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The first experiments on observation of surface electromagnetic waves (SEW) in the terahertz spectral range
(60—100 cm™") generated on dense metallic films (aluminum, copper, steel, chromium) covering the optical
quality glass plates are presented in this paper. Coherent radiation of a newly built free-electron laser for this
frequency range was used. The interference technique employing SEW propagation in the part of one shoulder
of the asymmetric interferometer was applied. From the interference pattern the real part of SEW’s effective
refractive index K' was determined for the two laser emission wavelengths: at A = 150 pm —K' = 1 + 5 x 107
and at A = 110 pm — K' = 1 + 8 x 10~*. High sensitivity of the interference patterns to overlayers made of Ge
and Si with thickness of 100 nm was demonstrated as well.

INTRODUCTION

The terahertz (THz) range of electromagnetic waves
is situated between infrared and millimeter spectral
ranges, that is waves having wavelength A ranging from
20 um to 0.3 mm corresponding to frequencies from 1
to 15 THz or to wavenumbers varying from 30 to
500 cm! [1].

Emission (absorption) of THz electromagnetic
waves accompanies many physical-chemical processes.
However up to the 80-th scientists did not have rather
powerful sources of THz-radiation, except for lasers
functioning on water and methanol vapor generating at
several widely spaced frequencies. The situation drasti-
cally changed in the middle of 80-th, when a number of
free-electron lasers (FEL) capable to generate intensive
monochromatic radiation with gradually tunable fre-
quency were built and became accessible for scientific
community [2].

Molecular spectroscopy came to be one of the most
important applications of FEL THz radiation, because
many molecular absorption lines corresponding to their
vibrational and/or rotational frequencies belong to the
THz spectral range. Moreover the duration of FEL.’s ra-
diation pulse may be considerably less as compared
with molecular relaxation time that enables scientists to
control the chemical processes accompanied by definite
bonds excitation with high accuracy. Use of FEL THz-
radiation makes it possible to investigate chain photo-
chemical reactions with laser radiation pumping when
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photo dissociation leads to formation of a large number
of new molecules as well.

Molecular spectroscopy is an important division of
optical spectroscopy of solids' surfaces and molecular
adsorbates on them. This avenue of optical spectrosco-
py is important not only for solving problems of corro-
sion and catalysis, it is widely used in industry and la-
ser optics, for optical control of technological and bio-
logical processes, in many other spheres of science and
technique [3]. The potentialities of spectroscopy were
considerably enlarged when they began to use the sam-
ple (the surface of the solid) as a part of the optical res-
onator where the probing radiation excites surface elec-
tromagnetic waves (SEW) [4, 5]. This technique en-
ables scientists to obtain enhanced absorption spectra of
surfaces and their transition layers as excitation of SEW
is accompanied by the field’s resonance amplification
lifting it up to two or even three orders of magnitude.
SEW-spectroscopy falls in the category of non-destruc-
tive methods of surface characterization used not only
in vacuum but under natural conditions as well. The
method’s foundations were laid dawn in 1973, when
American scientists managed to measure SEW’s propa-
gation length L in infrared directly using CO,-laser and
the two-prism technique for the SEW excitation and de-
tection [6]. The method turned to be rather simple for
realization, reliable and very effective; it gained wide
recognition and was mastered in Russia as well [7].

The method of SEW-spectroscopy implies determi-
nation of the surface waves propagation length L in a
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Fig. 1. The scheme of the two-prism method for SEW propagation length measurements.

definite frequency range by measuring its field intensity
not less than at two points of the track on the sample’s
surface. The scheme of the set-up realizing the method
is sketched in Fig. 1.

Up to the preset SEW-spectroscopy technique was
practiced mainly in relatively narrow spectral regions
adjacent to more intensive lines of generation of CO
[8], CO, lasers [6] as well as methanol vapor lasers [9].
As soon as FELs were built scientists could study an-
other important feature of SEW — the dispersion in
broad areas of optical frequencies ranging from plasma
(~50000 cm™) to THz frequencies [10].

It was demonstrated in papers [11-13], devoted to
spectroscopy and optics of SEW, that combination of
bulk and surface waves has good perspectives for the
spectral interferometry of metals' surfaces and thin
films on them. Use of THz-radiation produced by FEL
in SEW-spectroscopy may be very fruitful for dielectric
constants determination of metals themselves and those
of thin films on the metals' surfaces as well in very
wide spectral range. Other well-known methods of re-
flectometry such as Fourier-spectroscopy and ellipsom-
etry can not be used for this purpose due to high reflec-
tivity of metals in the far infrared (IR) [14, 15]. But
SEW-spectroscopy retains its sensitivity to the metal’s
surface state, as the wave field is mostly concentrated
in the near-surface region.

SEW is characterized by its complex effective refrac-
tive index K = K' + jK" (where j — imaginary unit),
which enables one to calculate the wave’s phase veloc-
ity 8= C/K' (where C is the speed of light in free space),
the SEW propagation length L ~ 1/K" and the SEW
field penetration depths into the adjacent media — 9, ,.

The table contains values of both real — (K') and
imaginary — (K") parts of SEW refractive index K as
well as those of L, calculated for the surface of evapo-
rated aluminum (medium 2) placed in vacuum (medi-
um 1) at different wavelengths A using values of optical
constants (the index of refraction n and the index of ab-
sorption k) taken from the handbook [15]. The fourth

and the fifth Table’s columns are filled with real (€5)

and imaginary (€5 ) parts of aluminum dielectric per-
mittivity €,, which for A = 100 pm were calculated us-
ing the Drude model (the experimental data was not
found in handbooks). One can see that as the radiation
wavelength increases SEW acquires more pronounced
photon character, namely at THz frequencies its phase
velocity approaches the speed of light, the field’s pene-
tration depth in vacuum 9, increases up to centimeters,
while propagation length L reaches almost 10 meters.

If we measure the real part K' of SEW effective re-
fractive index along with its imaginary part K" (which
is inversely proportional to L and therefore could be de-
termined using the two-prism technique), than it is pos-
sible to estimate the metal’s dielectric permittivity €
and its optical constants » and k.

Value of K' at THz frequencies could be measured us-
ing the SEW-interferometry method, which was tested in
the middle infrared (~1000 cm™') on metals as well as at
THz frequencies on dielectric crystals [11-13]. But un-
der these conditions the phase shift acquired by SEW at
a distance of several centimeters amounts up to 10~ ra-
dians, while on metal samples at THz frequencies the
shift gained by SEW at a distance of 10 cm is estimated
to be 10°-107° radians only. Moreover at THz frequen-

SEW characteristics dependencies upon the radiation wavelength calculated for aluminum-vacuum interface

A, um n k €5 € K' K" S;, Um 3,, um L,cm
0.6 1.4 7.65 -56.6 21.4 | 1.007808 0.003 0.76 0.012 0.002
1.0 1.35 9.6 -91.3 26.1 | 1.005100 | 0.001467 1.57 0.016 0.005
5.0 8.67 48.6 —2287 843 1.000193 | 0.000071 40.5 0.017 0.561

10.3 26.6 92.2 =7793 4905 1.000046 | 0.000029 171 0.018 2.833
20.0 60.7 147 —17925 17845 1.000014 | 0.000014 602 0.022 11.4
32.0 103 208 -32655 42848 1.000006 | 0.000007 | 1521 0.024 345

100.0 - - -2%x10° 10° 1.000002 | 0.000001 | 7905 0.035 795
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Fig. 2. The scheme of the experimental set-up used for solid surface investigations by the method of SEW-interferometry in the
terahertz spectral range: / — polyethylene lens; 2 — the aperture (razor blade edge); 3 — glass substrate; 4 — a nontransparent metal
film; 5 — intensity distribution in an interference pattern; 6 — scanned photodetector.

cies the value of L increases by two orders as compared
with middle infrared range and may be as great as
10 meters. Therefore it is not an easy task to measure
SEW propagation length L with accuracy of at least
10% using samples of 10 cm in dimension. That is why
we limited our aim in the experiments by just the fact
of SEW excitation on metals at THz frequencies, detec-
tion of pronounced interferograms and determination
of the real part K' of SEW refractive index using the in-
terferograms.

With the aim in mind we addressed our colleagues
from the Korea Atomic Energy Research Institute
(KAERI) where they recently built with technical sup-
port of the Budker Institute of Nuclear Physics (No-
vosibirsk, Russia) the new FEL generating THz radia-
tion in the spectral range from 60 to 100 cm™' [16]. The
main purpose of the experiments we planned to do at
KAERI was to test the applicability of SEW interfero-
metric technique in this range for determination of com-
plex refractive index of SEW generated on nontranspar-
ent metallic films (made of aluminum, copper and chro-
mium) and on bulk samples (made of copper and steel).

BRIEF THEORY AND EXPERIMENTAL
SET-UP DESCRIPTION

Surface plasmon-polaritons, that is SEW in the case
of metal samples, can exist on an interface of two media
only under the condition that real parts of their dielec-
tric constants €; and €, have opposite signs. Then SEW
dispersion equation is [4]:

€€
K = [t 1
/81+82 (D

As the value of K' is larger than the refractive index

of the environment n, = ,/e; with dielectric constant
€, >0 (g, = 1 in case of air), a special coupling device is
needed to excite SEW by a plane electromagnetic wave.

Edge of a plate placed over the sample surface at the dis-
tance d ~ 10\ can be used for SEW excitation [9, 12].
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The principle idea of interferometric SEW-spectros-
copy was described in [11-13] and it could be realized
on a modified Michelson interferometer where radiation
in one of the shoulders passes a part of its path in the
form of SEW. While the probing radiation exists in the
form of SEW it accumulates information about the
sample surface. The information is contained in the in-
terference picture formed on the interferometer’s screen.

The scheme of the experimental set-up is presented
in Fig. 2. FEL radiation is focused by the lens / onto
the aperture 2 where it diffracts and is split into two
parts, one of which is formed by a bunch of dispersing
bulk waves propagating in the surrounding medium at
various angles relatively to the surface of the specimen
(substrate — 3, metallic film — 4) and the other part of
the incident radiation is converted into SEW propagat-
ing just along the specimen surface. While SEW runs
the distance a to the specimen’s edge it gains phase
shift Ap = kyK'a (where K, = 2T7A) and transforms at the
edge into a bulk wave, carrying information about the
surface. As these two bulk waves (the first one pro-
duced at the aperture 2 and the second — at the specimen
edge) meet an interference picture 5 (interferogram),
containing information about characteristics of SEW,
namely about its phase velocity and attenuation, is
formed. The interferogram is registered by a photo de-
tector 6 scanned in the vertical direction at a distance b
from the specimen’s edge.

In our experiments FEL radiation arrived at the set-
up input in the form of macro pulses with duration of
3 ps (10 W at A = 110 pm) and repetition period of 1 s.
The measured radiation intensity (normalized by inde-
pendently measured beam intensity) was detected, av-
eraged over eight sequential pulses and finally memo-
rized by a digital oscilloscope.

Specimens were mounted as an accentual part of the
SEW-interferometer onto a specially designed attach-
ment enabling us to measure and control the distance a
with precision of 0.1 mm. An ordinary razor blade was
used as a diffraction element for SEW excitation (the
“aperture” method of excitation). The sharp edge of the
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blade was placed at a distance of 2 mm over the speci-
men surface and remained constant and the same in all
the experiments performed. FEL radiation was focused
on the slit formed in this way by a polyethylene lens
with the focal length of 15 cm. A Ga-doped germanium
photo resistor, cooled by liquid helium and provided
with 0.2 mm horizontal diaphragm on the entrance win-
dow of cryostat was used as a detector. The signal to
noise ratio was on the level of 100. Distance b between
the detector and the sample remained constant (200 mm)
in all the experiments.

TECHNIQUE USED FOR EXECUTION
OF MEASUREMENTS RESULTS

According to [12, 13], the condition for observation
of the interference maximum at a point zis the following:

K'a+ /b*+(z—2)° —
—J(b+a)?+(z—2)% = (m+ A,

where z, — corresponds to the zero optical paths differ-
ence between the two interfering bulk waves; m=1, 2,
3 ... is an integer corresponding to the maximum order
number, 8 — additional phase shift undergone on the
specimen’s edge as SEW transforms into a bulk wave.
This system of equations contains three unknown
quantities: Z,, 8, K'. The authors of papers [11-13] sug-
gested a number of graphic algorithms for K' determina-
tion, which were based on an assumption that 8 = 0 and
the value of z, corresponds to specimen surface coordi-
nate. Such simplifications (at least the second one) are
quite acceptable for the middle IR, but at THz frequen-

2

cies the accuracy of maxima coordinates should be not
worse than 0.01 mm that implies good knowledge of
real values for Z, (depending on distance @) and 6; only
in this case we can determine K' with accuracy of sixth
order after comma. That is why we have elaborated a
new technique for K' determination using interfero-
grams obtained by the method of SEW-interferometry.
This technique is an analytic one and is as follows.

The value of z, can be determined by the subtraction
of two equations of type (2), composed for two neigh-
boring maxima of the same interferogram:

JoP+ 22— J(b+a)+ 22— Jo*+ 2, +

+J(b+a)’+Z, +A = 0,

where z,,= Z— 7, and z— is the coordinate of m-th max-
imum. For the better precision Z, value should be ob-
tained for several combinations of couples of the same
interferogram maxima and its averaged value of Z,
should be calculated.

3)

It is impossible to determine the phase shift 8 using
a single interferogram as the shift does not depend on
the distance a. But if we register several interferograms
at different distances a, we can get rid of 0 and deter-
mine K' by the subtraction of two equations of type (2),
composed for different a. In case we are dealing with
the same interference order m of two interferograms
obtained at the same b and different distances a, and &,
the subtraction brings an equation containing only one
unknown quantity — desirable K'. Solution of this equa-
tion brings the following formula:

oo alD (2= 2)" = 7+ (= 2o0)” (D 20)° (21— 20)° = (D + ) + (2= 2)°

4

Q-

where Z,, and Z;, — are the values of z, obtained from the
interferograms using eq.(3) at &, and a,, respectively;
Z,nand z,,,— are the coordinates of any m-th maxima of
the interferograms registered at 8, and &,, correspond-
ingly.

According to [17] one can appreciate SEW absorp-
tion coefficient a = L~! using interferograms as well. To
do this one has to solve the following equation:

| + Vi
EY[ )

where |, and |;, are the forces of photocurrent mea-
sured at output of the photo detector, placed at neigh-
boring extrema, A is a constant dependent upon values
of zand b. Having taken interferograms at different dis-
tances @ and the same b, one can exclude A and deter-
mine L. Although it should be noted that such way for

2 4 Azb) = In

5L &)
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determination of the coefficient 0 is characterized by
very low accuracy as compared with the two-prism
method, when they measure value of L directly.

Having determined values of K' and L by the above-
described way, one can evaluate values of the real €,

and image €, parts of the metal dielectric pemittivity

either using the approximate formulae [13] or by solv-
ing the equation (1) substituting the found values of K'
and K" (taking into account that K" = A/(4TL)) in it.

EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were performed at two frequencies
of the tunable FEL radiation with wavelengths A = 110
and 150 pm. The specimens represented themselves
nontransparent mirrors with metallic layers made by
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Fig. 3. Interferogram registered for the aluminum specimen
at a= 81 mm and the radiation wavelength A = 110 pum.
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Fig. 5. Interferogram registered for the bulk copper speci-
men at @ = 80 mm and the radiation wavelength A =
=110 pm.

thermal evaporation on optically polished glass sub-
strates (with dimensions 30 X 150 X 5 mm) in vacuum.

Results of the experiments obtained for specimens
made of aluminum, copper and steel are presented on
Fig. 3—10. We did not manage to get interferograms for
the specimens with chromium coverage. To our mind,
the fact may be explained by very small SEW propaga-
tion length on chromium at THz frequencies.

The interferograms registered in the experiments
with A = 110 pm at the distance a = 80 mm are present-
ed in Fig. 3-6, while at Fig. 7 — the interferogram ob-
tained for nontransparent copper film at a = 80 mm for
radiation with A = 150 pm. Having compared the inter-
ferograms got for evaporated copper and depicted on
Fig. 4 and Fig. 7, one can state that the phase shift Ad ac-
quired by SEW while its propagation is inversely propor-
tional to the radiation wavelength (at the same other con-
ditions) and its value significantly influences the form of
the interferogram and number of maxima it has.
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Fig. 4. Interferogram registered for the evaporated copper
specimen at @ = 81 mm and the radiation wavelength A =
=110 pm.
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Fig. 6. Interferogram registered for the stainless steel at a =
= 80 mm and the radiation wavelength A = 110 pm.

Interferograms obtained for the aluminum specimen
at the both wavelengths A and different distances a are
presented on Fig. 8 and Fig. 9. In this case we had an
opportunity to estimate the value of SEW’s effective in-
dex of refraction K = K' + jK" following the above de-
scribed execution procedure.

Using the data got for radiation with A = 110 pm
(Fig.8) and substituting it in the equation (3) the fol-
lowing values of Z, were calculated: z,, = 90.887 mm at
a, = 80 mm and 7y, = 74.226 mm at &, = 20 mm. After-
wards using formula (4) the real part of K was deter-
mined: K'=1+ (8.3 x 10* £ 50%).

Analogous calculations for radiation with A = 150 pum
(Fig.9) brought the following results: z,, = 80.548 mm
at a; = 120 mm, z;, = 77.398 mm at &, = 80 mm and fi-
nally K'=1+ (5 x 10 £ 10%).

Accuracy of K' determination in case of radiation
with longer wavelength turned to be higher as spectral
width of emission line of FEL radiation at A = 150 pm
was narrower than at A = 110 pum [16].
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Fig. 7. Interferogram, registered for the evaporated copper
specimen at @ = 80 mm and the radiation wavelength A =
=150 pm.
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Fig. 8. Interferogram registered for the aluminum specimen
at the radiation wavelength A =110 pm and various distanc-
es a covered by SEW on the specimen surface: / — a =
=80 mm, 2 —a=20 mm.
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Fig. 9. Interferogram registered for the aluminum specimen
at the radiation wavelength A = 150 pm and various distanc-
es a covered by SEW on the specimen surface: / — a =
=120 mm; 2 —a= 80 mm.
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Using values of maxima and minima relative inten-
sities of the signal (Fig. 9) and formula (5) we appreci-
ated the SEW propagation length L on aluminum for ra-
diation with A = 150 pm. The calculations indicated
that in this case L = 15 cm. This result contradicts the
well-known condition L,/L, = )\i / )\3 [4]. Really ac-
cording to the calculations for aluminum (Table 1) for
radiation with A =10 pm — L =3 cm, while for radiation
with A = 150 pm SEW propagation length L should be
about 10 m, that is not in the accord with our appreci-
ation that L = 15 cm. Analogous discrepancy was noted
by other authors as well [18] but with no comments.
This fact (the discrepancy of calculated and experimen-
tal values of L) is worth of performing additional spe-
cial experiments on determination of SEW energy loses
at THz frequencies.

To test SEW interferometer sensitivity to thin films
on the metal surface we registered interferograms for
A =150 pm and a = 120 mm for two aluminum speci-
mens having silicon and germanium layers with thick-
ness 100 nm on both of them (Fig. 10). The interfero-
grams' displacements in comparison with clean Al sur-
face to smaller values of Ztake place due to the increase
of K', which is proportional to the refractive index of the
overlayer material. Both interferograms, registered for
Al surface with an overlayer, are identical, what means
that films' refractive indexes are practically the same.
Similar effect was observed in the 10 pm wavelength
range for both Ge and Si films n 03 [17], what was ex-
plained by conditions of films evaporation. One can see
that even in the very far infrared SEW are sensitive to the
presence of thin films on the guiding metallic surface.
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Fig. 10. Interferograms, registered for the aluminum speci-
men at the radiation wavelength A = 150 ym, a = 120 mm
and b = 200 mm: curve / — clean specimen surface; 2 —
specimen’s surface covered by the silicon film with 100 nm
thickness; 3 — specimen surface covered by the germanium
film with 100 nm thickness. Interferograms 2 and 3 are dis-
placed along the vertical axis by 0.01 and 0.02, respectively.
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CONCLUSION

For the first time, the interferometric studies of
SEW exited by free-electron laser on surface of metals
(aluminum, copper, steel) in the terahertz frequency
range were made. The real part of SEW refractive index
(K") propagating along clean aluminum surface was de-
termined at wavelengths of 110 and 150 pum. High sen-
sitivity of SEW phase velocity to the radiation wave-
length and presence of a semiconductor layer on the
surface has been experimentally demonstrated. The
further improvement of the experimental set-up, as well
as data acquisition system and software are promising
the acceptable accuracy of the both parts of the SEW
complex effective index of refraction determination. Fi-
nally this will enable us to determine optical constants
of clean metal surfaces and investigate absorption spec-
tra of thin films of various natures formed on the sur-
faces in the terahertz spectral range.
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Hyuk Jin Cha for support and assistance in these experi-
ments. One of us (Zavyalov V.V.) appreciates the CRDF
financial support by the grant RP1-2332-MO-02. All of
us are thankful to Dr. Balashov A.A. for samples prep-
aration.

REFERENCES

1. Cherkassky V.S., Knyazev B.A. Terd4ahertz Radiation:
Last Decade Publications. Preprint. Novosibirsk: Budk-
er Institute of Nuclear Physics. 2002. Ne 44. 42 p.

2. Marshall T.C. Free-Electron Lasers. New York, Mac-
Millan: 1985. 240 p.

3. Hoffmann R. Solids and surfaces: a Chemist’s View on
Bonding in Extended Structures. New York: VCH Pub-
lichers, 1988. 142 p.

4.

S.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zhizhin G.N., Kapusta O.1., Moskaliova M A. et al. |/ Us-
pekhi Fizicheskih Nauk. 1975. V. 117. Ne 3. P. 573.

Nikitin A.K. Plasmon optometry. Dr. Sci. Dissertation.
Moscow: Scientific and Technological Center for
Unique Instrumentation, RAS. 2002. 270 p. (In Rus-
sian).

Schoenwald J ., Burstein E. and Elson J.M. // Solid State
Commun. 1973. V. 12. Ne 3. P. 185.

Zhizhin G.N., Moskalova M.A., Shomina E.V., Yakov-
lev V.A. Surface Electromagnetic Wave Propagation on
Metal Surfaces. In book “Surface polaritons. Electro-
magnetic Waves at Surfaces and Interfaces” / Eds V.M.
Agranovich, D.L. Mills. Amsterdam: North Holland
Publ. Comp., 1982. Ch. 3.

Zhizhin G.N., Terichev V.F., Tishchenko A.A., Chern-
yai AL [/ Soviet Technical Physics Letters. 1987. V. 13.
Ne 8. P. 395.

Schlesinger Z., Webb B.C., Sievers AJ. /[ Solid State
Commun. 1981. V. 39. Ne 10. P. 1035.
http://sbfel3.ucsb.edu/www/fel-table.html.
Vaichikauskas V.V., Maldutis EK., Silin V.I., Yakov-
lev V.A., Zhizhin G.N. [/ Physics. Chemistry. Mechanics
of Surface (UK). 1991. V. 6. Ne 4. P. 1024.
YakovlevV.A., Sychugov V.A., Hakimov A.A. // Quantum
Electronics. 1983. V. 13. Ne 3. P. 364.

Silin V.I., Voronov S.A., Yakovlev V.A., Zhizhin G.N. [/
Intern. J. Infrared and Millimeter Waves. 1989. V. 10.
Ne 1. P. 101.

Roseler A. Infrared Spectroscopic Ellipsometry. Berlin:
Akademie-Verlag, 1990. 140 p.

Handbook of Optical Constants of Solids / Ed. Palik
E.D. San Diego: Academic Press, 1998. 804 p.

Jeong Y.U., Kazakevitch G.M., Lee B.C. et al. [/ Nuclear
Instrum. Methods Phys. Res. A. 2002. V. 483. P. 195.
Voronov S.A., Zhizhin G.N., Kiselev S.A. et al. /| Com-
puter Optics. 1989. Ne 2. P. 161.

Begly D.L., Alexander RW.,Ward C.A. et al. // Surf. Sci.
1979. V. 81. Ne 1. P. 245.

HNEPBBIE OKCIHHEPUMEHTDBI 110 ITPUMEHEHMNI0 TEPATEPIIOBOI'O
N3TYYEHMSA JTASEPA HA CBOBOJIHBIX 9JEKTPOHAX
I UCCIEJOBAHMA ITOBEPXHOCTU METAJAJIOB

I'. [1. boromodnos, [Ixxonr 0ur Yk, I'. H. Kmxun, A. K. Hukutun, B. B. 3aBbsios,
I'. M. Ka3zakesn4, JIu banr Yo, T. A. PspkoBa

ITpoBeneHbI IEpBBIC IKCIEPUMEHTHI IO TeHEPAUN MOBEPXHOCTHBIX 3JIEKTPOMArHUTHBIX BONH (II9B) B
TeparepioBoM pguanasone (60-100 cm™!) nmasepom Ha CBOGOAHBIX 371€KTPOHAX HA TMOBEPXHOCTH
MeTaJUINYecKuX (aJIOMUHUN, Meflb, CTalb, XpOM) “TAyXux’ 3epKajl ONTUYECKOro kadecrtBa. [Iysi

QIIFIOMUHUEBBIX  00pa3loB

NyTeM HHTEep(EPEeHINOHHBIX HU3MEPEHUI,

BBIIIOJTHEHHBIX IIO CXEME

aCHIMMETPUYHOTO MHTEpP(EpOMETpa, B OJHOM W3 IJIeY KOTOPOTO M3NIYUYCHHWE YacTh MYTH MPOXOMNHUT IIO0
o6pa3ny B Bupe IIOB, ompepeneno otnumume K' OT €IUWHUIBI ACHCTBUTENBHON YaCTH MOKa3aTess
npesomienus [19B. Y cTaHOBAEHO, YTO [AJIsI U3ITyYEHUSI C ITTUHON BOJIHBI A = 150 MM Benmunna K' = 1 +
+5x105, aama A = 110 mkm K' = 1 + 8 x 107*. ITpogeMOHCTpHUpPOBaHa BBICOKAs YyBCTBUTENHLHOCTH 1B
K TIPUCYTCTBHIO HAa MOBEPXHOCTH amfoMuHnst 100 HAHOMETPOBBIX IJICHOK KPEMHUS W TepMaHMS.
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