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Abstract. In a new type of terahertz (THz)-to-infrared converter for the visualization of THz
radiation sources, nanoparticles are embedded in a THz-transparent matrix material. The nano-
particles are made of a metal or an alloy having a partially filled peak of the electron density of
states at the Fermi energy. The converter is designed to operate with the THz objective forming a
source’s image on the matrix, wherein the irradiated nanoparticles convert THz energy to ther-
mal energy, whose spatial distribution is captured by an infrared camera. Nickel nanoparticles
are very appropriate for high-frequency THz radiation and can find application in real-time pas-
sive imaging of biomedical objects at room temperature. Nanoparticles of compounds with
heavy fermions are suitable for low-frequency THz radiation, which could be used to image
concealed objects carried by a human being. © 2012 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOIL: 10.1117/1.JNP.6.061716]
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1 Introduction

Progress in terahertz (THz) optics and commercial availability of infrared imaging cameras with
~14 mK thermal sensitivities allow us to propose a simple way for imaging the objects-sources
of THz radiation. In this way, the THz objective forms an image of the object on a two-
dimensional THz radiation-to-heat converter. The converter represents a matrix of material
transparent in THz rays with embedded nanoparticles of metal or alloy with a partially filled
peak of the electronic density of states (DOS) at the Fermi energy. Nanoparticles being heated
by THz radiation convert the THz energy to heat, and the two-dimensional pattern formed by
heated nanoparticles in the converter is visualized by an infrared camera. The goal of this study
was to determine the feasibility of the scheme for passive imaging through clothes to detect
concealed objects, as shown in Fig. 1. The emergence of highly sensitive infrared (IR) cameras
(~14 to 50 mK),' as well as the manufacturing of THz optical elements on a commercial scale,’
would allow for testing of such a scheme.

In this scheme, the THz objective forms in THz rays the image of the object-source on the
two-dimensional converter, converting the THz radiation to heat, i.e., to IR radiation. The image
formed by the converter (now in IR rays) in turn serves as the object for the objective of the IR
camera. The filter examines the object’s heat radiation (for the body temperature T =~ 300 K, see
Fig. 2; the filtered wavelengths should be 4 ~ 3 to 30 ym, with the radiation peak at A ~ 10 um).

In contrast to the approach used by Luukanen et al. for passive THz imaging,”> our approach
is simpler and does not require the cryostat, vacuum subsystem, complex optics, readout elec-
tronics, data processing and data interfaces, and power supplies. Kuznetsov et al. used the THz-
to-IR converter with a topological pattern of split-ring resonators.®™® Its disadvantages are the
“comet tail” and image blooming effects, which deteriorate the converter’s response time and
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Fig. 1 Scheme for visualizing the THz radiation source. 1: object-source of the THz radiation,
2: THz objective of polyethylene HDPE (See Ref. 2), 3: heat filter (See Ref. 2), 4: THz-to-IR
converter matrix, 5: IR camera Mirage P (See Ref. 1).
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Fig. 2 Black body radiation at temperature 300 K. We briefly approximated the human body’s
radiation by this distribution halved.

spatial resolution. Due to the use of nanoparticles, our THz-to-IR converter is expected to be free
of these disadvantages. Moreover, estimations promise other advantages over the Kuznetsov’s
group converter. The operating THz power is about an order of magnitude less than that in their
works, and the THz-to-IR converter’s area is ~3.5 times larger than their converter’s area.

2 THz-to-IR Converter: Estimates of Technical Parameters

In metal particles, as their dimensions decrease, the energy levels of electrons become separated
up to values typical for energies of THz quanta. This size effect can be used to absorb the THz
radiation. Besides, in nanoparticles, because of the uncertainty relation, the uncertainty in the
momentum of the Fermi electrons exceeds the value of the momentum Ap, which should be
transferred from the photon to the electron for their interaction to happen. (The photon’s momen-
tum pyy is not enough for the photon-electron interaction, because py,;, < Ap.) Thus, the uncer-
tainty in the momentum of the Fermi electrons ensures the fulfillment of the momentum
conservation law and ultimately the absorption of the photon’s energy.

If one introduces a proper number of metal particles into the matrix transparent in THz rays,
the THz radiation could heat the particles up to the sensitivity thresholds of contemporary IR
cameras.

The transition metal with the DOS peak at E- is preferable as the material for nanoparticles-
converters. As it is in all metals, due to heat excitations, part of electron states below the Fermi
energy, within the energy band from E; —0.5 kT (where k is the Boltzmann constant,
T~ 300 K, and kT ~ 26 meV) to Ey, becomes unoccupied. The electrons transit from these
states to the ones above the Fermi energy within the band from Ey to Er + 0.5 - KT. As a result,
the electrons within the band of width kT near the E - become able to absorb the photon energies,
i.e., to be excited to the energy states above the initial ones up to the upper edge of the
d-band. Being scattered, these electrons are returned to unoccupied states within the band of
width kT.

Choosing for particles the transition metal with the DOS peak at E promises a gain in the
number of electrons able to absorb photons. Besides, this choice promises an enhanced scattering
intensity of excited electrons. Therefore, the energy transfer from photons to ions of metal will be
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Fig. 3 Phonon DOS in Ni at temperature T = 300 K (solid line, reproduced from Refs. 9 and 10).
The dashed lines show approximate resolution of the phonon DOS curve into three components.

more intensive, and nanoparticles could be heated to a higher temperature than nanoparticles of
ordinary metal.

Our approach is based on usage of Ni nanoparticles. Distribution of phonon DOS in Ni at
T = 300 K (Fig. 3) matches well with the emissivity distribution of the black body radiation at
T = 300 K (Fig. 2), namely, the phonon DOS is maximum or enhanced just within the energy
band ~10 to 35 meV, where the contribution of THz photons into the black body emissivity is
maximum or large (wavelengths ~30 to 150 gm or, in energy units, ~10 to 40 meV).

In Ni, a width of the 3d-band is about 5.5 eV, with part of the 3d-band above the Fermi energy
(Fig. 4), which determines an intensive electron scattering in this metal. Compared to other
metals, Ni has maximum electronic DOS at the Fermi energy."'

In Sec. 2.1, the average dimension of Ni particles is adopted to be about 2.4 nm. As it is less
than the free path length of electron (=4 nm), a presence of the DOS peak at the Fermi energy of
Ni increases a probability of electron scattering on the nanoparticle’s surface and ultimately the
probability of transfer of energy gained by electron from photon to ions of the nanoparticle.

In Ni, the upper edge of the 3d-band is above the Fermi energy by roughly 0.5 eV. Thus, the
Ni nanoparticles are able to convert to heat the photon energies of entire THz range. However,
this wide band absorptivity is attended with an unacceptable feature: since the upper edge of the
3d-band is above E by 0.5 eV, the converter’s nanoparticles can be heated by IR photons with
energies up to 0.513 eV (wavelengths >2.42 um). Therewith, the photons most dangerous from
the viewpoint of background noise, corresponding to 4 = 10 ym, can get within the absorption
band. That is why a filter is needed to protect the converter’s nanoparticles from unacceptable
heating; it should filter a spurious IR radiation with 1 < 30 gm from the object-source but pass
its useful (wanted) THz radiation with A > 30 um.

2.1 Estimation of Size of Ni Nanoparticles

The choice of size for the Ni particles was based on analysis of the phonon DOS distribution
in energy at temperature 7 = 300 K.*'*!* We used the distribution from Kresch and Kresch
et al.”'” and resolved it approximately into three peaks (dashed lines in Fig. 3).
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Fig. 4 Electronic density of states in Ni (See Ref. 12). The vertical dash line indicates the Fermi
energy position.
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Table 1 Parameters of three subdistributions of the phonon DOS in Ni at T = 300 K.

Energies of peaks of Energies corresponding Wavelengths corresponding Diameter D of
subdistributions (meV) to FWHM edges (meV) to FWHM edges (um) nanoparticles (nm)
E,=18 12 103.4 3.0

24 51.7
E, =245 20.5 60.5 24

28.5 43.5
E; =33 30.5 40.7 2.2

35.5 34.9

According to peaks of subdistributions, three diameters D of nanoparticles were estimated
(Table 1). We assumed that particles with these diameters were “tuned” to the most probable
frequencies of ion vibrations in nanoparticles. Approximately, one may think that nanoparticles
of such diameters absorb most of the THz range. Correspondingly, in estimations, one should
take the minimum energies of the FWHM edges, namely 12, 20.5, and 30.5 meV, as the mini-
mum energies between electron energy states. Then nanoparticles of these subdistributions will
absorb photons with energies multiple of, correspondingly, 12, 20.5, and 30.5 meV. The THz
energies will be absorbed discretely. However, in reality, because of the spread in sizes of real
nanoparticles, the absorbed spectrum will be quasi-continuous. In our estimations, we took into
account the discreteness of the absorbed THz spectrum through the blackness a. Besides, we did
the next step in approximations. When estimating the surface densities of Ni nanoparticles in
the converter, we assumed roughly that all nanoparticles had the same minimum FWHM edge
phonon energy of 20.5 meV.

Let us estimate now how many atoms N of nickel should be contained in the particle so that
the energy gap between the electron levels in the 3d-band are equal to the average minimum
FWHM edge phonon energy of 20.5 meV. The total number of electron energy levels in the
3d-band is equal to number of atoms in the particle. Then the following equation is valid:
N—1=55eV/2.05-1072 eV = 268.

Thus, N = 269. As a lattice in Ni is the face-centered cubic one with four atoms per unit cell,
a number of cells in the particle consisting of 269 atoms equals n =~ 269 /4 =~ 67. Assume that the
Ni particle is a cuboid. Then the number of cells in the particle’s edge is equal to [ = (67)'/3 ~ 4.
The lattice constant of Ni is 3.52 A,'* so the value of the particle’s edge equals [ ~ 4 - 3.52A
~1.4 nm, and its body diagonal (particle “diameter” D) equals (3)'/?-/~1.73 - 1.4 nm~
2.4 nm.

2.2 Estimations of Powers Required to Hold Nickel Nanopatrticles at
Temperatures Defined by Their Blackness a

The problem was solved of temperature change in a Ni particle placed inside a gelatin spherical
shell as a result of heat releasing in the particle. The temperature change in the Ni particle was
described by the heat conduction equation in spherical coordinates with the source function g(r)
taken into account:

of 14 (. ,0T
ch—pa (3" E) +q(r). (1

where T is the temperature, p is the volume density, C is the specific heat, 4 is the heat con-
ductivity, g is the volume density of the heat source, and r is the spherical radius.

It was thought that the thermal parameters did not depend on temperature and might be
prescribed as

OSr’ﬁRu: A:Al. [):f)'. C:CI. q:ﬁ. (2)

Ry<r<R: A=l p=py, C=0C,, q =0,
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where R|, is the radius of the nanoparticle, and R is the radius of the gelatin shell (R > R,; in this
problem, R =5 - 1077 m; this choice was justified by the fact that gelatin prevailed in the
converter’s volume).

The initial and edge conditions were

ar(t,r)

T(O. n"') = TR- 3

=0, T(tR) =Tk 3)

A solution for Egs. (1)~(3) was sought by the numerical method of lines''® relative to

AT =T —Tg, where T = 300 K. To control the accuracy and time of calculations, we used
the steady-state resolution of the problem:

1 d 2T — B
T (if” E) +4(r) =0, T'(0) =0, T(R) = Ty,

which gave a relationship between power @ and a maximum temperature rise AT ,,:

Gt i 9 2
Kr == = - )
B 8}?.' (R(]/?.] ) RU.JQ R.Az)

On reaching the value of AT = 0.995 - AT,,, the heat source was turned off, and the problem
was solved by cooling the Ni particle down to 300 K. Numerical calculations were carried out
with the material parameters given in Table 2.

We calculated the values of power Q required for heating a Ni nanoparticle with a size of
2.4 nm for different temperature rises AT, (see Fig. 5) in steady state. Values of Q; for five
values of blackness «; are given in Table 3.

Table 2 Parameters of materials used in estimations.

Material Volume density (g/cm?) Specific heat (J/kg - K) Heat conductivity (W/m - K)
Nickel p =89 C, = 440 4y =90.9
Gelatin pa=13 C, = 1900 7 =03
-10
x 10

0 20 40 BD 80 100 120 140
AT, mK

Fig. 5 Power Q against the temperature rise AT, for Ni nanoparticle of radius Ry = 1.2 nm in
gelatin spherical shell.
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Table 3 THz-to-IR converter's parameters at different blackness «; of Ni nanoparticles.

j

Converter's parameters 1 0.7 0.5 0.3 0.1
AT, mK 14 20 28 46.7 140
Q, W 6.34 - 10~ 9.05-10'" 1.27-10°10 2.11-.10°1° 6.34 - 10-10
N;, mm~2 2.71.-10° 1.90 - 10° 1.35-10% 8.13 . 10° 2.71 - 102
H, m 3.43 3.1 2.82 2.42 1.68

2.3 Estimations of Converter’s Time Characteristics

Contrary to Kuznetsov’s group converter, which operates in a real-time scale and has the dimen-
sions of heat-generating elements ~100 X 100 ym?, in our converter, the heat-generating ele-
ments, i.e., Ni nanoparticles, are much smaller. Therefore, we expected to obtain the time
characteristics of our converter enabling operation in a real-time scale, too.

By the numerical method of lines,' with the program,'® the time characteristics of the THz-
to-IR converter were determined. For a Ni nanoparticle with a size of 2.4 nm in gelatin spherical
shell, for five values of power Q; from Table 3, we estimated the heating and cooling times (for
initial temperature 300 K). The results are shown in Fig. 6. These times were found to be about
13 ns, which certainly enable operating the considered THz-to-IR converter in a real-time scale
in both passive and active mode.

2.4 Estimations of Radial Distributions of Temperature

With the program,'® we also determined the radial distributions of temperature for a Ni nano-
particle of radius R, = 1.2 nm in gelatin spherical shell for five values of Q; from Table 3 (see
Fig. 7). The distributions demonstrated that application of Ni nanoparticles might ensure that the
“comet tail” and image blooming effects inherent in the approach by Kuznetsov et al. could be
avoided. Hence, the converter’s response time and spatial resolution could not be affected.

Figure 7 shows that, when a; = 0.5 (heating by AT = 28 mK), the temperature of heating
gelatin with reference to 300 K decreases almost to zero within a radius of about 40 nm. That is,
beyond the radius of 40 nm, gelatin is not heated. At the concentrations of Ni nanoparticles in
gelatin we are considering, the nanoparticles’ size (2.4 nm) is almost four orders of magnitude
less than the distances between them. Therefore, the overlapping of temperature fields of heated
nanoparticles is negligible. As a result, the “comet tail” and image blooming effects are
impossible.

In the Kuznetsov’s group converter, the dimensions of heat-generating elements =~ 100 x
100 um?* with gaps between them of about 10 pm, i.e., a length of heated element is an

] 5 10 15 20 25 30
t,ns

Fig. 6 Temperature rise AT versus heating/cooling time t for a Ni nanoparticle of radius
Ry = 1.2 nm in gelatin spherical shell for five values of Q; from Table 3.
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AT, mK

Fig. 7 Radial distributions of temperature for a Ni nanoparticle of radius Ry = 1.2 nm in gelatin
spherical shell for five values of Q; from Table 3.

order of magnitude greater than the gap. Obviously, the temperature fields of heated elements
overlap, resulting in the image blooming effect. A similar effect was described by Keblinski

et al."”

2.5 Estimation of Surface Density of Ni Nanoparticles

Starting from the temperature sensitivity of the IR camera, let us estimate a surface density of
Ni nanoparticles in the converter required to realize a passive imaging of the human body.

Evidently, the temperature sensitivity AT}, given in specifications of IR cameras is related to
radiation of the absolutely black body. Then the camera’s susceptibility threshold in the surface
power density equals Ae, = 40 - T° - ATy, where o is the Stefan-Boltzmann constant, and
T =300 K. At ATy, = 14 mK, Age; = 8.58 - 10~ W/mm?. This means that, for the surface
of blackness a to be visible to the IR camera, a rise in its surface power density should be
equal to or greater than Age; = 8.58 - 10~ W/mm?, while the temperature rise should be equal
to or greater than AT = ATy, /a.

In Fig. 5, the values of power Q are given that are required to hold the 2.4-nm Ni nanoparticle
in gelatin matrix at temperatures of 300 K + AT,,. In steady state, the nanoparticle releases a
power of Q/2 into a half-space with the IR camera. Therefore, the surface density of a number of
Ni nanoparticles on the converter’s surface equals N; = Aeg; /(Q;/2). These values for different
a; are given in Table 3.

2.6 Estimation of the THz Power Delivered from the Human Body to the
Converter

The THz power P delivered from the human body to the converter can be estimated as

103.4 d;'l.
PrS,-Q Ty Tor-05-¢*-h- .
y tor " Salr ot f 2 [exp(47.97/2) — 1]
349

where S, is an effective area of the human body’s surface that emits THz radiation toward the
THz objective, S, ~ 1.1 - 10'? ym?. (We have estimated it as the area of the half-cylinder of
diameter 40 cm and height 175 cm.); € is a solid angle wherein the human sees the THz objec-
tive’s diameter. (For definiteness, we have chosen the THz objective’s diameter equal to 30 cm.);
T\ is a total transmittance of the THz objective and heat filter.” (We have estimated its value as
Tt ® 0.08 nearby the wavelength range ~30 pum, which contributes the most emissivity to the
total human body’s THz radiation.); T;, is a transmittance of the air layer between the human
and the THz objective; 0.5 is a factor introduced to take roughly into account the fact that
the human body is not the absolutely black body; |’ {2’{)“1#%] 891107 ym™
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Table 4 Comparative data of two approaches to THz imaging using the THz-to-IR converters.

Parameters of the THz imaging Kuznetsov et al. (Refs. 6-8)

system (experiment) Our approach (estimations)

Operating mode Active Passive and/or active

THz radiation source Backward wave oscillator BWO-30  Human body or radiation
source

Power required for operating, mMW 5 0.5

Type of heat-generating element Split-ring resonator Ni nanoparticle

Sizes of heat-generating element  ~100 x 100 pm? Diameter ~ 2.4 nm

IR camera’s NETD, mK 100 14

THz-to-IR converter's area, mm? 804.25 2,940

an integral between the limits 34.9 and 103.4 um of the function describing distribution of the
black body radiation in wavelengths. (Here, a number 47.97 is the value of he/kT, expressed in
pum, where i and k are correspondingly the Planck and Boltzmann constants, ¢ is the light veloc-
ity, and T is temperature.) The integration limits are defined in Sec. 2.1 (see Table 1).

Thus, the human body’s THz power delivered to the gelatin matrix with embedded Ni nano-
particles is equal to P = 0.23 Q - T,;,,, W. At average values of a; = 0.5 and H = 2.82 m, the
solid angle Q = 8.9 - 1073 sr and the transmittance T, ~ 0.245, hence, P = 0.5 mW. For com-
parison, in Table 4, the data are given on the THz imaging system experimentally tested by
Kuznetsov et al.,** along with the estimated data of our approach. Kuznetsov’s group used
a monochromatic (0.3 THz) radiation source with an emission power of 5 mW and an IR camera
with the noise equivalent temperature difference (NETD) of 100 mK. Thus, our estimations show
that, by using Ni nanoparticles as heat-generating elements in the THz-to-IR converter and a
contemporary IR camera with a NETD of 14 mK, it is possible to heat the converter’s nano-
particles with the human body’s THz power of 0.5 mW only, which is an order of magnitude less
than the source’s power in the experiments of Kuznetsov’s group. Besides, it should be noted
that our THz-to-IR converter’s area is ~3.5 times larger.

2.7 Estimation of the Converter’s Effective Area

Starting from the THz power distribution of the human body, let us estimate an effective area of
the converter S*, able to be heated by temperature AT = AT}, /a. The effective area equals
Sx =a-P/Ae;, =a- P[4c - T? - ATy,. Here, P is the THz power delivered from the human
body to the converter. Then the effective area that can be heated by human body’s THz power
equals

Sx =a - P/At’;"i =575 10_2 ca- - Tair}o-' T3 . AThh’

2.8 Estimation of the Converter's Geometlric Area

Starting from data of the standard objective of the Mirage P IR camera, let us determine geo-
metrical dimensions of the converter and its area visible to the camera. According to web site
data,' a minimum distance d between the object (in our case, the THz-to-IR converter) and the
camera’s objective equals 4 in. i.e., d = 101.6 mm. With the field of view angle y = 26 deg,
a height % of the converter equals 2d - tg(y/2) ~ 47 mm. With a standard aspect ratio of 4:3,
a width w of the converter equals (4/3) - 47 mm = 62.65 mm. Thus, the converter’s area is
equal to

Scony = 47 mm X 62.65 mm = 2.94 - 10° mm?.
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2.9 Estimation of the Operating Distance

Let us determine the operating distance H between the THz objective and the object-source of
the THz radiation by equating the converter’s area S, and the effective area S* that can be
heated by the human body’s THz power by temperature AT = AT}, /a. Then

575102 .- Q- Ty /o - T3 - ATy, = 2.94 - 10° mm2. @)

In this equation, both the solid angle € and the air transmittance T;, are functions of the
distance H. We chose the THz objective lens’s radius of 0.15 m, whereas the air transmittance
T, was determined experimentally (Fig. 8). By calculating the value of Q and estimating the
value of T, for the same value of H, and then substituting them in Eq. (1), one can determine
the value of H that meets Eq. (4). Assume in accordance with Fig. 8 that, within the wave-
length range from 30 to 250 pm, the average air transmittance of the 1.2-m air path is roughly
equal to 0.55. Then for any distance H, the air transmittance equals T, =~ (0.55)%, where
k=H/(1.2 m).

Let us choose for conclusion an average value of @; = 0.5. A distance H = 2.82 m in Table 3
shows that, due to absorption in air, the approach with Ni nanoparticles cannot provide passive
THz imaging for security applications. The distance is too small, whereas the security applica-
tions usually require distances of 4 to 20 m. In addition, Fig. 9 shows that clothes absorb entirely
the human body’s high-frequency THz radiation. Meanwhile, the Ni nanoparticles convert well
just the high-frequency part of the THz range.

However, the approach with Ni nanoparticles is suitable for the passive THz imaging in
medicine at short distances between the patient and the THz objective.

The considered approach can be used for active real-time standoff detection of weapons and
contraband, if the THz-to-IR converter operates in a submillimeter- or millimeter-wave range,
where transmittance of clothes is sufficiently high. In this case, it is preferable to use the nano-
particles of alloys with heavy fermions, rather than Ni nanoparticles, in the converter. The nano-
particles of heavy-fermion alloys are able to convert efficiently just the long-wave THz radiation
into heat.'® These compounds are considered in more detail in the appendix.

Kemp'” explored the progress over the past 10 years toward the practical development of THz
spectroscopy as a technique for concealed explosives detection and concluded that imaging at
low-frequency THz radiation would be a more promising technique for security applications.
This accords with our conclusion that the considered THz-to-IR converter would be applicable in
submillimeter- and millimeter-wave imaging radars.

0 Transmittance, %

60 [

40 -

20 .

D " 1 " 1 L 1 L 1 L
0 50 100 150 200 250

Wavelength, micron

Fig. 8 Transmittance of the 1.2-m air path under normal conditions.
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Fig. 9 Transmittance of different clothes versus wavelength.

3 Conclusion

For visualizing the objects concealed under clothing, the advantages of THz radiation, typical for
adjacent ranges of the electromagnetic spectrum, can be used. Like radio-frequency waves, low-
frequency THz radiation can transmit through materials opaque for visible rays (i.e., clothing),
and like IR waves, THz rays can be refracted and focused by lenses. For imaging outlines of
hidden metal articles, we can use another property of THz radiation: its ability to be reflected by
metals.

The visualization scheme is proposed with a THz-to-IR converter containing nanoparticles
of a metal or compound with the peak of the density of electron states at the Fermi energy. The
Ni nanoparticles could be used as converters of high-frequency THz radiation in passive imaging
of medical objects. The nanoparticles of compounds with heavy fermions could be used as
converters of low-frequency THz radiation in active security applications. In this THz-to-IR
converter, the time characteristics make possible real-time imaging in both passive and active
modes. Combination of these characteristics with the converter’s ability to work at room
temperature opens new potentialities of applications in both crime fighting and early cancer
diagnostics.

Appendix: Nanoparticles of Compounds With Heavy Fermions as the
THz-to-IR Converters

In bulk compounds with heavy fermions (CHF),% like CePd;, CeAl;, CeCu, etc., at low tem-
peratures (10 — 100 K), due to a narrow and partly occupied f-band of electrons at the Fermi
energies, the DOSs are greater than those in normal metals by two or three orders of magnitude,
which provides very intense electron scattering. At room temperatures, this disappears, because
of phonons smearing the f-band. However, in the CHF particle, even at room temperatures, the
intense electron scattering and narrow f-band could be kept.'® For that, the CHF particle should
have the energy gap E, between the upper edge of the f-band and the nearest unoccupied electron
state in the band of light electrons (Fig. 10), with the condition [(I';/2) + E,| > kT = 26 meV.
Such CHF nanoparticles could be effective THz-to-IR converters in a long-wavelength part of
the THz range.

At room temperatures, the electron DOS within the f-band appears as in Fig. 10, where I'f is
the width of the f-band, and I'; ~ 10 — 100 K (in energy units: I'; ~ 8.7 - 10# — 8.7 - 10~ eV).
Photons can excite the f-electrons if their energies are multiple of (I'y/N), ie., (I't/N),
2-([4/N),3-(;/N), ..., (I's/2), where N is the number of atoms in the CHF particle.

When reducing the number N, the energy distances between electron levels are increased: as
AEp/N in the band of light electrons, and as AE; ~ I's/N in the band of heavy electrons. Then,
for the f-band to be conserved, i.e., for the sum of energies [(I';/2) + E,] to be more than
kT, the number N should meet the inequality: N < E;/kT. Assume that Er ~ 10 eV. Then
N < 385, and a particle’s size would be about several nanometers.
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Fig. 10 Electron density of states versus electron energy in a CHF nanoparticle at room
temperature (See Ref. 18). The vertical dotted lines above Eg show unoccupied states of light
electrons.

With 'y ~8.7x 107* —8.7- 107 eV, the value of AE, is within a range: AE, ~T'/
N~23-10%-23-107 eV. Thus, f-electrons could absorb photons with energies:
23-107% 46-107°% 69 -10°° ..., 43 - 107 eV. These estimates are for the lower value
of I'y. For the upper value of I'y, the photon energies able to be absorbed are as follows:
23-1075,4.6-107,6.9-107%, ..., 4.3 - 1073 eV. These energies correspond to frequencies
covering a range from 0.555 GHz to ~1 THz. Summarizing, we conclude that the long-
wavelength THz photons could be effectively converted to heat by using the CHF nanoparticles
in the THz-to-IR converter.
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