53], of the 
medium to a y-polarized field is given by
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where f is the dimensionless oscillator strength deter-
mined by the density of the dimers. We calculate f as 
follows. The polarizibility of a nanorod (ellipsoid), in 
units of volume, can be calculated analytically [54, 55] 
as α(ω) = ν(ε(ω)–εh)/[εh + r(ε(ω)–εh)] with r =(1 – e2)/e2{–1 +  
ln[(1 + e)/(1–e)]/2e}. Here, ν is the volume of the nanorod 
and e2 = 1 - b2/L2.

We use L = 30  nm for the length and b = 10  nm the 
width of the ellipsoid as considered in Ref. [37]. Polariza-
tion density for applied E-field (without enhancement) 
can be obtained via χ(ω) = P/E = ρα, where ρ is the number 
density of such nanorods, which we set ρν = 0.02. Here, we 
also use the experimental dielectric function ε(ω) of silver 
[37, 56] (γ1 = γ2 = 0.026ω0) and obtain f = 0.23 in Eq. (4) by 
setting χ(ω = ω0, g = 0) = f/(γ1/ω0) equal to χ(ω0) = ρα(ω0). 
Actually, for a “proof of principle" demonstration of the 
benefits of the index-enhancement scheme for particle 
detectors, or CR imaging, such a tidy choice for ε(ω) is not 
necessary.

At one point, we differentiate from the scheme 
of Ref. [37], i.e. given in Figure 2, a little. Because, the 
E-field induced via CR is not like probing the y-polari-
zation oscillations (in the first nanorod) with a rela-
tively small E1 field. The CR is emitted spontaneously 
when the particle velocity along a direction exceeds the 
phase velocity of light. That is, we cannot simply con-
sider sending a y-polarized probe pulse at frequency ω. 
For this reason, we use an aux pump pulse of Gauss-
ian shape in the frequency domain of spectral width 
Δω = 0.02ω, in Figure 3B, and Δω = 0.0052ω in Figure 3, 

i.e. φ ω

ω
ω Ω ∆ω− −= − −∑� 2 2

2 2 exp[ ( ) /( ) ] .i i tF F e e  We determine 
the response x1 by simply solving Eqs. (1–2) in the fre-
quency domain x1(t) = ∑

ω
x1(ω)e−iωt.4

Figure 3A.i and B.i plot the real and imaginary parts of 
the susceptibility of a dielectric medium composed of such 
silver dimers with density ρν = 0.02, when the x-polarized 
pulse is off and on, respectively. The carrier frequency of 
the aux pulse, of width Δω = 0.02ω0, is chosen to coincide 
with the frequency in Figure 2 where index enhancement 
with vanishing absorption appears Ω = 0.967ω0. In Figure 
4A.i, we use a sharper Δω = 0.005ω0 aux pulse and we 
decrease (tune) the E2/E1 ratio in Figure 4B.i. We observe 
that the index of such a medium can be “continuously-
tuned” order of magnitude at a narrow frequency range, 
if desired, at which one looks after observing tunable CR. 
Figure 3A.ii, B.ii, 4A.ii and B.ii are the CR intensities for 
particles moving at different speeds, possible via such a 
tuning. (The calculations are carried out in Section 3.)

The ratio E2/E1 is a quantity that can be measured in 
an experiment. One can note that in an experiment, one 
does not need to tune the E2/E1 ratio. The E2/E1 ratio is, 
rather, needed for the analysis of the particles’ velocity 
distribution, see Appendix 1 for some detailed discussion.

3 While Ref. [37] uses the values γ1 = γ2 = 0.05ω0 for the damping 
rates, here we use the scaled linewidth of silver obtained from the 
experimental data.

4 We determine the coefficients xi(ω) by using the expansion  Σ
ω
 xi(ω) 

in Eqs. (1 and 2). We discretize the one-dimensional (1D)  frequency 
space and solve such linear equations.
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We remark that tuning the E2/E1 ratio between 
E2 = 100E1 and E2 = 10E1, in Figure 4A.i and B.i, does 
not change the frequency where imaginary part of the 
dielectric function vanishes, i.e. ω = Ω = 0.967ω0. This 
enables the continuous-tuning of the refractive index by 
 circumventing the metallic losses causing the distortion 
in  Cherenkov angle relation [14, 39].

In Figure 2, one may appreciate that index enhance-
ment is observable in a wider frequency range, of order 
γ1,2. This allows one to choose a considerably wider range 
of frequencies for the index enhancement in processes 
where increased absorption is tolerable, i.e. when a 
smaller (partially absorbed) CR signal is sufficient where 
otherwise particle velocity is much below the cutoff.

3   Control of the CR
We calculate the total number of photons emitted via 
CR, per unit traveling distance, using the well-developed 
formula

 
2 2 2R [ ( )]>1

1 R [ ( )]1 ,
137 | ( ) |

p

e

dN ed
dx c β ω

ω
ω ω

β ω

 
= −  ∫ ε

ε

ε
 (5)

generalized to a dispersive medium [57–60]. Here, the con-
straint ν/(c/n(ω)) > 1 is modified as β2Re[ε(ω)] > 1 [57, 58] 
for an absorbing medium. In Appendix 2, we present the 
refractive index for dielectric media composed of nanopar-
ticles of sizes much smaller than the radiation wavelength. 
Such a material can be treated as an effective, homogene-
ous medium, so transition radiation can be neglected [39, 
61, 62]. Because such media are shown to be homogenized 
to a very good approximation [63, 64]. Central region of 
the medium, given in Figure 1, can be unfilled to allow for 
unobstructed propagation of charged particles [39].

In Figures 3A.ii, B.ii, 4A.ii and B.ii, we plot the number 
of photons CR emitted at different frequencies by parti-
cles traveling at different speeds for the choice of a pump 
phase φ = π/2 [37].

When there is no aux field, particle velocities 
down to ν = 0.55c is possible to emit a y-polarized  

Figure 3: Susceptibility and Cherenkov radiation intensity without and with an auxiliary Gaussian pulse.
(A.i) and (B.i) plot the dielectric susceptibility χ of the medium (polarization density) without and with the auxiliary Gaussian pulse of width 
Δω = 0.02ω0, respectively. (B.i) Susceptibility is largely enhanced compared to the bare susceptibility of the metal nanodimer (A.i). (A.ii) and 
(B.ii) plot the intensity of the CR Eq. (5) for charged particles moving at different speeds β = ν/c. The electric field strength of the auxiliary 
pulse is assigned to be E2 = 100E1, with E1 is the electric field of the Cherenkov emission. Enhanced susceptibility enables the radiation of 
particles moving at much smaller speeds. We set φ = π/2, in Eq. (4), similar to Ref. [37].
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CR, see Figure 3A.ii, within the dimer density we choose. 
When the aux field is turned on, by contrast, emission 
of a y-polarized CR from particles moving at speeds 
down to ν = 0.1c becomes possible5,6, see Figure 3B.ii, via 
 enhancement of the dielectric susceptibility χ = P/E, see 
Figure 3B.i. What more important is: the velocity thresh-
old can be tuned continuously by the intensity of the 
aux Gaussian pulse, for example, compare Figure 4A.ii 
and B.ii, after the detector is manufactured. The spec-
trum of the CR can also be tuned via tuning the spectral 
width and carrier frequency of the aux pulse even after 
the dimer ensemble is manufactured. The frequency 
where absorption vanishes, i.e. ω = Ω = 0.967ω0, does 

not change between E2 = 100E1 and E2 = 10E1 values. So, 
an aux pulse of carrier frequency ωc = Ω = 0.967ω0 works 
in the absorption-free regime in the continuous tuning 
of the aux pulse (∝| E2|2) intensity.

In Figures 2–4, we consider the phase φ = π/2 for 
the aux pulse. The position of a dimer with respect to 
the aux pulse, however, alters the position-dependent 
phase at which the dimer operates. In Figure 5, we plot 
the CR intensities for dimers operating at different pump 
phases φ. When the periodicity of the dimers is not man-
ufactured to match certain ratios of the aux pulse wave-
length; a CR, possible to be emitted, is likely to feel a 
φ-averaged index.

In Figure 2 we present the enhancement scheme 
for φ = π/2 [37] and consider the enhancement around 
ω = Ω0.967ω0. We remark that when φ assigns other 
values, the enhancement scheme, presented in Figure 2, 
changes dramatically. At the frequency ω = Ω0.967ω0, 
a value we choose referring to Figure 2, may not cor-
respond to an enhanced susceptibility. In Figure 5, at 
φ/π = 0.5, i.e. φ = π/2, all particle velocities ν = 0.1…0.3 
generate CR. For a particle of velocity, for example, 
ν = 0.1c, however, one cannot observe the CR in the 

Figure 4: Tuning the velocity threshold of Cherenkov radiation.
(A.i) and (B.i) Enhancement of the polarization density with a narrower Δω = 0.005ω0 auxiliary pulse for two different (pump) electric field 
strengths, E2 = 100E1 and E2 = 10E1, respectively. (A.ii) and (B.ii) demonstrates the corresponding emission intensity. Radiation can be made 
in a (tunable) narrower spectrum via tuning the pump spectral width. Contribution from smaller particle velocities can also be tuned via the 
pump electric field E2. We set φ = π/2, in Eq. (4), similar to Ref. [37].

5 Only a y-polarized CR emission occurs owing to the index en-
hancement. Because plasmons of the y-aligned nanorods, whose 
response to E-field is enhanced, couples to the y-polarized E-field 
much effectively.
6 In an extended study on the further implementations of the index 
enhancement phenomenon on the behavior of the CR emission, one 
may consider the effect of the dielectric anisotrop which is demon-
strated to cast a threshold-less CR.
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phase range φ = 0…0.18π. Because in this phase range, 
according to Eq. (4), the refractive index is not that 
high to suffice for creating a CR for a particle of velocity 
ν = 0.1c. For higher velocity values, for example, ν = 0.2c, 
the refractive index, at ω = Ω0.967ω0, becomes suf-
ficient to generate CR emission in the phase range 
φ = 0.04…0.96π via Eqs (4) and (5). We also under-
line that the relative-phase, a single dimer operates, 
depends also on the E1-field CR produces, i.e. not merely 
on the position of the dimer.

In Figure 6, we plot the CR emission at different par-
ticle velocities by considering the energy distribution of a 
18F [44], an isotope widely used, for example, in imaging 
applications [25, 65]. In Figure 6B, we also perform an 
average over the phase φ considering a (general) periodic 
structure whose periodicity does not match the aux pulse 
wavelength. We also note that dimers (~30 nm) are much 
smaller compared to the CR emission, at optical wave-
lengths, for example ~500  nm, which overlaps many of 
such dimers in 3D.

In Figure 7, we plot the CR angle 

CRcos R [ ( )] / | ( ) |eθ ω β ω= ε ε  in a dispersive medium [57, 58] 
emitted from a charged particle moving at different veloci-
ties. We observe that θCR from slower-moving particles 
depend on the pump-phase dramatically, comparing the 
results for φ = 0.50π with φ = 0.05π.7 Therefore, for peri-
odic structures, where even a wavelength contains hun-
dreds of nanodimers, one needs to consider an average 

over the phase (dimer positions) φ, before calculating the 
CR angle relations. This may require calibration with a 
known source before carrying out the actual experiment. 
Therefore, beyond observing CR from slow-moving parti-
cles and CR intensity enhancement, θCR analysis is better 
to be held with periodic structures where a φ-average can 
be considerable for optical CR.

Measurement scheme – We note that the propaga-
tion of the aux-pulse-controlled CR emission, which is 
y-polarized, can be only in the x-z plane. As the incident 
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the enhancement frequency, ω = Ω = 0.967ω0, for different phases 
φ of the auxiliary Gaussian pulse (or, equivalently, for different 
positions of the metal nanodimer).
Different pump phases result in different refractive indices. Aux 
pulse width is set to Δω = 0.005ω0.

0

0.1

0.2

0.3A

B

N
 (

β)

0 0.2 0.4 0.6 0.8 1

v/c

0

5

10

15

20

P
 (

ω
 =

 Ω
)

g = 0.00 ω0 E2 = 0

g = 0.06 ω0 E2 = 10E1

g = 0.06 ω0 E2 = 100E1

Figure 6: Cherenkov emission from 18F.
(A) Velocity distribution of 18F emission, a material widely used in 
biological imaging [25, 65]. (B) Radiated power of the particles 
emitted by 18F, at the enhancement frequency ω = Ω = 0.967ω0, for 
different field strengths E2 of the auxiliary Gaussian pulse.
Distribution depicted in (A) is used in the calculation and an 
average is considered over the phase φ of the auxiliary pulse (or, 
equivalently, over the positions of the nanodimers.) Aux pulse width 
is set to Δω = 0.005ω0.

7 For φ = 0, the condition for the Cherenkov radiation is not satisfied 
for any β value.
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charged particle for different values of the phase φ of the Gaussian 
pulse.
Carrier frequency and the spectral width of the aux pulse are set to 
ωc = Ω = 0.0967ω0 and Δω = 0.005ω0, respectively.
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particles are propagating along the x-direction, the con-
trollable (continuously-tunable) CR emission is tilted 
along the z-direction via a CR emission angle θCR. In 
order to observe the distribution of the CR angle, one 
can filter-in (collect) the y-polarized CR emission. At 
this stage, there appears a complicating effect: high-
velocity particles can also emit y-polarized CR whose 
origin is not related with the y-polarized nanorod 
holding a controllable index, for example, due to the 
background solution itself. This complication (actu-
ally any such effect leading to aux pulse-invariant CR 
emission) can be traced out from the CR via the index 
control phenomenon as follows. CR angle measurement 
can be carried out (calibrated) for a turned off auxil-
iary (y-polarized index-controlling) pulse and all other 
particle spectroscopies can be carried out referring this 
calibration point.

4   Summary
In summary, we show that index enhancement in plas-
monic metamaterials [37] can be utilized to gain control 
over CR. An auxiliary x-polarized Gaussian pulse controls 
the refractive index of the medium for a y-polarized Cher-
enkov emission. Beyond enhancing the overall CR and 
enabling radiation from much slower particles; such a 
setup enables spectral analysis of the particle velocities as 
if there exist many different particle detectors. Because, 
different intensity values of the auxiliary pulse operates 
different particle detector media and this allows the data 
correction [43]. Moreover, vanishing absorption heals the 
distorting effects on the Cherenkov angle relation which 
are caused by the absorption of metal nanostructures.

In addition, the frequency width of the CR can also 
be tuned with the width of the auxiliary pulse. The 
utility of the technique, we introduce here, can be well 
appreciated by considering that: the phenomenon of CR 
has implementations in particle detection and medical 
imaging.
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Appendix

1 The E2/E1 ratio

There are two ways to perform an E2/E1 arrangement.
Before using the manufactured medium with the 

auxiliary pulse, one can learn the properties of the 
medium without the aux pulse. One needs to perform 
this only once after manufacturing the detector. One can 
use an already known source for the detector calibra-
tion and obtain the curve in Figure 3A.ii, for example, 
by recording at a specific wavelength. Then, in the same 
calibration process, one can turn on the aux Gaussian 
pulse, for a trial E2, and records the new E1. This way, one 
can gain an initial information on the CR response/char-
acteristics of the device before using it with unknown 
velocity particles.

Actually, tuning (knowing) E2/E1 before an experi-
ment is not necessary. Because the purpose of this new 
device is to provide a continuous spectral analysis on the 
velocity distribution of the particles, for example, with 
known (measured) E2/E1 values. E2 and E1 (I2 and I1) are 
measured in an experiment with an unknown radioactive 
source. Hence, one already records the continuous data 
(parameter) of E2/E1. One can also compare them with 
the data already obtained from the calibration with the 
known source, even though this is not necessary. Besides 
the continuous spectral analysis of the unknown source –  
which is the true aim of the proposed device – if one aims 
to tune the E2/E1 ratio, for example, wants to operate the 
detector at a specific regime, the experimentalist can 
actually do this via a continuous measurement of the 
E2/E1 ratio, for example, at a specific wavelength.

2 Effective polarizibility and CR

CR in particle detectors, employing nanoparticles, is a 
well-developed formalism which has been studied for 
a decade. The effective medium/polarization methods, 
which rely on calculating the average electric/polariza-
tion fields [17–21, 39, 40, 66–69], have already been dem-
onstrated to work well in nanowire/nanoparticle arrays in 
such parameter regimes where the size of the nanostruc-
tures are much smaller than the CR wavelength.
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These methods are able to treat also the periodicity 
of the wires, for example, by inserting the Floquet mode 
solutions (due to periodicity) into polarization/elec-
tric field averages. While many recent works concen-
trate on effective permittivity of periodic nanoparticle 
structures, owing to the unique optical features of such 
metamaterials, Ref. [38] presents a clear demonstration 
of the effective polarization for the arbitrary distribu-
tion of, for example, silicon, nanoparticles in a medium 
where the theoretical treatment fits the experimental 
data. Thus, although we consider a periodic structure of 
the silver dimers here, arbitrarily distributions of such 
dimers, for example, in solutions, can also be utilized as 
index-controlled continuously-tunable particle detec-
tors. Dimers can be aligned using magnetized metallic 
material [46, 47].

We calculate the average polarization of the medium, 
for example, in a wavelength size, which contains many 
of such nanoparticles. The maximum length of a dimer is 
L = 30 nm, which is much smaller than an optical wave-
length. The mean separation between the centers of the 
dimers is crudely ×3 110 ,5 m0  nL�  as a unit volume 
contains ρν = 0.02 of such dimers. We note that this, i.e.  
ρν = 0.02, is an arbitrary value we assign in the manuscript, 
where a denser/lighter ensemble would be possible. The 
volume of a dimer is approximately 30 × 30 × 10 = 8100 nm3. 
The volume of a typical wavelength is V

λ
 = 5003 nm3. 

Hence, in a single wavelength volume there exists 310 of 
such dimers. This value can be increased/decreased via 
other choices for the density of dimers. That is, for 310 
of such dimers in a wavelength, assigning an effective 
polarization (even for arbitrarily-ordered dimers) is rather 
like defining a polarization density in the books of electro-
magnetic theory [53, 70].

Actually, for the validity of the simple treatments of 
CR in such media, the critical issue is a concept related 
with the “length of formation” [38, 71, 72]. A Cherenkov 
wave takes on the character of a radiation, that is no 
longer tied to its source, after the particle travels the for-
mation length [38, 71, 72] which is order of a wavelength 
or less. That is, the condition for CR is (i) material to be 
extended for some degree (i.e. formation length) for the 
CR to be formed, and (ii) in the packed nanoparticle 
system it must be provided that nanoparticle dimensions 
are much shorter than the propagation wavelength. Sat-
isfying these conditions, a packed nanoparticle system 
can be treated as an effective medium in the context of 
formation [13]. Thus, for CR to emit, the medium has to 
extend at least a formation length; i.e. a single nanopar-
ticle alone smaller than the formation length cannot emit 
the CR and a continuation of such particles is necessary. 

After this condition satisfied, an effective medium treat-
ment regarding the wavelength of the virtual photons 
to be emitted, for example, 310 dimers in a wavelength 
volume, can be considered.

On top of all these discussions, there will certainly 
appear complicating effects. These, however, are certainly 
out of the scope of this work which aims to present the 
audience a basic (as the first) demonstration of the imple-
mentation of the index-enhancement phenomenon to 
particle detectors allowing continuously-tunable spectral 
analysis – not targeting a rigorous simulation, revealing 
all effects, in an already conducted experiment.
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