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Abstract

Purpose: Terahertz (THz) medical imaging is a promising noninvasive technique for monitoring
the skin’s conditions, early detection of the human skin cancer, and recovery from burns and
wounds. It can be applied for visualization of the healing process directly through clinical dress-
ings and restorative ointments, minimizing the frequency of dressing changes. The THz imaging
technique is cost effective, as compared to the magnetic resonance method. Our aim was to
develop an approach capable of providing better image resolution than the commercially avail-
able THz imaging cameras.

Approach: The terahertz-to-infrared (THz-to-IR) converters can visualize the human skin
cancer by converting the latter’s specific contrast patterns recognizable in THz radiation range
into IR patterns, detectable by a standard IR imaging camera. At the core of suggested THz-to-IR
converters are flat matrices transparent both in the THz range to be visualized and in the operat-
ing range of the IR camera, these matrices contain embedded metal nanoparticles (NPs), which,
when irradiated with THz rays, convert the energy of THz photons into heat and become nano-
sources of IR radiation detectable by an IR camera.

Results: The ways of creating the simplest converter, as well as a more complex converter with
wider capabilities, are considered. The first converter is a gelatin matrix with gold 8.5-nm diam-
eter NPs, and the second is a polystyrene matrix with 2-nm diameter NPs from copper—nickel
MONEL?® alloy 404.

Conclusions: An approach with a THz-to-IR converter equipped with an IR camera is promising
in that it could provide a better image of oncological pathology than the commercially available
THz imaging cameras do.
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1 Introduction

On the scale of electromagnetic (EM) waves, there is a frequency band interesting for potential
application in cancer cell imaging. This is the so-called terahertz (THz) range that spans the gap
between radio waves and infrared (IR) radiation. THz radiation has properties inherent in
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neighboring bands such as radio waves, it penetrates many optically opaque media, and IR rays,
which can be refracted and focused by lenses.

For a number of years, we developed and theoretically evaluated the parameters of the so-
called terahertz-to-infrared (THz-to-IR) converters'™ (see Table 1). Should the production of
these devices be established, they would allow the conversion of invisible THz radiation into
IR rays that could be visualized with commercial IR cameras. This would allow them to be used
in devices for imaging human skin cancer.

The THz-to-IR converters in question consist of matrices, transparent both in the range of
THz radiation to be visualized and in the operating range of the IR camera, the matrices being
“stuffed” with metal nanoparticles (NPs) (see Fig. 1). The latter, when irradiated with THz rays,
convert the energy of THz photons into heat and become sources of IR radiation, which can be
further on detected by an IR camera.

In this work, we focus on the use of THz-to-IR converters for imaging the human skin cancer.
Two circumstances, the fact that the water content of cancer cells is higher than that of normal

Table 1 Estimated characteristics of the THz-to-IR converters to be used with Mirage 640 P-Series
IR camera. All data are given for the practically significant value of the emissivity factor a = 0.5.

Parameter
Power required to
NP NP heating/ heat the NP to  Frequency of
diameter Matrix cooling be seen by the operating
Ref. NP material (nm) material times (ns) IR camera (nW) radiation (THz)
1 and 2 Ni 24 Gelatin 13/13 0.13 0.35 to 0.55
3 Cu-Ni alloy 25 72/78 0.13
4 Au 24 Teflon® 79/71 0.11 0.38;4.2; 8.4
5,6, and 7 o0 300/1281 0.34
5,6, and 7 8.5 Silicon 0.17/1.16 98.4
8 6.0 Teflon® 230/1190 0.28 0.7
9.5 330/1360 0.44 0.41
14.65 430/1390 0.68 0.24
25.4 560/1580 1.2 0.14
9 8.5 Polyvinyl 306/1314 0.21 0.38;4.2; 8.4
chloride
This article Gelatin 407/1718 0.27 0.35 to 0.55
Polystyrene 319/1339 0.18 0.38; 4.2; 8.4
Polypropylene ~ 292/1255 0.25
50 at. % Au 16 Gelatin 607/2102 0.51 0.35 to 0.55
50 at. % Pd alloy
MONEL alloy 404 2 Gelatin 83/942 0.06 0.35 t0 0.55
Teflon® 61/690 0.08 0.4; 5; 10
Polystyrene 65/734 0.04
Polypropylene 59/675 0.06
Polyvinyl chloride ~ 62/707 0.05
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Fig. 1 The “working element”’ of a THz-to-IR converter: a matrix with embedded metal NPs.

cells'®!! and the fact that the reflectivity of the THz radiation (and hence the image contrast of

the cancer area) increases as the temperature of the water in cancer cells increases, > favor the
development of the reflection geometry approach to the THz medical imaging of a cancerous
biological tissue (for in vivo studies, Fig. 2).

To heat water in cancer cells, the gold nanoparticles (GNPs), such as targeted agents in photo-
thermal therapy, are premediatedly delivered into the cancer cells but not into the normal cells.
The approach relies on the fact that the targeted agents, antibody-conjugated GNPs, are accu-
mulated in cancerous tissue more efficiently than in the normal one. Thereupon the tumor is
noninvasively treated by irradiating with near-infrared (NIR) laser beam at ~650 to 1350 nm
wavelength; this is the so-called “therapeutic window” where light has its maximum depth of
penetration into the tissues. Under irradiation, the surface plasmons are excited in the GNPs;
as the plasmons decay, the water around the GNPs in the cancer cells heats up. In consequence,
the cancer cells start to reflect the incident THz radiation even more efficiently'>~'® and thus can
be more readily visualized by a highly sensitive IR camera (Fig. 2).

The feasibility of the THz imaging of the body with skin cancer in reflection geometry has
been demonstrated in works by Woodward et al.'”!® The pioneering studies'*! revealed the
possibility of THz imaging of basal cell carcinoma.

Wallace et al.>! and Pickwell and Wallace?” showed that when biological tissue is irradiated
with THz radiation, the maximum difference in the refractive index between the diseased
and normal tissue occurs in the frequency band 0.35 to 0.55 THz (wavelengths, respectively:
857 to 545 ym). In the same band, there is the maximum difference in the absorption of
diseased and normal tissue, which provides the best image contrast and helps to identify tumor
margins.

We briefly reviewed articles relevant to our problem® >’ (see Table 2) and current ICNIRP
safety limits?*~** and concluded that one should respect the following conditions of skin tissue
exposure to THz radiation: irradiance <2 mW cm™2; exposure durations < 10 s; frequency
0.38 THz, providing contrast margin of the cancerous tissue (see Secs. 3.1.1 and 3.1.2).

In the setup in Fig. 2, the THz rays reflected from the tumor are focused by a lens on the THz-
to-IR converter’s matrix, creating in this plane a THz image of the tumor. Further on, the metal
NPs within the THz-to-IR converter absorb the THz radiation, generate heat, and become IR
sources, producing an image detectable by the IR camera.

THz NIR laser ray

radiation
/ | - o
<3

Fig. 2 The reflection geometry for in vivo imaging of oncopathology using a near-IR laser to excite
surface plasmons in GNPs in a tumor (for heating water in cancer cells). (1) Tumor, (2) THz objec-
tive with a magnification M,, (3) THz-to-IR converter, and (4) highly sensitive IR camera with
magnification M, (see Ref. 4 for details).
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Table 2 Summary of findings from some THz bioeffects studies relevant to our problem.

Exposure
Irradiance  Frequency durations
Ref. What is noteworthy in the study (mWcm~2) (THz) (h) Findings
23 (i) A frequency used was 0.03t0 0.9 0.38 2 and 8 The 0.38-THz radiation
0.38 THz, which we chose does not induce genomic
for heating GNPs (see damage.
Secs. 3.1.1 and 3.1.2)
(ii) Human skin cells were studied
24 (i) A frequency range was used <5x10° 0.3t00.6 94 No cellular damage or
containing the frequency of changes to cell proliferation
0.38 THz chosen for were observed.

heating GNPs

(i) Human skin cells were

studied

25 (i) Frequencies sweeping from 7x105to 0.07t00.3 3,70, No changes in cell activity
0.07 to 0.3 THz were used, 3.8x10™* and 94 and no cytotoxicity were
i.e., with upper frequency found.

near to 0.38 THz, chosen
for heating GNPs

(i) Human skin fibroblast cells
were studied

26 (i) A current safety limit of 2 0.106 2,8, No changes in proliferation
incident power density and 24  rate and no abnormalities in
for local exposure, the genetic apparatus.

2 mW - cm2,% was used

(i) Human skin cells were

studied

27 (i) Exceeding a current safety 3 0.15 0.25, 0.5, Rats exposed to radiation
limit of incident power and 1 for 1 h had increased
density for local exposure, levels of depression and
2 mWcm=2,28 for general enhanced platelet
public, by 1.5 times aggregation. Rats exposed

for less than 1 h, did not
(i) Albino rats were researched exhibit either effect.

2 Selection of IR Cameras, Lens System, and Combinations of
Materials to be used in THz-to-IR Converters

A natural question may arise, why do we propose to use not a commercially available THz
imaging camera, but a THz-to-IR converter with an IR camera to visualize oncopathology?

A comparison of the pixel pitch sizes of the Mirage 640 P-Series IR thermal imaging
camera’! (henceforth referred to as Mirage; it is the most sensitive procurable IR imaging
camera, with the temperature sensitivity of 12 mK at 300 K) and commercially available THz
imaging cameras (see Table 3) underlines the advantages of our approach in the perspective of
imaging of oncopathology with acceptable resolution.

The THz imaging RIGI Camera has the same pixel pitch size as the Mirage, and its pixel
array is even larger; however, its operating frequency by far exceeds the frequencies suitable for
biomedical research, 0.35 to 0.55 THz. Other THz imaging cameras have larger pixel pitch sizes
than the Mirage camera, and their pixel arrays are smaller. Therefore, they would not provide as
good resolution as the THz-to-IR converter equipped with the Mirage camera promises.

In Ref. 32, Table 1 shows that the sensitivities per pixel of the IR/V-T0831 and TZcam cam-
eras are no worse than 0.1 and 0.02 nW, respectively. Our calculations of the powers required to
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Table 3 Comparison of parameters of the Mirage 640 P-Series IR camera and commercially
available THz imaging cameras.

Pixel Operating
Imaging camera Manufacturer pitch size Pixel array frequency (THz) Ref.
Mirage 640 P-Series Infrared Cameras Inc. 15 yum 640 x 512 60 to 200 31
RIGI Camera Swiss THz 15 yum 1920 x 1080 4.6 32 and 33
IR/V-T0831 NEC 23,5 um 320 x 240 1t07 32 and 34
MICROXCAM-384i-THz INO 35 um 384 x 288  0.094 to 4.25 32, 34, and 35
IRXCAM-THz-384 INO 35 um 384 x 288 0.1t0o 7.5 36
TZcam i2S 50 ym 320 x 240 03to5 32, 34, and 37
THXCAM-160 INO 52 ym 160 x 120 0.69; 2.52 38
IRXCAM-160 THz INO 52 ym 160 x 120 2.54 39
Pyrocam IV Ophir photonics 75 um 320 x 320 0.1 to 283 34 and 40
OpenView Nethis 80 um 640 x 512 0.1 to 3000 34 and 41
OpenView Nethis 170 um 320 x 256 0.1 to 3000 34 and 41
TERACAM Alphanov 1 mm 40 x 40 0.1 10 30 32
Tera-4096 TeraSense 1.5 mm 64 x 64 0.051t0 0.7 42
Tera-1024 TeraSense 1.5 mm 32 x 32 0.05t0 0.7 32, 34, and 42

heat the 2-nm diameter NP of the copper-nickel MONEL 404 alloy (hereinafter referred to as
monel) in plastic and gelatin matrices so that it can be recorded by an IR camera after heating,
gave values of 0.04 to 0.08 nW (see Table 1). Assuming that we have at least one NP located in
the volume projected onto a size of a single-detector pixel (see Ref. 5 and Sec. 5.2 for details), the
pixel sensitivity of the THz-to-IR converter based on 2-nm diameter monel NPs is of the same
order of magnitude as the pixel sensitivity of THz imaging cameras. Thus our approach using
the THz-to-IR converter and the IR camera will hold in what concerns sensitivity.

In initial works, we suggested to use NPs of nickel* and Cu-Ni alloys,® which have high
density of electronic states near the Fermi level, hinting for sufficiently high-absorption capacity.
Then it became clear that it would be more convenient to use commercially available GNPs,
which are produced with a fairly small spread of sizes around the nominal one.

We have considered different combinations of materials to be used in THz-to-IR converters.
Table 1 shows the parameters of several NP / matrix combinations, selected to enable the use of
the Mirage camera with its inherent temperature sensitivity of ~12 mK.*>! The numerical esti-
mates demonstrate that the converters so suggested might operate on a real-time mode since the
heating and cooling times of the selected NPs are sufficiently short.

The purpose of this review about THz-to-IR converters is not only to revive the theoretical
studies we have earlier presented on the choice of matrix and NPs materials for them, with the
estimation of corresponding parameters but also to introduce new approaches, with an ambition
to simplify the converter manufacturing process. Unfortunately, so far we have not seen an
experimental verification of our idea, not least because of the technological difficulties of intro-
ducing NPs into the matrix. Therefore, as an ultimate simplification of the approach, we suggest
to choose gelatin as the matrix material, along with commercially available GNPs. The latter are
supplied as a sol, a colloid made out of GNPs in a water medium, and gelatin is a water soluble
protein. Then, the procedure for introducing GNPs into a matrix would simply be reduced to
draining two liquids and sonicating them in order to achieve a uniform distribution of GNPs in
the matrix.
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In this study, we have compared two THz-to-IR converters in the form of gelatin matrices
containing the 8.5-nm diameter GNPs or the 2-nm diameter monel NPs. We considered two
physical mechanisms for the conversion of THz radiation into heat at frequencies favorable for
biomedical research: in 8.5-nm diameter GNPs, mainly due to the excitation of transverse and
longitudinal phonons, and in the 2-nm diameter monel NPs, mainly due to electron—electron
scattering.

Why is a 8.5-nm diameter suggested for GNPs? There are four reasons for this as follows.

(1) There will be no background cooling of the NP due to spontaneous emission of THz
photons, which, according to our hypothesis (see Appendix A), may occur at GNPs
diameters less than ~8 nm.

(2) Using integers mg = 4 and n,,, = 1 for a medically favorable frequency v = 0.38 THz,
Eq. (5) (see Sec. 3.1.2) gives an acceptable GNP diameter D = 8.5 nm.

(3) GNPs of this diameter can be heated by absorbing EM radiation of both 0.38 THz fre-
quency, favorable for biomedical research, and radiation of increased THz frequencies
(4.2 and 8.4 THz), providing better resolution of the image of oncopathology (see
Table 4). The heating occurs as excitation of both longitudinal and transverse phonons
(see Sec. 3). A comparison of the distribution graphs of longitudinal phonons in bulk gold
and in a GNP showed (see Fig. 2 in Ref. 46) that they are similar, and the peak of the
distribution is at ~4.2 THz. That is, there are a lot of phonons with a frequency of
4.2 THz in a GNP, and 8.4 THz is the twice the frequency of the distribution peak.
Therefore, one 8.4 THz photon may excite two dominant phonons with a frequency
of 4.2 THz since there are no longitudinal phonons with a frequency of 8.4 THz in a
GNP. The choice of operating frequencies of 4.2 and 8.4 THz would increase the effi-
ciency of heating the GNP. Therefore, the same THz-to-IR converter could be used to
map the same fragment of a human skin: at the frequency 0.38 THz with enhanced con-
trast between cancerous and normal tissues, and at higher frequencies with enhanced
resolution. A comparison of corresponding images would help to better diagnose the
pathology.

In this approach, we rely on the following fact: according to Fig. 8 in Ref. 1, under
normal conditions the transmittances of the 1.2-m air path at wavelengths of 35.7 ym
(8.4 THz) and 71.3 ym (4.2 THz) are ~40% to 85% and ~30% to 50%, respectively.
If the air path is reduced (by bringing the 4.2- and 8.4-THz sources closer to human
skin tissue), then the air transmittances will be higher, and visualization at these frequen-
cies will become feasible.

(4) Finally, such GNPs are mass-produced, which would simplify the technology of manu-
facturing a THz-to-IR converter with a gelatin matrix.

The reasons to use, in case of monel, the NPs of much smaller 2-nm diameter are the
following.

(1) In the electron density of states of copper—nickel alloys of ~50 at. % Cu 50 at. %Ni con-
centration, there is a pronounced peak at the Fermi level, persisting even if the local var-
iations of interatomic distances ought to be strongest at these intermediate concentrations.

This causes an increase in the intensity of electron scattering (a decrease in the mean
free path [, of electrons), which is favorable for efficiently converting the energy of
THz photons into heat. In the monel alloy (47 wt. %Cu 53 wt. %Ni), the minimum
Iimgp  0.85 nm is achieved.

Table 4 Parameters of commercially available FLIR IR cameras manufactured by Teledyne FLIR.

Pixel pitch Operating
Imaging IR camera size (um) Pixel array wavelengths (um) AT (mK) Ref.
T860 12 640 x 480 7510 14.0 40 43
AB55sc 17 30 44
T650sc 17 20 45
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(i) Due to low enough /g, in the monel alloy, the NP diameter D can be chosen small
(~2 nm), which reduces the NP volume heated by THz photons and, consequently,
increases the sensitivity of the THz-to-IR converter in terms of detectable THz power.

(iii) The rule-of-thumb condition for the electron energy to be released inside the 2-nm diameter
monel NP volume reads: /4, < (D/2), in the assumption that the excitation of a Fermi
electron by a THz photon happens at the NP’s center.

(iv) The monel alloy offers an optimal relation between the electron DOS at the Fermi level and
Lo~ This circumstance, along with arguments (ii) and (iii), works for an efficient conver-
sion of THz radiation into IR radiation.

(v) By force of the condition /5, < (D/2), a monel NP would absorb in the entire THz range
(0.1 to 10 THz), hence throughout all the frequencies of practical importance men-
tioned above.

(vi) The THz-to-IR converter based on 2-nm monel NPs, coupled with an IR camera, ought to
have the same sensitivity per pixel of the IR camera detector as commercially available THz
imaging cameras do, but the resolution promises to be better than that of those.

The choice of matrix material depends on the type of IR camera to be used to capture images
produced by the THz-to-IR converter in IR rays. The matrix material should be transparent both
in the range of THz radiation to be visualized and in the operating range of the IR camera. In this
regard, one should look at IR cameras operating in the wavelength range containing the wave-
length of 10 um, which corresponds to the peak of the emissivity distribution of a heated NP at
a temperature of 300 K. In Table 4, the data of commercially available IR cameras, operating
within the range near the 10-um wavelength, are given (here AT is the temperature sensitivity of
the IR camera).

The T860 camera’s detector has a small pixel size of 12 ym, which promises higher image
resolution, but its temperature sensitivity is not so high (40 mK). Detectors of the A655sc and
T650sc cameras have a larger pixel size, 17 um, whereas the T650sc camera has a higher temper-
ature sensitivity, 20 mK.

According to Fig. 3, within the wavelengths corresponding to the operating ranges of the
Mirage and FLIR IR cameras, the emissivity of a heated NP at temperature of ~300 K is sig-
nificantly different. It is not yet obvious which of the cameras and, accordingly, which matrix
material would provide a better image of oncopathology.

Mirage®' and FLIR A6700 MWIR*’ IR cameras can be used in combination with all matrix
materials considered in Table 1. However, FLIR IR cameras,“‘45 listed in Table 4, can work only
in combination with polypropylene and Teflon® films (note that, for the latter, the heating/cool-
ing times and the power required to heat the NPs will differ from the values shown in Table 1).
Polystyrene, gelatin, and polyvinyl chloride films cannot be used with the mentioned FLIR IR
cameras:*~* they are not transparent in the ~10-um wavelength region, the operating range of
FLIR cameras (see, respectively, Figs. 5 and 9, and Fig. 2 in Ref. 9).

Emissivity (W-m=2um™)
\.,
N
N
[~
[~
[~
[~
[~

2 5 10 20 50 100 200 500

Wavelength (um)

Fig. 3 The emissivity of a heated black body at temperature of 300 K.
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Table 5 Comparison of estimated characteristics of the THz-to-IR converters to be used with
FLIR IR cameras from Table 4. All data are given for the practically significant value of the
emissivity factor a = 0.5.

Power required to heat

NP heating/cooling the NP to be seen by

NP times (ns) the IR camera (nW)
diameter

NP material (nm) Matrix material AT =20mK AT =30mK AT =20mK AT =30mK

Au 8.5 Teflon® 300/1305 300/1309 0.56 0.84
Polystyrene 319/1389 319/1393 0.30 0.45
Polypropylene 292/1272 292/1275 0.41 0.61
MONEL 2 Teflon® 61/691 61/691 0.13 0.195
alloy 404
Polystyrene 65/735 65/735.5 0.07 0.105
Polypropylene 59.5/674 59.5/674 0.095 0.14

The expected characteristics of THz-to-IR converters are given in Table 5. Transmission
spectra of two suggested matrix materials, polypropylene and polystyrene, are shown in
Figs. 4 and 5, respectively.

The objective of the IR camera ensures the close-up operation mode with magnification
M, = 1. For IR cameras, which are kept in mind,*"*’ this imposes a short distance (~22 to
23 mm) between the “object” (i.e., the THz-to-IR converter’s matrix with GNPs) and the
objective’s edge, as well as small sizes (9.6 mm X 7.7 mm) of the “object” (9.6 mm =
640 pixels X 15 ym; 7.7 mm ~ 512 pixels X 15 ym). The THz-to-IR converter being so small
seems technologically advantageous. At small sizes of the converter’s matrix, the distortions
caused by the first lens (the THz objective) would be small too. The second lens (the IR camera
objective) is simplistically shown in Fig. 2, whereas its real structure may be much more
complex.

100

90

80

70 4

60 +

50 —

40

Transmittance (%)

30 1

201 — 30 um

10 H —50 um

1 10 100 1000
Wavelength (um)

Fig. 4 Transmission spectrum of polypropylene films 30 zm (red) and 50 ym (blue) thick.
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Fig. 5 Transmission spectrum of a polystyrene film 220-um thick.

It makes sense to assume the THz objective to be changeable, with different magnifications,
say, M; = 1; 0.2; 5, whereby the two latter values can be obtained by inverting the same objec-
tive. The magnification M; = 0.2 would serve a preliminary examination of the patient’s skin
area, over the field of view (FOV) of about (9.6 mm X 7.7 mm)/0.2 = 48 mm X 38.5 mm (see
Table 6). Operating with the magnification of M| = 1, one could inspect a chosen object within
the FOV of 9.6 mm X 7.7 mm (e.g., a pigmentary skin nevi). The magnification M| = 5 with
its corresponding FOV of (9.6 mm X 7.7 mm)/5 ~ 1.9 mm X 1.5 mm would enable inspecting
details of the pigmentary skin nevi.

Thus in our approach, the estimated length X width sizes of matrices of THz-to-IR converters
are 9.6 mm X 7.7 mm.

The diffraction limits on the estimated objective’s resolution are given in Table 7.
At frequency 4.2 THz and M, = 1 (in the close-up operation mode) and pixel size d = 15 uym,
this means that the linear ‘“uncertainty” of the image is covered, on the average, by
(~71.3 ym)/(~15 pm) = 5 pixels of the IR camera detector, which seems acceptable to resolve
a meaningfully detailed pattern. At frequencies 0.38 and 8.4 THz (these are suitable, respec-
tively, for contrast or sharp imaging of oncopathologies) and M, = 1, the linear uncertainties
would be covered, on the average, by =26 and 2 pixels, respectively. If we correlate the image
linear uncertainty, expressed by the pixels number, with 512 pixels along the height of the IR
camera detector (see Table 3), we get uncertainty as a percentage: 5 pixels, 1%; 26 pixels, 5%;
and 2 pixels, 0.4%; this appears to be an acceptable inaccuracy.

Table 6 Operation modes of the THz objective.

Operation mode FOV Magnification M,
A preliminary examination of the patient’s skin area 48 mm x 38.5 mm 0.2
Inspecting a chosen object 9.6 mm x 7.7 mm 1
Inspecting details of the object 1.9 mm x 1.5 mm 5
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Table 7 Operating parameters of the THz-to-IR converter with the 8.5-nm diameter GNPs.
Estimations are done for mg = 4, n,,, = 1 (see Sec. 3.1.2 for details).

Operating Photon Photon Objective’s Skin

frequency Wavelength energy  momentum  resolution (um) depth SPel Ape
(THz) (um) (meV) (10735 gcm/s) at/~100 mm (nm) (1072' gecm/s) (102 gcm/s)
0.38 789.5 1.57 0.84 ~395.0% 121.0 >1.2 1.8

4.2 713 17.4 9.3 ~71.3° 36.4 19.9

8.4 35.7 34.8 18.6 ~35.7° 25.7 39.7

2A ~200 mm.

PA~ 100 mm.

The lenses with desirable parameters (focal distance, diameter) for the THz range,
made out of various materials, can be selected from the lists of commercially available
products.*®

The diffraction limit on the objective’s resolution Ax can be estimated as Ax=~1-1/A
(4, wavelength; [, distance between the objective centre and the object, hence patient’s skin;
and A, the objective’s aperture). The estimates show (see Table 7) that the enhanced frequencies,
4.2 and 8.4 THz, could yield acceptable resolutions for studying the structure of, say, pigmentary
skin nevi.

An operating frequency of 8.4 THz is acceptable if GNPs are used as NPs. If monel nano-
clusters are used, the frequency can be even higher. From Fig. 2(a) in Ref. 49 (the DOSs
of phonons over frequencies in Cu—Ni alloys with a broad peak in the vicinity of 5 THz),
it follows that for the THz-to-IR converter with monel NPs, one can choose operating frequen-
cies of 5 and 10 THz: there are many phonons with a frequency of 5 THz, whereas there are no
phonons with a frequency of 10 THz in the monel NP. Therefore, the 10-THz photons could be
absorbed due to the excitation of two phonons with a frequency of 5 THz. At the same time,
the use of the 5- and 10-THz frequencies would provide an increased sharpness of the onco-
pathology image. Table 8 shows parameters of the THz-to-IR converter with the 2-nm diameter
monel NPs.

We noted above that the same THz-to-IR converter could be used to capture the same
area of skin at soft THz frequencies, which favors contrast enhancement, as well as at
higher frequencies, which would enhance the image resolution. Comparison of images
obtained at different frequencies would help to better define the margins of cancerous
tissue.

Another approach is to use one THz-to-IR converter and two changeable IR cameras operat-
ing at different wavelengths, e.g., Mirage and FLIR T650sc. This is possible if the converter’s
matrix material is transparent both at wavelengths of 1.5 to 5 ym and at 10 ym (e.g., the
Teflon® and polypropylene films).

Table 8 Operating parameters of the THz-to-IR converter with the 2-nm diameter monel NPs.

Photon Objective’s

Operating Wavelength Photon momentum resolution (um) Skin
frequency (THz) (pem) energy (meV) (10725 gcmy/s) at /~100 mm depth (nm)
0.4 750 1.655 0.88 ~375% 560.8

5 60 20.7 11.0 ~60° 158.6
10 30 414 221 ~30° 1121
2A ~ 200 mm.

®A ~ 100 mm.
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3 Heating of Metal NPs by THz Radiation

Unfortunately, there is little data on the absorption of EM THz radiation by GNPs. Therefore,
we turned to old works (1965 to 1978) on absorption by aluminum NPs in the THz frequency
range.”*>> For aluminum NPs, this problem has been considered most consistently. As for
the GNPs, there is a work®® on measuring absorption in thiolate-protected gold clusters in
the frequency range of ~3 to 18 THz, which is in good agreement with the results of
Ref. 50-55.

These experimental and theoretical studies demonstrate the promise of using metal NPs as
nanotransducers of THz radiation into IR radiation (heat). We have identified the following
physical mechanisms of THz radiation absorption, which may result in NPs’ heating:

(a) direct transfer of the energy of EM THz radiation into mechanical energy of vibrations,
e.g., into that of transverse phonons: transverse EM waves penetrating into an NP swing
the lattice of ions if at resonance with the frequencies of transverse phonons;

(b) indirect transformation of the energy of EM THz radiation into mechanical energy of
vibrations, e.g., into longitudinal phonons—via excitation of the Fermi electrons;

(c) simultaneous absorption of a THz photon and a primary longitudinal phonon by the
Fermi electron, with a subsequent relaxation of an excited electron by generating a sec-
ondary longitudinal phonon whose energy equals the sum of the energies of a THz pho-
ton and a primary longitudinal phonon; the excited electron also could relax through
multiple scattering by other electrons; and

(d) dissipation of the energy acquired by the Fermi electron from a THz photon due to multi-
ple scattering of an excited electron by other electrons; this physical phenomenon could
be a part of the energy transformation processes (b) and (c) as a way for relaxation of the
excited electron.

Although we ultimately turn to gold and monel NPs, rather than the aluminum ones, to be
used in THz-to-IR converter, for the sake of better understanding the physical mechanism of NPs
heating (a), we will first briefly review Refs. 50-55. The physical mechanism (b) was considered
in Ref. 5 and a variety of realizations of the mechanism (c) in Ref. 57. Physical mechanism
(d) takes effect if the energy level of an excited electron does not coincide with any of the energy
levels of longitudinal phonons.

Experimental studies of the absorption of EM radiation by aluminum NPs in the frequency
ranges of 0 to 1.5 THz and 0 to 7.5 THz’! have shown that the absorption coefficients of
aluminum particles with sizes ~10 to 40 nm in the frequency range ~90 GHz to 4.5 THz are
proportional to the square of frequency.

These results were compared with the prediction of the Gor’kov-Eliashberg theory™ for
particles that took into account the quantization of the energy levels of electrons, as well as
with the classical Drude theory. The Gor’kov-Eliashberg theory also predicts a quadratic
dependence of the absorption coefficient on the frequency. In fact, the experimental results !
demonstrated that the measured values of the absorption coefficient significantly exceed the
predictions of the Gor’kov—Eliashberg theory.

Glick and Yorke™ showed in their theoretical work that strong absorption of small metal
particles in the THz wavelength range was associated with the direct excitation of phonons due
to the action of the EM wave field on the surface ions of the particle. It was noted that the authors
of experimental works>>>! were not able to explain the reason for such a large absorption, which
by more than three orders of magnitude exceeded the predictions of both the Gor’kov—
Eliashberg and the classical Drude theories. Glick and Yorke™ for the first time pointed out
an issue the authors of Refs. 50 and 51 did not pay attention to, which might account for
an unexpectedly strong absorption. They calculated the density of phonon states as a function
of their frequency, compared their results with those of Ref. 54 and found a good match. Namely,
the results of both studies had a quadratic dependence in the frequency range up to ~4 THz (this
is the frequency range of transverse phonons). This correlation of the phonon state density profile
and the absorption coefficient allowed Glick and Yorke to suggest that a strong absorption in
aluminum NPs might be explained by direct excitation of transverse phonons by incident radi-
ation. An explanation lacked, however, as to why the absorption coefficient increased with the
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particle size. A clue has been given by Granqvist® who anticipated, from theory considerations,
an increase in the absorption coefficient for aluminum particles with their diameter, in the range
of 5 to 100 nm.

An immediate practical importance of experimental results>*>"3 for the concept of THz-to-
IR converter is that NPs of various sizes absorb in a broad range (see Figs. 3 and 4 of Ref. 50),
therefore an accurate selection of NP is not a critical issue (they all absorb anyway), and just
setting some target spread of particle sizes would be acceptable. With this, the absorption is
proportional to the size of the NPs.

Aluminum NPs cannot be used in the THz-to-IR converter because of their pyrophoricity.
Therefore, we chose GNPs for the converter and used the data for aluminum by analogy.
In relation to electronic properties at the Fermi level, with some simplification, gold can be
considered as a simple metal. Both metals have the same crystal structure and almost identical
lattice parameters. What is more important, GNPs are commercially available. We chose gold
as a promising metal for NPs also because it does not oxidize at room temperature; therefore,
GNPs surfaces are free of oxides that could absorb THz radiation.

Prerequisites for the absorption of EM radiation with the frequency v by a metal NP of size D
due to the excitation of phonon with the frequency v are the following.

— The NP’s size D is smaller than the penetration depth d of EM radiation with the frequency
v: D <d.

— The phonon wavelength 4 at the frequency of the incident EM radiation v is not larger than
the NP’s size D: A < D <d.

— The Heisenberg relation for the momenta of a phonon and an electron in an NP of size D
ensures the fulfillment of the law of conservation of momentum upon excitation of a
phonon.

— The GNP’s size D should not be smaller than the size, in which spontaneous emission
of THz radiation by a (small enough) GNP begins, i.e., D > 8 nm,”® in order to prevent
the GNP’s cooling via emission of THz photons. This observation was guided by our
study® dedicated to a suggested explanation of the size effect in the heterogeneous
catalysis on GNPs (see also Appendix A in this paper). NPs with sizes inferior to
8 nm tend to cool down due to a spontaneous emission of THz photons, hence become
useless if the objective is opposite, to heat the GNPs in the THz-to-IR converter by
incoming THz radiation. On the other side, an increased D would degrade the converter’s
sensitivity since an elevated THz power level will be required to efficiently heat the
GNPs.

It follows from the results of Refs. 50—55 for aluminum NPs that if they satisfy the afore-
mentioned prerequisites, then EM radiation is absorbed at all wavelengths at which trans-
verse or longitudinal phonons exist in NPs. According to the phonon dispersions along the
' — X high symmetry direction in the space of wave vectors in gold,” the maximum frequen-
cies of longitudinal and transverse phonons are ~4.5 and ~2.55 THz, respectively. For such
EM radiation frequencies, the skin depths in gold are 35.2 and 46.7 nm, accordingly. On the
other hand, we would like to operate GNPs at frequencies 4.2 and 8.4 THz (see Table 7),
for which the skin depths are 36.4 and 25.7 nm, respectively. As for the frequency of
0.38 THz, suitable for visualization of oncopathologies, the skin depth for it is =121 nm
(see Table 7). Hence, the 8.5-nm diameter GNPs are transparent for all important EM radi-
ation frequencies.

The size of NPs in the THz-to-IR converter is much smaller than the wavelength of
the incident THz radiation. However, the Rayleigh scattering does not occur since the
aforementioned prerequisites for the absorption of EM radiation, A < D < d, are satisfied.
Under these conditions, THz radiation will not be scattered into the solid angle of 4z but will
penetrate into the NP, in which the physical mechanisms of heating (a)—(d) identified above
will set to work.

Now let us consider in more detail the energy and momentum conservation relations in
physical mechanisms (a)—-(d) of THz radiation absorption.
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3.1 GNPs

3.1.1 Direct transfer of the energy of THz radiation info mechanical energy
of vibrations (transverse phonons)

Absorption of EM radiation in the frequency range of transverse phonons in aluminum can be
explained based on the assumption of direct interaction of incident photons with transverse
phonons.”>* Arguably, a similar direct interaction takes place in GNPs. Figure 6 demonstrates
how the conservation laws are fulfilled in the interaction of an EM photon and a transverse
phonon. Dispersion curves of photons and transverse phonons do not intersect since the speed
of phonon propagation in gold is much less than the speed of light. How does a photon directly
excite a transverse phonon in an NP, as suggested by Glick and Yorke™*? The explanation lies
in confinement: due to the uncertainty in the momentum of transverse phonon Ap, there is
a possibility of its excitation by a photon. The Heisenberg uncertainty relation for momentum
and coordinate reads

Ap - Ax > h