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ABSTRACT

A number of surface plasmon (SP) techniques and devices for terahertz (THz) dispersive spectroscopy of thin films have
been developed and reviewed. The techniques are based on the strong dependence of SP complex refractive index κ on the
transition layer optical constants. Three of the mentioned techniques employ interference in parallel or quasi parallel beams
of bulk and (or) surface waves. These three are remarkable for their accuracy and enable investigators to determine both
(real and imaginary) parts of κ in one measuring procedure. Some devices implementing the techniques are static and can
have measuring time equal to one pulse duration. Besides, two noninterferometric techniques intended for determining only
the real part of κ and assuming tunable monochromatic THz sources are described.
Keywords: Surface plasmons, terahertz radiation, dispersive spectroscopy, thin films, transition layers, interference.

1. INTRODUCTION
Dispersive spectroscopy, called sometimes “dispersion” or “dielectric” spectroscopy, establishes the dielectric properties
of a medium as a function of frequency, in other words it determines frequency dependences of optical constants
(refractive n and absorption k indexes) as a result of amplitude-phase measurements employing a wide-band continuous
or tunable monochromatic radiation source1,2.
A few decades ago a new powerful method for optical study of conducting surfaces was developed. The method is based
on generation of surface plasmons (SP), a kind of surface electromagnetic waves, by probing radiation3. SP field has its
maximum at the sample’s surface and decreases exponentially with moving away from it in any of the two directions.
This is the main reason why SP characteristics (propagation length L, phase velocity Vph, and penetration depth in air δ)
are very sensitive to optical properties of the surface and its transition layer. Having determined the SP complex refractive
index κ=κ′+i⋅κ″, employing the measured L=(2ko⋅κ″)-1 and Vph=C/κ′ (here ko=2π/λ, λ - wavelength and and C - speed of
the radiation in free space), one can calculate two unknown parameters of the surface layer or the optical constants of the
metal substrate. Therefore SP are widely used in surface science of metals as well as for their refractometry, bringing
good results in the visible and middle infrared (IR) spectral ranges4,5.
As for the far IR spectral range, specifically for the terahertz (THz) region (frequencies from 0.1 to 10 THz), SP
characteristics are very similar to those of a plane wave in air (with refractive index n): the difference (κ′-n)<10-4, L
amounting to several meters, and δ reaching centimeters6. Due to these peculiarities, the process of SP excitation at a clear
metal surface is rather embarrassing, which results in very low transformation efficiency (from hundreds to thousandths of a
percent) of bulk radiation in THz SP. On the other hand, the SP features at THz frequencies stipulate unacceptably low
measurement accuracy both for L and Vph.
The situation improves if we cover the sample surface by a dielectric layer that leads to redistribution of the SP field from
air into the metal. The layer’s presence increases the value of κ′ and decrease that one of L, making measurement accuracies
of these quantities tolerable and the SP spectroscopy technique as a whole efficient at THz frequencies7.
This paper presents results of our investigations on developing THz SP dispersive spectroscopy. Adaptation of the SP
spectroscopy technique to THz range is important due to the following reasons: 1) there is no other optical method intended
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for studying films with thickness d<<λ at THz frequencies; 2) reflectometry and ellipsometry practically cannot be used
for conducting surfaces and their transition layers spectroscopy due to the very high reflectivity of metals in the far IR.
Depending on the type of measurements, THz SP dispersive spectroscopy methods may be divided into two groups:
interferometric and noninterferometric (Fig.1). The methods are considered below following this classification.
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Fig.1. Classification of methods for performing SP dispersive spectroscopy in THz range.

2. INTERFEROMETRIC TECHNIQUES
2.1 Interference SP dispersive spectroscopy in converging bulk beams
The principle idea of interferometric SP spectroscopy described in 4,8 can be realized with a modified Michelson
interferometer in which monochromatic radiation in one of the shoulders exists (part of its path) in the form of SP
accumulating information about the surface. The information is accumulated in the interference picture formed by two
bulk waves: the reference one and the wave produced by the SP due to diffraction at the sample’s edge (Fig.2). The
interferogram is registered by detector array 4 placed along the axis z at a distance b from the specimen’s edge.
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Fig.2. Scheme of the IR SP interferometer 4,8. Here: 1 – metal sample; 2 – transition layer; 3 – screen with its edge spaced from
the specimen surface by a distance of about 10λ; 4 – detector array; 5 – registered interferogram.

However, the accuracy of this method was found to be insufficient as (i) the beams interfere at a large angle, making the
period of the pattern comparable with the wavelength; (ii) the pattern depends on the features of the diffraction elements
(the screen’s edge, transforming the incident radiation in SP and generating the first bulk wave, and the sample’s edge,
transforming SP into the second bulk wave); and (iii) the wave fronts of the interfering waves significantly differ from
planar ones, as a result of which the period and contrast of the interference pattern decrees with an increase in the
distance from a sensitive element of array 4 to the specimen’s surface.
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2.2 Interference SP dispersive spectroscopy in parallel beams
It is quite clear that accuracy of interference measurements is inversely proportional to the convergence angle of the
interfering beams. This evidence made us think about a SP interferometer assuming interference in parallel beams. As SP
field at THz frequencies extends into air over a distance of several centimeters (reducing its intensity by the e≈2.718
factor) they can be treated like plane waves in interference and plane mirror reflection processes 9. Therefore there are
three possibilities for realizing SP dispersive spectroscopy in parallel beams: a) interference of two bulk beams; b)
interference of two SP beams; c) interference of SP and bulk beams (see Fig.1).
2.3 Interference SP dispersive spectroscopy in parallel bulk beams
This way of performing THz SP dispersive spectroscopy was patented in 10. The new technique enables one to avoid all
the drawbacks inherent to interference in converging bulk beams, but we have to “pay the price” for it by increasing the
measurements duration in order to register the detector illumination at a number of distances passed by the SP. Scheme
of an interferometer implementing SP dispersive spectroscopy in parallel bulk beams is shown in Fig.3.
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Fig.3. Scheme of a SP interferometer employing interaction of two parallel bulk beams: 1 – frequency tunable source of
monochromatic radiation; 2 – beam splitter; 3 - diffractional matching element; 4 – specimen; 5 – moveable mirror
abutting against the specimen’s surface; 6 – rotatable shutter; 7 – adjustable absorber; 8 – mirror; 9 – beam splitter,
conjugated with mirror 5 and photodetector 10 on a mobile platform moving along the specimen’s surface.

There are two specific features in this scheme. Firstly, the specimen’s surface, guiding SP, has two conjugated facets,
joined by a rib rounded off with a radius R>>λ. One of the facets contains matching element 3 converting radiation of the
source in SP, while on the other facet, SP run rather a long distance to mirror 5 transforming them in a bulk wave (BW).
This separation of the transforming elements by placing them on different specimen facets is needed to get rid of idle BW
originating due to diffraction of the incident radiation on element 3 and was suggested in 11. Secondly, to realize the reverse
transformation process (from SP to BW), plane mirror 5 inclined to the specimen surface is used. Due to inclination the
mirror imparts a negative (relative to the SP propagation direction) impact, making the SP wave vector smaller than the BW
wave one, that is sufficient for transforming the SP to the BW.
Measurements of the photocurrent I1 and I2 should be done at two distances l1 and l2 run by the SP and corresponding to
known number N of interference maxima. Then values of κ′ and κ″ can be calculated using the following formulae:
(1)
κ′= n+ Δϕ (k o ⋅ Δl ) ,
κ″ =

ln ( I1 I 2 )
,
ko ⋅ Δl

(2)

here n is refractive index of the radiation in air; Δϕ= N⋅π is the phase difference between SP and the BW stipulated by
the inequality of there phase velocities; Δl = l2 - l1.
Substituting so-obtained κ′ and κ″ in the SP dispersion equation for a three-layer structure 3, 5, one can determine the
transition layer optical constants or the dielectric permittivity of the substrate material (metal).
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2.3.1 Interference SP dispersive spectroscopy in parallel surface and bulk beams
It was noted above that SP at THz frequencies can be treated in many respects like plane waves as their field penetrates
into air to a distance of several centimeters and their refractive index exceeds that of bulk waves in air only by
hundredths or even thousandths of a percent.
On the other hand, as THz SP are mainly excited by means of BW diffraction (either on a grating or on a screen’s edge),
the problem of phantom BW originating due to the diffraction and propagating along the surface is very urgent. Fields of
these BW overlap with the SP field, which embarrasses measurements with THz SP or make them impossible at all. There
were rather a number of suggestions how to do away with these phantom BW 11-13.
Taking into consideration these two facts, we elaborated a more simple and effective scheme of a THz SP dispersive
spectrometer (Fig.4).
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Fig.4. Scheme of the SP spectrometer employing interaction of surface and bulk waves: 1 – tunable source of
monochromatic radiation; 2 – mirror; 3 – focusing mirror; 4 – specimen; 5 – screen with its edge spaced from the
specimen surface by a distance of about 10λ; 6 – surrounding medium (air); 7 – photo detector placed on the
platform 8, moving along the specimen’s surface; 9 - data-handling unit.

The spectrometer functions as follows. Using mirrors 2 and 3, radiation of source 1 is directed towards the edge of screen
5, spaced from the specimen plane surface by a controllable distance h. Due to diffraction, the radiation is partially
transformed into SP and BW, propagating at various angles from the surface. Among this set of BW there is a beam with
a wave vector parallel to the surface and overlapping with the SP field. The BW and SP run along the surface with
different phase velocities since κ′ is larger than the BW refractive index n. As a result of the Joule loses, the SP intensity
decreases exponentially with the absorption factor α=ko⋅κ″. Having covered the same distance x, the BW and SP meet
detector 7 and acquire phase incursion differing in value by the magnitude Δϕ= kox⋅(κ′-n). Being coherent, the BW and
SP interfere and illuminate the detector’s sensitive element with the intensity I described by the expression:
I(x) = I1 + Io⋅exp(-α⋅x) + 2⋅ I1 ⋅ I o ⋅ exp ( −α ⋅ x ) ⋅ cos ( Δϕ ) ,

(3)

here I1 is the BW intensity, independent on the distance х; Io is the SP intensity right under screen 5 when x=0.
The period Λ of the interference pattern (interferogram) registered by the mobile detector 7 is constant. On measuring Λ,
one can estimate the SP refractive index value from the evident formula:
κ′ = n + λ/Λ.
(4)
The SP absorption index κ″ can be calculated by putting the SP intensity values measured in two different maxima of the
interferogram Im1 and Im2 in the following formula†:
⎛ I − I1 ⎞
2 ⋅ ln ⎜ m1
⎟
⎜ I − I ⎟
m2
1 ⎠
⎝
κ″ =
,
(5)
ko ⋅ ( x2 − x1 )
here х1 and х2 are the coordinates of corresponding maxima, х2>х1.

†

Formula derivation is presented in the Appendix.
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On putting the found values of κ′ and κ″ in the SP dispersion equation for a three-layer structure 3,5, unit 9 computes two
parameters of the structure: either the thickness and refractive index of the transition layer or the complex dielectric
permittivity of the specimen material ε=ε′+i⋅ε″. Note that the contrast of the interferogram can be controlled by changing
the distance h from the screen’s edge to the specimen’s surface.
To illustrate the technique of THz SP dispersive spectroscopy in parallel surface and bulk beams let us consider the
following example. Suppose we have to determine dielectric permittivity of aluminum (Al) at λ=100 μm using the
method. To reduce L below 30 cm the metal surface is covered with a uniform layer of germanium (Ge) 0.7 μm thick.
Assume that the screen converting radiation of the source in SP is placed at the distance h ensuring equality I1=Io, i.e. the
intensity of the BW propagating parallel to the surface equals the SP intensity under the screen. The surrounding medium
is air (n=1.0002726).
The calculated dependence I(x) for the interferogram in this case is depicted in Fig.5. We carried out the calculations
using the Drude model for dielectric permittivity of metals, assigning that the frequencies of plasma νр and free electron
collision ντ for Al are equal to 660 сm-1 and 119000 сm-1, accordingly14.
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Fig.5. Interferogram calculated for the structure “Al –Ge layer 0.7 μm thick - air” at λ=100 μm.

Having registered such an interferogram by moving detector 7, one can determine both κ′ and κ″. For example, from the
graph presented it follows that: 1) the interferogram period Λ=10.675 сm, which according to (4) corresponds to
κ′=1.00121; 2) the resulting intensities in the first Im1 and the second Im2 maxima, reached at the distances х1=10.565 сm
and х2=21.240 сm, are equal to 3.275 and 2.739 accordingly. Putting the values of Im1, Im2, х1 and х2 in (5), we get
κ″=6.3⋅10-5. At the final stage of the execution procedure we can solve the SP dispersion equation for a three-layer
structure relatively to the dielectric permittivity of the metal substrate ε=ε′+i⋅ε″. Thus in the example considered we
obtain that Al permittivity at λ=100 μm equals to εAl= -31780+i⋅209745. Having done similar measurements and
calculations for other radiation wavelengths one can determine the THz spectra ε′ and ε″ of the metal.
Note that there is still no other optical method able to determine these spectra at THz frequencies due to high reflectivity
of metals. It is also worth noting that both techniques considered in paragraphs 2.2.1 and 2.2.2 may be used to realize
THz SP Fourier-transform spectroscopy in case the incident radiation has a continuous spectrum. We shall study this
possibility in the nearest future.
2.3.2 Interference SP dispersive spectroscopy in two parallel surface beams
This way of performing THz SP dispersive spectroscopy was considered in 16 and enables one to reduce the
measurement time down to the duration of one source pulse, though such technique is applicable only for
monochromatic radiation. The technique implements the concept of asymmetric static interferometry1 in the planar
version, where the interference pattern is formed by surface rather than bulk waves. The pattern formed by the beams
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converging at a small angle contains information about both κ' and κ'', which is extracted from the measurement results
using mathematical processing.
Fig.6 shows the scheme implementing the technique: 1 - initial SP beam; 2 – sample, guiding the SP; 3 - corner mirror,
splitting the initial beam into two coherent beams; 4, 5 - mirrors reflecting the SP beams in the first and second arms of
the interferometer; 6 - second corner mirror converging both SP beams; 7 - detector array; 8 - computational device. All
mirrors are placed at the surface of sample 2 and oriented perpendicularly to it.
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Fig.6. Scheme of the asymmetric static SP interferometer (see notations in the text).

The interferometer works as follows. Initial SP beam 1, guided by the surface of sample 2, reaches corner mirror 3,
which splits it in two coherent SP beams propagating perpendicularly to the track of initial beam 1 in opposite directions.
The new SP beams reach mirrors 4 and 5, pair wise located at distances a and b from the plane of incidence, reflect from
them, and arrive at the adjacent faces of corner mirror 3, oriented so as to make the reflected beams fall on photo detector
line 7 at incidence angle α. Having run different distances the SP beams form an interference pattern with the period Λ,
which is recorded by line 7. Device 8 uses the electric signals from line 7 and the coordinates of its elements to
determine Λ and estimate the luminance in the interference pattern extrema; then, on the basis of these results, it
calculates both κ' and κ''.
In accordance with the interference theory 15, the pattern’s spatial period Λ relates to κ' as
κ' = λ/[Λ⋅sin(α)].
(6)
The radiation intensity distribution I(y) on line 7, on the assumption that the interfering SP beams have planar wave
fronts, has the following form:
I(y) =IB+ IInt ,
(7)
here IB is the background component, while IInt is the interference component,
IB = Io⋅D⋅exp[–2ko⋅κ″(U+S/cosα)]⋅{exp[(-2koκ″⋅(2a+y⋅sinα)]+exp[–2ko⋅κ″⋅(2b–y⋅sinα)]};
IInt = Io ⋅D⋅exp[–2koκ″(U+S/cosα)]⋅exp[–2koκ″(a+b)]⋅cos[2koκ′⋅(b–a + y⋅sinα)];
D is the dynamic (voltage–power) sensitivity of the photo detectors;
y = 0 is the coordinate of the center of line 7;
Io is the initial beam intensity in the face plane of corner mirror 3;
U is the distance between the centers of the beams reflected by mirrors 4 and 5;
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S is the distance between the centers of the beams reflected by corner mirror 6 and line 7;
a and b are the half-distances passed by the beams in the directions perpendicular to the initial beam in the first and
second interferometer arms;
α is the angle between any interfering beam and the initial beam.
Having measured the interference pattern intensity at points with known coordinates y, one can calculate (solving
numerically Eq. (7)) the imaginary part κ'' of the SP refractive index.
Note that successful operation of the interferometer implementing the proposed method implies planar wave fronts of the
interfering surface waves; this circumstance simplifies treatment of the measurement results. The condition is reliably
satisfied in the direction perpendicular to the sample surface, as the vertical size of the photo detectors is much smaller
then the penetration depth of THz SP field in air. The SP wave front in the sample’s plane is linear and oriented
perpendicularly to the SP propagation direction, as the angular diffraction beam broadening (λ/ω) is small (about 10–3
rad) due to the fact that the transverse beam size ω is many times larger than λ 15.
Thus, the transition from the interferometry of bulk waves to the interferometry of surface waves and application of the
concept of asymmetric interferometry in this technique make it possible to reduce the measurement time down to the
duration of one source pulse.

3. NONINTERFEROMETRIC TECHNIQUES
3.1 SP dispersive spectroscopy by splitting the SP beam into two SP beams
This technique of THz SP dispersive spectroscopy is based on the idea that SP characteristics described by their complex
refractive index κ=κ′+i⋅κ″ strongly depend on the presence and parameters of a layer covering the surface7. It was stated
17
that as the layer thickness d increases the SP refractive index κ′ increases monotonically until it reaches its value for
the interface “metal – layer material”. As for SP absorption (characterized by κ″) it is almost linearly proportional to d up
to the critical value dc = λ/[4⋅ nl − 1 ] (here nl is the refractive index of “cladding layer”), reaches its maximum at d = dc
and decreases to the value of SP absorption at the interface “metal – layer material” as d trends to infinity.
Transition layers usually have thickness d much smaller than dc≈λ. But still a transition layer makes the THz SP
refractive index κ′ noticeably exceeding unity, while it reduces the SP propagation length L to the order of centimeters or
even tens of centimeters, which is quite sufficient for measuring L with acceptable accuracy using the fool-proof twoprism technique3,4. A substantial excess of κ′ over unity (the approximate refractive index of air) makes it possible to
determine magnitude of κ′, employing a dispersive element like a diffractional grating.
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Fig.7. Scheme (view from above) of the noninterferometric SP dispersive spectrometer (notations are in the text).

Their is no problem to measure κ′(λ) and L(λ) dependencies in separate procedures if 0<d<λ . Here we shall consider the
scheme of a SP spectrometer able of measuring values of κ′ and L simultaneously in one pulse of the radiation source
(Fig.7). Suppose the incident radiation 1 is monochromatic. Matching element 2 converts it into a SP beam of width ω
guided by a plane surface of specimen 3 supporting a layer of thickness d. On reaching corner mirror 3, the beam is split
into two coherent SP beams of equal power propagating in different directions (in particular, oppositely). Having run
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different distances along distinct tracks, the new SP beams arrive at identical diffractional gratings 5 with the period Λ
and are transformed into bulk waves (BW) propagating in air under the angle ϕ respective to the SP refractive index κ′:
n⋅sin(ϕ) = κ′ + λ/Λ.
(8)
The radiated BW are focused by cylindrical mirrors 6 and arrive at detectors 7 spaced by the distance y from the plane
containing the specimen surface. Thus from eq.(8) data handling unit 8 can calculate κ′ provided n, λ and Λ are known
and ϕ (or y) is measured. Comparing the signals I1 and I2 from detectors 7, unit 8 can also estimate κ″3,4:

λ ⋅ ln ( I1 I 2 )
λ
,
=
4π ⋅ L
2π ⋅ Δl
here Δl is the difference of the distances run by the SP beams from mirror 4 to gratings 5.
κ″ =

(9)

If the incident radiation is heterogeneous, it should be focused in order to provide the matching condition for each its
component. Moreover, instead of single detectors 7 arrays of such detectors disposed normally to the specimen surface
should be used. In this case the same radiation components will arrive at different detectors of the arrays in pair wise
manner. Coordinates y or numbers of the array detectors will provide information about the angles ϕ of the components,
while currents generated by the detectors will insure determination of L for each component.
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Fig.8. Spectrum of the ZnS layer dielectric permittivity εl = ε l' + i ⋅ ε l" ( ε l' - solid line, ε l" - dashed line) obtained
by the noninterferometric SP dispersive spectrometer utilizing splitting of the initial SP beam into two new ones.

To illustrate the capability of the technique let us consider an example of determining the dielectric permittivity spectrum
for zinc sulfide (ZnS) layer (thickness d=0.5 μm) deposited on a plane gold surface in the range from 36 μm to 100 μm.
A free electron laser or a synchrotron can be used as THz radiation source 18,19. Suppose matching elements 2 and 5 are
corrugation gratings with a period of 300 μm and amplitude of 75 μm. Let us assume that the distance from mirror 4 to
left output grating 5 is 5 cm, while the space from the right one is 10 cm. 3.0 cm arrays with 25 μm pixels and placed at
3.0 cm from gratings 2 and 5 will suit as detectors. The environment is air. The Drude model is used for calculating the
Au dielectric permittivity ε=ε′+i⋅ε″ in assumption that the frequencies of plasma νр and free-electron collisions ντ are
equal to 215 сm-1 and 72800 сm-1, accordingly14. Assume we have measured the dependencies ϕ(λ) and L(λ),
establishing that ϕ and L vary from 41о52′ to 62о05′ and from 58.6 mm to 238 mm for λ=36 μm and 100 μm, respectively.
Then using (8) and (9) we can calculate the dependencies of κ′(λ) and κ″(λ), which will vary in the example at hand from
1.00073 to 1.00368 and 4.9⋅10-5 до 3.35⋅10-4, correspondingly. Putting the so-obtained dependencies ε(λ), κ′(λ) and κ″(λ) in
the SP dispersion equation for a three-layer structure and taking into account the value of d, we can get the spectrum of the
ZnS layer dielectric permittivity εl = ε l' + i ⋅ ε l" in the frequency range considered (Fig.8).
3.2 SP dispersive spectroscopy employing measurements of the SP field in air
Recently we have found one more way to determine the THz SP complex refractive index. This method involves
measurements of the SP propagation length L and the field penetration depth δ into air. The technique is based on two
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plain facts: 1) at THz frequencies the magnitude of δ amounts up to centimeters and can be measured easily; 2) the value
−1

of δ depends on κ: δ = ⎡⎣ Re ( k2 ) ⎤⎦ , here k2 = ko⋅ κ 2 − n 2 , n is the refractive index of air. With regard to L=(2ko⋅κ″)-1,
one can solve the set of these equations relatively to κ′ and obtain the following formula‡:
2 2 ⎡
2⎤
1 1 + ko δ ⋅ ⎣( κ ' ) + n ⎦
.
⋅
κ′=
2
ko
1 + ko2δ 2 ⋅ (κ ")
2

(10)

Fig.9 sketches a device implementing this technique. Monochromatic radiation is incident on matching element 1 located
on the surface of specimen 2. Indication and probing of the SP field is realized by detector array 3 established normally
to the surface and able to move along the SP track. The array is electrically connected to a personal computer (PC) and
contains N pixels.
y
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SP
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Fig.9. Scheme of the SP dispersive spectrometer employing measurement of SP’s field distribution in air (see notations in the text).

Measurements should be done at least at two points of the track spaced from the rounded rib by distances l1 and l2.
Having integrated signals produced by all pixels of array 3 at each of its two positions, the PC estimates the SP
propagation length L using formula (2), thus ensuring κ″ determination. To determine the magnitude of δ the PC has to
execute data provided by the array in any of the two positions. Suppose that Im and Ij are signals produced by the m-th
and j-th pixels characterized by coordinates ym>yj and spaced by the distance Δy=ym-yj. Then the design formula for δ is
the following:
Δy
δ= −
.
(11)
ln I m I j

(

)

Putting the determined values of L and δ in (10), the PC calculates κ′ and finally finds the required values of the transition
layer dielectric permittivity εl= ε l' + i ⋅ ε l" at the operation frequency. Combined results of subsequent measurements and
calculations at other frequencies, similar to the described above, will represent the required spectra of εl.
We should note that there is no need for a real detector array in the considered device. In an extreme situation, the
“array” can represent itself two detectors fixed on a line support and separated from each other by a distance Δy
comparable with δ.

4. CONCLUSION
A number of techniques and devices employing surface plasmons (SP) for dispersive (dielectric) spectroscopy of thin
films deposited on a metal substrate at terahertz (THz) frequencies have been developed and reviewed. These techniques
enable scientists to determine spectra of both parts of the transition layer complex dielectric permittivity, which is
nowadays impossible to do by any other method in the THz range.
The techniques are based on the strong dependence of the SP complex refractive index κ on the transition layer parameters.
It is rather a routine task to measure the SP propagation length related to the imaginary part of κ. But measurements of the
real part of κ represent themselves a problem that was resolved earlier exclusively in the interferometric way by using
interference of two converging bulk waves one of which had been produced by the SP.

‡

Formula derivation is presented in the Appendix.
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We have developed three techniques employing interference in parallel or quasi parallel beams of bulk and (or) surface
waves. These techniques are more precise and enable investigators to determine both parts of κ in one measuring procedure.
Some of the devices implementing the methods are static and require time equal to one pulse duration.
Besides, two noninterferometric techniques for determining the real part of κ are described and numerically illustrated.
These techniques do not require such accurate measurements as the interferometric ones but can be used only when tunable
monochromatic THz radiation is employed.
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APPENDIX
A1. Derivation of the formula (5)
Suppose we have measured intensity Im1 and Im2 in two maxima of the interference pattern corresponding to distances x1
and x2 run by the SP. With regard to the fact that for maxima Δϕ=2πk (here k – is an integer) these intensities in
accordance with formula (3) may be described as follows:
Im1 = I1 + I21 +2 I1 ⋅ I 21 and Im2 = I1 + I22 +2 I1 ⋅ I 22 ,
here I1 – is intensity of the bulk wave, I21 and I22 – are intensities of the SP at coordinates x1 and x2. Solving these
equations relatively I21 and I22 we get: I21 =

(

I m1 − I1

)

2

and I22 =

(

I m 2 − I1

)

2

. In view of the exponential SP field

decay we can express I22 through I21 on assumption that x1<x2: I22 = I21⋅exp(-α⋅Δx), here α = ko⋅κ″ - is the SP’s absorption
coefficient, Δx = x2-x1. Wherefrom it follows that: α⋅Δx = ln ( I 21 I 22 ) . Substituting the expressions for I21, I22 and α in
the last equation we get the required formula (5).
A2. Derivation of the formula (10)
According

to

(

the

of

SP’s

)

field

penetration

δ

depth

definition

(

−1

it

is

)

related

to

κ=κ′+i⋅κ″

as

follows: δ = ⎡ Re ko ⋅ κ 2 − ε ⎤ , here ε=n2 – dielectric constant of air. Then Re κ 2 − ε = ( ko ⋅ δ ) = A.
⎢⎣
⎥⎦
Let’s introduce designations: κ′=x1 and κ″=x2. Then the square root may be presented in the following form:

(x

κ2 −ε =

2
1

− x22 − ε ) + i ⋅ 2 x1 x2 = ρ ⋅ exp(i ⋅ ϕ 2) , here ρ=

(x

2
1

−1

− x22 − ε ) + ( 2 x1 x2 ) .
2

2

But in accordance with the trigonometric representation of a complex quantity c=a+ib its real part may be presented as:

a 2 + b 2 ⋅ cos(ϕ ) =

Re(c) =

(

)

(

a 2 + b 2 ⋅ cos ⎡⎣ arctg ( b a ) ⎤⎦ .

)

⎡1
2
⎛ 2x x
⎞⎤
2
− x22 − ε ) + ( 2 x1 x2 ) ⋅ cos ⎢ ⋅ arctg ⎜ 2 1 2 2 ⎟ ⎥ .
⎢⎣ 2
⎝ x1 − x2 − ε ⎠ ⎥⎦
2
Taking into account that: cos x = [1 + cos(2 x) ] 2 , we can present the previous expression in the following form:

In our case: Re

Re

(

κ 2 − ε = Re

)

κ2 −ε =

4

(x

2
1

(x

2
1

− x22 − ε ) + i ⋅ 2 x1 x2 =

− x22 − ε ) + ( 2 x1 x2 ) ⋅
2

2

But there is the well-known relation: cos [ arctg( z ) ] =

4

(x

2
1

[(1 + cos 2 y) 2] , here y =

(

1+ z2

)

−1

⎛ 2x x
⎞
1
⋅ arctg ⎜ 2 1 2 2 ⎟ .
2
⎝ x1 − x2 − ε ⎠

. In our case z =

2 x1 x2
.
x − x22 − ε
2
1

Using the latter relation and designation for z, one can obtain:
Re

(

)

κ2 −ε =

⎡⎛ 2
2
⎢⎜ x1 − x2 − ε +
⎝
⎣

(x

2
1

2
⎤
2 ⎞
− x22 − ε ) + ( 2 x1 x2 ) ⎟ 2 ⎥ = A (here A – quantity introduced above).
⎠ ⎦

Solving this equation relatively x1 one can get the following answer: x1 = A ⋅
−1

A2 + x22 + ε
. Finally, on substituting in the
A2 + x22

last relation designations for A= ( ko ⋅ δ ) , x1=κ′ and x2=κ″, we get the required formula (10).
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