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Laser-activated reactions in chemically-active media (i) permit controlled
modifications of the local physical-chemical characteristics of solid
surfaces; (ii) allow for the synthesis of materials with special properties;
Uii) are rather simple; and (iv) could be highly efficient.

In the case of metals, the laser activated reactions (i) can underlie the
formation of chemical compounds with improved properties as against the base
material; (ii) permit the formation of surface protective layers and (iii)
allow new insights in view of a better understanding of laser metallic
components behaviour in cnemically-active media.

Recently, oxides [1-9], carbides [10,11] and nitrides [9,12-21] ef different
metals were syntnesizeij as a result of laser activated reactions in different
cnemically-active media. As a general feature, the induced Tfilm properties
(composition, structure etc.) were shown to depena on (i) the ambient gas;
Ui) the metal preperties; Uii) the sample surface state; and (iv) the
irradiation regime.

Laser nitriaation is especially interesting for the prospective applications
in local hardening of metallic surfaces as well as for the synthesis of
special compounos (for electronics, chemistry etc.).

In the following we give a review on our recent results in surface nitridation
of some transition metals (Ti, Zr, HF) as a result of (i) multi-pulse
TEA-CO2 laser irradiation in gaseous ana liquid nitrogen or of (ii) cw C02
laser irradiation in air.

I. MULTI-PULSE TEA-CO2 LASER IRRADIATION IN NITROGEN

To initiate laser-activated reactions one has to heat the surface up to a
temperature sufficiently hign wnile avoiding, at the same time, significant
erosion oy vaporization and/or melt displacement.

Low-threshold optical breakdown plasma initiation close to the surface, as a
result of powerful laser irradiation, offers an appropriate solution to this
proolem. Indeed, the low-threshold optical breakdown plasma (i) shields the
target against the direct laser action, (ii) transfers energy to the target
(by thermal coupling and reradiation) finally (iii) ensuring a better energy
coupling.

We started with a multi-pulse TEA-CO2 laser irradiation of metallic samples
in technical nitrogen [9,14J, and in order to overcome some of the difficulties
and limitations we were met with [15],we have further performed new experiments
in different nitrogen atmospheres [21] as well as under a layer of liquid
nitrogen [17]. The main results obtained are further presented under separate
paragraphs.

1.1. Experiments performed in gaseous nitrogen
1.1.1. Experimental details

we used TEA-CO2 laser sources, which were able to generate at a frequency,
repetition rate f s 400 Hz, identical .laser pulses, with an energy per pulse,
Eg £ 2 J and a typical temporal pulse shape (i.e. a Tfirst peak with a
rise-front of s 40 ns and a PWFfH of al1l50 ns, containing =0.3 Eq, followed
by a tail lasting for =2 us).
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By focusing through AR- coated lenses we ensured a Tfluence of Es s 30
J/cm2 incident on the surface of Zr and Ti samples with dimensions of (6 x 5
x 0.3) mm3. After chemical polishing and alcohol cleaning until an optical,
perfectly clean, surface was obtained, the targets were kept in vacuum, and
before laser irradiation their surface was again cleaned with alcohol.

The irradiations were performed in a chamber which was first evacuated to 3 X
10-4 38 Torr and then filled up with high-purity nitrogen. This way the

volume concentration of the oxygen impurities, C, could be varied in the range
4 . 10-7 _ 0.05.

A series of a few tens up to a few thousands of subsequent laser pulses were
directed to every location on the surface of the irradiated samples. The
construction of tne irradiation chamoer allowed for the accurate shift of the
targets which enabled us to create on the sample surface a layer with a width
ciose to the characteristic dimension of tne irradiation spot. We shall
further call these layers traces, they being formed in order to facilitate the
post-irradiation investigations.

As a control experiment, we have performed calorimetric determinations of the
sample absorptivity, A, after a certain number of subsequent laser pulses, N.
To this purpose chromel-alumel thermocouples were built into the samples and
their heating curve under the action of a supplementary, power-stabilized, cw
COo laser source (P S 20 W) and the subsequent cooling curve after
switching-off thr laser were recorded and analyzed (for details see [1-3,22]).

After completing the laser irradiations, the sample surface was investigated
by (i) optical microscopy, (ii) electron microscopy (transmission electron
microscopy (TEM), scanning electron microscopy (SEM) and selected area
electron diffraction (SAED)) with a Stereoscan 1BO and a JOEL-TEMSCAN 200 CX
electron microscopes; (iii) X-ray diffraction with a Siemens Kristallofiex IV
and a Seiffert diffractometers, (iv) microhardness determinations with a PMT 3
apparatus and (v) integrated reflectivity measurements (with the aid of a
photometric sphere).

Finally, in a complementary experiment we established the dependence of the
monopulse energy coupling coefficient, a - Ea/E0O, on the incident Ilaser
fluence, Es. Here Ea : nc iT 1is the energy stored by the powerful laser
irradiation into the target of mass m and specific heat c while 4T is the
sample temperature excursion determined with thermocouples.

1.1.2. Results obtained in technical nitrogen (C 0.01) [9,14,15,19]

The results we shall refer to for a start were obtained when the irradiatidns
were performed in a technical nitrogen atmosphere containing one per cent of
oxygen impurities. The TEA-CO2 laser.was operated at a frequency repetition
rate fs 4 Hz.

Fio.l

Fig .2

A low threshold optical breakdown plasma was formed under the action of every
laser pulse.

In Figs.1,2 we represented the evolutions of the absorptivity, A, of some Zr
and Ti samples as a function of the number of subsequent laser pulses, N, for
different values of the incident fluence, Es, and of the pressure, p, of the
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Fig. 1

Dependence of the absorptivity, A, on the number of subsequent laser
pulses, N, focused onto the surface of a =zirconium target. The
pressure of the ambient technical nitrogen (concentration of oxygen
impurities, C r 0.01) was in all cases p = 1 at* while the repetition
rate of the pulses was kept constant at f = 4 Hz.



211

p*l atm +
Usatrr o

160 Torr v

125Torr [,
60Torr *
p=latm O

500 1000 1500 2000 2500 3000
N
Fig. 2

Fig.2 - Dependence of the absorptivity,

A, on the number of subsequent laser
pulses,

N, focused onto the surface of zirconium and titanium samples
in technical nitrogen (concentration of oxygen impurities, C = 0.01)
at different pressures, p. Tne energy density was kept constant at a

level of Es = 16 J/cm2 and the repetition rate of tne pulses was
f =4 Hz.
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amoient gas. One notices that after a certain number of subsequent laser
pulses, Nst, tne absorptivity becomes stationary at a level of Ast - 0.8
in the case of Zr and of =0.45 for the Ti samples, respectively. We note that
the nitrides of the two metals nave significantly smaller absorptivities
(s 0.1) while the absorptivity of their oxides is close to unity (0.9 - 0.95)
[22]. A possible explanation of these evolutions could be that the nitride
layers get chemically saturated faster as compared to oxides formation on the
account of oxygen impurity in the ambient gas. As a consequence Ast takes an
intermediate value between the characteristic values of the oxide and nitride
of the two metals.

The visual and optical microscopy observations have shown that after N r 30
subsequent laser pulses, a yellow-brown film shows up on the irradiated
surface with a diameter inferior to the plasma cloud dimensions. When
N - 103, the Tfilm gradually saturates to brown and then turns to dark-grey,
we mention that Tih, ZrN have a yellow colour while Ti and Zr oxides have
colours varying from dark-blue to dark-grey. Besides, the interaction zone
exhibited traces of melting in a thin layer and small droplets frozen from a
liquio pnase were identified at different locations on the surface of the
irradiated samples.

As visible from the SEM micrographs given in Fig.3 the induced layer is not
compact but rather consists of disparate crystallites.

Fjq.3

X-ray investigation pointed to tne formation of a significant amount of
nitrides/oxynitrides along with large amounts of oxides. We shall further
refer to the induced compounds as nitrides/oxynitrides  (ZrN/ZrNxOy,
TiN/TiN~Miy) and oxides (Zr02 (baddeleyte), TI02 (orookite rutile and
anatase), which can De sometimes nonstoichiometric, i.e. Zr02_x, Ti02_x).

SAED analyses confirmed the presence of nitrides/oxynitrides accompanied by
Zr02 (in either cubic or monoclinic forms) (Fig.-4a) and TiO2 (orthorombic)
(Fig.4b), respectively.

Hm 227277

The microhardness determinations evidenced values of Zz 550 kgf/mm2 in the
center of tne spot (after tne irradiation of a Zr sample with N = 103
subsequent laser pulses) which is almost twice as large as the characteristic
value for tne virgin Zr ( 250 kgf/mm2), but still far from ZrN microhardness
of z2000 kgf/mm2.

Microsections and polishing from the rare (unirradiated) face have shown that
the surface layer has a constant thickness of * (3-5) um, irrespective of the
number of suosequent laser pulses. The formed layer is more brilliant and
etched with much more difficultly than the base material.

As for the o(Eg) evolution in the case of Zr samples (Fig.5), we notice
that after a stationary behaviour, increases sharply (from = 0.13
to “max - 0.23, which is reached at an incident fluence of E8ax = lo
J/cm2; ano then slowly decreases. As an important practical conclusion
emerging therefrom we emphasize that the most efficient metals processing
under the action of a laser plasmatron is to be reached close to the
low-threshold optical breakdown plasma ignition threshold-
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b
Typical SEM micrographs of the surface of zirconium (@) and titanium
() samples which were subjected to the action of N = 103
subsequent laser breakdown plasmas in  technical nitrogen
(concentration of oxygen impurities,

C =0.01) at a repetition rate
f = 1 Hz; samples tilted at 0° to the electron beam.



Fig 4
Typical TEM and SAED images of zirconium (a) and titanium (d) samples
irradiated with N = 103 laser pulses in an atmosphere of technical
nitrogen (concentration of oxygen impurities, C =0.01), f = 1 Hz.
(@) SAED reveals the presence of ZrN/ZrNxOy and Zr02
(b) SAED reveals the presence of TiN/TiNxOy and T102
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Fig.5 - The "dependence of the energy coupling coefficient, a , on the laser
fluence, Es, incident onto tne surface of zirconium samples.
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By corroborating these figures with the experimental evidence of the metal
melting in a thin layer we can get a limit for the time s the breakdown
plasma efficiently transfers energy to the metallic sample. Thus, from

nT r Tm = “TaxE2axAcp VXts), @

one gets ts > (3-4) us and h - vxij -(4-5) um, which coincides with the
rather constant thickness magnitude of the nitrified surface layer established
experimentally. Here Tm, c, o, x are the melting point, the specific heat,
the density, and the thermal diffusivity of the metal, respectively. As the
thermal constants of Zr, Ti and their nitrides are quite close, after
nitridation one gets the same h value.

It is worth noting tnat, for the same duration of (3-4) s, the plasma is
intensely emitting in visible and UV (as evidenced with appropriate
photomultipliers and photodiodes).

1.1.3. Model and Discussion [15]

According to the experimental evidence, it appears that for t s tSi the
plasma of a cylindrical symmetry (due to the induction and evolution of a
laser-supported detonation wave), at a temperature of T e 25000 K and a
pressure of p s 10 atm, and based upon a surface almost coinciding with the
irradiation spot intensively transfers energy to the target in a small spot,
mainly by UV reradiation (much better absorbed by the metallic targets). The
characteristics of this plasma expansion regime are in good agreement with the
experimental evidence of the surface film forming strictly within the
irradiation spot, i.e. the chemical reactions take place only inside the zones
most intensively heated by the laser-plasma action.

For Ts< ts Tp, wnere Tp stands for the plasma life-time, the plasma
becomes spherical (a "fire ball'), with a much lower temperature, T r 5500 K
and pressure, p 4 1 atm. Smaller temperature gradients and larger contact
areas result in tnis case in further nonsignificant activation of the chemical
synthesis reactions.

The optical breakdown plasma developing at the surface of the irradiated
sample underlies the creation of high pulsed pressures acting back on the
melted surface layer. As a result, the gas atoms already introduced into the
solution are distributed very uniformly into the whole melted volume. At the
end of the thermal action (i.e. for tr ts) the melt solidifies while the
whole process is repeated during the next pulse. Thus, along with the
cumulation of subsequent laser pulses acting on the same irradiation spot the
nitrogen concentration in the superficial layer increases.

Kitriaes/oxynitrides form thus within the irradiation spot, while the
thickness of the nitrified layer saturates rather rapidly to a value of the
order of - v°XTJ. However, the plasma pulsed pressure acting backwards on the
interaction spot and the instabilities into the plasma-superficial nitrified
film system cause the superficial film to crack and promotes (i) the direct
access of the ambient gas to the melted layer; (ii) the spraying of melted
droplets onto the broken parts of the nitride/ oxynitride film (in good
agreement with the experimental evidence of metal droplets frozen from a
liquid phase observed on the surface of the nitrified layer).
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After a sufficiently large number of sequential laser pulses (N i 103),
the oxygen from both the ambient gas and the inner layer oxidises the nitrides/
oxynitrides and the oxides appear on the irradiation surface (the colour of
the irradiation spot changes accordingly to brown and then to dark-grey).

In conclusion, plasma ignition by every laser pulse and surface melting appear
to be essential in order to induce surface nitridation by multi-pulse laser
irraaiation in technical nitrogen.

On the other hand, the laser nitridation as a result of the repeated action of
low-thresnold optical breakdown plasmas in technical nitrogen onto the surface
of Zr and Ti samples resulted to be strongly limited by

(i) the rather small thickness of the nitrified layer;

(ii) the superficial cracking and spraying caused by the plasma pulsed recoil
pressure and the instabilities into the system;

(iii) the nitride oxidation after a large number of subsequent laser pulses.

However, a numoer of solutions could be considered in order to overcome these
difficulties. Tnus,

(i) The layer thickness could oe increased and the final surface state of
the sample could be improved by increasing the repetition rate of the
subsequent laser pulses. A regime is then ignited for which every next pulse
reaches the surface of the sample which is not completely cooled after the
action of tne previous pulse. By working at an increased frequency repetition
rate of f =150 Hz we obtained a nitrified layer of s 40 pm on the surface of
a Ti sample after the action of N = 2000 laser pulses. A nitrified layer
of s10 pm was also formed on the surface of a Zr sample as a result of the
action of N : 5000 subsequent laser pulses. The sample surface was in an
improved final condition in both cases.

(ii) The plasma damage effect could be minimized or even eliminated by
working at an increased pressure of the ambient gas and/or by using longer
laser pulses. We checked up these possibilities by performing some preliminary
experiments at an increased pressure of the ambient gas (p - 2 atm) and/or
using longer pulses (T -10 ps). Cracking diminishing and higher values of the
surface microhardness were observed.

(iii) Finally, some more substantial improvements are to be expected by using
high-purity nitrogen.

In order to check up this last assumption we have especially investigated the
evolution of the nitridation process on the concentration, C, of the oxygen
impurities in the nitrogen atmosphere where the breakdown plasmas are
generated close to the surface of the metallic samples. Some of the results
are presented in the next paragraph.

1.1.4. On the influence of the oxygen impurities on the multi-pulse laser
nitridation process [21]

In order to improve the final state of the irradiated surface and to reduce
the total time consumption (as we had to use - 106 laser pulses) we have
performed these irradiations at a frequency repetition rate increased to s 100
Hz. As observed visually and confirmed by fast streak-camera recordings, a low
threshold optical breakdown plasma was accompanying every laser pulse.
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In Fig.6 we give the experimentally established dependence of the traces
reflectivity, R, upon the volume concentration of the oxygen impurities, C,
into the gas filling the irradiation chamoer. One notices that, for small C,
up to a certain characteristic value, CO, the traces reflectivity remains
constant, R « Rst, while for C* CO, the reflectivity rapidly decreases.

il
Fiq.7

This behaviour is in good keeping with the modification of the samples
absorptivity, A, on the number of subsequent laser pulses, N, when changing
the volume concentration, C, of the oxygen impurities in the amoient nitrogen
atmosphere. Thus, as visible from the typical evolutions recorded in the case
of a zirconium sample which were given in Fig.7, for C < Cq (curves 1,2) the
aosorptivity increases slowly until saturating to As”™ = 0.25 "(close to the
known value of the zirconium nitride absorptivity [23]). On the other hand,
for C > CO (curve 3, very similar to the curves reproduced in Figs.1,2), the
absorptivity increases rapidly and stabilizes at a value Ast = 0.7, close to
the absorptivity of the 1 =10 . 6 um radiation by the zirconium oxide [23].

We also observed that in both cases of the zirconium and titanium samples, the
traces which are formed as a result of multi-pulse laser irradiation (Nsl03)
(i) are yellow for C S CO, (ii) become dark-brown when C gets close to, and
exceeds CO (this was precisely the case observed previously at C r 1 per
cent) and, finally, (iii) get a dark-grey colour with white nuances for C- 5
per cent.

The traces showed a 2-3 time larger microhardness and exhibited a better
adherence to the support for C < CO as against C > CO.

Other arguments came from the results of the X-ray diffraction and electron
microscopy investigations. Thus for samples irradiated in a nitrogen
atmospnere with a very low concentration of oxygen, C < CO, the X-ray
diffraction spectra show the characteristic peaks of nitrides/oxynitride, and
only traces of Zr02 or TIO2 appear. The same evidence emerged from the
analysis of the SAED patterns.

In contrast, for C - CO and further for C > CO, the oxide becomes more and
more evident while the nitride/oxynitride presence diminishes (as we observed
in the case of the afore-presented irradiations which were performed at C : 1
per cent).

Further confirmation was obtained when representing the relative nitride
contents, as obtained by processing the X-ray spectra of the traces formed
onto the sample surfaces whicn has been multi-pulse irradiated in nitrogen
atmospheres with different concentrations of oxygen impurities, C (Fig.-8). To
this end we compared the areas of certain peaks corresponding to the
nitride/oxynitride from the X-ray spectra recorded at different values of C.

Fig.8

We emphasize the perfect similarity between the curves reproduced in Figs.6
and 8. We also mention that the oxide presence was evidenced only to the end,
decreasing, parts of the two curves in Fig.8.

We thus reached the conclusion of valuable practical consequence that the
synthesis of surface compounds layers by powerful multi-pulse laser
irradiation in a nitrogen atmosphere is characterized by a critical value of
the volume concentration Cq , of the oxygen inpurities in the ambient gas.
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Fig.G

The dependence of the reflectivity, R, of the traces formed on the
surface of zirconium and titanium samples as a result of powerful
multi-pulse laser irradiation, on the volume concentration, C, of the
oxygen impurities in the ambient nitrogen atmosphere. An arrow
indicates the position of the results presented in the previous
paragrapn (C -1 per cent).
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The dependence of the aosorptivity, A, of a zirconium sample on the
number, N, of subsequent laser pulses directed to the same zone on
tne surface of the irradiated samples, for different volume
concentrations, C, of the oxygen impurities in tne ambient nitrogen
atmosphere.
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Fig.8

The nitride contents, in arbitrary units, of the traces formed onto
the surface of zirconium and a titanium samples which were
multi-pulse (N s 103) laser-irradiated in a nitrogen atmosphere
with a very low Concentration of oxygen impurities (C < Cq)-
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Tnus, for C < CO (CO - 10-1 per cent for titanium and CO - 10~2 per
cent for zirconium), the superficial layer essentially consists in nitride/
oxynitride, and is hard and hignly adherent to the support. In the case of Ti
and Zr it also exhioits a high (metallic) IR reflectivity.

At C * CO and especially for C > CO, the oxides become predominant, the
microhardness is diminished and the adherence is poor.

nie expect this behaviour to be encountered in the case of the other metals
too. Related experimental investigations are in progress.

1.2. Experiments performed under a layer of liquid nitrogen

A general increase in the output of the chemical reactions of synthesis is to
be expected when acting through the intermediary of laser breakdown plasmas
induced in a liquid in front of the metallic samples surface. We have
therefore investigated the formation of nitride films on the surface of
zirconium and titanium samples which were submitted to the action of
multi-pulse, microsecond pulsed TEA-CO2 laser irradiation under a layer of
liquid nitrogen.

1.2.1. Experimental details

We have used samples of Zr and Ti with a diameter of =10 mm and a thickness
of =4 mm prepared as described above and we have performed the same
post-irraoiation investigations.

A series of 20 laser pulses with an energy per pulse of Eq = 0.68 J was
Directed at a frequency repetition rate of f = 16 Hz onto the same location
on the surface of a metallic sample which was placed at the bottom of a
vessel and covered by a layer of liquid nitrogen having an initial thickness
of "2 mm.

As visually observed a light spark was ignited by every incident laser pulse.

1.2.2. Results [17]

The formation of a yellow-brown film of a diameter smaller than the plasma
cloud dimensions was observed.

The thin films formed are polycrystalline, with many defects. SAED analysis
revealed in the case of Ti the prevailing presence of TIN(TJNxOy) with
traces of TiCZ2, while in the case of Zr the formation of ZrN (ZrNx0y)
appeared to be always accompanied by a significant amount of ZrC".

These characteristics were confirmed by microhardness determinations which
evidenced an increase from = 260 kgf/mm2 (base material) to = 440 kgf/mm2
(in tne center of the irradiation spot) for the Ti samples and from =215
kgf/mm2 to - 515 kgf/mm2 for the Zr samples.

As resulted from microsections and confirmed by the microhardness evolution
into the sampie depth, in this case the thickness of the nitrified layer
reaches -1 um.
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In conclusion, as expected, the laser niaridation was found to be more
efficient under a layer of liquid nitrogen than in a nitrogen atmosphere. Tnus
a nitrified layer of - 1 pm thickness was formed on the surface of both Zr and
Ti samples only after the action of 20 subsequent pulses as against several
hundreds Defore.

However, the induceo layers were still not compact (even though exhibiting a
better condition) and they even showed evidence of a periodical surface
microreiief of tne unreasonant type [24,25] (Fig.9).

Moreover, a very severe limitation in promoting the surface nitridation of
metallic samples by multi-pulse laser irradiation under a layer of liquid
nitrogen appeared again to be the interferencemof the oxidation process, this
time on the account of the oxygen impurities into the liquid, (i) The rather
large difference between the boiling points of the two liquids (oxygen and
nitrogen), (ii) the repeated decantation (until the final use of the liquid in
tne experiments) and (iii) the relatively small thickness of the liquid layer
above the metallic sample make the complete elimination of the oxidation
process interference very difficult, if not impossible.

Following an idea from [11], where the carbon doping of some armco iron
samples was obtained by the multi-pulse laser irradiation (x - 1.06 un) of the
metallic samples covered with a toluene layer, we have also considered the
possibiiity of using liquids at room temperature containing a significant
amount of nitrogen. The related experiments are in progress.

However, new powerful multi-pulse laser irradiation experiments on different
materials under liquid nitrogen, are of further interest in our opinion,
mainly related to the possibility of obtaining some intermediary, metastable
compounds "froyen"™ onto the irradiated surface. This would permit (i) a better
understanding of the laser, activated reactions kinetics and (ii) the synthesis
of thin films of new materials with improved properties.

Recently [26], we got a direct experimental confirmation of this hypothesis
when a new, previously unknown compound with very interesting characteristics
was evidenced on the surface of some steel samples multi-pulse TEA-CO2 laser
irradiated under a layer of liquid nitrogen (in similar conditions as above).
Some new, accurate experiments making use of other materials too are in
progress.

Concurrently we recently discovered [9,13], and intensively investigated
[18-20], a new, much simpler and faster method to induce the surface
nitridation of metals. One has only to heat the metals in air under the action
of a cw laser source while carefully controlling the irradiation parameters
(heating velocity, dwell-time, cooling conditions). The main results we have
obtained so far are reviewed in the next section of the paper. It was
organized 1into two paragraphs referring vrespectively (i) to the early
experiments where thin metallic foils were heated in air unaer the action of a
small power (=20 W) cw CO2 laser source, then cooled in a jet of pure inert
gas, and (ii) to the air heating of thick metallic samples by a high-power
(PS 2 kW) cw CO2 laser system, followed by cooling in ambient air.
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FigTT

Fig.9 - SEM micrograph of the periodical structure of unresonant type
evidenced in the thin film formed on a Zr sample as a result of

multi-pulse (N z 20) TEA-CO2 laser irradiation under a layer of
liquid nitrogen.

8

Fig.10

Fig.10 - The experimental arrangement for the low-power (P - 20 W) cw CCb
laser irradiation; (1) - power-stabilized cw CO? laser source; (2)
- calibrated beam-splitter; (3) - power-meter; (4) - NaCl lens; (6) -
photometric (integrating) chamber; (6) - metallic sample; (7)) -
photodetector; (8) - lock-in amplifier; (9) - interferential filter;
(10) - chromel-alumel thermocouple; (11) - differential RC-circuit;
(12) - amplifer of constant current; (13) - oscilloscope.



I1. CW CO2 LASER IRRADIATION IN AIR

11.1. Irradiation of metallic foils (P - 20 W) and suDsequent cooling
in a jet of pure inert gas

11.1.1. Experimental derails

The experimental setup used in tnese experiments is depicted schematically in
Fig.10.

Fig.10

We used a power-staDilizec, cw CU2 laser (P r 20 W) «hose radiation was
focused in a spot witn a diameter of 2 n on tne surface of Zr samples
naving dimensions of 15 < 5 « z) m5, z 0.6 mm. Tne samples, which were
prepared as indicated Defore, were exposed ;o0 the iaser action at different
dwell-times at an incioence angle of i 10° in a photometric chamoer {i - 100
mm), coated with an aluminium foii. The collected (reflected and scattered)
laser light was monitored with a fast detector. In order to eliminate the
interference of the thermal radiation from the heated sample (i) the laser
iignt was (mechanically) modulated at r 100 Hz while tne detector signal was
first introduced in a lock-in amplifier and then to the oscilloscope and (ii)
an interference filter witn a transmission Dand at (10.6 * 0.5) m was placec
in front of tne detector. Chromel-alumel thermocouples were built into the
samples and the temperature time-oerivative was obtained with an RC-circuit.
We got thus, simultaneously, the temporal evolutions of the target
temperature, T (t), and its derivative, dT/dt (t), as well as of the sample
reflectivity, R(t), and absorptivity, Alt). Post-irradiation investigations
were performed as above.

11.1.2. Results [9,13,16,16,191

Along with the lowering of the sample thickness (mass) and so as the neating
velocity was increased, a transition in the evolution of R(t) was observed
from (i) (3-4) interferential oscillations of decreasing amplitude (Figs.11
a,b,c) to (i) only one oscillation with a prominent reflectivity jump
accompanied by a change in the temperature slope (Fig.11l d).

Fig,11
Fig.12

In the first case - as confirmed by X-ray and SAED analyses - a rather thin
U 50 wn) layer of zrC2 is formed.

In the second case (which is, as will be further shown, directly related to
the metal ignition and burning in air), the visual observations have shown
that the colour of tne irradiation spot turns in time from grey to yellow
(which first appears in the center of the irradiation spot and spreads rapidly
Deyond its borders) and finally turns to dark-grey (this time from borders to
the center).

If the irradiation process is stopped precisely at the point B (see the curve
in Fig.11 d), the colour turns again to grey when cooling the sample in air
but remains yellow when directing a jet of pure inert (Ar) gas onto the
irradiation spot. Control experiments have shown that the sample reflectivity
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Fig 11
Fig.11 - Laser heating oscillogram of Zr samples submitted to : 15 W from a
power stabilized cw COj laser source; (1) - the temporal evolution
of the samples temperature, T(t); (2) - the temporal evolution of the
samples reflectivity, fi(t). The mess of the samples was (a) - 140 mg,
® - 93mg, (©) - 72 mg, (d) - 48 mg, respectively.
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remained unchanged after the cooling in a let of inert gas, while the
reflectivity value was linearly depending on the yellow spot surface, S
(Fig-12):

[RI.(Ss- S) + R2S]/Ss, S < Ss

R = 2
R2, Srss. @

Here Ss stands as before for the focal spot area while the interpolated
values of the coefficients R} - 0.045 and R2 = 0.806 are very close to the
Zr02 and ZrN reflectivities respectively [23].

When the irradiation is stopped at the reflectivity maximum (point B) and the
sample is cooled in a jet of inert gas, the X-ray analysis has evidenced the
presence of Zr02 (monoclinic) and ZrN (ZrNxOy) (cubic) (Fig-13).

Fig.13

Concurrently, according to the electron microscopy evidence corresponding to
an extraction replica and to a jet-thinned sample respectively (for details
see [2,3]), the layer appears in this case as a nonuniform distribution of
nitride/oxynitride always accompanied by the oxide. The presence of some
non-conservative antiphase boundaries was sometimes identified, probably
pointing to the oxynitride formation. We also mention tnat, as shown by the
microsections, the thickness of the induced layer was of e 6-7 um in B as
against - 2.5 um in A and =30 um in C.

Tne layers exhibited a very good adherence to the support. Microhardness
values as Jlarge as = 1950 kgf/mm2 were evidenced in the center of the
irradiation spot (very close to the value of = 2000 kgf/mm2 that 1is
characteristic of ZrN).

We finally mention that, when further increasing the heating velocity, large
stresses propagate into the material leading to the stratification and/or the
undulation of the layer (Fig.17) which is then rapidly oxidized.

Fig.14

Another group of control experiments were performed with identical zirconium
samples in similar conditions, but using a cw YAG:Nd laser source wnich was
able to generate in the range 2-68 W (x s 1.06 um). We got a direct
confirmation of the previous results (x =10.6 um), as along with the laser
power (heating velocity) increase we observed reflectivity/temperature
evolutions similar to those shown in Figs 11 a-d culminating to a regime
characterized by the reflectivity jump to a value slightly exceeding the
reflectivity of the base metal, simultaneously with a change in the
temperature slope (Fig-15). As established by X-ray analysis, this effect was
also directly related to the advent of a nitrified phase within the layer
formed on the irradiated target surface, which is hard and highly adherent to
the support.

l-ig.15

As peculiarities deriving from the wavelength difference we note that (i) due
to the higher zirconium absorptivity at X=1.06 um (A - 0.4-0.45), one gets
higher heating velocities in similar irradiation conditions and, consequently,
the nitridation regime is reached faster in this case: (ii) the interference
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Fig. 15 F|0-16

The dependence of the reflectivity on the ratio S/Ss of the area of
the yellow zone, S, to the area of the irradiation spot, Ss. The
laser burning process was stopped in each case at a different moment
around the point of maximura reflectivity (point B on Fig.11 d) while
the samples were cooled afterwards In a jet of pure inert gas.

Tne undulated structure of the nitride film covering the Zr sample

surface generated by the stresses developping during the strong
burning regime.

Laser heating oscillograms of a Zr sample with a mass of m = 47 mg

under the action of a Nd:YAG laser source, P r 30.5 U, (1) - T(v),
@ - RM.

Schematic of the samples position during the high-power cw laser
irradiation in air.
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phenomena are observed at > = 1.06 pm for thinner surface layers; from both
raicrosectional analysis ana interferential determinations we then got a
thickness value of the surface formed layer of 1-3 pm, i.e. significantly
smaller than at x = 10.6 pm (6-7 pm).

11.1.3. Model and discussion [16]

When starting the irradiation, the oxygen from the air above the irradiation
spot oxidizes the laser-heated samples superficially and a thin layer of
zirconium oxide shows up, also resulting in a significant increase in the
sample absorptivity.

Further behaviour is relate: to a strongly exothermal process, i.e. the
initiation of the laser suriace burning of the metallic samples. Indeed,
according to the data in [27], and proved by our control experiments, the
ignition and burning of certain zirconium samples of -1 mm thickness -
similar to those used in our experiments - started precisely at T - 1000°C.

As a combined effect of both the oxidation reaction (culminating with the
metal burning) and the faster oxygen diffusion into the metal, a situation is
created when the gas close to the irradiation area gets oxygen-depleted while
strongly enriched in nitrogen. Surface nitridation then starts in a chemical
reaction highly activated oy the temperature of r I00OOK achieved on the
sample surface and probably catalyzed by the oxide presence. The nitride/
oxynitride forms end the irradiation spot turns to a yellow colour which
spreads out from the center of the irradiation spot (where these conditions
are first met) towards its borders.

Soon, the oxygen from the air surrounding the interaction zone penetrates into
the oxygen-depleted zone. This phenomenon is corroborated with the strong
intensification of the nitrogen diffusion into the sample®s depth (which also
happens at T a 1000°C) and the zirconium nitride/oxynitride 1is converted
into an oxide.

Finally, at T Z 1200°C the oxidation 1is strongly activated partly on the
account of an alotropic change of ZrC* at 1 12Q5°C. The colour of the
interaction zone turns again to dark-grey (characteristic of ZrC"), but this
time from the border to the center of the spot.

we shall further refer to some recent developments [20] which enabled us to
avoid tne important shortcomings related to the requirement of cooling the hot
nitrified surface in a Jet of pure inert gas in 0w Tun to avoid its oxidation
during cooling in air, together with getting an improvement of the
characteristics of the synthesized surface layers.

11.2. High-power laser heating (P - 1 kW) and cooling in ambient air

The nigh-power laser radiation (P - 1 kW) was scanned across the surface of
massive 2r, Ti and rtf samples. The metal was thus Ignited and burned for a
snort time while quencnlng instantaneously afterwards due to the fast heat
release into the sample®s depth.

11.2.1. Experimental details

As heating source we used a compact, cw CO2 laser system emitting a power
of £ 2 kw. The laser radiation. was ffcaaeti in. a spot with a diameter of=1.5 mm
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on the surface of "Zr, Ti and Hf samples with a diameter d r 16 mm and a
tniCkness of 3 mm (Fig.16), which were prepared as Defore. The samples were
cassed in three steel needles onto the coordinate taole and then moved with a
constant velocity in the range v - (0.5-5) cm/s.

Fig.16

Tne average samples absorptivity, Agy, was using built-in chromel-alumel
thermocouples.

Post-irradiation investigations were performed as above.

We fixed the incident laser power, P, and selected a scanning velocity, v, as
to get within the irradiation spot a surface temperature larger than
Tmin * 1000°C but Jlower than the melting point of the metal, Tm=
1845°C.

11.2.2. Results [20]
11.2.2.1. Zr samples

Our studies have proved the possibility of surface nitridation of massive
zirconium samples as a result of powerful cw laser irradiation in air without
special subsequent cooling. More precisely:

(O] For ”"arge scanning velocities (vr 2 cm/s) and/or rather low incident
powers (P s 600 W), the traces left by laser irradiation are black or grey,
colours characteristic to the nonstoichiometric zirconium dioxide, Zr02_x,
whose unique presence is confirmed by the post-irradiation examinations.

(i) Along with the lowering of the scanning velocity (to 1-2 cm/s) and/or
with the laser power increase (to £ 1 kW), a yellow line shows up in the
center of the laser trace, which, as confirmed by X-ray and electron
microscopy analyses consists of a fine, rather homogenously dispersed mixture
of ZrN (ZrNx0y) and ZrOj.

The induced layers were also highly adherent and exhibited an increased
microhardness as against the base material. We got values of the corresponding
average absorptivity of 0.2-0.25, 1i.e. specific of the zirconium nitride/
oxynitride predominance.

The best characteristics of the nitrifed layer (width, relative nitride/
oxynitride content, raicrohardness, adherence,...) were obtained in the case
investigated (i.e. the thickness of the zirconium sample of =3 mm ano the
diameter of the irradiation spot ds = 1.5 mm) for optimum values of tne
irradiation parameters of: P r 800 Wand v r 1.6 cn/s.

(iii) By further lowering the scanning velocity (v< 1 cm/s) and/or increasing
the laser power (P > 1 kW), the trace left by the laser irradiation Iis
strongly oxidised, exhibits a spongy look and 1is entirely constituted of
Zr02-

If we now compare the performances of the surface nitrified layers obtaineo
under optimjm conditions by high power cw laser irradiation in air of massive
samples to tnose obtained before by low-power cw laser irradiation in air of
thin metallic blades and subsequent cooling in a jet of pure inert gas, twc
aspects have to be considered:
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) Tne layers induced by high-power laser irradiation have a better
adierence to the metallic support. We related this experimental evidence to
the microsections results performed across the yellow zone which showed that
the intermediate oxide layer on which the nitride/oxynitride film is placed is
in this case consideraoly thinner. Indeed the metal burning under the action
of the laser radiation of some tens of W becomes possible only when an oxide
layer thick enough is grown ensuring the required energy-coupling with a view
to tne target surface ignition.

(in) The surface microhardness was increased to maximum =700 kgf/mro2 by
nigi-power laser irradiation as against * 2000 kgf/mra2 before. We consider
that this situation is a consequence of the different thicknesses of the
nitrified layer in the two cases. Indeed at nigh values of the incident power
the nitridation regime is induced quite instantaneously and one gets a laser
nitridation time of d/v r 0.1 s while. As visible from Fig.lid, the same
dwell-time is in the case of low-power cw laser irradiation of -1 s, i.e. by
one order of magnitude larger.

This thickness difference was also confirmed by microsection examination.

We tried therefore to increase the thickness (microhardness) of the nitrified
layer by scanning several times the laser beam across the same trace on the
metallic surface. A one minute pause proved sufficient to ensure the complete
samples cooling between subsequent irradiations.

Fig.17

The experimental results have confirmed dur hypothesis (Fig.17). We obtained a
surface micronardness increase from r 700 kgf/mm2 for one-scanning to r 1600
Kgf/mm~ for tnree-scannings of a trace while the center of all traces were
gold-yellow and the presence of the zirconium nitride/oxynitride was confirmed
by X-ray and electron microscopy investigations. We consider that tne relative
microhardness decrease to 2z 1300 kg/mm? on the fourth trace is related to
its proximity to the sample border leading to a worse thermal conduction and
so resulting in the cooling diminishing and subsequent oxidation of the
nitride/oxynitrioe.

Transvere microsections have also confirmed the increase of the nitrified
layer depth along with the number of subsequent laser scannings of the same
trace.

As for tne optimum laser nitridation regime, the best results are to be
obtained with a maximum spot diameter allowing for (i) metal Ignition and
uurning. Indeed, as mentioned before the sampie surface temperature has to be
Kept witnin the range Tm|n T T < T,. In order to meet the second condition
it is necessary that, for a certain duration (as long as possible), the oxygen
flux absorbed by the hot metal, ja, exceeds the oxygen diffusion flux, jg,
from the zones surrounding the reaction area (where an oxygen shortage was
created), 1i.e.

Ja > Jd (©)]

Here z 1is the coordinate normal to the sample surface, D the diffusion
coefficient, and N tne oxygen density in air. One observes that condition (3)
is tne easier fulfilled when ds is larger.



Fig. 17

Fig.17 - Surface microhardness of a zirconium sample submitted to multi-
scanning cw C»» laser irradiation; P = 800 W, v= 1.6 cn/s
1 one-scanning of the laser trace,
Il two-scannings of the laser trace,
11l three-scannings of the laser trace,
IV four-scannings of the laser trace.
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11.2.2.2. Ti and Hf samples [20j

Tne nitridation process Dy nign-power cw laser irradiation in air also allows
for tne superficial nitrioation of tne otner metals from tne suogroup IV A of
tne perioaical taocie (and prooaaiy of otners too) wnicn, as zirconium (i)
pecome, wnen neatea, excellent oxygen getters and (ii) exnibit a rather nign
affinity for nitrogen.

However, it was snown (28) tnat tne advent of an oxygen-depleteo ano strongly
enricneo atmosphere aoove tne reaction zone of some laser-neated titanium
samples 1feaas only to tne reauction of tne oxioe types, aue to tne
multi-component structure of tne initial oxide layer.

On tne other hand, nafnium oxidation is very similar to zirconium oxidation
[27,293. We performed therefore some preliminary similar experiments on
nafnium samples. It was established tnat:

(i) The high-power cw CO02 laser irradiation according to the optimum
nitridation cdnditions determined for zirconium, i.e. P =800 W and v r 1.6
cn/s, result only in tne formation of a olack trace of HfU2 exhibiting a
microhardness not different from that of the oase metal (s 300 kgf/mm2).

(i1) A regime was identified, P r 1 kKN, v = 7 mm/s, when the microhardness is
increased to = 900 kgf/mmE, and the existence of hafnium nitride/oxynitride
was demonstrated.

We consider these differences as deriving from the different adsorption
velocities of tne oxygen into nafnium and zirconium samples at temperatures of
500-1200°C [29J. New experimental investigations are in progress in order to
further clarify the hafnium (and other metals) behaviour under powerful cw
laser irradiation in air with tne view to inducing their surface nitridation.

I11.  CONCLUSIONS

First, the possibility to get superficial nitridation of Zr and Ti by
multi-pulse laser irradiation in a nitrogen atmosphere or under a layer of
liquid nitrogen was demonstrated.

However, the process appeared to be very sensitive to oxygen impurities in
nitrogen, which can indicate a strong competition between the nitridation and
oxidation reactions. In the case of the experiments performed in a nitrogen
atmosphere, wnen a quantiative investigation was possible, it was shown that
the surface synthesis process is determined by a critical value of the oxygen
Impurities volume concentration, Cq, 1i.e. for C < CO nitrides/oxynitrides
are predominant within the induced surface layer, while for C > Cq their
place is gradually taken by the oxides of the two metals.

Thicknesses of the nitrified layer from a few to a few tens of m were obtained
with processing velocities of S 1 cm/min. The overall performances of the
laser nitridation process (final state of the irradiated surface,microhardness,
adherence to support, efficiency,...) were improved when increasing:

(i) the repetition rate of the subsequent laser pulses;
(ii) the laser pulse duration; and/or
(iii) the pressure of the ambient gas.
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According to these results the implementation of multi-pulse laser plasmatrons
with nitrogen for performing local surface nitridation of Ti and Zr (as well
as of other metals too) look both possible and promising.

Second, it was snown that in the case of metals which can be laser-ignited and
burnt in air (as is the case of IV A subgroup metals) a regime can be created
wnen the not sample surface is iIn contact with a gas enriched in nitrogen
while strongly depleted in oxygen. The surface nitridation of zirconium was
tnus proauced.

Even the initial difficulty of cooling the samples after laser neating in a
jet of pure inert gas was eliminated when using thicker samples which are
instantaneously quencneo by heat release into tne metal, wnen using a
nign-power (P - 1 «kW) technological cw CQj laser source, processing
velocities as nign as * 1.5 cm/s were reached while the induced surface layers
were extremely aanerent to tne support. Moreover, tne surface, microhardness
was snown to increase by multi-scanning of the same laser trace as a result of
tne tnicwening of tne nitrified layer.

This regime 1is also initiated oy tne classical neating of metals in air, out
the laser also allows for its fast identification due to tne significant
reflectivity modification.

However the application of tnis nitridation procedure failed in tne case of
Ti, still succeeding for HF. Further experimental investigations are in
progress (also on other metallic materials).
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SITE SELECTION SPECTROSCOPY OF MODEL SYSTEMS IN PHOTOSYNTHESIS

INTRODUCTION

The optical spectroscopy of organic molecules has been
intensively developed in last two decades. Especially, advan-
tages of lasers together with an optical cryotechnique produced
the remarkable increase of the spectral resolution. New spec-
troscopical techniques such as Shpolskii and Site selection
spectroscopy was established. These two low temperature spec-
troscopies enable to observe instead (2100 cm~") broad-band
room temperature absorption and emission spectra (1.1 cm-1)
sharp vibronic lines at temperatures below 77K. Further im-
provement of lasers (e.g. tunable single mode frequency lasers]
and a decreasing of the sample temperature up to 0.3 K was
necessary for very high spectral resolution (~0.001 cm-*)
hole-burning experiments on chlorophyll-like molecules.

The aim of this paper is to present a general theory of
low temperature spectroscopy on complex organic molecules, to
discuss their special cases and to summarize our low tempera-

ture spectroscopy results obtained on photosynthetic systems.

THEORY
An intensity of fluorescence IplEl is determined by a sum
of contributions proportional to absorption and emission osci-

lator strengths and ~.(E) of i-th molecule, where
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is the spectral profile of excitation,£, £ energies of abs-

orption and emission.
tpcu  * E J f( (c'l f(A J-e" f,(e)

Up to now no microscopic theory has been developed which could
describe the interaction between pigment and matrix in the low
temperature spectroscopy. A general theory of impurity in cry-
stals 01],Ul which is widely accepted at present implies
that £(€") and ~(e) are composed of a narrow zero-phonon line
accompanied by a broad-band phonon wing. According to this
theory the intensity of the zero-phonon line increases with
decreasing temperature, while the intensity of the phonon wing
decreases at low temperatures. Molecular vibrations at wave-
numbers *y. result in repetition the zero-phonon line together
with phonon wing at wavenumbers V - having the intensity
proportional to £Jbp(~Pj) where = 0,1,2,3,...
and "Pj is Stokes loss for molecular vibration y~ .

The sum over all molecules in Eg.1 can be transformed

into the integration over different site energies B [3} ™M"
IpiE) = Zi j JidVj (Ee~  f(ELF) | 0

where we in addition take into consideration all the 0-0 fluo-
rescence transitions followed after the excitation into

higher vibronic levels of S. in different sites and we intro-
duce the site distribution functions AVj (E *~htyj) = 0,1,2,..
for vibronic frequencies y- in Sj. The [(-Foj.) ~j=0,1,2,...
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Fig.1. Site distribution functions and parts of broad-band
absorption spectra of both isolated 1 and bond B PHEQ

in DMF. The frequencies of normal vibrations in the first ex-
cited singlet state S) are noted in wavenumbers. A represen-

titive laser excitation 628.93 nm is depicted by an arrow
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are now the absorption stgﬁéths of transitions into the higher
vibronic levels of Sj. The meaning of f6-E) and
are the site independent fluorescence and absorption strenghts,
respectively. The functions Fj(€-E“bCYj)(» = 1,-2,... are
shifted by about to higher energy with respect to the

, keeping however similar shape like Fp(¢ -E?) C41l -~
The Lé) is the site distribution function for the resonant
0-0 excitation and consequently practically imposible to direc-
tly determine from the fluorescence measurements. The /iv.((-\KcV")
for the vibronic frequencies (=1,2,... are shifted by
about bey; to higher energy and can be easily obtained from
the fluorescence epectra. The differences in the width of
/ﬁj(e'+bonﬂ Keﬁleq; difference magnitudes of the absorption
srengths F(EEheYj)  ad of tre efficiendies of tre rela
xation fram tre vibronic levels v to tre gaud vibronic
state of Sj. Notice, that in our case the FUfHV of the experi-

mental determined /1" (BcS[j) increase with increasing

see Fig. L

SPECIAL CASES OF THE THEORY
Let us discuss special cases of Eq.2.

1. Abroad-band excitation 8(£} and site distribution func-

tion displaying sharp maxima J/WH#E)v ) or a linear
combination of i >functions ( denotes fixed site energies
where 1,2,3,... is number of site). In this case Eq.2

provides sharp fluorescence lines at constant energies

Esr.-Tinv- , *jt = 0,1,2,... for all the excitation into

vibronic levels of Sj and the selection of sites is accomplis-
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hed by very nitare of the so called Shpolskii m.trix. Une £

or several MGET,A— sites play a dominant role. The vi-
brational analysis of Shpolskii spectra provides frequencies
of normal vibrations of investigated molecules at low concen-
trations n*10 - 0.00I~M, see Fig. 2,3,4 j "5~ (6] -

2. In the general case when both ~(6”) and JV,(E¥) are brod-band
functions Eq.2 gives broad-band fluorescence spectra only.
This fact has caused many problems for spectroscopists seeking
for sharp vibronic spectra of chlorophylls in arbitrary matri-
ces, as well as, spectra of simple porphyrins embeded in poly-
mer foils. No sharp line fluorescence spectra were observed
untill the narrow laser excitation into has been used t/Q,
n [t71 > see Fi«-2"4-

3. Narrow laser excitation into vibronic levels of :
g(é™) v &(£,,-&) (where Ec denotes a monochromatic excitation

energy) along with a broad-band aite distribution function

Then Eq.2 transforms to

If(e) ~ 5rJIMFIfe-F-AcrJiwliE+Ker) F6-E) TE1 (A
which, for is identical to the basic equation in £3" .
In this case sharp fluorescence lines are observed “with

their wavenumbers changing for different excitation energies) ,
but the frequency difference between the laser excitation and
fluorescence lines remain unchanged. Thie is a typical example
of aite selection spectroscopy. The selection is made by narrow
laser excitation. The aite selection spectroscopy provides fre-

quency of normal vibrationa and aite distribution function for
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Fig.2. Low temperature 0-0 fluorescence spectra H"-PHTH at
4.2 - 5 K. Special cases of Eq.2: 1- broad-band excitation
and Shpolskii n-octane matrix, 2 broad-band excitation and
non Shpolskii polyethylene matrix, 3- laser excitation and
polyethylene matrix, 4- laser excitation and n-octane matrix.

The laser excitation wavelengths are in the cases 3,4 denoted *ij



- b4 -

Fig.3 , Short wavelength part of sharp ilne vibronic fluores-
cence spectra of PHEO in n-octane matrix 0 K excited at
different wanelengths with different widths of excitation
profiles. A conventional excitation at 417.5 nm spectral width
8 nm is denoted by 417.5. Laser excitations at 610.0 nm,

613.0 no and 633.1 nm spectral widths 0.05 nm are denoted

by corresponding wavelengths. The mean value and errors of
wavenumbers of particular fluorescence lines are shown at the

top of the fluorescence spectra L*0-
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Fig.4. Fluorescence spectra of 13-acethyl-mesoisochlorin-e-
dimethylester 13A-MChn at 8.5K. 1- broad-band excitation
and dichlormethan + methanol matrix, 2- He-Ne laser excitation
and dichlormethan + methanol matrix, 3- broad-band excitation
and Shpolskii n-octane matrix, 4- Ke-Ne laser excitation ani

n-octane matrix.
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complex organic molecules and photosynthetic systems in arbit-
rary matrices, see Fig, j

4. The last very special case occurs when both

are close to 5-functions. Tttat means a narrow laser excitati-
on as well as a matrix with one ore several dominant sites (QJ
Under these circumstances the fluorescence spectrum exhibits
very sharp lines j see Fig.2,3,4 and in resonance condition,
even low laser excitation power (/cmb) can cause saturation
effects. This situation is most conveniently studied by hole
burning experiments, where a laser burns a narrow hole into
the absorption or excitation spetra. Homogeneous width deter-
mined on free base phthalocyanine in n-actane at 5K is 0.03
cm-1 Further temperature decreasing up to 0.3K produces
decrease of homogeneous width aproximately P 0.001 cm-1 for
porphyrins There are several different hole burning
mechanisms, more detailed information can be found in (
Hole burning is a new technique of very high spectral resolu-
tion providing the homogeneous width of optical transitions
for complex molecules and biological systems. Consequently the
Heisenberg uncertainty relation life-time £ can be determined
't it (210P)-N @)
Further applications were found in Zeeman and Stark spectros-

c®py # ,[i3] , 0-0U.

LOW TEMPERATURE PICTURE OF PHOTOSYNTHETIC SYSTEMS
In vivo photosynthetic systems are very large and complex
objects containing chlorophylls, proteins, quinones, membranes

etc. in some till now not completely known functional and
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Fig.5. Site selection fluorescence spectra of chlorophyll-a

in polystyrene at 5K. Excitation laser lines are indicated on

the r"ght. The selected differences between laser excitation

lines and fluorescence lines depeicted by arrows remain

practically constant for different excitation wavelengths [2]
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structural organization. Therefore low temperature spectrosco-
py of well defined model photosyntnetic systems prepared to
the special request provides an attractive basis for interpre-
ting results obtained with the abovementioned methods for in
vivo photosyntnetic systems isolated from plants and bacteria.

We, especially, studied a set of isolated porphyrins in
different matrices as reference for complex model photosynthe-
tic systems: free base phthalocyanine (H2~PHTh) in n-alkanes
and polyethylene, pheophorbide-a (PHEOjin n-alkanes and dime-
thylfonnamide (wp), a set of five derivatives of chlorin
(Chn, 7-C-Chn, Mcr., 13-A-MChn, 20-CI-MChn} im n-alkanes and
in dichlormethan + methanol, chlorophyll-s (Chl-a) in n-alka-
nes and polystyrene foils and a set of tetraphenylporphyrin
(TPP, M-TPP, TE-TPP) in n-alkanes and in toluene

The porphyrin - short chain aminoacid interaction were
investigated on OBTHO and PARA TPP phenylalanine systems QI%Q
however porphyrin - long chain aminoacid interaction were
studied on PHEO bond to synthetic (Lys-Ala-Ala™ polypeptide ™4
(B-PHEO}. Furthermore aggregation effects of M-TPP, PARA-TPP
and B-FHEO systems were examinated including fast energy tran-
sfer within the polypeptide chain in B-PHEO. Very recently an
extraordinary attention was dedicated to porphyrin - quinone
interaction on TPP-AQ systems

The obtained results can be summarized in following:
- The frequencies of normal vibrations of phthalocymines,
chlorines, pheophorbides, chlorophylls and tetraphenylporphy-
rines are connected with vibrations of particular molecular

skeletons. The same frequencies can be found in model TPP
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and PHEO model photosynthetic systems as well Jj5° ,0 *Q .

- The site distribution functions of isolated TPP and PilEO
molecules embeded in low temperature matrices are gaussian

like curves with FWHM 100 - 280 cm-1 depending on solvents.

- The porphyrin TPP - short chain aminoacid phenylalanine
interaction doesn"t produce any significant changes in fre-
quency of normal vibrations and site distribution functions.
Much more intense is the effect of aggregation of M-TPP and
PARA-TPP molecules in frozen n-octane. This aggregation pro-
duces significant broadening of site distribution functions
(f«Ul 100 ->>240, 250 cm-1) and the red shift -vlIO cm-1 [\T].
Similar effect was observed on B-PHEO long - chain polypeptide
model system, where FtfiM of particular site distribution func-
tions was changed from 280 to 460 cm”* and 150 cm”* red shif-
ted, see Fig.6 = £.4° LIl”

- The TPP - quinone interaction in model photosynthetic systems
doesn"t produce any significant changes in frequencies of nor-
mal vibrations. The life-time <£ determined from hole burning
experiments 2 ps is much higher than those observed on
in vivo bacterial photosynthetic reaction centres

These results support idea of abovementioned papers that very
fast electron transfer in femtosecond scale is strongly coupled
with protein environment. The study of model systems consisting
of TPP, especially Zn-TPP, quinones and proteins are in prog-

ress, see Fig.7
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Fig.6. Site distribution function /IV-CV+V:) of PHEO
and TPP model photosynzhetic systems CdIQ .
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or

Fig.7. Hole burning spectrum of tetraphenylporphyrin
antraquinone system in toluene at 4K. The spectrum in the
bottom represents the hole burned by pulsed dye laser into

the excitation spectrum in the top [N&3-
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E.lArees. E.N.N'opgos, X.N.Hecmencsa, HO.H.NoHomapes,

C.E.Pognmosa, C.A,TBoporos, B.A.Tuxomupos

WHCTUTYT ONTUKN aTmocepbl CUBUPCKOro OoTAeNneHus

AK CCCP, Tomck, 634055, CCCP

VOO EICBAHH BVFHAA ATIVHECKOTO VIM-BEH/A HA
MEEMOJIEKY/reiE BBAVIMOIE/ICTBUA B FA3AX

McecneposaHA B3auMMOAeCTBUA MHTEHCUBHOINO OMNTUYECKOro us-
NyyeHUs, HanpuMmep M3Ny4YeHUsS UMMY/bCHbIX nasepos sugnmoro n MNK-
Ovana3oHa, c KonebaTefbHO-BpallaTe/lbHbIMW MepexojaMn MOJeKyn B
OCHOBHOM 3/1IeKTPOHHOM COCTOSIHUM aKTyasbHbl A8 MOHUMaHUSA MpPUpo-
Obl B3aMMOJEeNCTBUA CBeTa CO C/MOXKHbIMA KBAHTOBbIMWU CUCTEMaMWU.
BonbLion mHTepec npepcTasBnsieT CAEKTPOCKOMMYECKUIA acnekT 3aja-
UM O B3aMMOJeliCTBUU MOJIeKy/l Mexay coboil B CBeTOBOM Mose [o-
CTaTOYHO CU/IbHOM, YTOObI MOBAMATbL Ha MPOLECC B3aMMOAENCTBUSA.

B paboTe paccMOTpeHbl pe3ynbTaTbl TeOpeTUUYECKUX U 3Kcne-
PUMEeHTa/IbHbIX MCCMef0BaHUM KOHTYPOB CMeKTpa/bHbIX [MHUA MOrno-
LEeHNS1 ra3soB B YCNOBUAX CTONIKHOBUTENbHOIO YLIMPEHUA B CUJbHbIX
CBETOBbIX MOAAX. M3yyanucb fABe CUTyalMW: clydaii pe3oHaHCHOro
B3aMMOJENCTBMA CBeTa C OfHOM M3 KOMMOHEeHT MOJIEKY/NSAPHOro rasa
(HeNMHeMHan CNeKTPOCKOMNUSA LEeHTPanbHOM 4YacTU KOHTypa NUHUKN) W
OPYro npefenbHbIi cny4va - Hepe3oHaHCHOe BO3AeWCTBUE UHTEH-
CUBHOIO M3NyYeHUs Ha fanekoe Kpblio CheKTpanbHOW NNHUN.

Ans nposBefeHUsA 3KCNEPUMEHTa/bHbIX uccnefoBaHuUm B WHCTU-
TyTe onTukm atmocdepbl (I AH CCCP cos3faH KOMMEKC OMNTUKO-aKy-
CTUYECKMX CMEKTPOMETPOB C MOHOUMIMY/IbCHLIMA Y3KOMOMOCHbIMU Na-
3epamn Ha pybuHe (ANMHa BONHbI M3nydyeHus J1 =0,69 MKM), cTekne
¢ Heogumom (J1 =1,06 mMkm) m C02 ( /1 «10,6 mkm) [i]. Ha pas-

pa6oTaHHOl annapaType BbIMONHEHbl M3MEPEHUS 3aBUCUMOCTU KO34—
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dunueHTa MNOrnoweHns Ha KonebaTenbHO-BpaLLaTeNbHbIX Mepexofax
B H2P k QC2 OT WMHTEHCUBHOCTU (3HEPTUWN), AMHbI BOMHLI U MONASAPU-
3aLUMM NasepHOro W3Ny4YeHUs.

B ONTMKO-aKyCTUUECKO CMeKTPOCKOMUUN WU3MEPSIEMOV Bennymn-
HOW, XapaKTepusylowei HeNMHEeMHOCTb MornowaTtenbHOW CNOCO6HO-

CTun cpedbl ABNndAeTcA J

B F5n _gRCoDloneife o

Y 1codt

COOTBETCTBYlOLLAA OTHOLUEHWIO MOF/IOWEHHON rasoM 3Heprun nasepHo-
ro vmnynbca K ero 3aHeprum Ha Bxopge B sdeliky OAC. 3gecb J1 -
ONVHa BOMHbI MU3Ay4YeHUs, 3 i' 3aBUCALLMIA OT MHTEHCUBHOCTU KO3(-

duumeHT nornouwieHuns, T - BpemMs BO34eCTBMA CBETOBOro uMMNynbca
Ha cpeay. Kak nokasaHo B [4], nosegeHue A (J1,X) npn BO3pacTa-
HAN WHTEHCUBHOCTU W3NYyYeHUS KOppenupyeT € MOBeAEeHWEM WCTUH-

HOro KoathdumumeHta nornoweHuna "3eO, | }.

M3mepeHns 3aBUCUMOCTU 3HEpPruun, rMoraoweHHON Ha Koneba-
TenbHO-BpalwiaTeNnbHOM nepexoge Monekynbl H\D (/1 =694,38 HMm),
VIMEIOLLWIA MOCTOSIHHbIA  AUNONbHLIA MoMeHT d =1,94 CG SE , oT non-
HOM 3Heprun wmmnynbca 6bUIM BbIMNOAHEHbI C MOHOWMMYAbLCHbLIM, Mepe-
cTpamBaemMbiM MO A/IMHE BONHbI PYOGUHOBBLIM Nasepom. B akcnepumeH-
Te perncTpumpoBanocb yMeHblLUeHVE MnapameTpa B LEeHTpe uccnegyemon
NMHUM N MONHOE OTCYTCTBME YLUMPEHUS KOHTypa pacnpegeneHus
A(a,i ) C pocToMm | . Pe3ynbTaTbl 3KCMEPMMEHTOB WANKOCTPUPY-
toTca puc. |. WNsmepeHuns pacnpegeneHnsa A(-A.T) ans WHTEHCUBHO-
ro n3NyyeHUs KPYrosoW NONApmsauum MNoKasbiBalOT He3aBUCUMOCTb
ACl) npu mnameHeHun I B Tex >e npegenax (ot 5 pgo 35

n
M3T/cm*). OueHKa UHTEHCUBHOCTU HacbiweHns (NpoBegeHHas Ans
mMHUM 694,38 HM npu pgasneHun Bo3ayxa 300 Topp) fAana 3HayeHume

X N I0OMBT/cM”, T.e. BeNMUYMHY, HaxOAsLLyKCA B cOrnacum c akK-
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iA"1).oTH.eqn.
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Lr~ 4
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h (A
cpo 3r U-I-bmél
C.C5 0.10 0.15 0.20 n>A
I A(l),oTH.eq. 6)

3aBMCUMOCTb MNOrNOLWEeHHOW Ha nepexoge 4_2~5_7
nonocebl 000-KO 3 HgO aHeprm OT MHTEHCUBHOCTUN

n3nyyeHna nasepa Ha pybuHe npm 1 =5 1l.lbT/cv”
(n), I = 35MBT/cM* (0 ):

a) - wnsnydyeHue no-
NApuM3oBaHO NUHelHO, 6) -

no Kpyry.
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cnepKMeHTOM (4Na cay4das M3NyvYeHUS MNONASPU30OBAHHOINO MO KPYry)
M Ha fABa MOpsAKa MNPeBbiLAoLY0 3KCMepUMeHTanlbHOe 3Ha4deHue
(BnA m3nyyveHUs NUHEWHOW nonspwusayunn).

Mpu wnccnegoBaHMM MNOFOWEHUSA HEMONSAPU3OBAHHOIO M3NyvYeHus
MOHOMMMNY/NbLCHOrO (X”™-nasepa C AAMHOW BONHbI 10,6 MKM B rase He-
ONNONbHBLIX Monekyn 00£ SK(I)-)I:IepI/IMEHTaI'IbHO M3MEPEeHHbIVi Nopor Ha-
cbilweHna X ro 0,1 MBT/cM” coBnajaeT C pacyeTHbIM.

COBOKYMHOCTb OMWUCAHHbIX Bblille 3KCMEepPUMEHTaNbHbIX pe3ynbTa-
TOB MOXeT ObITb OObsACHEHa ecnn NpPeanoXXuTb, YTO MNPUYMHON U3Me-
HeHUA BOPMbl KOHTYpa AVHUW MOrNOWEHNA AUMNONbHbLIX MOJIEKYN B
CUNBHOM Mofie NNHeHOW nonsapusauun SBNSAETCA He TONbKO CNeKTpo-
ckonmnyeckuii adhheKT HacbIWEHNSA, HO W AelCTBME MOAsA Ha npoleccol
OPNEHTMPOBaAHUA MOJEKYN, CneacTBMEM Yero fABASeTcsS WU3MeHeHue
BE/IMUMHBbI CEYEHUS YLUIMPSIOWMX /IMHWIO MOFNOWEHNSA CTONKHOBEHUNW 1
BE/IMYNHDbI, MOrNOWAaeMoONn eaVHNYHLIM OOBEMOM cpefbl 3HEPTrUuwn.

BO3MO>XHOCTb TakKOro OpPMEHTUPOBaHMA MokKa3aHa B paboTax
[2,3}. Gho MOXeT MpMBECTU K WU3MEHEHUIO MOTEHLUMana MeXMOoneKy-
NAPHOro B3aMMOAeNCTBUA, BpalwaTenbHOW 3Heprum wn pacnpegene-
HWA MOMeKyn Mo BpalwlaTeNbHbIM MOAYPOBHAM HUXHeEro kKonebaTenbHO-
ro COCTOAHUA, W KaK CNeAcTBUIO, HabnogaeMomy B 3IKCMNEepUMEHTe
YMEHbLUEHVIO MOrAoweHnsa 6e3 M3MeHeHUs CUPUHbI KOHTYpa NUHN;.

K kKaTeropuu cnekTpanbHOro MNPOSABNEHUSA BAUSAHUA MNONA WH-
TEHCUBHOIO /a3epHOro W3Ny4YeHUSs MOXHO OTHECTU pe3ynbTaTbl MO
HabnogeHno "NpocBeTNeHNA" [anekoro Kpblia CNekTpanbHOW nene-
cbl 010 KN0 nop perictBnem msnydeHms ODg nasepa C A/IMHOW BON-
Hbl 10,6 mMkm (puc. 2). Habniogaemoe 3KCNepuMeHTanlbHO rMoBeje-
Hue KoadpmumeHTa nornoweHus napos M X B Kpbiie NMHUM He MOXXET
6bITb 06BbACHEHO 3(hPeKTOM HacbILWEeHUsA, T.K. 3Ha4YeHUA CMeLleHUS

na3epH0|‘/’| 4acToTbl OT UEHTpa AMHUWM nornoweHus [uo oTeNnb Be-
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MUKW, 4YTO napamMeTp HacbileHUss X s WMeeT Be/IMUMHY, Bbllle MOpPO-
ra onTMyeckoro npo6osi Bo3gyxa.

Pusmnyeckoe 06bACHEHME Habnwgaemoro addgekTa faértca Teopu-
eli KpblNbeB CreKTpanbHbIX AVHWIKA B CUIBHOM CBeTOBOM rmone [4].
Mpy aHanuse pesynbTaTOB JIMHEMHbIX W3MEPeHWU MO MOr/OLWEHNIO B
Kpbine [5] ycTaHOBNEHO, 4YTO KNacCMYeCKM NOoTeHuman Me«MOneky-
napHoro B3ammopgeincTema V(R) onpegensieT Bce CTOPOHbI MOBefeHUS
"3f , Takue KaK CrekTpaibHas 1 TemrepaTypHas 3aBUCUMOCTW.

B [43 nokasaHO, 4TO NpPW HanU4YUM CUNLHOTO NoNA

Voo - -&= 3,
o* K-.4/5
N S, [/
- ,2/bA/Db
1CJ-t0.1 oT
a
B (2): | - WHTEHCUBHOCTb WM3/lYYEHUS; CO:- YacToTa LeHTpa MHUN
« 2
MornoWweHns, a co - NHUM usnydeHus; |W. | - kBagpaT MaTpUUHO-

d
ro afemMeHTa AMUMOMILHOIO MOMEHTA; TF - CPeAHSA CKOPOCTb MOJIEKY-
nbl; VOCR)- Knaccu4ecknii NoTeHLMan MeXMONeKYNSApHOro B3avmchei-
a/a
cTBMA B OoTcyTcTBUM nons, R.=C/lco - co. | , nun - nape-

1 n
MeTpbl, onpegensdemMble N3 annpokcMMmaunm 3KCnepuMeHTallbHbIX KpU-

BbIX.
UncneHHble oueHKM (2) pana Kpblna nonocbl 010 HNO v annHBbI

n 7 12
BO/IHbI 10,6 MKM patoT 3HadveHwue tr 'v 10 Bt CM , T.e. yAoB-

NeTBOPUTENLHO COrNacylTCA CO 3HaYeHMEM W: , onpejensieMbiM W3
4
[aHHbIX Ha puc. 2.
Takum 06pasomM, OCOBGEHHOCTW MOIMOLWEHUA W3NYyYEeHUs BAann
OT LEeHTPOB /MHUIA MO3BONAIOT CUMTaATb CMEKTPOCKOMNMYECKne uMe-

PEHUS B KPbIIbSAX JIMHUA OAHWM W3 HCBbIX METOLOB CMEKTPOCKoMuu

MEXXMOEKYNAPHbIX B3anMOAenCcTBUA.
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PRO33-BEAK DEFOCUSING AT THE BAUD EDGE 0? CDS”SS”™ AT
HOOK TEMPERATURE

Ve present a room temperature measurement of the dispersive
change [An at the band edge of CdS,Se”._x mined crystal(x=.65)
induced by a two-photon interband excitation of the sample.
To do this we have measured in a pump-and-probe experiment
(see Fig.l) (i) the external defocusing of a probe bean trans-
mitted at a fixed wavelength at the band edge (Pip.2) to ob-
tain An, (ii) the spectral change of probe-bea- mransnitti-
vity (Fig.Ja,b) to calculate Atl , as well as by the method of
light-induced gratings/1,4/(iii) the spectral dependence of
the first-order probe-beam diffraction (Fig.Jc), and (iv) the
pump-bean self-diffraction (Fig.~O to determine the free-car-
rier concentration K and by an independent way An.

To create a transient grating the | n-pump beam was split
into two parts of same intensity 1 /2 intersecting in the
sample by an angle of 3° (grating period A =cC nia).

Results

1. Defocusing (Fig.2)
The observed nucp-laser-induced broadening of the orobe-bean
Gaussian profile at the e_l-level is about a factor of 1.35»
TO(r)=1To(r)/1”~r and T1(r)-1711(r)A pr can be fitted very well
down to the e~ -level by pure Gaussian curves. An increase of
the rrobe-bear, transmission at | __= 8ITicc‘9’ - not shown in

ex
Fig.2 - is found to be a factor of 1.3 with respect to the

Fig.1l. Set-up for the measurement of probe-beam defocusing
(fi filter, phd photodiode, sf spatial filter)
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fig.2. Spatial profiles
"dashed lines) of probe-
bean transnission ? and
Ty measured at 6C0 cm be-
bind the sample without
‘o) and with additional
12-excitation of SKWecrTi
in comparison with fitted

H:I
cos gt o tool &

Saussian curves(full li-
nes).The curves are normalized with respect to | and r0(0).

?ig.3. Spectral dependence of the probe-bean transmission at
the band edge of CdS.Sel_y .a] without and (" with. I~-irrita-
tion of I"-BKWcnl2. (c) First-order probe-bean diffraction
efficiencymeasured by the nethod of light-induced ma-
tings (-/1= 40 pm)

Fig.4. First-order self-diffraction efficiency ~ N oof two
IR-pump beans in dependence on their intensity 1°/2
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2. Spectral Dependence of Probe-Beam Transmission (Fig.3)
An excitation-induced shift of the band edge to higher photon

energies - firstly found in /2/ - is observed corresponding
to a decrease of the absorption coefficient at a fixed wave-
lenght.

3. First-Order Probe-TfBeam D iffraction Efficiency Tj,(>)(Fig. 3)
"i"lI“was measured by the method of light-induced gratings and
reaches a maximum of 5# at 650nm indicating the IR-light indu-
ced change of the complex refractive index at the band edge.

4. First-Order Self-Diffraction Intensity I of the Two

IR-Pump Beams with 1 /2 (Fig.4)
‘The slope of the 47-17/2 characteristic confirms the two-
photon excitation process (slope = 4.2).

Discussion
1. Estimation of the Laser-Induced Change of the Refractive
Index at the Band Edge from Defocusing

The lateral dependence of the light-induced change created by
the single-mode Rd-glass laser is expressed as

An(r) * Anmexp (-~T*-/cC£) (1)
(,El,nw maximum 1 .i. chapyge occuring in the beam center, d&xe
pump-diameter at the e“ -level, r distance from optical axis)
The excited medium acts like a negative lense for the probe
beam. Therefore, the phase shift of the probe beam transmitted
can be written using (1):

tit, - eip[i&nd}exp[i-fffdAnmexp(-irxjJil (2
tpi z>explij- (Nn+An)d]'OC AN mkTrcdeLf.
The approximation s valid for paraxial rays near the optical
axis in the case dpr= 0.5dex (d probe-beam diameter, d thick-
ness of the sample, Apr probe-beam wavelenght). A comparisor

of (2) with the formula of a symmetrical,shperical lense
leads to the focal length of the excited lenselike sample to

S,/3/ G5)
On the other hand the focal length of the lenselike me-
dium can be evaluated from the change of the parameters of the

probe beam transmitted (see Fig.5)
= dprU/la. , )

where ot is the pump-induced increase of the divergence angle.
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J'ith 06=0.16/600=2.67xkK0"4, d =
=1nm, d=0.9mm and n=2.5 we obtain
an dispersive change

Anm—1.1x10_* at %plr=653nwu

and at IeX:BthnTZ..

From geometrical considerations
(aberrationless approximation) the
expansion factor F(z) of the probe
beam at the e -level (measured to
be 1.35 at z=600mm, Il cT ) can
be expressed for d«z in the form

P(r)*1 + 1Antoirn/ci”®
2. The Absorptive Change AX at the Band Edge
From Fig. 3a,b we obtain for [A<f£ at the band edge (653nm) for

IeX: SMAI*2 '

Fig.5* (see text)

i . - /. 7]
406 = —T/n =-2.6x10"~ um"
a To
3. Comparison with the An Value Obtained from Self-D iff-

raction of Pump-Beams
Tailing into account the spatial intensity modulation in the

sample, J (r)=1U0 +1, COS (21r7/n) } (6)
generated by the two'IR-ﬁump beams of 164(2 and assuming a
=1.06 pm we get for the peak-to-

at |ex/2-4MVicm 2 and jE«4.5# (Fig.4). Uian the non-equi-

librium free-carrier concentration is calculated to be /5/
NO= 5x1016cm-~5.

Taking into account all interband transitions /6/ the disper-

sive change at the band edge An6”jnm can be calculated from

the value of An,] 0" T to be

Ang”5nm = —3.8x10 at lex/2 = 4AVW\mM

For the comparison with AnT obtained in the pump-and-probe
experiment the values of An*-,T and Ne must be reduced by
a factor of four because (i) Ai”~results from intensity ma-
xima of 2lex (see(6)) and (ii) An increases with the square
of the excitation intensity lex(see Fig.4 and (7)). There-
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fore it is
Nn653nmw=? J1#n653nTt * -'1x10° 4 at Tex= 8lUcT~2.
in good agreement with the result of the defocusing experi-
ment. The resulting medium free-carrier cacentration genera-
ted in the pump-and-probe experiment at 1= 8LIOmM2 is
Re “ Ne* /4 * 1*25x1016 cm-5.

4. Probe-Beam D iffraction Measurement
It confirms the increase of |On] and |&Cl at the band edge with
increasing photon energies. Hie decrease of first-order diff-
raction efficiency for X <65Qm is due to the appearance of
hitler diffraction orders and not a hint for a saturation of
An and JoC . No quantitative estimation of An is given from

X ) because the absolute value of A) depends on the
ratio of laser pulse duration and relaxation time of the ex-
cited species, too.

CONCLUSIONS

Already at low free-carrier concentration of N = 1.3x10"ﬁcm*§
a dispersive change of ﬁn: —1x10—ZI is induced®at the band
edge of CdSSe at room temperature.

The dispersive change - An at the band edge measured by defo-
cusing and confirmed by self-diffraction measurement is about
four times higher then the corresponding absorptive change
-0o6. (k4nur -10“Am-41 ,AcC - -2.6x10-Zjim-1)

At higher excitation intensities the higher transmission sig-
nal which is expected due to absorption bleaching will be Ii-
mited by the defocusing effect.

The observed defocusing effect could be used to realize opti-
cal limiting devices for the probe beam or for the pump beam
itself.
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EXCITATION SPECTROSCOPY OP CdSe CRYSTALS: HOT
ELECTRONS AND PHONONS

Experimental investigation of the luminescence band of
non-equilibrium electron-hole plasma (EHP) has led to the ap-
pearance of a few alternative models describing new processes
arising in highly excited semiconductors: heating of non-equi-
librium carriers (NEC/, excitation of phonon and plasmon sub-
systems, degeneration of EHP, superluminescenee, many-body in-
teraction, breakdown of the k-selection rule for interband
transitions. At the same time, an application of a tunable la-
ser with the quantum energy hVQi Eg (Eg is the bandgap)for
the excitation of semiconductors enables distinguishing the
contributions of at least two groups of factors which inhomo-
geniously broaden the EHP band:

1/ effects associated with the growth of NEC concentra-
tion are revealed by means of increasing the "cold" excita-
tion (hVQ= Eg) level;

ii/ energetic effects are detected by means of variation
of the excess energy hV0—Eg at the constant generation rate
of NEC.

The aim of the present work was to distinguish the ener-
getic factors (quasipartide heating ) of the broadening of
the EHP emission band in a polar crystal of CdSe and to

achieve a quantative agreement of the expirimental data with
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the results of a theoretic analysis of the energy transfer
processes in a highly excited semiconductor.

Experimental. The room-temperature (T = 295 K) lumines-
cence of the CdSe single crystals excited by the nanosecond
tunable dye laser pulses (hvQ= 1.75 * 2.15 eV) was investi-
gated. Pig. 1 presents the luminescence spectra (with appara-
tus spectral throughput taken into account) at hvV0= 2.15 eV
and for different excitation levels |. The typical features
of the spectra are the exponential wings on high and low energy
(HE and LE) sides in respect to the maximum. Increased excita-
tion desceases the slopes of the both wings. In case of the
"cold" excitation (hV0= 1.75 eV) the shape of the lumines-
cence band is independent of the excitation level (fig. 2a, b)
and the HE wing corresponds to the theoretical lineshape with
the electron temperature Tg = T and with the k-selection rule
conserved (fig. 2c).

While the HE side of the EHP band reflects the effective
temperature of NEC HI , the shape of the LE wing can be used
for the determination of LO phonon "temperature" (occupation
number) [2] . Pig. 3 presents the experimental dependence of
Te and TLO on the excitation quantum energy for | = 6*10X*
cm_2 s_l. A question arises: is the such deviation of NEC and
LO phonons from thermodynamic equilibrium consistent with the
power conditions in the investigated crystal?

Theory. The estimations have shown that the NEC heating
takes place only in the layer penetrated with the exciting
light [3] and the power supplied is insufficient to heat up
LO phonons in the whole Brillouin zone. Thatswhy, the theore-

tical model of the energy transfer was based on the assumption
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Pig. 1. Luminescence spectra of a CdSe single crystal
under "hot" excitation with different pump in-
tensities: a - X - 1 « 6>102i*cm-2 s_1, b -

1 -0.241,c-1-0.031.
) o
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Pig. 2. Linninescence spectra of a CdSe single crystal
under "cold" excitation» a - I « | ,b-
I « 0.03 1Q. Theoretical lineshapess c¢ - with
k-selection rule conserved, d - with k-selec-

tion rule broken.
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Pig. 3. Experimental dependence of electron and LO pho-
non temperature on the exciting quantum energy

for peak excitation level.
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that LO phonons do not interact within their branch. The spec-
trum of the non-equilibrium LO phonons was calculated from

the energy balance equation for each mode:

oo
47tq2 (Nq - o)
-------------- 22{\p*(q,E) - Ip"(q,E)}gi(E,TjF(E.TjdE ./1/
@n)H3T" 1
Eig®bULO Eiq

The normalization was carried out by solving the integrated

energy balance equation:

max
4TCg2 (ng - )
————————————— dq S2/
m3T"
Here is the coefficient of absorbtion, q is the wavenumber
of phonon, Ng - [exp (A( - 1] _1 is the modal oc-

cupation number, Tq is the modal temperature of LO phonons,
N is the equilibrium occupation number (when Tq =T) ,
and ii bl LO are the non-equilibrium occupation relaxation time
and the energy of an LO phonon, respectively, Eiq is the mini-
mal energy of a carrier which is necessary for a phonon g ab-
sorbtion, p* ~q.E) is the probability of a phonon q emis-
sion (absorbtion) by a carrier with screening effect taken in-
to account, g~(E,Te) and f~E,~) are the density of states
and the distribution function of NEC, respectively, i denotes
the type of a carrier (electron or hole)

The iterational solution of eq./1/ and /2/ for Te =450 K,
I » 6-1024 cm-2 s-1 and hVO- 2.15 eV yielded a non-equilibri-
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Pig. 4. The calculated spectrum of non-equilibrium LO
phonons for 1 = 1Q, Te = 450 K and f*» 1.1 ps.
An arrow in the insert indicates the first-order

Raman-active mode in backscattering geometry.
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um phonon spectrum which is shown in fig. 4. The value of the
NEC concentration of 3.8—101E cm_3 was simultaneously obtained.

Discussion. As one can see in fig. 4, the non-equilibri-
um LO phonons are concentrated within the narrow interval in
the centre of the Brillouin zone =6-10" cm-1). The cal-
culated peak modal temperature equils 415 K at q =2-10" cm-1
what is in good agreement with the measured quantity TNq =
m 400 K (Tig. 1a). Hence, the experimentaly observed broaden-
ing of the LE wing reveals the amplification of a certain col-
lection of LO vibrations in a highly excited crystal, and the
measured value TLO should be refered to as the maximal modal
temperature. It should be noted, that the modal heating of LO
phonons observed here in the luminescence spectra of EHP can-
not be detected by means of the first-order Raman scattering
of light, as the Raman-active modes of LO phonons are not am-
plified ¢ee insert in fig. 4).

In conclusion, an application of the excitation spectros-
copy technique enablee simultaneous obtaining of the data on
the NEC heating and on the deviation of LO phonons from the
equilibrium. This data agree in frames of a single model of

the energy transfer in a highly excited polar semiconductor.
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SPECTROSCOPIC STUDIES OP THE ANISOTROPY OP
NONLINEAR SUSCEPTIBILITY OF CdS SSMICONDUC-*
TOR IN TEE NEAR-EDGE ABSORPTION REGION

A.A. 30RSHCH, VAN. EEHIOSHKO

Institute of Physics Academy of Sciences
of the UKESR,Kiev,USSR.

High values of nonlinear susceptibilities have been re-"
ported for vapours of metals [ 1] and narrow-gap semiconduc-
tors £ 2] in the vicinity of optical resonances. This justi-
fies the studies of near-resonance optical nonlinearities in
other media to search for the highest absolute values of non-
linearity and its anisotropy.

In the present work the measurements were performed of
the nonlinear refraction and its anisotropy in the near-edge
absorption region of the v.ide-gap semiconductor CdS. While mea-
suring nonlinearities of the refractive index in the vicinity
of optical resonances one must take the dissipation of energy
into account.V/ith this in mind, ,we are developed the experimen-
tal technique to measure refractive index nonlinearities in the
dissipative media v.ith appreciable linear one-photon absorption

region. The nonlinear coefficient n™ was determined by studying
the self-action of laser beams in nonlinear medium £ 3J at fi-

xed frequency of the second garmonic of neodimium laser. The
frequency dependence of n” in the near-edge region of CdS
crystals was obtained by using the temperature dependence of
the forbidden gap on the range from 3CHK to 4WOK. In the same
range both linear absorption and its anisotropy ( SAC. ; Slic)
were measured at laser frequency.

The results are summarised in table 1. The values of

n® were obtained from the measurements of the- input and aut-
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put diameter of laser beam passing tbrouh the sample of about
'Imm thiclmess. The corresponding components of the nonli-
near susceptibility i"" as calculated from the measured va-

lues of n2 are also presented.
The frequency dependence of the obtained diogonal com-

ponerrts of _[1 tensor is shown in Pig. /l-.

Fig. 1. Frequency
dependence of the
diogonal components
of the nonlinear
susceptibiliti
tensor at the ab-
sorption edge of

the CdS crystal.

When approaching intrinsic absorption edge both resonat
growth of nonlinear susceptibilities and their ratter high
anisotropy are observed. The anisotropy for CdS crystals of
6mm symmetry is determined by the ratio of the diagonal com-
ft) yr¢=>
/ A i4J. The f d d f thi
ponentSyjl‘erz o i e frequency dependence o is

anisotropy in the near-edge region of 0SS is presented In
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Fig. 2 (curve 1) together -Kith the seme dependence of linear
absolution ( jJSAC ; £H C) as obtained from the measurements
at variable temperatures (curva 2). Curve 3 represents the ani-
sotropy of the contribution from interband transitions which,
is exclusively due to frequency detuning in (1) resulting

from the difference of interband transition frequencies in

different polarizations.

Fig. 2. Frequency
dependence of ani-
sotropy of the ten-
sor (curve 1),li-
near absorption
anisotropy (curve2)
and interband
transition aniso-

tropy (curve 3).

Let us discuss possible reasons for the anisotropy”™”
in the neer-ecge absorption region of the »ide-gap semicon-
ductor CdS. It is knots /"5,6 7 that main nonlinearity Mecha-
nic responsible for negative charge of refractive index is

the contribution fro* nonecuilbriua free carriers. In the
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near-edge absorption region this contribution are mainly de-
termined by the interband transitions. In this frequency re-
gion of CdS the interband transitions of carriers are mainly
determined by the linear absorption and the contribution of
noneqgailibrium free carriers to the refraction nonlinearity
is described by third-order nonlinear susceptibility tensor
yve/__ rrcel/P,,m/Nu. #
"Ttim*rtows,mn AT-um) * ii)
where od is linear absorption coefficient!

_.Equation (1 j implies that anisotpopy of the nonlinear
susceptibility”™ "is related both to linear absortion ani-
sotropy and the anisotropy of the contribution- of the inter-
band transitions of carriers. In Fig. 2 the experimentally
measured anisotropy of X IDIin the near-edge region is shown .
(circle) together with the contribution of the linear absorp-
tion anisotropy (curve 2) and interband transition anisotro-
py (curve 3)t \e came to the conclusion that both factors
are responsible for the abnormally high anisotropy of }{O)
within the near-edge region, but the decisive contribution
comes from the linear absorption anisotropy which determines
its spectral denendence in the range in question.

Therefore, from the analysis of the above data the con-
clHsion can be made* that nonlinearity which is responsible
for the self-defocusing of laser emission in this frequency
region, 1is due to the contrbution of the interband transi-
tions noneqnilibrium free carriers, whereas the anisotropy
of this nonlinearity is due to the anisotropy of both linear
absorption and contribution of the interband transitiohs.

In conclusion, the abnormally high anisotropy of the
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nonlinear susceptibility J* , which has been observed in

the near-edge region, was emploied for the recording of vec-

tor holograms resulting in the effect of phase conjugation.
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EOKLXKEAR EFFECTS AT HITERACTIOK BETWEEN PICOSECOND LASEH
PULSES AKE A2B6 CRYSTALS

V.P.Gribkovskil, V.A.Zyul"kov, L.H.Tvoronovich

Institute of Physics, BSSR Acadengr of Sciences, Uinsk,220602
USSR

In non-centrosymaetrical crystals second harmonic genera-
tion (SHG) may be observed even in the absence of phase synch-
ronism directions defined by the law of conservation of pulse
during nonlinear transformation (K2U» 2KW). Radiation at twi-
ce the laser frequency is generated in near-surface layers of
wavelength thickness and the bulk of the crystal does not sig-
nificantly contribute to the signal [1,2]. Because of the low
transformation efficiency, SHG in cubic semiconduc{%rs is not
significant. However, ite investigation is of some interest in
view of studying physical properties of crystals, since SHG may
occur simultaneously with such phenomena as two-photon absorpt-
ion, Raman scattering. The second harmonic may serve as a test
wave for probing these effects.

The authors of the present paper have observed for the
first time multicomponent scattering at twioe the laser frequen-
cy at excitation of ZnSe monocrystals by a single picosecond
pulse of a soda-lime Nd-laser ([ « 1.06 fxm) .

At a pump intensity Iwo~8 GW/cm2 the emission spectrum
obtained by superimposing thirty laser shots consists of a line
at the frequency corresponding to 2 || and two shifted bands»
Stokes and anti-Stokes bands, the latter much more intense than
the Stokes component (Pig.1(1)). With increasing pump power the
number of shifted bands increases (Pig.1l). The spectrum stret-

ches out toward both lower and higher frequencies. The Inten-
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sities of the Stokes and anti-Stokes components become more
nearly equal, the anti-Stokes components are more intense in
the odd-numbered bands, while the Stokes components are more
intense in the even-numbered bands. The spectral interval bet-
ween the bands maxima is ~ 60 cm-1. The band intensity nonmo-
notonically decreases with increasing band index: |I_(7)>1",
la(5)>1a(6), Ic(2)> and so on (Pig.1(3.4)) = The shape
of the spectrum depends on the angle of the beam incidence on
the crystal, the recording geometry remaining unchanged. Pig.2
shows spectra at an angle of ~ 10°(1) and normal incidence (2).
Along with the discrete lines, there is a broad structureless
band with a maximum at @ mBT 2ulj (Pig-2(3)). It is not
superimposed on the structural spectrum, but is spatially se-
parated from it at the slit level. The scattered light frequen-
cy depends on the angle of scattering: the centre line of the
structural spectrum makes an angle of 3-4° with the centre li-
ne of the structureless spectrum which is parallel to the
spectrum of iron used for calibration. At | = 28 Iwe up to
nine Stokes and seven anti-Stokes components are recorded. At
a pump intensity ~ 8 GW/cm0 the farfield pattern at 10 cm
from the sample is composed of a pattern in the direction of
the exciting light and a background much larger in size than
the spot. At high powers a second spot appears * 1 cm from the
first one (angular distance of <« 5°).

The appearance of multicomponent radiation in a semicon-
ductor in the region of doubled frequency at intense pump by
single picosecond pulses may be explained as follows. Under
the action of external laser radiation with frequency Uj in

the near-surface layer of a ZnSe monocrystal a second harmonic
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J1 [

Pig.1. Photomicrographs of the nonlinear scattering spectra
in ZnSe. lu = 8(1), 45(2), 90(3), 220(4) GW/cm2.

URm 2 U is generated. Then a four-photon process takes place.
The crystal goes to the excited state at the virtual level
with energy A/mr +Ulj). When it returns to the original state

light quanta are emitted with frequencies Id,l,"= id, -&AU),
Mia =W +L 1 WS -lwz~yAw! dra - @+ ~4W ,
where ~ B 0,1,2,3 is the index of Stokes (S) and anti-Stokes
(@) scattering components of frequencies ( and J2 » Al

is the interval between the components. It is known from the
theory of four-photon processes [3] that the intensity of an-
ti-Stokes components may be higher than that of the Stokes

components. This agrees with the results of our experiments.
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Fig.2. Nonlinear scattering spectra at an angle of inci-
dence on to the sample ~10°(1), 0°(2).

With integrated frequency uj+ ldivision into scattering

components the laws of conservation of energy and pulse are

satisfied: A |

Ul + w2 = BPlace + NiS(@)

- - -» -(<*)

Ki + Kr - I+ K2siQ,
If the sample is excited at an angle * 40° the frequency
variations are multiple to ~ 60 cm-1. In the scattering spec-

trum, even finer structure may be detected which becomes pro-

nounced at ¥ - O.

In addition to the abovementioned four-photon processes,
quantum transitions involving polaritons may occur in the
crystal. In this case, external laser radiation generates a

second harmonic and polaritons with frequency UpS

i = g,dp + (Wi -ydp) =
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As a result of second-harmonic scattering by polaritons Stokes
_ 11 1L
and anti-Stokes components @ﬂS , appear .

Besides zinc selenide, we have investigated scattering in
zinc sulfide and cadmium sulfide. With all the intensities up
to damage threshold only a structureless band with a TaTimum in
the region of P2 has been observed (Fig-2(3)).

In conclusion note that a comprehensive study of multicom-
ponent scattering spectra, angular and intensity dependences of
individual components may provide new information about band
structure of semiconductors and their nonlinear optical proper-
ties.
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H.B.Kynewos, B.H.Boiikos, A.H.Kpacosckui
HAA MPr, r. MuHck, CCCP
TOHKOCTPYKTYPHAA CENEKTVIBHAA CrEKTPOCKOMAA VOHOB
n0? B 3AMOPOXEHHBX PACTBOPAX

CenekTuUBHOe nasepHoe BO3bOyXJeHMe MO3BONSAET Nofy4vyaTb Nu-
HeltuaTble cnekTpbl momuHecteHummn novos UOI* B 3amoposkeHHbIX
pacTBopax Npuv HU3KUX TemmepaTypax [I] .B HacToswen paboTe
3TMM MeTOAOM M3y4yeHO TemrnepaTypHOe YLUMPeHWe NNHUA B CcrekTpax
NIOMUHECLEHLMN CTEKN006pasHbIX pPacTBOPOB ypaHuncynbdara B cep-
HOW KucnoTe, ypaHundgocoata B GocdhapHOM KUCNOTe U ypaHUNHUTpa-
Ta B BOAEe W 3TaHO/le, a TakKxke BAMAHMWE rpouecca nepeHoca sHep-
rMn 3M1eKTPOHHOro BO3OYXJeHUSA Ha (hOpMUpPOBaHME YKasaHHbIX CHeKT-
pos.

Bo3byxxaeHne NIOMUHECLLeHLMN OCYLLEeCTBASANOCL U3NTyHYEeHNEM apro-
HOBOrO fla3epa W nepecTpamBaeMoro B paumanasoHe 470-520 Hm
CTPYMHOro nasepa Ha KpacuTene KymapwuH-102. AnnapatHas yHKuus
cnekTpomeTpa coctasnAna 0,3 cm"A. OnA 3anucyn NUHUK NOMUHECLLEH-
UMM B pPe3oHaHCHO o6nacTm 4acTOoT Mcnofab3oBancsa dochopockon c
BPEMEHHbLIM paspelueHmnem 10 c.

NazepHoe BO36YyX/JeHWe Mpu rennesbiX Temnepatypax B o6nactu
yacTtoT 0-0-nepexofa MNPMBOAUT K PE3KOMY CY>XXEHMIO MOMOC U MosBe-
HWIO NMHENYaTON CTPYKTYpPbl CMEKTPOB MOMUHeCLeHUUN MoHoB 1/CE
B MccnefoBaHHbIX pacTeopax (puc. |). lo aHanorum c KpucTannamm
YPaHUNOoBbIX COeAVHEHWN, Hapafy C Pe3oHaHCHOW NuHuer Hanbonee
VHTEHCMBHbLIMW B CreKTpe cBeyeHUs ﬂBnﬂrOTCﬂﬂgl/lHil/l rnepexogos Ha

)
MOAypOBHU BaneHTHbIX koneGaHuii mona  UOz . KonebaHus nuraH-
[OB M CBA3el ypaH-nuraHg nposiBAATCA 3HadnTenbHo cnabee. Lvipw-
Ha NMHUN 31eKTPOHHO-KONebaTeNbHOro rnepexoja 3aBUCUT OT Tuna

KonebaHnA, HoOMepa CMeKTpasbHOW Mnonocbl, TemnepaTypbl U cocTaBa



2BE

pacTBopa.

3a BENNYUHY MoayLumpu-
Hbl NMUHUM 0-0-nepexoga (S)
B cooTBeTcTtBUMKM Cc C21

' o

npuHata Z'2 namepeHHol no-
NyWUpuHbLL i O Ve , I3
KOTOPOW MUCK/IOYEHO BNSHUE
annapaTtHoO QyHKUMN npubo-
pa. 3aBucmmoctb S’ oT
TeMnepaTypbl B UHTepBane
4-80 K npu peructpaymu B
pe3oHaHCHO obnacTtun 4YacToT

-a 1] T
( ojjf. —Jpei.) npusegeHa
Ha puc. 2. KpuBble goctaTtou-

HO XOPOLUO anmnpoOKCUMUPYHOT-

cA CcTeneHHOWM 3aBUCUMOCTbIO umn 1/0r B cepHol kucnote ( T =
g~ TZ'ZD'Z ans Bcex 4,2 K): a) Y®-Bo36ykaeHUs; 6)>ft=
nccnefoBaHHbIX 06pasLoB. = 488 WM, C = 0,01 I1; B) bb =
MN3BecTHO, 4TO ANA WMOo- 488 HM, C = 0,2 bl

HoB P33 B cTeknax 33 wu

opraHM4Yecknx MOeKyn B CTeknoo6pasHbiXx maTpuuyax C4j 3aBucu-
MOCTb OAHOPOAHOW LWMPUHbI IMHUN OT TemnepaTypbl OMNWUCbIBaeTCA 3a-
KOHaMu, 6AM3KUMK K T P , B OTAnMYmMe OT KPUCTannos, B KOTO-
PbIX CY>X€HWe NUHUI C MNOHWXKeHMeM TemnepaTypbl (Npy T < 100 K)
npoucxoanT ropasgo 6bicTpee. B pab6ote LL5] npegnaraetcsa ob6bsc-
HeHVe TeMnepaTypHOro YLIWPEHUs B CTeKaax C WUCMONb30BaHWEM TU-
noTesbl O ABYXYPOBHEBbIX cucTemax [ 6 1. O6BACHEHWE BO3MOXHO
TakKe B pamMkax OO6bIYHOrO POMAaHOBCKOrO ABYX(POHOHHOrNo MexaHusma

ywmpeHumna NMHWNA, ecnn ydyecTb B3ammogencTeme NMPMMECHOro ueHTpa
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Puc. 2. 3aBucmmocTb OT TeM- Puc. 3. dnyopecueHT-
nepatypsl S' (I 1 2) u (i'n Han nuHMs 0-0-nepexopa
2) B cepHoii kucnote (I n i) ns VDf B CEpHOI KucnoTe.

cnupte (2 u 2).

C /IOKaNM30BaHHbIMU HU3KOYACTOTHbIMM Mogamu [7] . Bonpoc o cy-
LeCTBOBAHNUM TaKUX KofebaTeNbHbIX COCTOSIHWIA B CTeKnax He BMOJHe
SICeH.

B HacTosiwel paboTe ANsA BceX WUCCAefOBaHHbIX 06BbEKTOB O6Ha-
py>XeHo, uTo npu T < 10 K B cnekTpax CefeKTUBHO BO36Y>KJaeMoii
NWUHeCLEHLUN pagoM ¢ nuHuer 0-0-nepexoja Kak ¢ ATMHHOBOJHO-
BOli, TakK U C KOPOTKOBOJIHOBOW CTOPOH OTYETINBO MPOSABAAIOTCA

"KpbINbA" MNPOATXKeHHOCTbIO 3-4 cm_I (puc. 3). Wx cdopma cxogHa
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ONA pasNyHbIX YacToT 0-0-nepexopa. C nosbllleHMeM TemmnepaTypbl
6eChOHOHHOW -TIMam OHW CAMBAKOTCA € HEM M CTAaHOBATCA MNpakTude-
CKU HeoTAenumMbIMW. [Mo-BUgMMOMY, "Kpblba" COOTBETCTBYKOT ONTUYe-
CKMM nepexojam C yyacTUEeM HM3KOYacCTOTHbIX KonebaTenbHbIX COCTOSA-
HUA MaTpuubl: C AJMHHOBOJIHOBOW CTOPOHbI OT VO - nepexojam
¢ poxgeHnem (QOHOHOB, & C KOPOTKOBO/IHOBOW - C WX WUCHE3HOBEHUWEM.
3TUM onpepenseTcs, BEPOATHO, YyBeMYeHUE acMMMETPUWN KPbIIbEB
OTHOCUTENbHO 4acToTbl 0-0-mepexofa Npu MNOHWKEHUUM TemnepaTypbl,
TaK KakK (JOHOHbl C 6ONbLUMMW YacToTaMW [O/MKHbI "BbIMOpaXmBaTbcsa'.
Takmm 06pa3oM, OO6bIYHbIA paMaHOBCKMIA MeXaHU3M YLIMPeHus nyopec-
LeHTHbIX JIMHUIA JaHHbIX CTEeKN006pasHbiX OGHLEKTOB MpeAcTaBnseTcs
BMOJIHE MPUEMIEMbIM.
Ha puc. 2 npuBegeHbl Tak)e TemnepaTypHble 3aBUCMMOCTU LLUMPK-
Hbl IMHNIA, COOTBETCTBYIOLWMNX MepexojaM Ha MoAypoBHU KonebaHW
VIIVOD. WyvpnHa aTUX NuHUii  AVi onpegensieTca O4HOPOL-
HbIMA LLUMPUHAMUN BO36Y>XKAEHHOrO 3/1eKTPOHHOrO ypoBHA S" U1 Kone-
1
6aTeNbHOro MNOAYpPOBHSA B OCHOBHOM 3/IEKTPOHHOM COCTOSIHUU S y
a TaK)Xe Heo4HOPOAHbIM pa3bpocom KonebaTefbHbIX 4YacToT A
Mpn 4,2 K KOHTYpbl NNHWUA OnNucbiBalOTCA Kpueol doiirta. Bknapg rayc-
COBOV W NOPEHLEeBON KOMIMOHEHT COCTaB/iieT COOTBETCTBEHHO 12,5
T ft= T
m3 cm ans UOi B cepHokucnom pactsope, 8 u 2,5 cm-1 -
B CNUPTOBOM. [pyccoBa cCOCTaBAsloWaA KOHTypa, MNOo-BUAMMOMY, Xa-
pakTepusyeT HeoAHOPOAHOe ylimpeHue nunHuu [13 | T.e. cenekuyms
MoHoB U O** no yacToTe 4UYUCTO 3/N1eEKTPOHHOro nepexoga Vc He
ycTpaHsieT 3HauMTeNbHOro pasbpoca MX KonebaTesbHbIX 4acToOT. [loBbl-
LeHVe TemnepaTypbl MPUBOAUT K BO3pacTaHWIO OLHOPOAHON COCTaB/AlO-
et KOHTypa, U OH Bce 6o0nee npubamkaeTcs K NOopeHUeBomy. [ayc-
coBa KOMMOHEHTa C TemnepaTypoi MeHSeTCA He3HauyuTesibHO.

YBennyeHme KOHUEHTpauun moHos 1/07° B pacTBOpe nNpuBOAUT
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K MOSIBNEHUIO AOMNOSHUTENbHOW Cepuun LUMPOKUX MOJIOC B CHEKTpe
CeneKTMBHO BO36Y>XfaemMoON NoMUHecueHUMn (puc. IB). 3Ta cepus
obycnosneHa, no-sMaMMOMY, 6e3bi3nlyyaTeNlbHbIM MepeHOCOM 3Hep-
r’Mn oT HernocpeicTBEHHO BO36GYXK-

[EeHHbIX K COCeAHWUM MoOneKynam,

nznyyarowmm B 60nee AMHHOBOJHO-

BOW o6nacTtu. lNpouyecc nepeHoca

B [aHHOM c/ny4yae COMpOBOXAaeTcs

poxaeHvnem (OHOHOB. OTHOLLEHWE

MHTEHCUBHOCTEN Y3KOW (LOHOPHOI)

M LUMPOKOW (aKuenTopHOW) nonoc

npu renveBblX TemnepaTypax BO3-

pacTaeT ¢ yBelMUYEHUEM O/IVHbI

BO/IHbI BO36Y>KAAlOLLLEro U3nyvyeHUs

BBUAY MafeHUsi OTHOCUTESIbHOTo

uuncna akuenTOpHbIX MOMEKYs, Ha

KOTOpble 6e3bi3yyvaTesnibHbIA nepe-

HOC BO3MOXXeH 6€e3 TepMu4ecKown

aKTmBaLuu. MUHecLeHUnn ( =

fiBNneHMe nepeHoca oTpaykaeTcsa 20492,4 cm-1) wvoHoB Ul |+
Tak)Xe B KWHeTMKe CBeyeHUs ob6pas- B CEpHOW KucnoTe ANA pas-
uos. Ecnnm B pgoctatoyHo pasbas- JNINYHbBIX

NEHHbIX pacTBOpax 3aKOH 3aTyxa-

HUS NIOMUHECL,eHUUN 61M30K K 3KC-

MOHeHLMaNbHOMY, TO C TMOBbILLIEHMEM KOHLEHTpauuM MOHOB HabnoaaloT-
CA 3aMeTHble OTK/IOHEHUS OT 3KCMOHEHLMaNbHOCTU BbICBEYUMBAHUS
CeNeKTUBHO BO36YXKAaeMbIX LLeEHTPOB. B MrHOBEHHbIX CreKTpax, CHS-
TbIX B MOpsiiKe YBeNNYEHUS] BPEMEHHOW 3alep>XKW OTHOCUTENbHO BO3-

6Y>KAaloLWEero MMNynbca, 4YeTKO MPOC/AeXuBaeTcs nepepacnpegeneHue
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WHTEHCUBHOCTU CBEYEHUS B MOMb3y aKLUENTOPHOW MOMoChl, MPUYEM
€e MaKCMMyM MOCTeNneHHO CMelLaeTcsi B HM3KOYACTOTHYH 06nacTb
(puc. 4).

KuHeTMKa 3aTyXaHus BO36Y>XAEHHbIX AOHOPHbLIX LLEHTPOB B TeO-
pUM CTAaTUCTUYECKOTrO MepeHoca 3HEePrnm B HeyrnopsiioOYeHHbIX cpe-
fax [os obuwero cny4dasi My/nbTUMONIbHOFO B3aWMOJECTBUA OMUChI-
BaeTCs BblpaeHnem [81J

I3b(*) -IxjCojexpi-N/r-Vitn) (1),
roe S - nopsgok MynbTMNOAbLHOCTM B3aumogelicTeuaA, T
pagvauMoHHOe Bpems >XusHu, Il - makponapameTp, XapakTepu-
3YIOLLMIA CPedHIolD CKOPOCTb (MNM cpeaHee XapakTepHoe Bpemsa TT =
_ ) NepeHoca 3HEPruMn OT [AOHOPHbLIX MOHOB K aKLEenTOPHbLIM.
BblpaxkeHne (1) yAOBNeTBOPUTENbHO OMWUCLIBAET 3KCMEpPUMeHTaNbHble
pesynbTathl gos wonos U Or B CepHOKMCNOM pacTsope mpu S =
6,5+0,5 ( ~t"3- 100-150 MKC), 4TO NO3BONSAeT npegnonaraTb oOn-
pefensiiowyto ponb AMNONb-AMMNONBLHOIO B3aUMOAENCTBMA B MnpoLecce
nepeHoca 3Heprun. 3HayeHMe MakponapameTpa 7 f051 4acToThbI
BO36Y>XAeHNA Vfc = 20492,4 cm-1 okasanocb pasHbiM 37,5 c-" 2
( T =4,2 K), uTo cooTBeTCcTBYeT XapaKTepHOMY BpeMeHU nepe-
Hoca T T= 710 mkc ( iig = 1,5°102" cM-2- KOHUEHTpayuusa ak-
LIeNTOPHbIX MOJIeKY ).
1. B.H.bovikos, H.B.Kynewos, A.H.Kpacosckuii - Ookn. AH CCCP,

1983, T1.273, JH, c.94.

2. T Kushida, ETa «ushi: Phvjs. Rev 8/2., 1975>p. £2.4.
3. Heyazty ,V\/MYen : fteviett, v. 4-3,197%tp .//.
4. A.ATopoxoBckuin, O,.A.PebaHe - &TT, 1977, 1.19, JUI, c.3417.
5. S. KLvjo, ft Oxfeach : PkMf. Rev/ B 2.*, 192.0,
6. PWrrcierncn, 6.1.HaPpeiin, CMVinma: PH£ Mil, v 25", /972.
7. W.C.0caagbko - Mucbma B 23Td, 1981, T1.33, Nd2 c.640.

8. N.A.3ycmaH, AWNbBypwTeliH - XXIC, 1971, T1.15, c.124.
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B.H.Bolkos, B.M.MokatawkunH, A.H.Kpacosckui, H.3.Kynewos

MNHCTUTYT npuknagHbix usmndeckmx npobnem, MwuHck, CCCP

IVETQL, CEEEKTVBOIO OIMTUYECKOIO BO3BY>KAEHIV NLUNHECLIELLILL,
MPWEMANTELLKO K KPUCTA/TIAM YPAHNOOBBLIX

MN3BECTHO, 4YTO B YpaHWNOBbIX KpucTannax Mpu KOMHATHOW un
a30THO TemnepaTypax BepPOATHOCTb 6e3bi3NyyaTeNbHOro nepeHoca
3/1EKTPOHHOW 3HEPrMm OT BO36YXKAEHHOW MOJMEKYNbl KPUCTaNI00CHOBbI
K HeBO3OY>XAEHHOWN 3HauyuTeNbHO MNpeBblllaeT BEPOATHOCTb BbICBEYMU-
BaHMA. Nofob6HOEe COOTHOLIEHWE BEPOSATHOCTENM Obl1O0 O6HApy>XXeHO Tak-
Xe ANA renmeBbiX TemnepaTtyp Mpu M3yYeHUW MPOLLECCOB nepegayn
3HEPrun Mexay OCHOBHbIMU U AeeKTHbIMU (MPUMECHBLIMW) MOMeKynamm
B KpucTannax ¢ pa3HOCTbI 3HEPrMi YUCTO 3SNEKTPOHHbLIX MepexonoB

A VO OT HEeCKONbKWX COTEeH [0 [eCATKOB 06paTHbIX CaHTUMeETPOB
£i-6 ~ . B cBA3M C 3TUM CNefoBano 0XuAaTb, 4YTO BblsBNeHUe
crnekTpa CenekKTUBHO BO36YXXAaeMblX LEHTPOB W3 yuncna MOSeKyn He-
OHOPOAHOr0 aHcaM6na KPWUCTan/00CHOBbLI B CTauMOHapHOM pexume 06-
nyyeHusa 6ypeTt 3aTpygHEHO.

OpHako, KakK Mnokasan 3KCNepuMeHT, NUllb ANS COeAMHEHUSA Hau-
6onee npoctoro 6pytro-coctasa CSNOCNCCM Bo36yxaeHMe Ha pas-
NNYHBLIX YacToTax Vg , OTCTOAWMX OT Makcumyma VO  Ha Benu-
UMHy o * 7 cm-*, He MpPuUBENO K 3aMeTHbIM U3MEHEHUsIM crnekTpa
NIOMUHEeCUEHLUMN (NonywmpuHa Bo3BGy>Kaaroleil nasepHOM AMHUKM cocTas-

nana 0,4 cw-1, T = 8 K). B aHanorunyHbix onbiTax € KpucTannamm

OCTaNbHbIX WCCMEfOBaHHbIX BeLLecTs w1 , nb [na, (cH3 cliO)s] ,
MUCKkflOah, CsUOJrtJs, OTYeTAMBO NPOABUNOCH

CHAATUE HEOAHOPOLHOro YLUMPEHUS P/IlyOpecLLeHTHbIX NUHUK. OTHOCU-
TeNlbHble MHTEHCUBHOCTU, COOTHOLUEHMWE MONYLUMPUH U PAacrosioXXeHUe B
CNeKTpe NMHUIA BUGPOHHBLIX nepexogos VC-NYi 7]

( Tl=1-4 - kone6aTtenbHoe kBaHTOBOe umcno moHa UD? ) mo-
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neKyf € pasiMdyHbIMW 4YacToTamu Ye = HanoMmHaloT COOTBeT-
CTBYIOLLME CMEKTPa/ibHble XapaKTepucTUKM HeceneKTUBHO BO36y>Kjae-
MO NtoMuHecueHUUW. Ewe 6onee 6nM3Ka K O06bIMHOMY CMEKTPY JIOMU-
HecUueHUMU Apyras perncrpvpyemasi cepusi AMHUNA. VIHTEHCUMBHOCTL ee
MaKcuMasnbHa ANs Hanbone BbICOKOYACTOTHOrO BO3OYXAEHUA U MNpu
nocnefoBaTeflbHOM YMeHbLUEHUN ¥$  6eicTpo cnagaeT, BNAOTL A0
4acToThl = 0 ., saTtem Heckonbko BO3pacTaeT. 3Ta chekT-
panbHass KOMMOHEHTa, MNO-BUAMMOMY, MPUHAANEXUT MOeKynam, nony-
UMBLLUMM 3N1EKTPOHHYIO 3HEPrnmn BO3BYXKAEeHUS Mpu ee Hepe3OHaHCHOM
nepegayve (4actoTbl VO fgoHOpa M akuenTopa pasiNyHbl) U MOJMEKY-
nam,nornoTUBLLMM KBaHTbl CBeTa MpW YCNOBUU BO3BYXAEHUSA HU3Ko4Yac-
TOTHbIX (hOHOHHLIX koneGanuii: Y i -V 0+ Y (b 0) - T6°
Y&Ye-Vip(Ye<\0’ spece Yo N Y - uacToTbl hoHOHOB Ans oc-
HOBHOTO U BO36YXXAEHHOr0 3/1eKTPOHHbLIX COCTOSAHWNA).

O6Hapy>KeHHbI 3dheKkT KBanuuuupyeTcs Hamu Kak cneacTBue cy-
LecTBEHHOro 3amef/fieHNss CKOPOCTW MepeHOca 3Heprum npu Manow
(nopsagka 0,5-5 cm™1) pasHocTu yactoT A ]/O AOoHOpa M akuenTo-
pa.

PaccmoTpum 60nee NoApO6HO 3aperncTpupoBaHHble M3MEHEHUS
CNeKTPOB JIOMUHECLEHLMN Ha MpuMepe KOMMJeKca TeTpaxiopuja ypa-
Huga ¢ nupugmHom. CornacHo f 7J) B anemMeHTapHylo sudeliky KpucTtan-
na 3TOro coeAuMHeHUs BXOAAT MONEKYNbl C LLUC- N TpaHC-KoOpAUHAaLu-
el gByx opraHuueckux katuoHos P#H K aHMOHHOMY KOMTIeKcy
[mo~a,] ( AYB 250 cM-*). JIMHUM B CMeKTPe MIOMUHECLIEH-
umnm atoro BeuwtectBa (T = 77 K) o6pa3syioT ayb6netbl C MOCTOAHHbLIM
YaCTOTHbIM WMHTEpPBa/IOM ,qy ~ 14 c:;,C* gna ywuc- n 17 cm-* ana TpaHc
KOMMNEKCOB, YTO CBA3aHO C MPOSIBIGHUEM B M3NYyYEeHUU ANA KaKAOro
M3 HUX OAHOBPEMEHHO ABYX BO30YX/[EHHbIX 3/1OKTPCHHbLIX COCTOsIHIie:.

Mpn 6 K n YC>-BosCy>kaeHUM BKNaj, TpaHC—KOMI'II'IeKCOE e uHTerpans
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HOe CBeYeHue cocTaBnsieT c
okono ICI~-ICIr'", a oTHOCU-

TenbHass WHTEHCUBHOCTb BbICO-

KO3HEepreTUYeCcKNX KOMMOHEHTOB

Ay6neTHOro pacuwienneHns yuc-

MOeKyn 10-2. Ha pwuc. |

npueBedeHbl y4yacTKM cnekTpa

MornoweHmna MOHOKpucTanna

W CLP3$H)b (6 K) ana ne-

pexonoB B 06nacTAX 4acToT

V . r+ w o

unc-komnnekcos (I v M) n ana

nepexofosB € 4acToToOl VO

TpaHc-komnnekcos (LW). B aTmx

AnanasoHax 4acToT Ocyul,ecTB- Puc. 1

nanocb Bo3GyaeHne ( V& OTMEYEHbI CTpenkamu u undgpamu).
Ha puc. 2 npounniocTpupoBaHbl COOTBETCTBEHHO 3aperucTpupoBaHHble
yyacTKW CMeKTPOB CBeYEeHWA B pe30HaHCHOW o6nactm 4vacTtoT. Ppar-
MeHTbl CrnekKTpoB 1-5 (NpuBefeHbl NUWb aHTUCTOKCOBbI 06nacTn) u
12-19 3anucaHbl npu 8,5 K, 6-11 (cTokcoBbl o6nactmn) n 20-26 -
npu 5,7 K. 3aKOHOMEPHOCTU W3MEHEHUS He OTOOpPadKEHHbIX MNpU 3TOM
KaKA0l M3 (hNyOpPecUeHTHLIX NMHUA A r 113 (UON) awnanoruu-
Hbl.

BnAHO, 4TO CKaHMPOBaHWIO Nas3epHOW NUHUW BO3OYXAEHUA B Auna-
nasoHe | oTBeyaeT MOHOTOHHbIA PaBHOBENUKWI CABUT GAN3KOW K Helk
no LwMpuHE AVHUWN NIOMUHECLEHUUN. TOCTOAHHAaA pasHOCTb 4YacToT Cco-
cTtaBnset 14,3 + 0,3 cm-*. [Ana 4acTtoT perucrpayum V~Nom» <
(5,7 K) nmwb Ha ypaneHun ° 3 cM-* OT Makcumyma MoraoweHus

19813,8 cm-* ykasaHHas (nyopecueHTHas NMHUA CTaHOBUTCA 3aMeTHO
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1 . i K s 6 z B 9 W wn

mpe nasepHow. B 3Tom AnA HeO4HOPOAHOW COBOKYMHOCTU LUC-MOe-
Kyn B KpucTanie, Mo-BUAMMOMY, HaxOAMUT OTPAXKEHME MPOMopLmO-
HanbHas CBA3b Mexay sHepruamu [Ig u Y0 UUCTO 3NEKTPOHHbIX
MepexofoB B ABa HWKHME BO3BY>KAEHHbIE 3MEKTPOHHbIE COCTOAHUSA.
CTpYyKTypa CMeKTPOB /IIOMUHECLeHUMN, BO36yXaaemoli B auana-
30He yacToT [, Mo-BMAMMOMY, OGYC/MOBMEHA MPOSIBNEHMEM B MOI/0-
LWEHUM CO CPaBHUMOM WMHTEHCUBHOCTLIO ANS KaKAOTO U3 BO3GYXAEH-
HbIX 3MEKTPOHHBIX COCTOSHWI Hapsgy ¢ nepexogamm Y0~ ]}E(tfof)

Kakux-nm6o ApYyrux s1eKTPOHHO-KonebaTeNbHbIX MEPexoAoB, Hanpu-



295

mep, \ - M"(MO”N) (6nn30cTb ykasaHHbIX Kone6aTeNbHbIX uac-
TOT B BO36Y>XAEHHOM 3/1IEKTPOHHOM COCTOSIHUW BMOJIHE BEPOATHA
). Vs pUCYHKOB BMUAHO, UYTO PacCTOAHUA MeXay Y3KumMu dnyo-

pecueHTHbIMN N Na3epHOW NNHUAMU MPaKTUYeCKW MOCTOSHHbI U COC-
TaBnawT 710,1 n 715,2 cm-1 nnubo 6onblle Ha BENYUHY 3HEPreTu-
4yeckoro 3sasopa ])O~YO ~ 14,0 cm-1 (Hanpwumep, ANS cnydaes
3036yBAeHNs 18, 19 m 60nee KOPOTKOBOMIHOBOro 06nyyeHus). UVH-
TEHCUBHOCTU Y3KUX (DNYOPECLEHTHbIX IMHUA HaxoAsaTcs B COOTBET-
CTBUM C MOMOXXEHNEM BO3OY>XKAaloLen NMHUN OTHOCUTENbHO KOHTYPOB
YANOMSAHYTbIX MHWUWA MnornoweHnsa (Bknag B cBeYeHWe OT ManOMHTEHCUB-
HOW abcopbuMOHHON NnMHUKM npyn 20533 cMm-1, MpoucxoxaeHwe KOTOpoii
He BMOMHE ACHO, MNO-BUAMMOMY, c/llefdyeT OTHecTW K TpeTbel, Hanbo-
nee LWMPOKOA NHOMUHECLLEHTHOMN cocTaBnstowein). MonywmpuHbl paccmat-
puBaemMbIX (PNyopecLeHTHbIX NUHWKI, n3MepeHHble npu 5,7 K, cosBnann
C NONYLVPWUHOW 3anmcaHHOW Npu TexX >e ycTaHOBKax NfasepHO NUHUKN
(0,55+0,05 cm-7). 3TO NPUBOAUT K 3aK/IHOYEHUIO, YTO OAHOPOAHbIE
LUMPUHBI IMHUIA NepexofoB Ha MNoLypOBHU 7] (ctopga e oT-
HOCUTCA U BO3MOXXHbIA CTaTUCTUYECKUI HeOoAHOPOAHbIN pa3bpoc AaH-
HbIX KonebaTenbHbIX 4acTOT ANA MOJEKYn € OoAMHakoBbiMu VO 9] )
coctaBnAT < 0,2 cmM~", NO3TOMYy pasNnyve B LUMPUHE COOTBETCT-
BYIOLLMX NIMHWIA MNOrNOLWEeHUA NOTMYHO OOBACHUTbL CneympuUKon COOTHOLLIe-
HUA BEPOATHOCTEN MepexofoB B HEOAHOPOAHOM aHcaMbne LUC-MONeKyn:
no mepe yBeNMYEHUSA OTANUUA VB LeHTpa OT 4acToTbl B MaKCUMyMme
MornoLweHmna OTHOCUTeNbHaA BEPOATHOCTb MNepexoja B 3/1eKTPOHHO-KONe-
6aTenbHOe cOCTOSAHMEe O6Oonblueli aHeprum Bos3pacTaeT.

Ana yacToT BO36YXAeHMsa 20-26 nornoweHwe ceeTa B obpasue
OCyLLecCTBAANOCh, MO-BUAMMOMY, MPakKTUYEeCKN TO/IbKO TPaHC-KOMMAeK-
camMu, KOTOpble BbICTynanu 3aTeM B KaudecTBe [JOHOPOB 3/1eKTPOHHOMN

3aHeprnun. B gaHHOM cnydae 4eTKO MpocfeXxunsanacb KOPPensauus Mex-
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Ay yactotam Y0 pacnonoXeHHbIX MO COCeACTBY B Kpuctanie
LEHTPOB ceeueHusa aByx TunosB. OHa Bbipakanacb B Tem (puc. | n
2), YTO 3agaHHOMY OTAMYMIO 4YacToTbl VO poHopa CT uyacToTbl B
MaKCUMyMe HYNeBOW NIMHUU MOrNOLWeHNs c 60nblUeil CTENEeHbI0 BEPO-
ATHOCTU COOTBETCTBYET Takas >e Mo BeluyMHe pasHuua (c Tem
XE WNM NpOTMBOMONOXHLIM 3HaKOM) B 4yacToTe YC aKuermopa.
N3 M3N0XKeHHbIX pe3ynbTaTOB BUAHO, 4TOo MeToa CE/IEKTUBHOIO
OMTUYECKOro BO3OYXXAEeHUS MPUMEHUTENbHO K LieHTpam KpucTansno-
OCHOBbI YpPaHWU/I0BOro coefnHeHUA xapakTepusyetca OAHOBPEMEHHO

COBOKYMHOCTbIO MO3UTUBHbLIX BO3MOXHOCTeW: |) BbisiBNeH:.' CnabblX

N MepeKkpbIBAOWNXCA NNHUIW B CMeKTpax AOMUHeCLEeKLUN: norsoue-
HUA, 2) onpejeneHNs OAHOPOAHbLIX LUMPUH NUHWIA U @ . AHOPOAKbIX
pasbpocoB 3HepreTUYeCcKMUX YPOBHEN B ocHoeko.' :: BO3OY>XAEeHHOM

3NEKTPOHHbLIX COCTOAHUAX, 3) mccnegoBaHMA npoueccos Murpauunn
aHeprnu BO36y)|(,quMFI no Kpuctanay wn nonyydyeHnsa KOPPEenAaT:.:. MexX-
Ay CNeKTpabHO-TIOMUHECUEHTHBLIMN XapHKTEPUCTUXa>K [EKOPHbIX N

aKLEeNnToOPHbIX LEHTPOB U np.
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40, 03, c.441-446.

7. Kpacosckuii A.H., borikos B.H., Typbiwes /1.H. - [Aoka. AH BCCP,
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1983, 1.273, N, c.94-96.
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LASER ASSISTED ETCHING EXAMINATION ON
(010) ORIENTED V205 SINGLE CRYSTAL
PLATES

NANAI L., BALI K., HEVESI |. and VAJTAI R.

Department of Experimental Physics,
Jozsef Attila University

H-6720 SZEGED, Dom tér 9.

It has recently been shown that lasers may be used to
produce localized deposition of metals of microscopic dimen-
sion and to localize and control gas-phase and liquid-phase
photochemical etching on different - firstly semiconducting
materials D-3]. Such a process may have applications on device
fabrication for microelektronics and integrated optics. The
main advantages of using lasers include small focal diameters,
high fluences, and exposure times which can be varied in wide
range of magnitude.

In the present experiments the 10.6pm output of a cw-C02
laser was used for the enhancement of etching process of
single crystals. The targets - (010) oriented V2®5 single
crystals - were prepared in our institute by following method:
the melt of V2®5 Povder was heated to 800°C, held at this
temperature for some hours, then cooled down below its melting
point and at the same time a crystal seed was placed on the
melt surface in order to obtain oriented growth. The
experimental set-up used in our experiments is presented in

Fig.l.
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Fig.l. Experimental set-up

The light of cw-C02 laser vas focused by ZnSe lens (L) onto
the surface of V205 single crystals. The crystal was put in a
glass pot and covered with a layer of different .-tchants.
Using a special table (S) we had a possibility to move the
targets in x,y,z directions related to the laser light. The
power of laser was controlled using a beamsplitter (B) and
power meter (D). After irradiating the samples with C02 laser

light we examined them with optical microscope.

Results

Etching investigation of V20" single crystals have been
made earlier without laser light[4]. According to our earlier
investigations 5n H2SO" proved to be a well reproducible and
suitable agent for the etching with etching time of 2 to 8 min

at boiling-point temperature. The etching rate was 8pm/min
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The forme of etch pits in the case of I1"30g was hexagonal one,
and in the case of HCl, H\NO* was tetragonal one. Etching

figure formed by 5n HCl etchant is presented in Fig.2.

Fig.2.Etching figures on V2®5
formed by 5n HCL etchant (x60)

These etchants were very suitable agents for the detection of
dislocations.

The aim of this work was to examine the influence of laser
light for etching process of in che case different
liguid etchants.

It is well known fact that light can be used to induce a

reaction between two phases that do not react with each other
in the dark, and to increase the rate of reaction between two
phases when dark etching is appreciable”). This is done by
choosing a laser light which is absorbed by etchant or the
solid, or both.
In our cases we have examined a planty of etchant absorbing
the light of Q2 laser e.g. aqueous solutions of sulphates,
chlorides and carbonates of alkaline-and alkaline earth
metals.

Using aqueous solutions of carbonates we have observed a
good etching fluence. It is well known that solutions of I"CO"
are relatively good dark etchants for Y~O”, but the etching

time is in order of ten minutes. This etching process could be



Fig.3. Etching picture formed by
0.01M K2C03 solution with laser
light, Texp-10s (x60)

Fig.4. Etching picture formed by
0.1M K2CO03 solution with laser
light .Tlexp—los (x60)

accelerate using laser light of low power ( 4-10W). In the
Fig.3.and 4.are presented the results of etching of V20~ with
laser light in present of 0.01M K2Q28 (T exp“10s) and 0.1M
K2CO03 (Tlexp“10s) respectively.

Among from provided solutions the better has been proved
the carbonates of sodium. Using 0.1M Na2CO03 solutions at 15 s
exposure time (8W) we have observed a good etching effect on
V20j. Atypical picture of etched area is shown on Fig.5.

Increasing the exposure time, the sizes of etched area grow
linearly as it can be seen in Fig.6. "'eXp”40s)

It has to be noted that in the case of carbonates the
thickness of the solution layer fluences only weekly on the
etching effect in opposition to the case of other solution.

If the targets were covered by a layer of organic solutions

chemical reactions could be observed without etching process.
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Fig.5. Etching picture formed by
0.1M Na2@>2 solution with laser
lightlTexp=158 (x60)

Fig.6. Etching picture formed by
0.1IM Na2@>2 solution with laser

light Xexp=40s (x60)

Conclusion

According to our experiments in the laser assisted chemical
etching of (010) oriented crystal plates well-reprodu-
cible results were achieved by solutions of carbonates and
chlorides of alkaline and alkaline earth metals. It was not
observed path of etching at using of organic solutions but
some chemical reactions producing VOCI* and amorphous V2°5
could be observed. At laser assisted chemical etching a rate
of reaction increases 10-100 times as compared to dark etching
with the same etchants. In each case the laser light served as
a tool for fast achieving of a quite elevated local

temperatures by this means made a rapid etching chemistry.
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It should be noted that utilisation of classical etching
solutions induces - firstly - process in the. centers connected
with dislocations. The laser light assisted etching gives
results at any places of crystal surface subjected to laser

light iHumiliation.
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PRODUCTION OP EXCITED MOLYBDENUM ATOMS BY EXCHIER LASER
MULTIPLE PHOTON DISSOCIATION OP Mo(CO)6

le Introduction

The interaction of UV laser radiation with polyatomic mo-
lecules can lead to the production of neutral and/or ionic
fragments (radicals, atoms) in electronically excited states
via multiple photon dissociation (KPD)/ionization(KP1)/1,2/.
At power densities in the range of 107...1010W/cm2 efficient
up-pumping requires resonant intermediate levels. A rough
classification of the mechanisms distinguishes between the
following pathways /2/»

a) ionization -wfra®nentatlon
(""ion ladder mechanism™)
b) fragmentation—“*sionization
c) both fragmentation and ionization

and points out the character of intermediate states (Rydberg,
valence shell) as the main criterion for different photoche-
mical behavior. Recent discussions suggest

- that the role of neutral decomposition pathways widely
has been underestimated /1,3/

- the existence ofwindows"™ of laser intensity and wave-
length for non-ionic photodecays /4/

Photochemistry of transition metal hexacarbonyls of the type
M(CO)E (M« Cr,U,Ho) is of increasing interest for practical
applications (photocatalytic reactions /5/, non-thermal laser
ovD /6,7,8/, frequency up-conversion /9/), but only a few
workB are dealing with the neutral product formation /1,2,10,
11,12/ and the informations given on the mechanism of excimer
laser induced dissociation (especially of No(CO)g) are un-
satisfactorily /6/. The authors reported on the spectroscopic
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detection of neutral, electronically excited molybdenum atoms
in short-lived non-equilibrium state populations pumped by
ieCl-laser photolysis of Mo(CO)E (4 “ 30E nm) /13/.

Improved measurements and a refined interpretation of bio I
emission are presented here.

2. Excimer laser excitation of Ko(CO)g at 308 nn

Transition metal hexacarbonyls show octahedral structure
(0™ symmetry)/14,15/s 6 CO-groups are placed at the corners
of a double-pyramid around a central, heavy metal atom.
Successive loss of ligands is commonly accepted to be the pre-
dominant photoreaction and produces highly unsaturated metal
atoms /5/. The absorption of NoCCO)" begins at 29 000 cm-'"
(ligand field transitions), reaches its maximum at 42 800 cm-1
(charge transfer bands) 714,15/ and is of diffuse nature /10/.
lonization to Mo(CO)g can be obtained above 8.5 eV. The clea-
rage of the bare metal atom requires 12.52 eV (2 4-laser
photons) and the production of Mo+ 19.61 eV (2; 5 laser pho-
tons). The break-off of a single metal-ligand bonding one has
to expect already for a one-photon-absorption.
DUNCAN et al. /10/ investigated the tIPI of Uo(C0O), between
280 and 310 nm at intensities < 0.75*10" 17/c™. IV has been
found to be the main product, and they concluded that the pho-
to-dissociation determines all stages of the process but the
last step. CEDANKEN et al. /2/ mentioned the detection of ato-
mic molybdenum (e"Sj, a"S") after the 1+1 and 2+1 photon exci-
tation of Ko(CO)E (wavelengths not clearly specified). KAUIT
et al. proposed three possible channels for the neutral multi-
pie photon dissociation of metal carbonyl

1) KDk + h»>—*e “if 3 o + xL
o w157+ (kxL

2) Kk +3bvu-w [ ]. “ e txL
rLk-x+h*> f >

3.) IHk + Tb»— A 1)

(within rectangular brackets: short-lived intermediates)
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Process 2 is suggested to be the general mechanism of frag-
mentation. Prom the comparison of photon energy with the ap-
pearance potentials of products we have to expect molybde-
num atoms with electronic energies up to 3.58 eV (over-
excitation at 4-photon-absorption).

3. Experimental arrangement

Using a simple set-up (Fig.-1) consisting of a XeCl-laser
(20...40 mJ, 7.5 ns, 1 Hz),a gas cell (20 Pa of Mo(CO)g at
room temperature) and optical/electronical detection systems
(spectrograph, monochromator + multiplier + boxcar averager)
we investigated the fluorescence of products perpendicular
to the beam axis (side-on measurement). At power densities
of 10 ...103 w/cm (focal lengths of 3...20 cm) we observed
a strong, blue-green emission, obviously caused by electro-
nic transitions of excited molybdenum atoms. The time-resolved
detection of a small-signal gain /13/ indicated the non-sta-
tistical character of the dissociation, but a sure identifi-
cation of the involved atomic levels has been complicated by
the multitude and density of lines.Improved spectra were ta-
ken up by a 3-prism-spectrograph (Carl Zeiss Jena) integra-
ting 20 000 pulses (5/u4n slit). To prevent a decrease of win-
dow transmission by unwanted deposition of Mo films, we worked
at reduced laser power (compensated by a short-focusing lens
positioned nearby the entrance window), and the cell has been
moved perpendicular to the laser beam direction.

4. Results and discussion

Fig.2 shows a part of the monitored spectrum at 10" W/cm2 in

the region of the strongest lines (above) in comparison to a

reference spectrum (below) in comparison to a reference spec-
trum (below) of a plasma cloud produced by irradiating a Mo-

surface by the same laser.

The /(host intense fluorescence originates in the state z"P°

Q - 1,2,3).
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The corresponding term energies (above the Ko ground state)

are situated surprisingly close to the proposed overexci-
tation energy (J = 1: 3.56 eV, J = 2: 3.58 eV, J = 3: 3.59 eV).
The most frequent states (Z»number of lines) represented by

the observed transitions Tj—~T~ belong to the z state
too:
T2 z(t2) T1 zd,)
z5P° 8 a3D 5
e5D 2 a36G 4
e7D 2 a56 3
w3p° 2 a5Ss 3
y3F° 2 a5P 2
z3T° 2 a3H 2
z50° 2 b3G 2
z5p° 2

A minority of higher excited molybdenum states (up to 50 000
cm-1) also takes part in the emission.

Both the spectral distribution and the measured intensity
dependence (exponents > 3/16/) verify the assumption of a
primary 4-photon-excitation, probably followed by a secondary
absorption by ground state and/or excited state molybdenum
atoms (Fig.3).

One hae to conclude that the production of neutral species

is typically for the dissociation of Ko(CO)c by XeCl-laser

at power densities between 10" and 10° w/cm? and replaces or
dominates the ionic pathways observed by DURCAN et al. at shor-
ter wavelengths and lower intensities /10/.
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Fig. 1: Experimental arrangement for detection of Ko atoms

produced by the excimer laser photolysis of Ko(CO)g

Fig.2: Emission spectra of fragments ( " UPD " ) and a Ko

reference light source ( " Plasma " )
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Fig.3s Energy diagramm of Mo(CO)g states and possible pro-
ducts in comparison to observed Mo transitions
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PACLLEM/IEHVE OHK B TMPUCYTCTBUWN KPACUTENEN-MHTEPLLUATOPOB
ron, AEACTBVEM VMIY/ISCHOMO IA3EPHOIO  3/TYUEHUSA

3.M.bypgosckunii, C.A.MockaneHko, /1.6.1"6unH, B.A.CnHSK,
HO.I". LLiekyH
( CCCP )

HepaBHO 6b10 MokasaHo, 4YTo geiicTBuMe Ha komnnekcbl AHK ¢ wH-
TePKaIMPYIOLWNUMN KpacuTensMn MOLLHOTO f1a3epHOro M3NyYeHUA B nonoce
MOrnowWeHNs KpacuTens Bbi3blBaeT O4HO- WU ABYXHWUTeBble paspbiBbl  JAHK
/1, 2/. OpHako, [0 HacTOSALWero BPeMeHW HeT eAVWHOro MHEeHWSs O Me-
xaHun3me pacwenneHna OHK. Kak npepnonaraet 3Bento ¢ cctp. /3/,
HayanbHbIM 3TanmoM npouecca, npuBoAslWero K pacwenneHno AOHK, sasna-
eTcs (DOTOMOHM3ALMA MHTEpPKaIMpPOBaHHOrO KpacuTensa B pesynbTaTe
ABYyXcTyneHyaToro Bo3by3geHusa.B pab6otax /1, 2, 4/ npepgnonaraet-
CcA, 4TOo B pe3ynbTaTe AWNONb-AUMNONBHOIO B3aUMOAENCTBUA HaydalbHbIM
3TanoM rnpotiecca pacllenneHns SABAAeTCA KBasMpe3OHaHCHbI nepeHoc
3Heprun Ha AHK ¢ Monekynbl KpacuTens, MornoTuBlIelr ABa (DOTOHa.

Ha Haw B3rnsg, B HacTosillee BpeMsi HeT AOCTaTOYHOro Kojunyec-
TBa 3KCMNEPUMEHTa/NbHbIX AaHHbIX, MO3BOMAIOWNX YCTAHOBUTL MEXaHWU3M
pacwenneHna OHK nasepHbIM M3nydyeHuMeM B MPUCYTCTBUW KpacuTenei -
MHTepKanaTopoB. B yacTHOCTW, He uccnefoBaHa pPoOJib CUHTNETHbIX 7]
TPUMNETHbIX COCTOAHWI KpacuTenew, He M3y4dyeHa posib Kucropoga wu
cBOGOAHBLIX paguKanoB KpacuTeneli-uHTePKansaTOPOB, BO3HMKaOLWNX B
pesynbTaTe N1a3epHOro o6/y4YeHUs.-

B npepgnaraemoli pa6oTe npegnpuHATa MonbiTka OTBETUTb Ha He-

KOTOpble M3 MNOoCTaB/IeHHbIX BOMPOCOB.
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PACWENNEHUE AHK MOA AEACTBWEM [BYX MOCNEAOBATE/BHO MOAABAEMbIX
MNKOCEKYHAHBIX UMMYNbCOB NA3EPHOIO W3NYYEHNA *

[ANs BbIACHEHWA PO CUHTNETHbIX WU TPUMNNETHbIX YPOBHEW 3Heprum
KpacuTenenh-nHTepKanaTopoB B Mnpouecce nasepHoro pacwenneHna OHK
n3ydanacb 3aBUCMMOCTb O6GpasoBaHUA ABYXHWUTEBbIX pa3pbiBoB JHK  oT
BPEMEHUN 3a4ep>XXKMU Mexay [ABYMS nocnepoBaTeslbHO MogaBaeMblMM Ha pa-
cTBOopbl komnnekca OHK-AO ( AO-akKpuaWH oOpaHXeBblA ) MUKOCEKYHAHbIMU
(30 nc) wmmnynbcamu BTOpPOW rapmoHukmMiU: WAl nasepa.

Komnnekcbl AHK-AO roToBunu pob6asneHuvem AO k AHK dara X B
0,1 SSC.KoHueHTpauum AO un OHK (B pacyéTe Ha HyKneoTuj) paBHA -
nnecb 1,3-10"~ Mwum 9-10~-~ M, cooTBeTCcTBEHHO. OnTunyeckasa MNNOTHOCTb
pacTBOpa KOMMMeKca Ha AnMHe BOMHbI X= 532 HM, B KioBeTe TOMLLMHOM
I cm - 0,5 o.e. CssaAsbiBaHMe KpacuTena c¢ AOHK onpepensanu no Bpeme-
MEHU >XMU3HW MNEepBOro CUHINEeTHOro coctossHus /5/. CooTHoweHne JOHK:
ADa | .

PacTBopbl komnnekcos AHK-AO o6ny4danu npu 20°C BTOpOI . rapmo-
HuKol nasepa IWi'C-1 HalU: WAl Ha cobpaHHOW HamMn 3KCNepuUMeHTalb-
HOW ycTaHOBKe, KOTOpas MO3BONAET W3MEHATb BpPeMSA 3afepPXXKW  Mexay
ABYMSA nocnefoBaTeNlbHO MOAaBaeMbIMU MUKOCEKYHAHbIMW UMAynbcamMy  OT
O pgo 10 Hc. OnnTenbHOCTb Kaxkgoro umnysnsca 30 nc. MAOTHOCTb MOLL-
HocTu 10 rBT-CM_z. O6bEM ob6nyyaemoro pactBopa 15 mkn. locne o06-
nyyeHus pacteopoB komnnekcos AHK-AO nposogmnu anekTpodgopes B
OAHOMPOLEHTHOM arapo3HOM rene.

MN3BecTHO /5/, 4TO BpPeEMA >XMU3HM MNepBOro BO3OYALWEHHOrO CUHTe-
THOro coctodaHua AO B komnnekce ¢ AHK paBHO 5,2 Hc. [Mpeanonoxum,
yTo pacwenneHne OHK npoucxogmT B pe3ynbTaTe KBasMpe3oHaHCHOW
nepegayn 3Heprun ¢ BbICOKOBO3OY>XXAEHHbIX COCTOAHWUW Hs kpacuTens
Ha OHK /4 /. 3acenéHHOCTb BepPXHUX BO3OYXXAEHHbLIX CUHINETHbIX COCTO-

AHMK H MakcumanbHa npu O,D,HOBpeMeHHOI‘/'I nojadye ABYX Na3epHbIX nv-
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NnynbCoB W MajaeT C yBe/IMYEHNEM 3afepP>XXKW Mexay Humu. [py nameHe-
HUM BPEMEHW 3afep>XXKU MeXay UMmMynbcamu OT Hyns Ao 5 HC uyucno
OBYXHUTeBbIX pa3pbiBoB [JHK fO/MKHO yMeHblUaTcs. B pgelicTBuTenbHOCTU
HabnofaeTcsa MNPSAMO MPOTMBOMOJIOXKHAA KapTWHa - YUCNO [ABYXHUTEBbIX
paspbIiBOB PaCTET C YyBe/IMYEHUEM BPEMEHU 3afepP>XKU Mexay MMNynbca-
cammn ot 0 go 10 Hc.

MonyyeHHble pe3ynbTaTbl MOXHO OOBACHUTL Tem, 4TO Npu BO3-
[efCTBMN MUKOCEKYHAHbIX WMMMY/bCOB /1a3€PHON0 W3ly4YeHUss Ha KOMM -
nekcbl AHK-AO B npouecce pacwenneHuna AHK rnasHyto ponb urpatoT
TpUnneTHble COCTOSAHUA KpacuTens. [pu nogave nNepsBOro MmNynbca
KpacuTenb MepexoauT B MepBoe BO3OYXAEHHOE CUHINETHOe COCTOosAHMuE

C [fJanbHeliWwer WHTePKOHBepcueldi B TpunneTHoe cocTosHue T j.BTo-
por uMnynbC MNPUBOANT KaK K repexojam Hs Tak M K nepexo-
ay Tj-» Hr. TMpun 3agep>Kkax mexay vmnynscamu 6onee 5 Hc, Korga
HaceNéHHOCTb S * MpakKTUUYecKNn paBHa Hy/ o, NpeobnajatloT repexofbl
Tj+ Hr. OTo MoOXeT npmBoAUTbL K 06pasoBaHUIO CBOBGOAHbLIX pajuKanos
KpacuTens,KoTopble, KakK 3To 6yaeT MoOKasaHO HWXKe, UrpaloT pellalo -

uyto ponb B pacwenneHnn AHK.

BVIAHVE TYLLWMTENA PAOVKAIOB HA PACLUEMVIEHVE [HK
B MPUCYTCTBUM 8-METOHCUIMCOPANIEHA 1 AKPBOVHA OPAHXEBOIO

MNP AEVCTBUN UMIY/IECHOMO JIA3EPHOIO  UI3/YYEHVIA

Ana BbIACHEHUA pPOAM CBOGOAHbLIX PajuKanoB KpacuTensa B npouec-
ce nasepHoro pacuwenneHna OHK mbl uccnegosann nosiBneHve AEyxHuTe-
BbIX pa3pbiBos JHK npn po6asneHnn B 06/lydyaeMble PacTBOPbl  KOMIIEK-
cos OHK-AO n OHK-8-FOM adheKTUBHOro TyLwInTens pajukanos-blepkanT-

3TaHoONa.

Mpenapat OHK Tumyca TenéHka B 6ydepe 0,1 SSC wn kKpacuTenen

B TOM >e Oythepe cmeluMBanmM [0 KOHEYHbIX KOHUeHTpauuii C(4)=10“* 4
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m C(P) = 10“* M (rge C(4) wn CCP) - KOHUeHTpauum kpacmTena K doc-
haTHbIX Tpynmn, cooTBeTCTBEHHO). ONTuyeckas MAOTHOCTb PacTBOPOB
AHK-AO,AHK-8-MOIN Ha gnuHe BOMHbI X = 337 HM B KiBeTe TowwmHOM | cm
0,4 n0,6 o.e., COOTBETCTBEHHO.

PacTBOpbl KOMMNEKCOB 06ay4Yanus npu KOMHaTHOW TemnepaType-20°C
B KBapLieBO/ KioBeTe (4MHaA onTuyeckoro nyTtu 0,99 MM) wmsnyyeHuem
aszoTHoro nasepa JITM-21 ( X = 337 HM, NAOTHOCTb MOLUHOCTU U3nyde -
HUK 30 MBT-cm O, ONVUTENbHOCTb MMMyNnbca 9 HC., 4YacToTa MNOBTOPEHUA
mmnynscos 100 c"1). O6bEM obnydaemoro pactsopa-200 mkn. Ons on-
pefeneHns BAUAHUA TylwuUTenss pagumkanos Ha pacwenneHnsa JHK k 200mMkn
pacTBopa KoMMekca nepef o6nydeHuem fo6asnsanu oT 5 go 20 mkn
pacTBOopa MepkanTtoaTtaHona (0,1 Mwn 2,5-10_3 M B cny4dyae KOMIMJ/IEKCOB

OHK-AO n AHK-8-MOIN, cOOTBETCTBEHHO) M TWATENbHO MepemMeLlunBan.

Puc.l. I-naszep NIN-21,2-3ep- Pnc.2. Cepua TUMNYHBLIX KPUBbIX
Kano, 3-kKBapueBas NUH3Q, NMPOCTPaHCTBEHHOro W3MeHeHUs on-
4-cbéMHas KapeTka,5-kBapue- TUYEeCKOW MIOTHOCTM pacTBopa

Basi KiBeTa C 06/ydaemMbiM AHK-AO, nonyyeHHbIX 4yepe3 4 MUH
pacTtBopoM, 6-MOHOXpomaTop (1); 7,5(2);19(3) n27(4) muH
30P-4. 7-$3Y-39A, 8-33M, nocne pAelcTBMSA NasepHOro usny <
9-camonwucey, 10-pTyTHas yeHUA

namna [IP3-400
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Cxema 3KCNepuMeHTaNbHOW YyCTaHOBKW npeacTaBneHa Ha puc. L.
MN3nydeHne aszoTHoro nasepa | (K= 337 HM) doKycupoBanu Kaapue -
BOA NWUH30W 3, YKpennéHHoW BMecTe C 3epKasioM 2 Ha MOABWMIKHOW Ka-
peTke 4, Ha KBapueByl KioBeTy 5. CKaHMpOBaHME Na3epHOro nyva
OCyLW,ecTBNANOCL BAOMb LWENN MOHOXpomaTopa 6 B TeyeHuUM 6 MWUH. Pas-
Mep MsATHa NnasepHoOro nydka B KioBeTe - 100 MKM.

Ona perncrpaunmn ABYXHWUTEBbIX pa3pbiBoB B uenu AHK Hamn uc -
nonb3oBaH 3ddeKT cBeTOMHAYyUUpOBaHHOW auddysmn (CBLA)/2/. CyTb
ero 3aknio4aeTcsa B crneaywouwem. Ecnv nog pgeiicTBuem nasepHoro ums3 -
NyYyeHNs NPOUCXOAAT ABYXHUTeBble paspbiBbl JHK, To nonyuyeHHble dpa-
rmeHTbl JHK o6napatoT 60nbUMM KO3(hpULMEHTOM Anddy3rn No cpaBHe -
HUIO C Uenoii makpomorsiekynoii. Moatomy dparmeHTbl JHK nokmpaoT 06-
nactb 06ny4YeHUA 6bicTpee, Yem uenble (6onee ANNHHLID MONeKynbl U3
cocefHUX, He O6NYYEHHbIX o6nacTell ycnesalT TyAa MPOHUKHYTb. 3TO
npmeoaUT K TOMY, UYTO 4Yepe3 HEKOTOpOe BpeMs B MecTe 06ny4vyeHUs
obpasyeTca nposan ONTMYECKOW MNOTHOCTW, a B cocefHel obnactm -
eé yBenuyeHue. C TeyeHMeM BpeMeHW MpPOCTpPaHCTBEHHas Moaynauus
ONTUYECKOW NNOTHOCTU MeANeHHO pa3smbiBaeTca Auddysmnein. Ons Hab -
nogeHna CBL kapeTka 4 ( cMm pwuc.l) ybupaeTca n KioBeTa obnydaeTtcs
pTYyTHOM namnon 10. lpy 3TOM MOHOXpoMaTop 6 c BXOAHOW wenbio 10
MKM HacTpamBanum Ha mHUO pTyTn A= 253,7 HM, KoTopas 61m3ka K
Makcumymy nornoweHus OHK. MpocTpaHCTBEHHOE W3MeHEeHMe ONTUYecKon
NJIOTHOCTU PacTBOPOB KOMIMJIEKCOB perncrpuposann ®dy - 39 A npwu
rnepemMeLleHN KioBeTbl B HanpaBfeHWW, NepneHAnNKYNSPHOM LWeAn MOHO -
XpomaTtopa no nporpamme ¢ 3BM. Ha puc.2 npusBegeHa cepus Tunuy -
MbX KPWBbLIX MPOCTPAHCTBEHHOrNO0 W3MEHEHUS ONTUYECKOW MNNOTHOCTU
pactBopoB AHK-AO, nonyyeHHbIx 4depe3 4; 7,5; 19 wn 27 MuMH nocne
[AelicTBUA Na3epHOro U3NyyYeHUs.

B Hawmx akcnepumMeHTax pPernmcTpmpoBanocb OTHOCUTENbHOE U3 -

MeHeHne curHana CBA (/11/10) npy M3MEHEHWWN KOHLEHTpauum mep -



Pnc.3. 3aBucmmocTb curHana CBA Punc.4. 3aBucumocCcTb cuUrHana
komnnekca OHK-8-MOIN OoT KOHLUEH- CBA, komnnekca AHK-AO OT KOH-
pauum mMepkanToaTaHona LeHTpaunmm mepkanToaTaHoONa

[ob6aBneHne MepKanToO3TaHONa A0 KOHEYHOW KOHUueHTpauun 100 M
He BbI3blBaeT (C Y4&TOM paszbaBneHMsA) W3MEHEHUS CNeKTPOB MorfaoLe-
HUS pPacTBOPOB KOMMAekcoB. CnepoBaTenbHO, MO KpawHelk mepe npu
TakKMUX KOHLEHTpaumnsax MepKanTo3aTaHO/N He BAMAET Ha MOornoweHns cee-
Ta KOMMOHEHTaMW KOMMJEKCOB W Ha B3ammopgericTeme KpacuTenen-viH -
Tepkanatopos ¢ AHK. OpgHako, NpucyTcTBMe MepKanToaTaHOna B 061y-
4aeMOM pacTBOpe MOHWXKaeT BeNNYuHy curHana CB[, npuuyém 3TO BAUSA-
HWe yBenn4ymBaeTCs MpPU MOBbILLEHNM KOHLEHTpauun mMepkKanToaTaHona
(pnc.3,4). 3TK paHHble NO3BONAKT NPeAnoNoXUTb, 4TO 3ddekT CB[ ,
BbI3BaHHbI NasepHbIM 06/yYeHNEM KOMMJEKCOB WHTEpPKaIMpyowmx Kpa -
cutenen ¢ AHK, obycnosneH peakuusasMu MNpoayKTOB (DOTOMOHU3aLUN
CBSAI3aHHbIX KpacuTenew ¢ KomnoHeHTamn OHK.

HeobxogMmo oTMeTUTb, 4YTO curHan CBA gns komnnekca OHK-
8-MOIl ropa3fo 4yBCTBUTEsIbHEE K MepKanTO3TaHOoNy, 4YemM A1 KOMIM-
nekca AHK-AO (puc 3,4). Ecnn B NepBOM cny4dae ANA CHUKEHUSA CUT-
Hana CB[, saBoe pgoctatodHo 10-4 M TywwuTensa pagukanos, TO BO BTO-

pom cnyuae Heo6xogvMMa KOHLUeHTpauus 7-10 M
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LASER-PHOTOACOUSTIC SPECTROSCOPY OF THE TERRESTRIAL ATMOSPHERE

J. Hinderling, M.W. Sigrist ad F.K. Knebiihl
Infrared Physics Laboratory, Institute of Quantum Electronics, ETH
CH-8093 Zurich, Switzerland

ABSTRACT

A laser-photoacoustic study on the water-vapor line and continuum ab-
sorption in the 8 to 14 pm spectral window of the atmosphere was per-
formed. Pressure and temperature dependences of the absorption at cha-
racteristic CO2 laser lines and at temperatures as low as -20°C were
determined. This paper represents a preliminary report on a comprehen-
sive laser-photoacoustic investigation of the infrared properties of
the terrestrial atmosphere including supersaturation and uv effects.

1. INTRODUCTION

Although water vapor, carbon dioxide, methane and ozone are minor con-
stituents of the terrestrial atmosphere, they are of major importance
for the residual absorption of radiation within the infrared spectral
windows at wavelengths from 3 to 5 pm and 8 to 14 pm. Hence, the ab-
sorption of these gases 1is of great interest for the design of infra-
red imaging systems as well as for the calculation of energy fluxes in
the atmosphere with regard to climatological studies. In this context,
most attention is paid to the important contribution of water vapor to
the total absorption. The water-vapor absorption within the two infra-
red windows comprehends two contributions: line absorption and conti-
nuous background absorption.

A controversy exists on the primary cause of the water-vapor continuum
absorption. The continuum can be explained only partially by the ab-
sorption due to distant wings of water-vapor monomer lines (Elsasser,
1938; Clough et al., 1980, 1981). Deficiencies in modelling the line
shapes several 100 cm®"1 from the line center prevent a reliable calcu-
lation of the continuum. At present, even highly sophisticated line-
shape models yield an insufficient approximation of the measured con-
tinuum absorption. Recently, a line shape model has been published
which 1is in good agreement with experiments (Thomas and Nordstrom,
1985). However, this model is based on a semiempirical line shape with
empirical parameters without physical meaning. Consequently, several
alternative hypotheses have been advanced to explain the residual
water-vapor continuum absorption. Equilibrium water dimers with a
strong librational band centered at 780 cm"1, non-equilibrium water
dimers, large aggregates of water vapor and ion hydrated clusters have
been suggested as possible additional sources of the continuum absorp-
tion (Varanasi et al., 1968; Carion, 1982; Suck et al., 1982; Gebbie,
1984).

With respect to the 8 to 14 pm atmospheric window, water vapor also
exhibits a number of weak absorption lines. Over ten of them are ob-
served at selected 2C1602-laser wavelengths. Several authors
(McClatchey et al., 1973; Loper et al., 1983) have assumed that these
absorption features result from the coincidence of weak local vibra-
tion-rotation transitions of the H20 molecule with C02-laser transi-
tions. Yet, a proper identification on the basis of accurate experi-
mental results has not been reported hitherto.
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In the past, extensive experimental and theoretical studies on the in-
frared atmospheric transmission led to the establishment of standard
models of atmospheric absorption and emission (Selby et al., 1976,
1978; Smith et al., 1978; Kneizys et al., 1980, 1983). Because of mis-
sing data and the physical complexity of this problem, even the latest
model (Kneizys et al., 1983) allows only poor predictions (Cutten,
1985, 1986; Devir et al., 1986) within the two infrared spectral win-
dows especially for long ranges, excessively high humidities and low
temperatures. Improvements have to rely on new types of measurements
of absorption, transmission and emission. Consequently, we have per-
formed field (Finger et al., 1984) and laboratory experiments to gain
a better insight into the water-vapor absorption and to test the re-
liability of the computer code LOWTRAN 6 (Kneizys et al., 1983).

In this study, we present laboratory measurements aimed at the under-
standing of the absorption mechanisms responsible for the line and the
continuous background absorption of water vapor in the 8 to 14 pm at-
mospheric window. For this purpose we have applied the laser-photo-
acoustic spectroscopy (PAS) whose sensitivity permits reliable measu-
rements even in small gas cells. A comprehensive report will be publi-
shed elsewhere (Hinderling et al. 1986b).

2. LASER-PHOTOACOUSTIC SPECTROSCOPY

In the past decade, laser-photoacoustic (PA) spectroscopy has been ex-
tensively applied to the sensitive detection of the absorption of at-
mospheric gases. Among other detection techniques PA spectroscopy has
been demonstrated to be useful due to its simple arrangement, its high
sensitivity and its wide dynamic range. Furthermore, its responsivity
is independent of wavelength in the near and middle infrared. The pio-
neering papers are those by Kerr and Atwood (1968) and by Kreuzer
(1971). Kreuzer reported on the detection of ultralow gas concentra-
tions by PAS. His remarkable results initiated many activities in this
field. In the meanwhile, photoacoustics has become a standard techni-
que for measuring extremely low absorptions independent of pathlength.
It offers a degree of parameter control not attainable by other me-
thods.

PA measurements with real atmospheric air samples are scarce. In-situ
measurements of the atmospheric absorption have been performed by
Patel et al. (1974) with a balloon-borne photoacoustic spectrometer.
At present, PA field measurements on real air samples at C02-laser
wavelengths are in progress, in our own laboratory (Meyer et al.,
1986). Moreover, we have developed a trace gas monitor at CO-laser
wavelengths which allows us measurements with real atmospheric air
samples, yet not in-situ (Sigrist et al., 1985). However, most laser-
photoacoustic spectroscopy in atmospheric physics has been performed
in the laboratory with pure nitrogen or synthetic air. With respect to
the 8-14 pm water-vapor absorption numerous PA experiments have been
performed in conjunction with a line-tunable CO2-laser (Shumate et
al., 1976; Nordstrom et al., 1978; Peterson et al., 1979; Loper et
al., 1983; Ryan et al., 1983; Hinderling et al., 1983, 1986a,b). These
measurements on the water-vapor absorption have been performed on
well-defined humid artificial air samples which consist either of
water-vapor/nitrogen mixtures or of water-vapor/synthetic-air mixtu-
res.
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In view of the detection of ultralow concentrations of atmospheric
trace gases and of otl.er crucial applications, the optimization of in-
frared-photoacoustic cells has been the topic of detailed theoretical
and experimental studies. A linearized acoustic theory of photoacou-
stic signal generation and detection in gaseous media has been outli-
ned by Kreuzer (see Pao, 1977) and by Kaw (1976). Numerous resonant
and non-resonant PA cells | ve been designed as infrared detectors
.(Kreuzer, 1971; Rosengren, 1975; Karm, 1976; Gerlach and Amer, 1980).
However, for the majority of the PA cells developed the published de-
tection limits represent only theoretical estimates. The detection li-
mits are in general expressed by minimum detectable absorption coeffi-
cients. The real detection limits are usually two orders of magnitudes
worse, i.e. above 10"7 cm"1. Therefore, considerable effort has been
undertaken to enhance the sensitivity of these spectrophones. Good ex-
perimental results have been obtained by Gerlach and Amer (1980) with
a window-less acoustically resonant cell and by Loper et al. (1983)
with matched nonresonant sample and reference cells connected to a
differential-pressure head of a capacitance manometer. They attained
ultimate sensitivity limits of 1.5%10*7 cm*1 and < bl 0*7 cm*1, res-
pectively. The ultimate sensitivity of the PA technique for detecting
small absorptions is predominantly determined by the available laser
power, the microphone sensitivity and the acoustical background signal
obtained from cells when they are filled with a nonabsorbing gas. Our
investigations have revealed that the acoustical background signal is
responsible for the fundamental limitation of sensitivity. As a conse-
quence we had to undertake considerable efforts to minimize this back-
ground signal (Hinderling et al., 1986b).

Another relevant problem encountered with resonant PA detectors is
their sensitivity to molecular-relaxation effects. If the acoustic re-
sonant frequency reaches a few kHz one has to take into account mole-
cular relaxation and energy transfer between molecules. Relaxation ef-
fects between vibrationally excited states and translational motion in
molecular gas mixtures containing H20, N2, 02 and CO2 have been dis-
cussed by Shumate et al. (1976). They studied the characteristic time
scales and a phenomenon called kinetic cooling which occurs in the
presence of C02 when the PA measurements are made at C02-laser wave-
lengths. In order to avoid these effects vie have restricted our own PA
measurements to gas samples without C02.

Our C02-laser photoacoustic (PA) detection system used for the absorp-
tion measurements is shown schematically in Fig. 1. A step-tuned low-
pressure QOr laser (Apollo, Model 550 A) with a reflection grating is
used as excitation source. The laser power varies from approximately 2
to 6 bl, depending on the emission lire. The laser emits on 65-70 tran-
sitions between 9.3 pm ad 10.8 im The laser power is monitored by a
bolometer located behind the cell. The operating laser transition is
determined by a spectrum analyzer. The CO2-laser output is intensity
modulated at an acoustical resonance frequency of the photoacoustic
%"' ;]'hebeam isfocusedtolalﬁzﬁa]g Iamﬂéi}gré\etfgrg]x_jpassed
rough a resonant-type sample cell. ens r this purpose
has a focal length of 25 an. Both, the detector and the chopper, are
insulated acoustically from each other In order to prevent coupling of
acoustical energy. The periodic pressure oscillations are recorded
with a "Miniature Electret* microphone combined with a FET preampli-
fie- les Model BT1751, BT1810). The various microphones yield an
initial respondvity of 1 pV/pbar at 1 MHz. They are mounted on adap-
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ters which can be attached to the various cells applied in our work.
At relative humidities larger than 90 %, the microphone is heated
slightly in order to prevent change of responsivity and water-vapor
condensation. The microphone signal 1is processed by an "Ithaco Dyna-
trac model 393" lock-in amplifier. A detection bandwidth of 0.03 to
0.01 Hz is used in all our experiments. Normalized absorption signals
are obtained by dividing the acoustic signal by the laser power.

Test gases and water vapor are admitted to the cell by a greaseless
filling system manufactured of glass and stainless steel. A prevacuum
of typical 1072 to 10°3 Torr is realized by either a liquid-nitrogen
cooled sorption pump in the presence of humid air samples or by a
high-capacity two-stage mechanical vacuum pump in the presence of dry
samples. In a second step the system is evacuated by a turbomolecular
pump to pressures of less than 10"5 Torr. This pressure is equivalent
to a contamination by trace’gases of less than 10 ppb at atmospheric
pressure. The partial pressure of the water-vapor/nitrogen mixtures is
detected by a piezo-resistive absolute pressure meter with a resolu-
tion of t 3 pbar. The temperature of the cell walls, the microphone
and the filling system are controlled by different temperature sensors
with a resolution of 0.1°C. The temperature of the filling system is
kept 2°C above the cell temperature to prevent condensation. Cylinders
of several different gases are attached to the filling system, as well
as a pyrex flask of high-purity distilled water. In order to prevent
contamination of the gases and vapors, the entire system is evacuated
back to the cylinder valves before each fill.

3. WATER-VAPOR LINE ABSORPTION

The 8 to 14 pm spectral window of the atmosphere exhibits a number of
weak absorption lines. Most of them have been assigned traditionally
to water vapor. A detailed review on these numerous local absorption
lines has been published by Vanasse (1981). He has determined the at-
mospheric emission by a balloon-borne interferometer with spectral re-
solution of 0.5 cm®"1 and 0.1 cm"1. On the other hand, Thomas (1979)
presents a pure water-vapor spectrum within the window region from 850
to 1282 cm"1 with an even higher resolution of 0.05 cm"1. His labora-
tory experiments have been performed with a Nicolet 7199 Fourier
transform spectrometer. Over ten of these water-vapor absorption lines
are in near-coincidence with 12C1602-laser frequencies (Hinderling et
al., 1985b). The absorption line occuring at the 10R(20) laser transi-
tion is the most popular because it is the strongest at and above room
temperature. Several authors assume that this absorption peak results
from the coincidence of the 10R(20) CO02-laser line with a weak rota-
tional transition of H20 (McClatchey et al., 1973; Loper et al.,
1983). It possesses a positive temperature coefficient and a nearly
linear dependence on the water-vapor partial pressure (Hinderling et
al., 1983, 1984; Loper et al., 1983). In our early experiments with
laser-photoacoustic spectroscopy we have also observed positive tempe-
rature coefficients for several other narrow absorption features which
occur near the 10P(40), 9P(38), 9P(28), 9P(10) and 9R(36) CO2-laser
transitions (Hinderling et al., 1984, 1985a).

In order to gain more insight into the mechanism of the sharp absorp-
tion lines, we have performed extensive experimental studies on the
pressure and temperature dependence of nitrogen-broadened samples of
water vapor. The measurements have been carried out with our cylindri-
cal spectrophone schematically plotted in Fig. 2.



321

1182 213snooeoloyd

1eonapur jAo ayy jJo weuberp orjewsyos g -6i4



322

We have performed laboratory measurements on the vapor-pressure depen-
dence of the water-vapor line absorption at the CO02-laser transitions
10R(20) and 10P(40) at different fixed temperatures between 310.0 K
and 253.1 K. Throughout the measurements the temperatures of the cell
walls and the Brewster windows have been adjusted to the desired value
within 0.2°C, whereas the temperatures of the tube connections and the
pressure gauge were kept constant at a higher level to prevent conden-
sation. The measured dependences of the absorption of water vapor at
the 10R(20) line on the relative humidity are presented in Fig. 3 for
the temperatures 253, 258, 263, 267, 273 and 278 K. To the knowledge
of the authors, no absorption measurements on the pressure dependence
have hitherto been performed below 283 K in the laboratory. Our measu-
rements demonstrate a linear pressure dependence of these absorption
lines. Consequently, their absorption cross sections hardly depend on
the vapor pressure. The linear pressure dependence of the absorption
at the 10R(20) transition has also been observed by other authors.
Shumate et al. (1976) determined the linear pressure dependence of H20
in both air and pure nitrogen at 300 K. Good agreement exists between
our results and those of Shumate et al. (1976) obtained for pure ni-
trogen. However, the cross sections they determined for synthetic air
are 11% larger than for nitrogen. Since oxygen is a less effective
line-broadening agent than nitrogen the line absorptions are usually
stronger in real air samples (Benedict and Kaplan, 1904). Peterson et
al. (1979) measured"absorption cross sections with a White-type cell
as well as with a spectrophone. Their cross sections are 8 % below our
data taken at 296 K.

The positive temperature dependence of the cross section of the line
absorption at the 10R(20) CO2-laser transition is clearly demonstrated
in Fig. 3 by the increasing slopes of the measured absorption coeffi-
cients. In order to obtain detailed information on the temperature de-
pendence of the cross sections of weak absorption lines, we have mea-
sured the absorption at selected fixed temperatures. Since the line
absorptions vary approximately linearly with partial pressure as dis-
cussed above we did not record their pressure dependence for all laser
transitions considered. Unfortunately, the calibration errors of our
apparatus increased rapidly for temperatures above 345 K due to a drop
in microphone sensitivity. As a consequence, we have performed measu-
rements only below 345 K. The measured cross section of water vapor at
the 10R(20)-laser line is plotted in Fig. 4 versus the temperature for
four different vapor densities. It has to be noticed that the vapor
pressure varies from one data point to the other since the water-vapor
density was kept constant. The fact that the cross section depends
only weakly on the vapor pressure is confirmed by the good coincidence
of the four data plots of Fig. 4.

McClatchey et al. (1973) suggested that the weak absorption lines dis-
cussed above originate in weak pure rotational or vibrational-rotatio-
nal transitions of the H20 molecule. However, the real origin of these
sharp lines above the continuum and in near-coincidence with 12C1602-
laser transitions has hitherto not been deciphered. In order to iden-
tify these features, accurate numerical data on the energy levels of
the H20 molecule are required. In this context the ground-state pure
rotational band of the dominant isotope of H20 was recently recalcula-
ted by Messer et al. (1983).
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When checking the possible rotational transitions, it has to be taken
into account that only those rotational lines whose line-center fre-
quency differs from that of the CO2-laser emissions by less than the
sum of the two linewidths considered yield significant absorption at
C02-laser wavelengths. The CO2-laser linewidth can be neglected since
it is less than 1.7-10"5 cm"1. For molecular gases at atmospheric
pressure a typical linewidth is 0.07 cm®"1 (Birnbaum, 1979; Thomas and
Nordstrom, 1982). A more detailed analysis of collision-broadened
halfwidths has been performed by Benedict and Kaplan (1959) and
Gamache and Davies (1983). The calculations by Benedict and Kaplan
(1959) yield about 0.045 cm®"Vatm for the halfwidth of a N2-broadened
pure rotational line of the type considered. The recent calculations
by Gamache and Davies (1983) resulted in even smaller (0.02-0.05
cm*Vatm) halfwidths. Benedict and Kaplan (1964) also investigated the
linewidths due to self-broadening which refers to collisions among the
H20 molecules. Although the self-broadening mechanism of the absorp-
tion lines caused by dipole-dipole interaction is much stronger than
the N2-broadening, the effective self-broadened halfwidths are compa-
rable to the N2-broadened halfwidths at water-vapor pressures below 20
mbar. Taking into account the selection rules for the dipole transi-
tions of an asymmetric-top molecule with the dipole moment along the
b-axis, we have found five pure high-J rotational transitions within
0.07 cm-1 of CO2-laser center frequencies. These five transitions are
listed in Table 1 related to the nearest CO2-laser transitions. In our
measurements weak yet sharp absorption features dominated by line ab-
sorption are observed at all of the laser transitions of Table 1 ex-
cept for the 9P(22) transition. This missing absorption peak is ex-
plained by the low line strength due to the large change of K ! and
Ki.

From experimental aspects two possibilities exist to examine the pre-
dictions of the pure rotational-line model. Firstly, the magnitudes of
measured and predicted cross sections can be compared directly. Se-
condly, the slope of the measured temperature dependence is related to
the energy of the lower rotational level. We have examined both sche-
mes and found the results in good agreement with the assignments shown
in Table I (Hinderling et al., 1985b, 1986a,b).

4. WATER-VAPOR CONTINUUM ABSORPTION

The standard torentz models of monomolecular water-vapor absorption
fail to predict correctly the molecular absorption experimentally ob-
served in the spectral region between 8 and 14 pm wavelength. This
failure reveals the difficulty of modelling both, the temperature and
the pressure dependence of the absorption coefficient. In addition,
the measured water-vapor absorption is larger than predicted by the
standard line-shape models. The unexplained additional absorption is
named the water-vapor continuum, since it represents a smoothly vary-
ing function of the wavelength. Because of its importance it has been
the topic of extensive studies (Bignell et al., 1963; Burch et al.,
1971; Peterson et al., 1979; Loper et al., 1983; Burch and Alt, 1984;
Hinderling et al., 1986a,b). The experimental investigations demon-
strate that it is a quadratic function of the partial pressure of wa-
ter vapor and exhibits a negative temperature coefficient. Also there
is no definite answer with respect to the physical origin of the con-
tinuum absorption, various interpretations have been suggested by the
investigators (Finger et al., 1984). These interpretations may be se-
parated into three categories: The first refers to far-wing absorption
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of strong water-monomer absorption bands on the border of the trans-
mittance window (Elsasser, 1938), while the second assumes that water
clusters, most probably dimers are responsible for the continuum ab-
sorption (Suck et al., 1979). Finally, it was also suggested that hyd-
rated ions and aerosols may yield a contribution (Carion, 1978, 1982).
In our own investigation we cannot account for the aerosol contribu-
tion because we have been limited to well-defined laboratory atmosphe-
res consisting of water-vapor/nitrogen mixtures.

The above comment proves the need of precise spectral measurements on
the continuum absorption in the 8 to 14 pm wavelength range for diffe-
rent water-vapor partial pressures and temperatures in order to test
the existing models. For this reason we have performed laboratory ex-
periments on the continuum absorption at different wavelengths within
the 10P-branch of the C02-laser emission. The first experiments have
been devoted to the characteristic quadratic dependence of the conti-
nuum absorption on the water-vapor pressure. Our subsequent measure-
ments on the temperature dependence of the continuum absorption have
been made as a test for the dimer model which predicts a negative ex-
ponential temperature coefficient. Thus, we have determined the pres-
sure quadratic component of the continuum absorption over a temperatu-
re range from 253 K to 345 K. The temperature range below 300 K is of
special interest for two reasons. Firstly, most experimental studies
have been performed only on water-vapor/air mixtures at room or higher
temperatures. Temperatures in the terrestrial atmosphere, however, can
be as low as -50°C. Secondly, absorption measurements at 281 and 290 K
by Zavody et al. (1979) and emission measurements by Coffey (1977) in
the range between -15“C and 26°C indicate a negative temperature de-
pendence which is too strong to be explained by the dimer model.

The influence of the partial pressures of H20 and foreign gases on the
water-vapor continuum absorption has been analyzed in detail (Burch
and Gryvnak, 1980). The following semiempirical relation was first
postulated by Roberts et al. (1976):

a(XtPj) m CS(X,T) < n < {p +y(pt - p)} (€))

This relation represents an empirical analysis of the absorption cross
section of the continuum as a function of the partial pressure of wa-
ter vapor p. The two coefficients Cs and y of this equation can be
interpreted by both, the equilibrium dimer model as well as by colli-
sional broadening gf distant absorption lines. Usually, the coeffi-
cients are denoted in terms derived from line-broadening theory. Thus,
Cs represents the self-broadening coefficient, y the foreign-to-self
broadening ratio and (py - p) the pressure of the foreign gas. The
total pressure is denoted by p* and the water-vapor density by n. y
is commonly assumed to be independent of both, the temperature T and
the wavelengths A attainable by the C02 laser (Kneizys et al., 1980).

Our first measurements devoted to the pressure dependence have been
made with water-vapor/argon mixtures at 298 K with a relative humidity
between 15.3 X and 98.8 X. The total pressure in the cell was again
kept at 950 mbar. Fig. 5 shows the pressure dependence of the conti-
nuum taken at the 10P(20)-laser transition. For comparison experimen-
tal results of three other authors are also indicated. On the basis of
eg. (1) our data are best fitted by the coefficients:
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C02 10P(20): Cs (298 K) = 1.60-H)-25 cm2 m61"1 mbar®1
1Ur » 118

With respect to collisional broadening the small value of y indicates
that the contribution to the continuum caused by self-broadening is
much more important than the contribution from foreign-gas broadening.

Our first laboratory experiments on the temperature dependence of the
continuum absorption have been performed at the COj-emission lines
10P(20), 10P(24) and 10P(30) for the temperature range between 305 K
and 345 K. On the basis of these experiments we have subsequently mea-
sured the temperature dependence at the CO2-laser lines 10P(20),
10P(24), 10P(30) and 10P(38) in the adjacent temperature range from
275 to 305 K. Finally, we succeeded in taking measurements at tempera-
tures as low as 253 K.

The motivation for these measurements was to investigate the exponen-
tial temperature dependence of the continuum as predicted by the dimer
model (Suck et al., 1982). This model 1is based on the assumption that
the continuum is crucially dependent on the dimer equilibrium concen-
tration which is determined by the total binding energy E2 of the
electronic ground state. Thus, E2 can be derived from measurements on
the temperature dependence of the absorption. The measured absorption
coefficient a itself is inappropriate for analyzing the influence of
the temperature on the continuum absorption because it depends on the
temperature T as well as on the partial pressure p. This is reflected
by eq. (1). The influence of the foreign-to-self broadening ratio y on
the continuum absorption o is negligible, provided that it satisfies
the condition

Ur» (PP -1D )

This is the case for temperatures above 300 K, since the saturation
vapor pressure is larger than 35 mbar, and 1/y is in the range 100 to
1000 at wavelengths with dominant continuum absorption. Consequently,
the self-broadening coefficient CS(T) is the only temperature-depen-
dent quantity of interest. We have compared our experimental data with
the predictions of the semiempirical model by Roberts et al. (1976)
for the continuum absorption which is also Incorporated in the LOWTRAN
5 program. They postulated the following equation for the temperature
dependence of Cs

CS(M) = Cs® = exp(TB (/T - 1/296)) (©)

This semiempirical equation is the result of experimental observa-
tions. Cs° represents the self-broadening coefficient at 296 K. The
characteristic temperature Tg can be interpreted in terms of the
dimer model. Here, the strong negative temperature dependence of Cs
involves a bound state between two water molecules which can be des-
cribed by the activation temperature Tg required for the dissocia-
tion of two hydrogen-bonded water molecules (Varanasi et al., 1968).
Hitherto, no proper Identification of Tg has been given in literatu-
re. We have demonstrated that kTg is equivalent to the decrease of
enthalpy -gH2 on the occasion of dimer formation (Hinderling et al.
1986b) .
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By regression fits to our measurements between 305 and 345 K with the
aid of eq. (3 we have obtained the following Cs® and Tg:

C02 10P(20): Cs° =20.1*10-26 cm2/mol/mbar, TB = 1680 K
C02 10P(24): Cs° = 18.7-10-26 cm2/mol/mbar, Tg * 1705K
C02 10P(30): Cs® = 17.4-10-26 cm2/mol/mbar, Tg = 1870 K

In all cases, the good agreement of calculated and measured temperatu-
re dependence confirms the exponential temperature dependence of
CS(T). The average value Tg * 1752 K = 140 K corresponds to an
enthalpy decrease

OH2 (T * 325 K) * -3.48 t 0.28 kcal/mole dimers

Originally, Varanasi et al. (1968) estimated the binding energy of the
dimer 5 kcal/mole for 2 atm and 400 to 450 K and 3 kcal/mole for 10
atm vapor pressure and 460 to 500 K. Later, Curtiss et al. (1979) de-
termined the enthalpy of the dimer by measurement of the thermal con-
ductivity and found

OH2 (T * 372 K) = -3.59 kcal/mole dimers

We have been able to make a more detailed analysis of our experimental
data with respect to the dimer Interpretation by application of a sta-
tistical quantum mechanical dimer model postulated by Suck et al.
(1982). By use of statistical mechanics the equilibrium concentration
of dimers can be evaluated when the total electronic-binding energy E2
and the vibrational and rotational energy levels are known. Conse-
quently, if self-broadening is neglected, the continuum absorption re-
presented by the coefficient Cs of eq. (3) gives information on the
electronic binding energy E2 and the cross section ad of the dimer.
From our measurements at temperatures between 305 and 345 K we have
found

C02 10P(20): E2- -5.57 kcal/mole, od»4.8MO0-20 cm2/mol
C02 10P(24): E2= -5.62kcal/mole, od=4.13-10~20 cm2/mol
C02 10P(30): E2* -5.93kcal/mole, o0d*2.23-10-20 cm2/mol

From these fitswe find the following average parameters for the
average temperature T * 325 K:

E2(T - 325 K) « -5.71 kcal/mole, od(T * 325 K) * 3.72-10~20 cm2/mol
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Our results on E2 are in good agreement with theoretical results
obtained from quantum-mechanical molecular orbital calculations
(Hankins et al., 1970; Popkie et al., 1973). Their results range
from E2 m -4.60 to -6.89 kcal/mole. Recent calculations performed

by Reimers and Watts (1984) yield energies between E2 » -5.9 and
-6.2 kcal/mole. Our results are also in agreement with experimental
data reported by Curtiss et al. (1979). Thus, we conclude that the
dimer model predicts the observed negative temperature coefficient
for the continuum-absorption water-vapor pressure quadratic component
properly down to a temperature of 305 K.

The sensitivity of our photoacoustic detector allowed us to measure
absorptions as low as 1 to 3»10"8 cm_. This enabled us to realize
laboratory absorption measurements on water-vapor/nitrogen mixtures
for the first time down to -20°C. The lack of experimental data on the
foreign-to-self broadening ratio y for temperatures below +10°C moti-
vated us to perform measurements on the water-pressure dependence of
the continuum absorption at the selected low temperatures +5°C, 0°C,
-6°C, -10°C, -15°C and -20°C for the laser transition 10P(20) and
10P(24). The measured absorptions versus humidity are shown in Fig.

6 for the transition 10P(20). Regression fits based on eq. (1) are
indicated as solid lines.

We have again compared our experimental results with the predictions
of the dimer model. Thus, we have obtained

C02 10P(20): E2 = -5.60 kcal/mole, ogq » 5.32-10-20 cm2/mol
C02 10P(24): E2 - -6.50 kcal/mole, ag = 0.95*1Cr20 cm2/mol

The results on E2 are in good agreement with calculated dimer energies
although we have measured at temperatures as low as 253 K. As a conse-
quence, the dimer model 1is found to be appropriate down to -20°C. This
fact is contrary to the results obtained from field measurements by
Coffey (1977) and by Zavody et al. (1979). The averages of our data
are

E2 (T - 275 K) * -6.05 kcal/mole, aq(T = 275 K) * 3.14-10-20 cm2/mol

A more detailed discussion of the above measurements and their inter-
pretation will be published in a comprehensive paper (Hinderling et
al., 1986b).

5. FURTHER MEASUREMENTS

In chapters 3 and 4 we have reviewed part of our laser-photoacoustic
studies on line and continuum water-vapor absorption. In addition, we
have investigated by this technique the absorption by supersaturated
water-vapor and the effect of uv radiation. A complete review on these
experiments and their results will be given in a subsequent paper
(Hinderling et al., 1986b).
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INVERSE OPTICAL PROBLEMS IN LASER REMOTE SENSING

Abstract

Validity of assumptions generally used for evaluation of dif-
ferential absorption lidar data for remote detection of mole-
cular components in the atmosphere are revised.

Intoduction

Laser remote sensing methods are becoming widely used in se-
veral fields of measurements. Interpretation of the received
data in terms of the parameters to be determined is far from
simple due to several unknown features, usually occuring in
non-laboratory environment. MNie task is - as in most cases of
optical measurements - to solve an inverse optical problem
i.e. determine boundary conditions from electromagnetic field
measurements. However the inversion has sometimes to be car-
ried out under such circumstances that about some parameters
characterizing the experimental situation only limited or no
information is available for the experimenter.

Here a measurement with a coherent infrared differential ab-
sorption lidar will be considered that is used for concent-
ration measurement of different atmospheric molecular compo-
nents. It is based on topographic backscattering. About the
scattering of the topographic target and the absorption cha-
racteristics of the atmosphere only limited a priori infor-
mation 1is available. 1t nil I be examined how can concentrati-
on measurements be carried out among such circumstances.
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Principle of the measurement

The scheme of the veil knorm differential absorption method
is"shown in Fig. I.

lidar molecular topographic
transceiver cloud backscatterer
A. A? ninz

aperture : A
opt. eff.if

Fig.1. Scheme of the differential absorption measurement.

The lidar system is based on cw tunable CC™ lasers with opti-
cal heterodyne detection to provide the sensitivity necessary
In the p-11 /um wavelength region about loo atmospheric mole-
cular species of interest show characteristic absorption.

The intensities of the received light at the two wavelengths
are measured

RS -ri./we 0l2p £ 12ep f 2]R:«i,FITM d

where is the total extinction coefficient. =
The above so called lidar equation is usually solved wider
the assuizptions

o @ Be -+ rt.z 61 .2 /C( dr
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when the information gained, is the path integrated concentra-

tion of the molecular component
f € dr 1 . in P (
2[<FrQ\ r)-\(N\2i] P (Nl jJ
Validity of the assumptions Pj°u”= P2°Mt and a £

can be justified because they are determined by system para-
meters and can be taken care for by normalization

However parameters /3 and are determined by wconbroll—
able atmospheric and topographic conditions theminfluenceeoff
which on the measurement has to be considered.

Influence of the topographic backscattering coefficient: (/57i

A large amount of data has been compiled consideringi the: wave-
length dependence in the p-12 yum range of the back3caiilieartap
coefficient of different topographic objects. They caw Sts eHm-
racterized by equivalent minimum detectable cancentratlicar free
each molecular component. This is in general below 0,1 ppm'thx
i.e. in case of moderate concentrations differential reflectan-
ce can be neglected. However when small concentrations are to-
be detected it can seriously distort the information, 1in this
case scanning across large topographic areais recommended.
Separation of signal variation due to change in absorption and
reflectance can be carried out on the basis of different spa-
tial extension of correlated areas due to the two effects. In-
practice this appears in different temporal variation of the
signal that can be electronically separated.

It is also important to note that fast fluctuations due to the
speckle effect have also to be averaped. out by integration
over a surface area much larger than”Seam diav.ietar on target.
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Influence of the atmospheric extinction coefficient (o<)

First it is worth to note that the imaginary part correspon-
ding to the refractive index along the path is nonstationary.
Its main effect is beau :ander leading to speckle noise. This
can be also eliminated by integration over larger area how-
ever this is the effect practically excludes application of
pulsed systems for such measurements.

The real part describing attenuation of light intensity must
take both scattering and absorption into consideration. Due
to the long wavelength scattering loss is small °<sc<2 km~"
for more than qoZ of the year in l.iiddle-Europe.

In the absorption spectra of the atmosphere there is a vrirdow
around lo /um that gives for clear atmosphere /x/0,1 dE/kn
attenuation.

However if no a priori information is available on the kind
and number of molecular components present interpretation of
the result of the two wavelength lidar measurement is very
difficult. Therefore the most reliable measurement can be car-
ried out when a known dominant component is present. If this
«ias not the case multiple wavelength measurements have to be
carried out and even so only proéba ilistic infor®,nation can be
gained. An algorithm is available to solve the lidar equation.
Modelling measurement errors probabilities of false selection
of the dominant component and error in measurement of C" were

predicted.
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danees B.B.

MockoBckuii yHusepcuteT nm.M.B.JlomoHocoBa
JAVCTAHUMOHHAA NTASEPHAA CINEKTPOCKOMA MPUPOOHBLIX BOL,

OTANUNTENbHBbIMU YepTaMu MNPUPOAHbIX BOJ KaK O6beKTOB AMcTa-
HLUMOHHOM Na3epHOM CNeKTPOCKOMUU SABMAAIOTCA UX 4pesBblyaliHO CNOX-
HbIi cocTaB, 3HadYuUTeNbHOE MOrnoWeHne N paccessHUe cBeTa B OKHe
npospayHoctn (A = 480...500 Hm). 3To co3gaeT 6oOnbLMe TPyAHO-
CTWU B BblGOpPe METOAOB CMEKTPOCKONUWU ANSA AMArTHOCTUKM TaKuUxX cpepg
M B pa3paboTke anropuTMOB pelleHUs O6paTHbIX 3ajady - alropuTMoB
oripefeneHns napamMeTpoB cpefbl MO XapakKTepucTukam perncrpupye-
MOro 3Xo-curHana.

Ha nepsom aTane pa3BMTUS AaHHOro HanpasneHus (Havano 70-
-X ropgos,cMm..Hanpumep, Ni3 ) nmcnonb3osanacb MAyopnmMeTpus, Ko-
Topass MO3BONAET pewaTb 3ajayvyy AUCTaHUMOHHOro (c 6o0pTa Kopabns
NN netaTenbHOro annaparta) O6Hapy>XeHUs OpraHMYeckmMx KOMIMOHEH-
TOB MPUPOAHbLIX BOJ - (MUTOMMAHKTOHA, HeMTAHbIX NAeHOK n T.4. [Jo-
6aBneHne BTOPOro WHMOPMALMOHHOIO KaHana - curHasa Komb6uHalmo-
HHOro paccesiHUs BOJbl, WUCMO/Ib3YyeEMOro B KayecTBe BHYTPEHHero
penepa [2J , nocTaBuno AUCTaHUMOHHYIO (hyOPUMETPUIO HA CTPOTYIO
KOJINYECTBEHHYIO OCHOBY, [0O3BOJIN/IO KOJIMYECTBEHHO CpaBHUBaATb pe-
3ynbTaThbl, MONYYeHHble B pasHOe BpeMs, B pasHbiX akBaTopuax Mn
poBOro okeaHa.

BbicOKOe ceueHue ayopecueHUUN OpPraHMYecKnx CoeauHeHUN
( 6> — 10-2~cM”) 1 BO3MOXHOCTbL MCMONb30BaTh Monocy 3440 cm-*
KP BOAbl B KauyecTBe BHYTPEHHero penepa, CpaBHUMOro C CUrHalOM
nyopecueHUUN HUTONNAHKTOHA, MPUPOAHOr0 PacTBOPEHHOro OpraHu-
yeckoro Beuw,ectsa (POB), HedTelh U HeddTENPOAYKTOB B UX TUMNUYHbIX

koHueHTpauusax [2,3] (cm.puc.l1,2) - Bce 3To onpegennno cTpem-
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Punc.2. XapakTepHble CNeKTPbl 3X0-CUTHaNOB MNpu BO3OYXAeH™
MOPCKOW BOpga; > 0= 337 HM. [lMonyyeHbl Npy AUCTAaHUMOHHOM 30HAMU-
poBaHun B YépHom mope: | - B 12 mMunax oT 6Gepera; 2 - B nNpwu-
OpPEeXXHOM 30HEe C WHTEeHCUBHbIM 6GeperoBbiM cTokom /HWC "Tpuropuii
Nexkasa" AmKapckon rugpomeTtob6ecepsaTopun/.
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neHne cOXpaHUTb (yopuMeTpuo B apceHane cpeacTB AUCTaHLMOHHOM
nasepHoOM AMarHOCTUKW MPUPOAHbIX BOJ, HECMOTPS Ha ee HU3KYK W3-
6npaTenbHOCTb.

Pab6oTbl, HamnpasneHHble Ha MNpeojosieHMe 3TOro HejgocTaTKa,Npu-
BENWN K CO34aHUIO MeToAa HeNUHeMHOW nasepHoO (hayopumMeTpuu, OCHO-
BAHHOrO Ha aHanu3e KPWUBbIX HacbllweHusa dnyopecueHumn/ 4 J . CyTb
MeToja WUNNCTpUpyeTcss pucyHkamm 3,4 M COCTOUT B U3BNEYEHUN
MHopMaLmn 06 opraHMYeckoM coeguMHeHUWN (BMAOTb A0 OnpejeneHus
ero CreKTpanbHO-IOMUHECLEHTHbIX XapakTepucTuk/4 | ) ns sasucu-
MOCTel hbakTOopa HacbiweHUs [ OT NAOTHOCTM NOTOKa (POTOHOB BO36Y-
xpaawolero nsnydenns F

MeTofbl, OCHOBaHHble Ha CHATUU CMNEeKTPOB (yopecLeHunn, Hop-
MWPOBAHHbIX Ha MHTEHCUBHOCTb Monocbl KP BOAbl, Npu nepecTpoiike
4acTOThbl Na3ePHOro M3ny4vyeHuseue 60Mblle PacLLMPUIN BO3MOXHOCTU
hnyopnumMeTpum B MHAEHTUMUKALUM OPraHMYecKMUX coefuHeHuii B Boje,
BbleNleHNA OAHOro Ha oHe Apyroro. [NpMMepoM MOXKeT CAYy>XUTb MeTO-
AVKa BblaeneHna dnyopecueHUMN HedTed U HepTenpoayKTOB B BOAe
Ha doHe dnyopecueHumn POB/6 J .mnnocTtpupyemas puc.5: pasHas
3aBMCMMOCTb napameTpa 40 = /V*Mm/IV*/> ( /Npg v - 4yucna
KBaHTOB nyopecueHUUn npumecn n KP BOAbl COOTBETCTBEHHO) OT
O/MHBI BOJIHbI BO36Y>KJaloLlero MU3fy4eHUs MNO3BONSAeT onpeaenvTb nap-
unanbHble BKAaAbl 3TUX MNpPUMecell B CyMMapHyl0 Mnonocy gayopecLeHLnn.

[JanbHelillee coBeplUeHCTBOBaHWE (YyOpPecLLeHTHOro meToja Aun-
arHOCTUKN MPUPOAHbIX BOJ COCTOSAI0 B MNpuUMeHeHUM Pypbe-aHanusa
ONA KOHTPOAA ¢opMbl U CMeKTPaNbHOro cocrasa MNOMoC (nyopecLeH-
uMn (paBHO Kak W ApyTux monoc)/6-J . B yacTHOCTU, 3TO MNO3BO-
nMno gukcmposaTb cnabble M3MeHeHUA QOPMbl MONOChl hayopecueHLNmn
PUTOMNNAHKTOHA N MUCMONb30BaTb UX ANA MYHKUMOHa/IbHOW AMATrHOCTU-

KN 3TOrFro Ba>XHOrFro KOMNMOHeEHTa MNpupoaHbIX BO 4.
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Pwnc.3. HacbiweHne dnyopecueHunn Hetptn "CaHoTnop" B BoAe.
OTHOLLEeHe MHTEHCUBHOCTEN WM3Ny4YeHMS a3O0THOro nasepa, MpU KOTOPbIX
nony4yeHbl cnekTpel |, 2, 3, F4 : Pj. : Fs = | ®0*5 : 0,18.

1024 5-1024 1025 F, <al2c_lI

Puc. 4. 3aBucumocTb pakTopa HacbiweHus dnyopecueHumn I oT
NAOTHOCTU NOTOKa MOTOHOB M3NYy4YeHUSA asOTHOro nasepa ANA:
| - POB; 2 - Hedtn "Pycckon"; 3 - HedTm "CamoTtnop”; 4 - au-
3eIbHOroO TOMNMBa.
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nv*

El

ado"

Puc.5. 3aBucumocn <DAX ) ,u,nﬂ paziiHbLX TMnos PCB
G-—---- ) " Ha'-%en 0B p—0~------- , CHATbE Ha flasellom (a .

vz A (6) &1yop|<b|eTpax I'p/Beuﬁrbl CpefHve 3HaYeHV
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Monoca KP Boabl Mcrnonb3yeTtcs B AUCTAaHLMOHHOI nasepHoOW cne-
KTPOCKOMNNWN MNPUPOAHbIX BOJ He TONbKO KaK BHYTPeHHWW penep npu
onpegeneHUN KOHUeHTpauuun ¢ayopecumpyowmx YyacTmul, HO U cama no
cebe: nM3MepeHWe mapameTpoOB, OMUCbIBaIOLWMX ee OopMYy, MOXET OblTb
MCMONb30BaHO ANA onpefeneHns TemnepaTtypbl (Kak 3TO NpPeanoXKeHo
B [7] ) WA O4HOBPEMEHHO TemMmnepaTypbl U CONEHOCTU MOPCKOW BO-
nobl/8,9 J. MockonbkKy M3MeHeHUA Gopmbl nonocbl KP Boabl cpaBHW-
TeNbHO HEeBENUKU NpPU U3MEHEeHUW TemnepaTypbl U CONEHOCTW B MNpe-
ACTaBNAWMX MpakTUYeckuin nHTepec npegenax (cm.puc.6,7), TO
LOCTMXKEHUE MNpuemMnemMoii TOYHOCTU onpejeneHnUs 3TUX MapameTpoB
npeacTaBnsaeT CNOXHYHO 3agaudy. [yTem napannenbHoOW permcrpaumm
MHTEHCUBHOCTEMH 3axo-curHana B 200...300 cnekTpanbHbIX KaHanax
BHYTpM nonocbl KP BOAbI M Mcnonb3oBaHMM nNpu ob6paboTke meToga
peaykuuun [10J nnn mMeToja HauMeHbLUMX KBafpaToB yjaeTcs AoOcC-
TWYb TOYHOCTW OAHOBPEMEHHOrO oupefeneHUs TemnepaTypbl U COMIEHO-

ctnu 1 0,4°C n - 0,3%0 cooTBeTcTBEHHO X A.

MepeynicneHHble MeTOAbl AUCTAHLMOHHOM Na3epHOM AMArHOCTUKU
HaxogAT Bce 6oJfiee LWIMPOKOE MNMPUMeHeHMe B OKeaHONormMm. MoXHO ro-
BOPUTb O CPOPMMPOBAHUMN HOBOTO HampasBfeHUS - 1a3epPHOro MOHUTO-
puHra Mopckow cpegbl. B TeueHme 1980-1986 rogos Hawel rpynnoi
B HECKO/IbKUX MOPCKUX M OKEaHCKUX 3KCMeauLunsax ocyllecTB/ieHa
cbeMKka (pyopecleHTHbIX nonen cutonnaHkToHa n POB Ha OBLUMPHbLIX
akBaTopuax YepHoro [ 11,12,14) n BbanTuiickoro /12-14] Kopen,
MHgniickoro n ATnaHTU4YecKOro okeaHoB. Cbemka NpoBoguniacb Ha

Xo[oy cyaHa C noMowpbHo aBTOMatTmM3MpoBaHHOro nunpaapa, ycraHaB/inBa-

X) O9TOT pe3ynbTaT coobuleH B goknage: loroniwckaa T.A., Tony6-
uos M.B., Kum E.M ., MauaeBa C.B., dagees B.B. "/lazepHblii meTo4
ONCTaHLUMOHHOIO onpejeneHns TemnepaTtypbl M CONEHOCTU MOPCKOW
BOoAbl" Ha LU KOHdepeHUMM MOCKOBCKOro yHmBepcutTeTa uMm..."B.Jlomo-
HocoBa "WccnepgoBaHne MwupoBoro okeaHa"(maih 1966 r .).Tpyabl KO-
TOpPOM HaxofATcsa B MNeyaTwu.
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Punc.6 3aBucumMocTb BasieHTHOMN mnonocbl KP Boagbl OT TemnepaTypbl.

MHTEHCUBHOCTD,

Puc.7 3aBUCMMOCTb BaneHTHOW nonocbl KP BoAgbl OT CONEHOCTU

MOPCKO BOAbI.



emMoro B cypoBoii nabopatopuu. lNpy NPOTAXKEHHOCTAX akBaTopuu [o
HECKO/IbKUX TbICAY MWU/b MNPOCTPaHCTBEHHOE paspelleHne CcoCTaBUIO
MeHee | KM, a BpemMs CbeMKW - HECKO/IbKO CYTOK. 3TO MO3BONUNO
BbISBUTb WHTEPECHble U BaXXHble AN OKeaHONOrMm OCOBEHHOCTU Monewn,
- NX MEeNKo,-cpefHe,-n KPYyNHOMacLITabHY CTPYKTYpPY, BPEMEHHYIO
M3MEeHUYMNBOCTb. lNMoKaszaHa MepcrneKTUBHOCTb Na3epHOro 30HAWMPOBAHUA
Ha XoAy cyaHa ANna oOHapy>XeHWs 30H C aHOMalbHO BbICOKMM cofep-
XaHveMm npumMeceil, TaKMX KaK 30Hbl MOBbILLEHHOW 6GMONOrMYecKowr npo-
OYKTUBHOCTU (B parioHax annBenuMHroB), 30H BblHOca POB pekamu,
oyarm HepTAHbIX 3arpsA3sHeHUN BOAHbLIX cpeg U T.4. CKasaHHOe WANKO-
cTpupyetca puc.8-11. Kak yke oTmeyanocb, UCMNOJb30BaHWE MeToga
BHYTPEHHEro penepa nm msmepeHue dayopecueHunn B egmHumuax CO ,
He 3aBuUCAWMX OT nMpubopa, MO3BONAeT cpaBHWUBATb KOANYECTBEHHO
Be/IMUYNHbI (DYyOpecLEeHTHbLIX MNoNner B pasHbiX akBaTopuax (cp.puc.8 mn
10) vnn B OAHOW akBaTOpuUW, HO B pasHble Ce30Hbl (cp.puc.Ba n 86).
TakoB UTOr MepBOro atana pa3BUTUA UCCNefoBaHWU MO nasep-
HOW ANCTaHLMOHHOW AMAarHOCTUKe NPUPOAHbLIX BOJA. B 3ToM KpaTKom
0630pe Mbl He Kacanucb TEXHUKW 30HAMPOBaHMA. OTMETUM NULWb, 4YTO
B NnTepaType OnNucaH psaj KOHCTPYKLMW CaMONeTHbIX N CYAOBbIX nuje-
poB. lpn cyLLecTBYHOLEM YPOBHE pPasBUTUSA NasepHOWM TEXHWUKWU, ChNek-
TpanbHON, ONTUYECKOW M 3N1eKTPOHHOI perucTpupyloLeri annapaTtypsbl,
BXOAALWMX B COCTaB NuUAepoOB, caMO/fieTHOe U Cy[OoBOe /fla3epHOe 30H-
AvpoBaHMe [AOMONHAKT Apyr apyra. lepeBoe ob6ecnedymBaeT BbICOKYHO
CKOPOCTb CbEMKW MapamMeTpOB BOAHbIX cCpej MNpW CPaBHUTENbHO HU3-
KOM MNpOCTpPaHCTBEHHOM paspewweHnn. BTopoe, HaobopoT, obecneyun-
BaeT BbICOKOe MPOCTPaHCTBEHHOE paspelleHne, BO3MOXHOCTb OCyLle-
CTBNEHNA ANUTENbHOrO0 3KCNepuMMeHTa B OAHOM Touke (Hanpumep,
CHATUE CYTOYHOW W3MEHYMBOCTW MapamMeTpoB), HO TpebyeT 6ONbLIErO

BpeMeHUN Ana nonydeHma KapT Ha MNPOTAXEHHbIX aKBaTopuax.
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Punc.8. KapTbl pacnpegeneHnsa dnayopecueHunn 5N (M3onmHum na-
pameTpa ® ), MoflyyeHHble NYTEM AUCTAHLMOHHOIO N1a3eo0HOro 30HAMUTO
BaHUA(AO -53 2 HM) B 3anagHoi 4yacTu YEpHoOro mous BO Bpebu 2-TO,
OKTSA6pb 1980 r. (a) wn 4-ro, anpenb-man 1S81 rt (6) pevicos
HAC "Topu3oHT".
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Puc.9. WM3onuHun napametpa P?°B  ~a) wn conéHoctum (6 ) ana
©0BepXHOCTHOro cfios BOAbl MoMy4YeHHble Ha MONAUTOHE "PUKCKWIA
Bannue B 26-A peiice H/C "Akagemuk KypuaTos".
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Pnc.l0O. Kapta pacnpegeneHnsa napametpa ¢‘“Ha noBepxHOCTU
BanTuniickoro mops. lMonyvyeHa mMeToAOM AMCTAHLMOHHOIO fasepHoro
30HAMpPOBaHUA Ha Xxoay cyaHa B 39-om peiice KUC "AkagemMuk
KypuaToB".



2,0.

paccToAHMe OT CT.

1.1023

2-10"
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Puc.ll. PacnpepgeneHwue
MHTEHCMBHOCTU hnyopecLeH-
unm PduTonnaHKToHa B pami-
oHe beHrenbckoro ansen-
NuUHra, y 6eperos AdpuKu.
MonyyeHo B 43-em peiice
HAC "Akagemunk KypuaTtos"
nyTém AUCTaHLMOHHOIo
nasepHOro 30HAVWPOBaHUA
Ha xopy CyAHa.

4930, mMunn

Pnc. 12. 3aBucmmocTb
dakTOopa HacbnneHunsa M*5 /?-
OT MJIOTHOCTU MNOTOKa
doToHOB F BO3OY>KAaknero
usnyueHms (J1c=532 Hm )
ONA pacTBopa xnopodwunna
"a" B aueToHe (1) u Ha-
TuBHOro dwutonnaHkToHa (2L

F,CM-2C_1
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PaboTbl Ha BTOpom 3Tamne pa3BUTMA 3TOr0 Hanpas/leHUs MOCBSA-
weHbl 601ee TOHKOMY aHann3y MexaHM3MOB (HOPMMPOBaAHUA 3XO-CUTHA-
noB wn, cnepgoBaTenbHO, MeXaHW3MOB B3aMMOAEWCTBUA Na3epHOro u3-
Ny4YeHUs C MPUPOAHLIMA BOAHLIMW cCpefamMu M UX KOMMOHEeHTaMu, co3ja-
HUIO HOBOTO MOKONEHUA NMAapoB C MNPUHLUMNATBHO HOBbIMU BO3MOXHO-
CTAMU AMNCTAHLUMWOHHOW AMAarHOCTUKW BOAHbIX cpepf. PeweHue 3aTux 3a-
Aady NOo3BOMNT YyCTaHOBWUTb CTPOrue, HayyHO OOGOCHOBaHHble KoOnM4yec-
TBEHHbIE COOTHOLUEHUA MeXAy XapaKTepUucTUKaMwn PerncTpupyembiX 3XO-
curHanos (Hanpumep, napametpom d0) v napameTpamu cpegbl (Hanpu-
Mep, KOHUeHTpauuei npumecu), paspaboTaTb MeTOAbl HaAeXHON wnpae-
HTUUNKaLMN OOBEKTOB 30HAMPOBAHWUA, AaTb WHTepnpeTaumio TakKmx
npUpPoOAHbLIX ABNEHWNM, KaK, Hanpumep, CyTOYHbIA Xopg dnyopecueHUUN
PUTONNAHKTOHA, BbIABUTb OCOGEHHOCTU He TONbKO FOPM3OHTaNbHOTO,
HO N BeEpPTUKaNbHOro pacnpegeneHUs napamMeTpoB BOAHbIX cpef, 3Ha-
ynTenbHa yBe/IMUYNTb [JanbHOCTb 30HAMPOBAHUA U, BO3MOXHO, AOBEecC-
TN ee [0 Be/IMYUH, HEOOXOAUMbLIX ANSA 30HAMPOBAHUA CO CMYTHWUKOB.

MepBas rpynna 3agay 3TOW nNporpaMmbl OTHOCUTCA K npobneme
yCTaHOBNEHUSA B3aMMOCBA3N MeXAy XapaKTepucTukamm 3xo-curHana u
napameTpamn cpegbl. Ecnn B meTone onpeaeneHWsa TemnepaTypbl U CO-
neHocTn BofAbl nMo cdopme nonocbl KP 3Ty 3agayvyy MOXHO cHuMTaTb pe-
WeHHOW, TO 3ajaya uageHTUdUKauum N onpegeneHUsa KOHUeHTpauuun
nyopecumpyrowmnx npmmecen (dputonnaHkTtoHa, POB, HedTen n gp.)
pelleHa NUWb Ha KadyeCTBEHHOM ypoBHe. CTporo rosops, B HacTosA-
uee BpemMsa M3MepsAoTca (yopecueHTHble MOMAA, a He Nons npuMmecen.
Mpaspa,B psage cnydaeB yfanocb YyCTaHOBUTb 3MMNUPUYECKNE COOTHO-
LWEeHNA MeXay W3MepsAeMbIMU BeMUYMHaMU W KOHLUeHTpaumeil npumecei,
HanpuMmep, Mexay BennyunHoW napameTpa ®P® U KOHUeHTpauuen nwur-
MeHTa xnopodunna "a" guTonnaHKTOHa ANS OTKPbITbIX palioHOB OKea-

va[ 15J) , mexay sennuunHamn napameTpa ® A 1 KOHLeHTpauueii Hed-
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Tell N HeTENPOAYKTOB, a Takke TOSMLUMHON HETAHOM M/ieHKA Ha no-
BEPXHOCTV BOfpl, €C/M MOC/efH/E MPeaBapUTesbHO UOEHTURMLMPOBa-
Hol [ 15J . OgHaKoO STU COOTHOWEHMSI HOCST OFpaH/YeHHbI XapakTep
N HE VMEIT CMEKTPOCKONMUECKOIO 0O0CHOBaHMA. [osToMy [nis pele-
HUA 334a4M B MOSHOM O6beme HeoOXOmVMO LETa/lbHO U3YUUTb MEXaHW-
3Mbl (JOPMMPOBaHUA (UTYOPECLEHTHONO OTKIMKA OOLEKTOB AMarHOCTVIKA
Ha flasepHoe Bo30OyxaeHe. OpraHMyYecK/e KOMMOHEHTB! MPUPOaHbIX
BOA, MPeACTaBNA0T COOOM CrIoKHble KOMIUIEKCHI, (HOTOM3NUECKVE MPO-
LIECChl B KOTOPbIX HOCST, MO-BUOVMMOMY, C/IOKHbIA XapakTep, /1S Ka-
XAOro M3 TakMX KOMIIEKCOB ((MToriaHKToHa, POB, Hedireid u ap.)
MPVYXOOUTCS PeliaTb CBOM Crieuuimieckye 3a1aum. PaccMOTpuM HEeKo-
Topble M3 HUX-

JlazepHasi CneKTpocKona OUTOMIaHKTOHa.  30eCb OCHOBHOM U
YpE3BLMAHO C/IOKHOM 3aayeil SBMSIETCS pa3padboTKa METOAOB Sla3ep-
HOM (yHKUMOHa/bHOM AMarHOCTVKA U onpeaeneHe 3aBrCMOCTU UC-
KOMbIX KOJIMHYECTBEHHbIX COOTHOWEHUA OT (lyHKLMOHATBHOIO COCTOSIHUA
(uTornaHkToHa. OfHMM U3 METOLOB Takol AYarHOCTUKUA MOXET Cily-
MATb HEMHeHas qutyopuveTpusi. ViccrnenoBaHms , BoiMoSHEHHbIE B Ha-—
el rpynne [17] , MoKa3aym, YTO KpMBasi HaChLEeHVs quTyopecleH-
WM QUTOMNIAHKTOHA MMEET GOMee CroxHbIA BN, YEM A/1s1 KpacuTtenei
(vc.12), 4TO CBSA3AHO C SBMEHMEM CUHINET-CUMHINETHOA (S-5)
AHHUTWIAILMN BO3OYXAEHHIX MOSIEKY/T MUIVMEHTOB (MTOM/IaHKTOHA. Ko-
HCTaHTa CKOPOCTM S S —aHHUMWALMM  O4eHb BE/MKA M3-3a BbICO-
KOIi JIOKa/IbHOM KOHLIEHTPALWM MUIMEHTOB B (HOTOCVMHTETVHECKOH ean-
H/LE (VTOMIaHKTOHA. 3aBEPLAETCA pa3paboTka anropytva U3Bneve-
H/A CMIEKTPOCKONMUECKOW MHopMaLW U3 STOW KprBOn. ECTb npen-
NOSIOKEHVE, YTO AYArHOCTUKA (MTOMVIaHKTOHA B PEXVIME HACHILEHNS
(2 OH HacTymaeT Npy O4YeHb HU3KVX O/19 MMMY/IbCHLIX fla3epax MioT-
HOCTSIX MOTOKa (QOTOHOB BO30YXOAOLEro M3My4YeHusl, oM. puc. 12)
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MO3BO/IAT OCNAtUTb BMSIHVAE VHAMBUOYabHbIX OCOOEHHOCTEN MUIMEH-
THOrO cocTaBa U (yHKLUW/OHa/IbHOIO COCTOSHUA (MTOM/IAHKTOHA Ha
BEMMUMHY KODMLMEHTa CBA3MN Mexay napaMeTpamyi axo-curHana v
KOHLiEHTpaumeld xnopogwina "'a'".

Ha noBecTke [HS BbisBNEH/E MapLma/ibHbX BKIAAOB B MOSOCY
yyopecueHLMN (MTOMIAHKTOHA OBbMHON  (GbICTPON) 1 PEKOMONHALIN-
OHHOM (3avenyieHHo) COCTaBsWX. ocnefHsst Ype3BbidaliHo YyBC-
TBUTE/bHA K (PYHKUMOHAIBHOMY COCTOSIHUIO (MTOMN/iaHKToHA- Mpeasapu-
TefbHble pe3y/bTarkl, MOoyYeHHbie HamyM COBMECTHO C W.I./BaHoBbM,
YKa3biBalT Ha BO3MOXHOCTb PElEHNs 3TON 334auv METOAOM BapriaLymm
YaCTOThl CMeoBaHNS Na3epPHbIX UMMY/IHCOB.

Pa3paboTka MeETOAA AMarHOCTUKA (yHKUMOHAIBHOIO COCTOSHMS
(MTOMTAHKTOHA MO3BO/IMT, HAKOHEL,, YCTaHOBUTb W MEXaHU3Mbl Cy-
TOYHOIO Xofa QUTyOpEeCLEHMM (OUTOM/TAHKTOHA, KOTOPbIA OTMEYEH psi-
JIOM viccreaoBaTenieii. B yaCTHOCTV, M Hawe rpynnoid Takast CyTou-
Hasi U3MEHU/BOCTL OBHapyxeHa B YepHom 1 Basmuiickom Mopsix, B
Hopiickom 1 ATnaHTU4ecKoM okeaHax (prc.13). CoTpyaHuKam Hallei
nabopatopyn [empoy A.A. n Yekanoky ALl yOanocb BO Bpemsi
43-ero peiica HAC "Akapemik Kypuatos' (1985-1986r.r.) Bbloenb
13 O6WEA CYTOYHOM M3MEHUMBOCTY (UTyOPECLIEHLMN BKMaa, 00YC/oB-
NEHHbIA N3MEHEHVEM (IyHKUMOHA/TEHOMO COCTOSIHWST (MTOMVIaHKTOHA,
KOTOpasi, MO-BAOMMOMY, MPOMCXOOMT MU3-3a U3MEHEHVSI OCBEWEHHOCTU.

JlazepHan cnexkTpockona POB. 34ecb OCHOBHas 3adada COCTO-
UT B BbiSIB/IEHM HOCUTENS qUTyopecUeHTHbIX cBOCTB  (*'dyTyoporeHoB')
B TOM MHOIOKOMIMOHEHTHOM KOMIJIEKCE, KOTOpbIA MPEACTaBseT Co6oit
POB. MMepBbM Wiarom Ha MyTV pelleHns 3Tol CrioxHenweid 3amaun (Moo
Xummyeckuii coctas POB Moka MOHOCTBIO He OrpefeneH) sefseTcs
YCTaHOB/IEHME MPUPOap! NOMoCck dyyopecueHunm POB. ECTECTBEHHO Obl-
N0 MPeaoNoxTs, YTO OHa SIBSETCS Cyneprio3viuyen noroc griyopec-
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LEHUMN OTAEMbHbIX MOMEKY/SPHLIX (pakWym POB, KOTOpbie BO30Yxaa-
0TCA NPV AAHHOI [aiiHe BO/HbI /TA3EPHON0 M3MyYeHnsi, T.e. SIBMsieT-
CSl HEQOHOPOAHO YWWpeHHO. OpHaKo, MepBbie SKCTEPUMEHTDI, BbINO/HE-
HHble B Haleil rpyrnne B 3TOM Harpae/neHan [ 18],nokasamm, 4To B
CPpaBHUTESbHLIX XapaKTepUCTUKAX Mosoc qutyopecueHumn POB pasnny-
HbIX BOA, M pas3/MuHbiX (paxuyii POB MpUCYTCTBYIOT MpU3HaKN Kak He-
OOHOPOOHOr0, TakK M OOHOPOAHOrO YumpeHus. [py HacsiueH M jutyope-
CLEHLMM Mo/ioca BefeT cebsi Kak QOHOpoaHas, He MEHsist CBOei (op-
Mol (prc.14). MapameTpsl NOIOC QUTYOPECUEHLN PasNYHbIX MOSEKY-
NAPHbIX (hpakumiA POB Mario OT/MYai0TCA OT MapameTpoB Mosoch qutyo-
pecueHum nosHoro POB  (ucxoaHoid Bompl) - puc.15. C gpyroii cTto-
pOHbI, NPV MEPECTPOVIKE AaiiHbl BOMHbI BO3OYXOAKWErO NIA3EPHOIO 13-
JTYYEHVsT MPOMCXOOMT CMeLeHe Mosiocs! qytyopecueHymn POB n ero
(pakumin  (XOTs1 1 Ha MEHBUNK BE/MUMHY, YEM M3MEHEHME MEPBOI),
YTO SABMAETCA MPU3HAKOM HEOOHOPOAHOIo YwmMpeHus rosocsl [ 193
puc.16. Bm3ka K 3aBepleHvio pa3paboTka METOOVMKA U3MEPEHUA
KBaHTOBbIX BbIXQAOB U CEYEHUA qyTyopecLeHLyn Morekyn POB u ero
(paxkumii (B onpeaenieHHbIX MOAEbHbLIX MpeanonosieHnsix) . COBMECTHO
C XVMVKamM1 BeLyTCA UCCMefOBaHWs BMSHUA (HAKTOPOB cpembl Ha Ma-
pameTpbl nofioc qytyopecleH POB 1 ero gpakupii. Bombluoit nHTe-
PeEC NpeacTaBnseT MCcneaoBaHne obpaTuUMbIX M HeoBpaTVMbIX U3MEHe-
HWI (UTYOPECLEHTHBIX XapaKTepucTuK POB, mpovcxogsupx nof AeiicT-
BVEM /TA3EPHON0 M3/yueHsi. TakoBbl HarpaB/eHVst UCCNe0BaHA
3TOro 3arafoyHOro KOMMOHEHTA BCEX MPYPOAHbIX BOA.

JlazepHas CneKTpocKomMsl HediTeil 1 HEdITENPOAYKTOB B BOAE-
B HacTosluee Bpems 13 BCEX MHOrOOGpasHbX 33434 Sla3epHoi avarHo-
CTUKN HE(ITSHbIX 3arpsi3HEHA BOAHbIX CPEe., MOXHO CUMTATb PElEeHHOI
NMb  330a4y OBHAPYXEHWST HEPTSHBIX M/IEHOK Ha MOBEPXHOCTU BObl.
UTO KacaeTCsl KO/MHECTBEHHOIO aHaymM3a Hedireli Ha MOBEPXHOCTU BO-
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BPEMA CyTOK, Yac

"
KTOHA, MOMyUeHHbI MM AYCTAHUMOHHOM JIa3epHOM

Se?.‘i‘g“ﬁr?(?aﬂ”” % o.K K%t_algl-rlgBBa B AHTapKTVKE. 43-HM

Puc . WCYTOYHBIN x%gHTeUCMBHOCTM gﬁ XHOCTHOIO
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MHTEHCNBHOCTb, OTH.en.
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Pnc.16. 3aBucumocTb dnyopecueHUUN Trompoaknii BoAbl OT ANVHBbI
BOMHEI BO3GYXjalollero manydeHuss Y-C 1 u

1 -, 337 HM; 2 - n0= 390 Kbl; 3 - Jlc = 440 HMm;, 4 -

\ 0= 500 HM™m

Puc.17. CnekTpbl ®nyopecueHUNUN Ccbipoi HedDTU Mou BO3BYXKAEHUU
Ha Ao0= 337 HM. -——--mmmmme | - pacTBOpéHHas B BOoAe HedPThb;
----------------- IMyfnbrmposaHHass B Boge HeATb B nepEbii ( 2
BTOpOW (3) w Tpetnin (4) A[HUM nocne NPUTOTOBAEHUSA 3MYIb-
cnun; — «— 5 - HedTAHAA NNEHKa.
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Obl 1 B ee o6beme, TO 3[ecCb CO3f4aHbl NWLWb MPEeANOCLIIKN ANA pas-
paboTKM NpPakKTUYeCcKnx MeTo,qMK[lG"] . OCHOBHasaA TpPyAHOCTb, KOTO-
pyto npuxoauTcsa npeojonesaTb Ha 3TOM MNyTU - MHOroo6bpasve Hed-
TAHbIX 3arpsisHEHU U N3MEHYMBOCTb MUX COCTaBa B npouecce npebbl-
BaHUA B Bofje. BanaHue 3TuUX (PakToOpoB Ha (/IyOpPeCLEeHTHbIA OTKIUK
HedTENPOAYKTOB MpPaKTUYeCKN He n3y4dyeHO. [lepBbIM MHTEPECHbIM U
B&KHbIM B [AMarHOCTUYECKOM TrflaHe pe3ynbTaToOM, KOTOPbIA yaanocb
nonyyYnTb Hawelh rpylwie npu mMyd4eHUU 3TOW Npob6naembl, ABUNOCb 06-
Hapy>XeHue CW/bHbIX pasNnyuii B CNeKTpa/ibHbIX XapakKTepucTmkax
HepTell ANA pasNMUHbIX (OPM UX CyLLecTBOBaHUA B BOAe, 4YTO W/MOC-
TpupyeTcsa puUCyHKom 17. Moapo6bHO 3TOT BOMPOC paccMOTPeEH B
paboTe [20] , NpeAcTaBNeHHOW Ha AaHHOM CUMMO3NyMe.

NasepHasi CMNeKTPOCKONUSA NeJHUKOB U CHeXHUKoB. K knaccy
MPUPOAHbIX BOJ OTHOCATCA NEeAHUKW U CHEXHWUKW, ANCTaHLMOHHAasA Au-
arHoCTMKa KOTOPbIX TakXe BeCbMa akKTyanbHa [21] . WccneposaHune
TakKuX KpUCTanin4yeckux cpel W reteporeHHbIX CUCTEM, cofdepxKalimx
o6e (hasbl - XXUAKYIO N TBEPAYI - OOHapy>XWno 3HauuTeNbHble M3MeHe-
HUA Qopmbl BaneHTHOW nonocbl KP, cBsidaHHble, rnaBHbIM 06pasom, C
M3MEHeHMeM COCTOSIHUSA MNonsApusaLuu nasepHoOro uUsfyvyeHuUs npu npo-
XOXJeHUn 4yepe3 o6beM ob6pasua puc.l8 [22] . 3 psage cny4aes
(Hanpumep, Npu MCNONb30BaHUM Nonocbl KP B KadecTBe BHYTPEHHEro
penepa)- 3TO - Mewalowmii adhdeKT, KOTOpPbIi HEO6XOAMMO Y4UWUTbIBATb U
NCcKNoYaTb annapaTtypHbiM WAN pacyeTHbIM CNOCO60M, HO OH >Xe MOXeT
6bITb MCMNOMIb30BaH KaK elle OAMH napameTp ANSA ANArHOCTUKW COCTO-
AHNA 06beKTa, a TakKXKe MNPU M3ydeHUU npouecca KpucTanamsayuun
BOAbI U BOOGLWEe (uM3MKM (ha3oBoro nepexoga l-ro pogpga.

AvarHocTtmnka cofgep>xaHmnss POB B nefHUKax W CHeXHWKax npepc-
TaBnsAeT OONbLIOA MpaKTUYeCKUi MHTepec ANA aHanmsa guHamMunknm ¢o-

HOBbIX KOHLEHTpauun POB B OKpyxalolleli cpejie U ero KpyrosopoTa B
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Pnc.18. Cnektpbl KP: 1 - BOogbl, 2 - napga, 3 - BOAbl Npu

dasosom nepesoge (T=0° C)r

npo6bl pacTON/IEHHOro cCHera cO CKAoHa r.3nb6pyc, 1-H=4000 wu,

2-H=2500 n. 3-v ¢ negHuka Ha o.KuHr-Ixopax (AHTapkTuga).
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npupoge. KoHueHTpauua POB B cHere KOKeT 6WUTb cBA3aHa C ero
cofep>xaHnem B atmocdepe. B 3ToOM OTHOLWEHUWM MNoOKas3aTenbHO Ccpas-
HeHne OOHapy>XeHHOW Hamun KOoHUeHTpauunm POB B CHEXHOM MOKpoOBe
r.ans6pyc [211 u Ha ogHOM M3 OCTPOBOB AHTapkTUabl (puc.19).

TakoBbl HOBble 3ajayn, KOTOpble celiyac pelwlaroTcs B fasepHOW
ONArHOCTUKeE MPUPOAHbLIX BOA MeTOoAaMW HEeKOrepeHTHOW CNeKTPOCKO-
nun.

Ocobble Hafexabl nccnepoBaTenn CBA3bIBAKOT C MPUMeHeHWeM Ans
OVUCTAHUMOHHOW AMAarHOCTUKW MNPUPOAHbIX BOJ MeTOAOB KOrepeHTHON
nasepHOW CNeKTpockonum, M6O 3T MeToAbl obecrneymBardT Hensmepu-
MO 6OonblUNiA CUTHanN, 4YeM MeTOAbl, OCHOBaHHble Ha HEKOrepeHTHOM
B3aMMOJEeNCcTBUN Na3epHOro M3ny4dyeHUsa co cpepor, m obecnedymsaroT
BbICOKYIO HanpaB/leHHOCTb M3Ny4YeHUs 3axo-curHana. OpHako Henpoc-
Tble fake B nabopaTOpHOM BapumaHTe 3TW MeTOAbl CTAHOBATCA TPYAHO
peanMsyeMmbIMn MpU AUCTAHLWUOHHOM 30HAMPOBaHUKU. 3aMaH4uBble Mepc-
NeKTUBbI 3HAYNUTENbHOTO YBENNYEHUS [afbHOCTU 30HAUPOBAHWUA oOrnpa-
BAbIBAOT 3aTpaTbl 60MbLINX YCUNUA B 3TOM HanpaBieHUN.

B pa6oTe [22] 6blna NpeanpuHATa nepeas MNoNbiTka NONYy4YUTb
CUrHan B HanpasneHun "Haszapg" B cnektpockonun KAPC Bogabl. Ans
3TOr0 UCMONb30Bancsa TPUBUANbHLIK U Mano3aeKTUBHbIN cnocob -
paccesHne Mm curHana KAPC, uayuwiero Bnepeg. B panbHeliwem /2 4]
6blna MokasaHa BO3MOXXHOCTb peann3auum ANCTaAHLUMOHHOIO BapmaHTa
KAPC 3a cuyeT ucnonb3oBaHuMa BLUB- 3epkana no O4HOW Wnu ABYM
BO/IHAM OUTApPMOHWYECKOW HaKa4kKu.

Takum o6pa3om, cOBpeMeHHOe COCTOsHWe AUCTaHLUWMOHHOW na-
3epHOV CNEeKTPOCKOMUM MPUPOAHbIX BOJL XapaKTepu3yeTcsa, C OfHOMN
CTOPOHbLI, BCe 60/see LWMPOKUM MCMONb30BaHUEM Yy>ke pa3paboTaHHbIX
MeTOfO0B, Takux Kak (yopumeTpmsa ¢ BHYTPEeHHWUM pernepom, B OKea-

HONOTMYECKOM M TMAPONOrNYecKoli nNpakTukKe, a ¢ APYroi - wnaet
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aKTUBHbIA MOWUCK HOBbIX 60/ee 3PHEKTUBHbLIX U MHHPOPMATUBHBLIX METO-
AWK, OCyLlecTB/AsSeTCA MPOHMKHOBEHME B MexaHW3Mbl B3auMOAelcTBUSA
nasepHOro W3ny4YeHWs C MPUPOAHLIMA BOAHLIMW cpefamu, paclimpsieTcs

KPYr 06bEeKTOB Na3epHON AMArHOCTUKMU.
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BaynuH.E .B., VBaHoB N .., Ey6buH 1.6 ., dagees B.3.

MocKoBCKUI yHuBepcuteT uUM.M.B.JlTomoHOCOBa

VICCEEAOBAHVEE MPYIPOABF MOMOCH! d/TYOPECLIEHLIVIN DUTOMIAHKTOHA
MPU NIASEPHOM BOSBY>KOEHN

CBOWMCTBO (DOTOCUHTE3NPYIOLMX OpPraHU3MoB yopecumnposaTb
npu ONMTUYECKOM BO30YXXAEHWW LUMPOKO MCMONb3yeTcs AN U3Yy4YeHUsN
nepBuYHbLIX cTaamn dgoTtocumHTesda [I] , a Takke gna onpegeneHus
3TUX OpPraHM3MOB B MNPUPOAHBLIX cpefax, B 4YacTHOCTU, ANS nasepHoON
AnarHocTUKN cutonnaHkToHa (Pr) B Bogax MoOpeid U BHYTPEHHUX BO-
[0eMOB, KOTOpas MOXEeT OCYLLeCTBAATbCA Kak B mnpo6ax BOAbl, Tak WU
ANCTAaHUMOHHO [2J

B oTnnuune oT abCOPOLMOHHbLIX XapaKTePUCTUK Ha (yopecLeHT-
Hble nMapameTpbl M1 MOryT oOKasbiBaTb ENMsAHME MHoOrme akTopbl, CBS-
3aHHble CO CTPYKTYpPOW U (PyHKUNOHaNbHbIM COCTOSIHUEeM @I B aTom
HeTpyaHO y6eauTbcsA, paccMOTpeB Mofenb (OTO(UINYECKMX MpoLiec-
coB, npuBogAwmMX K dnyopecueHunn @rl. B kpaTue OHa COCTOUT B
cnegytowiem [1,3] . Mpu Ham6onee pacnpocTpaHEHHOM B TEeXHUKe.4U-
CTAHLMOHHOIO fla3epHOro 30HAMPOBaHUA @1 BO3OY>XXAEHUUN Ha ANNHE
BOMHbI  X,5=532 um nasepHoOe W3yyeHMe MornouiaeTcs Bcnomorare-
NbHBIMW MUITMeHTaMW aHTeHHbl (BM), ¢ KOTOpbIX BO3GYXXAeHWe Harnpas-
NIEHHO MWUTPUpPYeT MO pas3NyHbIM ChekTpanbHbIM hopMam Xxnopodunna
"a" Cxn*a") - OT KOPOTKOBO/IHOBOW K Hambonee ANNHHOBOJIHOBOMA,
npu 3TOM uYacTb 3Hepruu BosbyxaeHus (~ 199 usnyuaetca B Bupge
dhnyopecueHUUN, YacTb pacTpayvyMBaeTcss Ha BHYTPUMONEKYNAPHYIO
6e313nyyaTeibHYl0 KOHBEPCUIO, a OCHOBHAas [0/IA MepeHOCUTCHA Ha
peakuMOHHbIV ueHTp (L, ).

= Tlo cyuwiecTBylOWMVM NpejcTaBNeHUsAM BKAaj BO hayopecLieHLuto

faeT U ewe OAuMH MeXaHW3M - PeKOMBMHAUMOHHbIM, C KOTOpPbIM CBS3a-



357

Hbl pasHble MO BPeMEHW BbICBEYMBAHUA KOMMOHEHTbI (h/lyopecLeHLUn -
OT HaHO- [0 MWANU- CeKYH[AHbIX. VIMEHHO peKOMGMHaLlMOHHOe cBeYe-
HMe Hambonee 4YYBCTBUTENbHO K (PYHKUWOHAbHOMY COCTOSIHUIO Prl.

Ana Toro, 4Tob6bl OCYLLECTBAATb KayeCTBEHHYIO (MAeHTUdUKaLNIo)
N KOMMYeCcTBEHHYIO (onpegeneHne KOHLUEHTpaLMun) AnarHocTuky P,
Heo6XOANMO BbISIBUTb BCe (DaKTOpPbl, BAMAIOWME Ha MNapameTpbl MOA0Cbl
hnyopecueHunn 1 npu nasepHom BO3BY>XAeHUWU, T.e. unccnejosaThb
npupoay 3Toli nosnocbl NpY TaKOM BO3GYXXAEHUW.

B faHHOW pa6oTe NpuBOAATCA pe3ynbTaTbl McciefoBaHUA TOH-
KOV CTPYKTypbl nonockl dnyopecueHunn <Prl, 3asucumocTtein cdnyopec-
ueHun 4 oT NAOTHOCTU MOTOKa (POTOHOB BO3GYXKAAIOLLETO M3NYyUYeHUSN
( F ) n oT yacToTbl cnefjoBaHUSA MMMY/NbLCOB 3TOr0 WM3NyyYeHUA. ITn
nccnefoBaHMA Mbl paccMaTpuBaeM Kak ouyepefHol Liar B pelleHun rMo-
CTaBNEHHON Bbllle 3ajaudu.

TOHKas cTpykTypa nonocbl ®nyopecueHUnn PdUTONNAHKTOHA.
Monoca cnyopecueHUNN XXNBOFO (PUTOMNNAHKTOHa B paioHe 685 HM nwme-
eT, MNO—BUAMMOMY, CNOXHbIi XapakKTep, MOCKO/bKY B Hee BHOCAT

BKNaj KakK pasHble ¢hopmbl xsiopodunna "a" aHTeHHbl U pPeakLMOHHOro
LeHTpa, TakK W pa3Hble BpeMeHHble KOMMOHEHTbl hnyopecueHumnmn (dbnyo-
pecueHUNsA cBeTocoGMpatowelri aHTEHHbI C BPEMEHEM >XM3HU Mopsfka
200 nc. u peKOMOUHALMOHHAaA yopecLeHUna - BpeMs >XU3HU 60/b-
e HEeCKONbKMX H C.). B monb3y 3aToro CBMAETENbCTBYOT HU3KOTEM-
nepaTypHble CreKTPbl yopecLeHLNn XI0ponaacToB, Korga rnosoca
chnyopecueHUUN pacuiennseTca Ha Heckonbko nonoc [4J . Ana aHa-
nunsa ¢opmbl Mosockl ayopecueHUMU NpU KOMHATHOW TemnepaTtype 6bin

McNonb30BaH MeTOA YBe/IMUEHUS paspelleHns chneKTpasbHbIX JIMHUNA

£5,6] . dypbe - 06pa3 cnekTpa yMHOXaeTca Ha (QyHKUMIO Tuna

m
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roe y - kKoopauHata B ®Pypbe-npocrpaHcTee; .o ,5 " wn L -
napameTpbl, nogbupaemble Tak, 4TO6bl NOAYYUTbL Nydllee paspelleHue.
MepBasa akcnoHeHTa B (l) yBennmumBaeT BbICOKOYACTOTHbIE KOINMOHEH-
Tbl CNeKTpa A0 Tex Nop, MOK' ee He HauuHaeT MNoJaBNATb BTOpas
9KCMOHEHTa, Ha3blBaemasa anmnofnu3aTopoM, poSib KOTOPOro nnaBHoOe
obpesaHue 60/ee BbICOKOYACTOTHbIX KOMMOHEHT MHTepdeporpammebl,rae
cofepXXNTca MHDOpPMaLMA TONbKO O LUymMe W HeT MNOoMe3HOW WuHdopmaunmn
O crnekTpe. 3aTteM npous3soamnTca obpaTHoe Pypbe-npeobpa3oBaHUe U
nony4daetcsa ob6paboTaHHbI cNeKTp. B Hem HabnwparTCca MakKCUMyMbl
Ha AnvHax BOAH 670, 685 u 700 Hm (ANA 3eneHbIX BOAOPOCNeN Xno-
penna n cueHepecmyc). Hamm 6bin0 ycTaHOBMEHO, YTO COOTHOLUEHUE
nmkoB 3 7o0c/ *3685 ( 3 700» 3 685 " WMHTEHCMBHOCTU Ha ANNHaX
BONMH 700 n 685 HM COOTBETCTBEHHO) MeHseTCcsd B 3aBUCUMMOCTU OT
PYHKLNOHANbHOTO COCTOAHUSA Bogopocneilr (40 u nocne pob6aeBneHUs
TOKCUYHOTO ANA (POTOCUHTENPYIOLWMX OpPraHM3MoOB MeAHOro Kynopoca).
[lo6aBneHne TOKCUKaHTa MPUBOAUNO TaKXe K CHUKEHMI0 KBaHTOBOTO
BbiXxo4a cnyopecueHunm Ha 685 Hm B 3 pasa.

Bbinn O6Hapy>eHbl pasnnuuna B TOHKOW CTPYKType nonocbl ayo-
pecueHuUMn pasHbIX BUAoB M I1. OTMeTMM, 4TO TONbKO MapannenbHas
perncrpayma cnekTposB (B HawmMx 3KCMNepuUMeHTax Mcnonb3oBancs
MHOFOKaHanbHbIA aHanmMs3aTop) W UCNOJIb30BaHWE MeToga AEeKOHBOMIO-
UMM NO3BOMNAN BbISABUTb  3aBUCUMOCTb (OpMbl MONOCHI hnyopecLeHunn
oT Tuna CIM n nx PYHKLMOHaNbHOINO0 COCTOSAHUSA.

3aBUCUMOCTb MHTEHCMBHOCTU dnyopecueHummn CI OT 4acToThbl
MOBTOPEHNS UMMNYNbCSé BO3OYXKAAKLLErO MU3NYUYEeHUNA. IKCNepuUMeHTbl C
M3MEeHEeHMEeM 4acTOTbl MOBTOPEHMUSA BO3OY>XJalOLWMX UMMYNbCOB MPOBOAM-
NNCb Ha ANVHe BOMHbI BO36YXXAeHMA 575 HM. YacToTa NOBTOpeHMUSs
mMeHsAnacb oT 15 My go | kly. Mpun 3aTOoM 6blNO O6GHapy>XeHO 3HauunTe-

NbHOEe BO3pacTaHMe KBaHTOBOro Bbixoga dnyopecueHumn (B8 1,4-1.,5
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pasa), umelolee ckauykoobpasHbili xapakTep. lMofo6Has 3aBUCUMOCTb,
no-snanmMomy, ob6ycnoBfeHa yMeHbLUEHMEM CKOPOCTU OTTOKa 3N1eKTpPOo-
HOB OT MepBMYHOro akuenTopa anekTpoHa Q, doTocmcTembl M. Takum
obpa3oM NnonoXkeHwe "ckadka" 3aBUCUT OT BpPeMeHU, Heob6xoAnMMOoro
ONA MOMHOTO LMKAMYECKOro nepeHoca 3/1eKTpOHa, T.e. OT BPEMEHM,
KOTOpOe MNpoxXoAuT OT OKucneHus dopmbl Pggg B doTocucteme 1 go
ee BoccTaHoBNeHUA. C Apyroii CTOpPOHbI, BO3pacTaHue dnyopecueHL,
WM BEPOATHO MPOMUCXOAUT 3a cyeT BO3pacTaHUA KOMMOHEeHTbl (yo-
pecueHUMN peKoMOMHALMOHHOW npupoabl, obycnoBleHHOe Bo3pacTa-
HMeM BEPOATHOCTU BO3BpaTa 3/leKTpoHa ¢ 6L Ha Pggg ? TOM Cny-
yae, ecnu Pggg HaxoAuUTCA B OKMUC/IEHHOM COCTOSAHMW. [MoaTomy am-
nanTypa "ckayka" MOXeT OKa3aTbCsS BaXXHOW XapaKTepUCTUKON yHK-
LMOHaNbHOIo COCTOSAHUSA peakUMOHHOro ueHTpa goTtocuctemsbl M. Cne-
noBaTeslbHO, KakK MNONOXeHMe "ckayka" Tak WM ero amnamryga MoryTt
McnonbL3oBaTbCA B KadecTBe MnapameTpoB MpM AMarHOCTuKe UTO-
nnaHKToOHa.

CneayeT OTMeTUTb, YTO HamMu Habnwganncb N HebonbLiMe n3Me-
HeHuA B (hopMe Mofockbl hayopecLeHLnn, npu U3MeHeHUN 4acToTbl Mo-
BTOpeHUs mmnynscos ( f ), Bblpakawowmecs B YMeEHbLUEHUMN OTHOLLEHUSA
N70c/3685 fA?0 BO3pacTaHUM 4YacToThbl . BeposaTtHo 3To cBupge-
TeNbCTBYEeT O TOM, 4YTO [AeliCTBUTENbHO MaKCUMyMbl hryopecueHLnmn
Ha gnnHax BONH 685 m 700 HM mMmelOT pasHy npupoay, T.e. WU3Ny-
HalTCA pasHbIMWU KOMMOHEHTaMW (HOTOCUHTETUUYECKON eAUHULbI.

Takum o6pasam, 3aBUCMMOCTb KBAHTOBOrO BbiXOofa (PayopecLieH-
UMM OT 4acTOTbl MOBTOPEHUS BO3OYXKAAOLLMX WUMMYIbCOB MOXET ObiTb
MCMonb30oBaHa COBMECTHO C 3aBUCMMOCTbIO KBAaHTOBOMO BbiXOga OT
O/INHBI BOJIHbI BO36GYX/JeHUSA AN 6o/iee TOHKOW AMAarHOCTUKW, B TOM
uncne AUCTaHUMOHHO, BMOBOrO cocTaBa N (MYHKLMNOHa/IbHOrO COCTO-

AHNA (*)I/ITOI'I/'IaHKTOHa. Ana 3Tux >e uenei MOXXHO MCMONb30BaTb U
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aHanu3 ¢opabl Nonocbl yopecLeHLNN.

HacbiweHve JinvoT>ecneHnun ®PdutonnaHkToHa. Ocob6eHHOCTbIO ny-
OpPECLUEHLMN CMNOXHbIX OPraHMYeckMx COeAVHEHUI U KOMMIEeKCOB, B TOM
uucne @, Npu nasepHOM BO3BYXAEHUUN SABNSETCS ee HacblleHne - He-
NNHENHOCTb 3aBUCUMOCTU uuncia POTOHOB duyopecueHuuun iVan, ot
NMAOTHOCTU MOTOKa (POTOHOB BO3bOYXjawLllero msnyvyeHuve F [ 7J
Kak nokasanu Hawm 3KCNepuMeHTbl, HacblleHue dnyopecueHumn dil

pp P Yy
HacTynaeT 3HauYMTenbHO paHblie (yxxe npm F ~10 cm cC

), 4em,
HanpuMep, HacbllleHne (yopecLeHLn pacTBOPOB KpacuTeneh £7]
a 3aBucumocTtb ' ( F ) HOcuT 6onee cnoXxHbli xapaktep (pwuc.l).
3pecb I (F) =® g/PCp),® (P)=A da/A /kii . rge /VKP> 4ucno
KBaHTOB KOMOMHaLMOHHOro paccesHus (KP) Boabl, monoca KoToporo
MCNonb3yeTcsa B KadecTBe BHYTpPeHHero penepa} b (F) =

BbINONHEHHbIE HaMW N3MepPeHUA KPUBOM HacbliweHmna &~ ((F ),
vam T ( F ), B LUMPOKOM Auana3oHe 3HayeHwui F nokasanu (pwuc.l),
UTO OHa MOXeT 6bITb pa3fjeneHa Ha fjBa y4dacTKa: Haya/bHbIl
(0 < F <O ™ cm_2c_1), rae nmeeT MecCcTO ObICTPbIA POCT HacbIWEHNSA
dnyopecueHUMn, N ydyactok npm V-~ 10 cM C , rge pocT Ha-
cbileHnsa dnyopecueHuMn 3ameansetca um kpumeas @~ ((F ) 6nuska K
npsiMmoi NNHUN.

Ham ypanocb TeopeTUUeCKN OOBACHUTbL U 3KCMEPUMEHTaNbHO Mo-
OATBEPAUTL, UYTO yKasaHHble OCOGEHHOCTU KPUBOW HAacCbIEHUS CBSA3aHbl
C AABNEHWEM CUHTINeT-CUHINeTHON ( S~S )-aHHUTUAAUUKN BO3BY>XXAEHHbIX
Mosiekyn LU, nornowarowmx nasepHoe m3snyvyeHue ¢ AMHON BONHbI X0=
532 HM.

B psafe peanbHO BbIMNOMHAOLWMXCA NPEANONOXKEHNA, U3 KOTOPbIX
Hanbonee Cyw\eCTBEHHbIM SABNSAETCA MNpPefnonoXXeHne o TOM, 4YTO Bepo-
ATHOCTb MepeHoca 3Heprum c¢ BM Ha xn"a" nNpnbnamsnTenbHO pasBHa

0,5 (4To TMAMYHO ANa cny4yasn, korpga BM - kKapoTuHoOWAbl), yaanoch
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600 700 X |HM

Pnc.2. XapakTepHble CNeKTPbl OTUYECKOro cuUrHana npu BO36YyXX-
OeHUN (DUTONNAHKTOHa B BOJEe NasepHbIM u3nyyeHmem ¢ -X=532 ret
M pasHoli MAOTHOCTbIO MOTOKa (PoToHOB F

Fjl * F3 =1 : 2,5 : 4.
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nonyunTb NPUBAMKEHHYO hopmyny ANs gayopecueHTHOro napameTtpa

d(F):
.®"1® AVIFl+ b (2)
A —\ F dr0 ©"? ~Yni.c"

e>**~ pJle*Hroblruy-+)/76~49 YA’ 3

rpe ftd = Noil?2 ; (T - KOHCTaHTa ckopocTu ‘6-S. -aHHWU-
rmnauun monekyn BIM; Noi - KOHUeHTpauma 3aTUX MoOnekyn;, p ~- CKO-
pocTb 6e3msnyvyaTenbHOW KOHBepcUM B Monekynax BIM; 6" - ceveHue

nornoweHnsa monekyn Bl Ha AnnHe BOMHbI BO3bGyXXAaloLero U3Ny4eHUs;
O'kpW Tiy20- cedyeHue KP M KOHUeEHTpauus MONeKyn BOAbI; -
KBaHTOBbLIN BbIX0oA (ayopecueHuMn nocnegHein dopmel xn"a"; C -
KOHCTaHTa, onpejenseMas CKOPOCTb MUrpauum 3Heprun no BCeW Le-
nyM nNepeHoca W COOTHOLUEHMEM MeXAy KOHUeHTpauumamm B mn xn"a"

( Viyn,

OCHOBHbIM pe3ynbTaToOM TeOpUW ABNAETCHA YyCTaHOBNEHWEe KOpHe-
BOW 3aBucmmoctm P~ (F ), KOoTOpas MMeeT MecTO B [OCTaTOYHO
LUMPOKOM Ananas3oHe W3MeHeHUs BenYUHbl F (0,05 o 100),

i.
TUNNYHOM NS 3KCNEepPUMEHTA.

OKCNEePUMEHT, BbIMOMHEHHbI C HECKONbKUMU KynbTypamum BOAOP
pocnev, noaTBepAMa 3TOT BbIBOA4 Teopuu. Punc.2 nokasbiBaeT u3Me-
HeHVe crneKkTpa 3Xo-curHana u3-3a HacbllWeHnsa dayopecueHUnn, a
pnc.3 AeMOHCTpMpyeT Xopollee cornacme TeOpeTUYECKOW U 3Kcnepwu-
MeHTaNnbHO 3aBuUcMMOCTel napameTpa ®~" oT \]F- . MyTem conoc-
TaBNeHNA 3TUX 3aBUCUMOCTEN MOXHO OLLEHUTb BENNYUHY KOHCTaHTbI
cKOpoOCTU S;AHHUTUNALUN, i48 TUNUYHBIX 3HAYEeHWW NapameTpoB

monekyn BM ( ©" = .6'10-15 cm”, = 3*10® c~*) nony4daem
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r (0] oOT
Ix = 10"*“... 5*10 CM C A, 4TO MO NOPAAKY BENNYUHBbI cOornacy-

eTCcsA CO 3Ha4YeHUAMU, NpuBeAeHHbIMM B [8] , rae OHW MoslyyeHbl U3
KUHETUKM 3aTyXxaHusa drayopecLeHLnn.

Taknum o6pa3om, MNoOny4dYeHHble B AaHHOW paboTe pe3ynbTaTbl Mo-
KasblBalOT, 4YTO Ha napameTpbl NOAOCHI (yOpPecLeHLUUNn HaTUBHOTO dwm-
TOMNNaHKTOHa NpW nasepHOM BO3OY>XXAEHUWN 3aMeTHOe B/USAHWE OKasbl-
BaeT "-"-aHHUTUNALUA BO3BYXXAEHHbLIX MOJEKY/l BCOMOraTeflbHbIX
nurmeHToB (Npu J1 o = 532 HM), Npoueccbl pekoMbuHauuu B peakun-
OHHOM LieHTpe, CBsA3aHHble C W3MeHeHMeM (YHKLMOHa/IbHOro COCTOSA-
Hus Prl. MNocnefgHre MOXHO OGHApPY>XUTb MPU NasepHOM 30HAMPOBaAHUMU
(B TOM 4yuncne M AUCTAHLMOHHO) MNyTeM aHanms3a TOHKOW CTPYKTYypbl
nonocbl PpyopecueHUUn n M3MeHeHUs 4YacTOTbl MOBTOPEHUS NasepHbIX
MMNYy/bCOB®

OTMeTUM, 4TO, Kak He TpPyAHO yb6eaunTbCsA, M3MepeHWe napameT-
pos npamoin ®1 (VH (pwnc.3) HenocpeACcTBEHHO NPMBOAUT K onpe-

OeneHntlo KOHUeHTpauunm xnopodwunna "a*
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Punc.3. 3KcnepuMeHTanbHas KpuUBash HacblWeHUss yopecueHunm

UMCTOM Ky/NbTypbl BOAOPOCAM PrarocrvvirmT  yvicau $-
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Foronwckasa T.A., Kum E.M ., MNanaesa C.B., dageeB E.B.
MockoBCKUlA yHUBepcuTeT umMm. M.B.JlTomOHOCOBa

VCCNEAOBAHVE MPUPOAY MOMOChl KP 3100...3700 CIFl B BOAHbIX
PACTBOPAX COJIEV 1 TSDKEMION BOpI

OpgHVMU M3 Haubonee MHTEPeCcHbIX 06bEKTOB Nla3epHONW CNeKTpo-
cKONMW KOMOWHauuoHHoro paccesHus (KP) cBeTa sBnsetcsa >Xuakas
Bofa W BoaHble pacTBOpbl. CBA3aHO 3TO, MO KpaWHeli Mepe, ¢ AByMSA
ob6cToATENbCTBAMMU: MOMNbITKAMU UCMNONb30BaHUA cnekTpoB KP ans
YCTaHOBNEHUA CTPYKTYpPbl >Xuakoh Bogbl [ 1 ] N paspaboTkoi gucTaH-
LMOHHbIX MeTOAO0B onpegeneHMa TemnepaTypbl U CONEHOCTU MOPCKOW
goabl [2,3] . B 6onbwimnHcTBE pa6oT, MOCBALEHHLIX 3TUM Npo6nemam,
n3yyanocb BAMAHWE TemnepaTypbl BOAbl W pacTBOpeHHbIX B HeW conen
N Taxkénoii Boabl Ha cdopmy U MHTeHcuBHOCTbL nonocbl 3100...3700cm - '
cnekTpa,KP Boabl [i—

HecmoTpsA Ha TO, 4YTO B YyKasaHHbIX paboTax Mony4dyeH pgocraTou-
HO OOWWWpHLIE MaTepuan, ycTaHOBMEHHble B HUX 3aKOHOMEPHOCTU W3Me-
HeHna nosocbl 3100...3700 cm"l KP BOAbl He MNO3BONAKT OTAaTb
npegnoyTeHne Kakol-nnbo mn3 obeyxXAaeMblX B NmMTepaType mogenei
Xugkoih Bogbl [ 1] *

B paHHOV paboTe MNPOAO/MHKEHO M3YyUYeHUe BAUAHUA PacTBOPEHHbIX
conert N TSHKENOM BOAbI, a TakKXxe TemnepaTypbl 3TUX PacTBOPOB Ha
nonocy 3100...3700 cm-1 KP Bogbl. [lpy 3TOM OCHOBHOE BHUMaHUue
6bIN0 yAeneHo MOUCKY TaKMX 3aKOHOMepHOCTel W3MeHeHWsA 3TOol nono-
Cbl, KOTOpble faBanu 6bl 60nee onpefeneHHy MHPOPMauVo O €€ npwu-
pofe. Bbinn uccnegoBaHbl BO,MHblE PacTBOPbI LLENOYHO-TAIONAHbIX CO-
neit ¢ katmonamn Jfa. +, K +, M +, “"HY+ un aHvonHammu F ", 8T,

Br~, ¥" Bo Bcém amanasoHe ux pacTBOPUMOCTMW, a TakXe pacTBO-

pbl TAXENOW BOAbl B BOAE Pas/IMUHbLIX KOHUEeHTpaT*.C.
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NCTOYHMKOM BO36Y>KAaLLero M3nyyYeHUs CAY>XWN aproHowmni na-
3ep (514.5 HMm), Wccnegyemble pacTBOpbl MOMeLLanncb B TepMocTaTu-
pOBaHHYIO KIOBETY, B KOTOpOM ob6ecnedmBanacb cTabmnmsauus Temne-
paTypbl Ha BpeMs M3MepeHWlr ¢ TodyHOoCcTbi 0.02°C u eé u3MeHeHue
npuénnsnTeNnbHO C 3TUM Xe wWwarom. A6conoTHaaA NpuUBA3Ka rpagyv-
POBOYHOV KpWBOW K LWKane TemnepaTyp 6blna ocyw,ecTBieHa C TOY-
HOocTbio 0.2°C . CnekTpbl KP BOAbl pPermcTpupoBasincb OMTUYHECKUM
cnekTpoaHanusatopom 0SA ~P —4/2 dwpmel "BE M Spe-kirontc.” s
peXxxume napannenbHoOro fgetekrmposaHusa. HakonneHHas B 0SA WH-
cdopmMaumsa noctynana B namsaTb MMUKPo-OBM TRS -80 m 3anucbiBanacb
Ha MarHUTHble AUCKWN. CreKTpbl Crnaxmeanucb MeTogomM dPypbe-aHanu-
3a, Npuv 3TOM yuuTbiBanacb CNekKTpanbHO-KaHanbHas YyBCTBUTE/b-
HOCTb M MPOU3BOAUMNOCL BblUMTaHWE MbejecTana, Ha KOTOPOM pac-
nonaranacb nosnoca KP Bogabl.

Ha puc.l npusBegeHbl cnekTpbl KP BOoAgbl B pacTBOpe OAHOW 13
nccnefoBaHHbIX coneil Npu MUKCUMPOBAHHOW TemnepaType U pasHbIX
KOHLUEeHTpaumnax, a Ha puc.2 - cnekTpbl KP Boabl nNpu pasHbiXx Temne-
paTtypax. AHanorMyHble CMNeKTpbl MONy4YeHbl U ANA PacTBOPOB APYrUx
coner, a TakXke ANA pacTBOopoB pasbaBneHHOW TAXXEnNol BoAabl. Bce
cnekTpbl KP BOAbI HOPMWPOBaHbl Ha eAMHULY MO nnowiagu.

Mony4yeHHble 3KCNepUMeHTaNbHble AaHHble MOATBEPAUAN ANA BCeX
coneii, Kpome cofieli aMMOHUA N (PpTOpa, paHee YCTAHOB/EHHYIO 3aKoO-
HOMEPHOCTb B WM3MeHeHUnN ¢opMbl nonocbl KP: ¢ pocToM KOHUeHTpauuun
pacTBOpPeHHOW CONN WMHTEHCUBHOCTb BbICOKOYACTOTHOW 4YacTu CcrekTpa
yBennm4yunBaeTcs, a HU3KOYACTOTHOW - yMeHbluaeTcsa, NPUYEM, cuna
Bo3felicTBUA MOHOB Ha cnekTp KP Boabl pacTéT B psigy aHuoHos Ct-

br. “, iIf .H a KOHUeHTPauMOHHbLIX U TeMnepaTypPHbIX 3aBUCUMOCTAX
cnekTpos KP Boabl B pacTBOpax cofeil n TAXENow BoAbl HabniogaroTcs

N3068CTUYOCKME TOUKU - TOUYKMU, B KOTOPbIX UHTEHCUBHOCTb KP npwu
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A VUHTEHCUBHOCTb,

Puc.l 3aBucumocTb cnektpa KP Boabl B pactBopax KY

OT KOHUEHTpauuu MOHOB U "pa3HOCTHbIe" CNeKTPbI.
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{ NHTEHCUBHOCTb,
OTH. ef.

Punc.2 TemnepaTypHas 3aBUCUMOCTb BaneHTHOW nonocbl KP

ONCTUNNNPOBAHHOW BOAbl M "pPasHOCTHbIE" CNeKTPbI.
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M3MEeHEeHNN TemnepaTypbl U KOHLEHTpaLuMM MOHOB OCTa&TCHA MOCTOSH-
HoW. lMonoxeHne nM3obecTUUHECKMX TOYeK 3aBUCUT OT pacTBoO-
PEHHBbIX B BOJe MNpuMeceid.

Mpu 06paboTKe MONyYeHHbIX CNEeKTPOB O6bliM OOHapy>eHbl paHee
He OTMeYaBLUMECS 3aKOHOMEPHOCTU WM3MEHEeHWs TaK HasblBaemMblx “pas-
HOCTHbIX" criekTpoB KP upu U3MEHEeHUW TemmnepaTypbl BOAbl U KOHLEH-

Tpauun pacTBOPeHHbIX B Heli NOHOB.PeUYb NAET O MoBefeHUN KPUBOW,

nonyyarowieica Npm BblYNTAaHUWN crneKTpa AUcTUNnnposaHHoW Boabl (T
= 20°C) u3 cnekTtpos KP Boabl B pacTBopax cofeil n TsSHKENOW BOAbI
(puc.l) n n3 cnektpoB KP BOAbl, CHATbIX MNpW pa3HbiXx TemnepaTypax
(pnc.2). "Pa3sHOCTHblIe" CMeKTpPbl COCTOAT U3 ABYX MOJOC - MOMOXN-
TeNbHOW M oTpuuaTenbHOW - N MMeT o6yt ToukKy, abcumcca KOTO-
poii paBHa abcumcce M3060CTUYOCKONW TOYKUW.HamMm yCcTaHOBMNEHO,4TO:

1. YacTtoTa MUHMMYMa OTpuuaTenbHOW nonocbl B "pasHOCTHOM"
crnekTpe nNpakTUYecku He 3aBUCUT OT BUAA pacTBOpPeHHOW conwn, eé

KOHUEeHTpaumm mn TemnepaTtypbl u pasHa 3200...3220 cm-”" (3a wuc-

KMloueHueM pacTteopos >K/+ Y ).

2. YacTtoTa MakcumMyma MNOOXWUTeNbHOM nonocbl Bcerpga 6onblue
Makcumyma cnekTtpa KP guctunnuposaHHol Boabl (3450 cm~"), pas-
nnyaeTca ANA pasHbiX conel, HO cnabo 3aBUCUT OT UX KOHUEHTpa-
umm (3460...3510 cm"1l), a TakKe MOYTU He 3aBUCUT OT Temnepa-

Typbl BOAbl U pacTBopoB ( ~ 3540 cm-1).

3. Mnowagn oTpuuaTensHOW N MNONOXKUTENbHOW MONOC paBHbI
ApYyr Apyry.

4. Mpwu yBenuyeHUU TemnepaTypbl U KOHLEHTpauum npumecei
MHTEHCUBHOCTb 06emx nonoc Bo3pacTaeT, a opmMa UX He MeHseTcs.

Mony4yeHHble pe3ynbTaTbl NPUBOAAT K eCTECTBEHHOMY Npeanono-
XXeHun,uTo nonoca 3100...3700 cm-1 KP Bogbl B pacTBOpax o6paso-

BaHa rNnaBHbIM 06pa3oM TpeMsi cOCTaBfsOWVMU. B dopmmupoBaHUN Mc—
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cneflyemMoi ronocbl YUCTOW BOAblI MPUHUMAKOT y4dacTue KonebaHUA [BYX
TUNOB CTPYKTYp mMonekyn H20. B cTpykType | 3apeilicTBoBaHbl Bce
CBA3M MOJEeKy/bl BOAbl, OHa Ob6ycnaBnmBaeT HMU3KOYACTOTHYI cocTa-
BAAIOLWYIO nonocbl KP, nonoxeHuve n opLl. KOTOPOW He 3aBUCAT OT
NPUCYyTCTBUA B BOAE PacTBOPEHHbIX MOHOB. CTpykTypa |l sBnsetcsa
MeHee CBSi3aHHOM, OHa COOTBETCTBYeT BbICOKOYACTOTHOW ob6nacTum
crnekTpa. B npegenax Kaxpgol CTPYKTYpbl UMEKOTCA HernpepblBHble pac-
npejeneHns no cunam BOLOPOJAHbIX CBA3el,06ycnasnusaroLme LLNPUHY
COOTBETCTBYIOLWMNX MOMOC.

Mpu pacTBOpeHMN B BOJE WOH B3aMMOAelACTBYeT C MOneKynamm
obenx CTPYKTyp, paspywas mx u obpasys BOKpyr cebsa cnoii rungpa-
TUPOBaHHbLIX MOEKYNn BOAbl. bl MPeAnoNoOXuUnn, 4YTo KosiebaHUAM 3TUX
rmapaTupoBaHHbIX MOJIEKYy/l COOTBeTCTBYeT TpeTbsA nosnoca (CTPYKTY-
pa L) B "pa3sHOCTHbIX" cnekKTpax, MOMNOXXeHuUe KOTOPOW 3aBUCUT OT
BMU/a PacTBOPEHHbIX MOHOB (Hanpumep, AN NOAMAOB OHa pacrnoso-
XeHa Ha 6o0siee BbICOKMX YacToTax, 4YeM ANs X/J0PUAOB N 6POMUAOB).
3Ta nonoca 6n1mM3Kka K nonoce cTpykTypbl Il Bogbl, a Mx cynepno-
3mumnsa obpasyeT MOMOXKUTENbHYIO 061acTb "pa3sHOCTHbIX" CMNEKTPOB.

Takum o6pa3om, B "pa3HOCTHble" cnekTpbl KP BOoAbl B pacTBO-
pax cofeil BHOCAT CBOW BKANaj TpW MNOMocCbl: CTPyKTypa | - cuibHO
cBAi3aHHble MOJIEKY/bl BOAbl (OTpuuaTenbHasas o6nacTb), CTpykTypa Il
- cnabo cBfA3aHHble Mexay cOo60M Monekynbl BOAbl, CTPyKTypa LU -mo-

neKynbl, B3auMOAeWCTBYyHOULME C MOHaMU (MONOXXUTenbHass 061acTb).

Mpy U3MEHEHUN TemnepaTypbl WAM KOHLEHTPaUUM PacTBOPEHHbIX
B BOAE WMOHOB MPOUCXOAUT MEPexoj MOJIeKY/l U3 OAHOM CTPYKTypbl B
APYTYH, UYTO BblpaXkaeTcss B M3MEHEHWUUW MHTEHCMBHOCTU MOMOC, npu
aToM MX opMa M MOMOXKEHWE HEe MEeHsATCA. [MonoxeHue nonocel LU

3aBNCUT OT BUAa pPacCTBOPEHHbIX B BOAEe WNOHOB.
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CBoeob6pasHble "pa3sHOCTHbIe" CNeKTPbl 6bINM MONyYeHbl ANs Mno-
noc KP Boabl B pacTBopax amMMmoHus u ¢Topa n kucnot HEfOb wu
H SQ' ;B 06bl4HbIX cnekTpax KP BOoAbl yKa3aHHbIX pacTBOPOB Ha-
6ntopaetca (0cO6eHHO Npu 6OMbLUMX KOHLEHTpauusx) nosiBieHuWe nney
Ha 4yacTtoTtax ~3100 cm-* mn 3700 cm-*. "Pa3HOCTHble" CMeKTpbl
MMET Ha 3TUX 4YacToTaxX AOMONHUTEeNbHble 3KCTPEMYMbl: MpaBee Mo-
NOXUTENbHOW 4YacTu "pasHOCTHOrO" cnekTpa Cylw,ecTByeT BTOPOW
MUHUMYM ( 3660 + 10)cm-*, neBee oTpuuaTenbHOW MNONOCbI MMeeTCH
BTOpPOM MaKCcUMyM ¢ 4vacTtoTol (3100 + 40) cm-*.

Hanuumne nneuya B paiioHe 3100 cm-* B cnekTpax KP Boabl B
pacTBopax conei aMmoHUA M (hTopa O6bACHAETCA, MO-BUAMMOMY,
obpasoBaHMEM CUMbHO CBA3aHHbIX KOMMJ/IEKCOB MOJEKYN BOAbl M3-3a
TeTpasipnUyeckor CUMMMETPUM MOHA aMMOHUA U CMNOCOBHOCTU K obpa-
30BaHMIO BOAOPOAHOW CBA3M MOHa Topa. B cnekTpax KP Boabl B
pacTBopax KWCNOT NOSABNABAMECHA MUKW OOYCNOBNEHbI, BO3MOXXHO, Bbl-
CBOOOXEHMEM MOHOB rMApPOKcoHMA HAaO0+. 3TOoT BOompoc TpebyeT danb-

Heliwiero mccnefoBaHUSA.
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Ab6pocknH AvIl. Honege C.E., ®PépopoB b.B., dagees b.B.
MockoBckuii yHusepcuteT umMm.M.B.JomoHOcCOBa

VICCNEAOBAHVE TMOMOC ®/IYOPECLIFHLM HEDTEMPOAYKTOB B BOAE

AwnarHocTuka HedpTeh n HedTenpoayktos (LLI) B BOAe sABNsAeTcs
CNOXKHOW 3apayveit, nockonbky HI npepcTtaBnatoT co60 M3MEH4YUBbIE
KOMTMJ/IeKCbl pa3HOO6pasHbiX OPraHMYeckux BeLLecTB CO C/AOXHbIM COCTa-
BOM, HaxoAsILLMXCA B Pas/IMUYHbIX arperaTHbIX COCTOAHUAX (NNEHKa,
pacTBOpéHHas 4acTb, 3MYJ/bCUA).

B HacTosiee Bpemsa paspaboTaHbl M ONpPo60BaHbl Ha MpakKTUKe
nyopecueHTHble MeToAbl O6Hapy>KeHUs HedTAHOW MNNEHKW Ha NoBep-
XHOCTU OKeaHa. B psape pab6oT £i-5] coobuiaeTca o co3gaHUM un
MCMOMb30BaHUN AUCTAHLMOHHbBIX Na3epHbIX CMNEKTPOCKOMUYECKUX KOM-
nnekcos (NMnpapos) ANSA KapTUPOBaHUS HePTAHbIX pas3/inBOB.

OfHako KpaliHe Manio u3sy4deHa npob6nema onpegeneHus LU B
06bEMe BOAblI, UTO CyLIeCTBEHHO OrpaHm4ymBaeT BO3MOXHOCTW nasep-
HOW hnyopuMeTpum No KoauyecTsBeHHOMY onpefgeneHuto LI B Boje.

B paHHOI paboTe meTofaMu fna3epHoOW (ayopumeTpum uccnepo-
Ba/lNCb CMeKTPa/ibHO-IOMUHECLEHTHbIE XapaKTepPUCTUKN PacTBOPEH-
HO - 3My/nbrMpoBaHHbLIX B Boge dopm LUM WccnegoBaHuA npoBoau-
NNCb Ha aBTOMaTU3NPOBAHHOM /la3ePHOM CMEKTPOCKOMNYECKOM KOM-
nnekce rnpu BO3OYXAEHUWN (yopecLeHLn 06pasL,oB U3NYyHEHUEM
a30THOro nasepa c AAuHOW BonHbl 337.1 HM. B kKaudecTBe o6pas-
LOB MCMNO/Mb30BaNNCb pasiniyHble PacTBOPEHHO-3MY/IbIMPOBAHHbLI® B
Boge HIM M mMx rekcaHoBble 3KCTPaKThI;

ANA KONn4ecTBeHHOW XapaKTepucTUKU ayopecueHuMn Ncnonb-
30Basica napameTp , rpe ldbg v 1~ - WMHTerpanbHble
(No BcemMy CMNeKTPY) MHTEHCUBHOCTU ayopecueHUUn U KoMbUuHauu-

OHHOro paccesiHuss pactsopuTtens (KP). Wcnonb3oBaHue meToga
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BHYTPEHHEro penepa ¢ KanMbpoOBKOW MO CUrHany KOMOWHaLMOHHO-
ro paccesaHms pacTBopuTens J nossonsetr n3basuTLCA OT BNUSA-
ensi TeEOMeTpPMUYeCKNX (PakTOpPOB U MCMNONb30BaTb OTpaboTaHHble Me-
TOANKN B AUCTAaHLMOHHOM BapuaHTe.

C uenbl M3y4YeHUs BO3MOXXHOCTM nepexopa OT (PyOpecLeHT-
HOro napametpa 9 BOAbl K KOHUeHTpauuam LW Clud- B BOAe on-
pepenanca napametp oC = dfekc/ dpnonbl (OTHOWweHMe 40 rek-
CaHOBOrO 3KcTpakTa M3 npobbl K 40 npobbl MPU OANHAKOBbLIX 006b-
éMax rekcaHa W 3akcTparmpyemon npob6bl). dusnyeckuii cmbicn c/
npocT: °(--6W [/ 6 (6 p KC - 3ddeKTUBHOE ceue-
Hue dnyopecueHunn H B rekcaHe, 6 £ na - apdekTnBHOE ceuve-
Hue cnyopecueHuun LW B Bopae). CornacHoO TpaguLMOHHON MeTOoAu-
Ke onpejeneHus KoHueHTpauuwn LU no ux dnyopecueHUMn B rek-
caHOBbIX 3KcTpakTax CuKC~ d ~AnNc. Torpa: cle
nnn bl, -cg fVv iff |, rgoe mMHOXUTens Cv 3aBuUCUT OT copra;
HaxoXgeHusa LU B Boge (pacTBOopeHHas wuan gmcrnepcHasa dasa).
OTMeTun, 4YTO B rekcaHe HepTb M H/ He- o6pasytoT AMCNEPCHOM

¢hasbl, 6narofgapa 4Yemy U BbIMOJNIHAETCS COOTHOWeHWe Cuy ---i* 1y

C uenbi NoayyYeHUs AONONHUTENbHOW MHGoOpMauMn MeTozamMu
YyNpyroro paccessHUsi cBeTa OblN MU3MepeHbl pasMepbl YCTOMUYUBbLIX
amynbcuin L .

Ans KonnuyecTBeHHOro aHanmsa opMbl CMEKTPOB hlyopecLeH-
UMM 6bIN NPUMEHeH MeTo4 MOMeHToB 7 3, BecbMa YAOOHbIV Ansa
onucaHUs LUMPOKMX nofoc dyopecueHUnUn. Takne TpaguLMNOHHbIE
cnekTpa/sbHble XapaKTEPUCTUKUN, KaK MaKCUMyM CMeKTpanbHOl nu-
HAM N e€ MonywmpuHa, ManonpurogHbl ANs OMUCAHUA NaTPCKUX,

(— 100 HM), acMMMETPUYUHbIX, CU/IbLHO MepPeKPbIBAOLLNXCS TNHNI
hnyopecueHUNUN CNOXHbIX OpPraHMYecKMx COefUHEHWIA.

Lienbto pa6boTbl siBASIIOCbL UcCefOBaHMEe 3aBUCUMMOCTU CReK-
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TpanbHO-ALWWECLEeHTHHX XapaKTepucTuk L oT ¢opmbl 1 BpemeHun

NX HaxoXXaeHus B BoOfe.
Pe3synbTaTthl

Ha punc.l npuseneiw TUNU4HbIE CAEKTPbl (PyopecLeHumn pacT-
BOPEHHOW, PacTBOPEHbLIO-3MY/IbIMPOBAHHOW W MNEHOYHOW (HOPMbI CY-
uecteoBaHuAa L B BOoge (Npu o6pasoBaHUM amynbcun bll B BOAe
Hensbe>kHO MpoucxoauT W Mnpouecc pacTBopeHus LI B Boge, noaTo-
My rMosiydyeHue 3amyjbruposaHHoro HI B uucTtom BuAe BpsAS N BO3-
MO>XHO) ,

dopma hyopecueHLNM pacTBOPeEHHbIX LI mano 3asucuT OT Tu-
na mcxogHoro W un crtabunbHa Bo BbpemeHwu. MNapameTp oL ana pa-
CTBOPeHHbIX LU Takxe NpakKTUYecKN He MeHsleTCsa W NeHUT B npeje-
nax: = 0.15...0.18. Takassi cTabMNbHOCTb NWWNHECLOHTHbIX
XapaKTepuUCTUK fenaeT BO3MOXHbIM BeCbl,a TO4Hoe (+ 10 0/() Konu-
yecTBeHHOe ornpejeneHne pacTBOPeHHbIX B Boge H/ meTogamu na-
3epHOV (hnyopecueHTHOW AMarHOCTUKN.

Ana pacTBOpPeHHO-aMyNbrMpoBaHHbIX B Boge HIM Habnsganach
3aBUCUMOCTb MHTEHCMBHOCTU (P/lyOpecLeHL MM OT BPEMEHU Haxoxje-
Hua H B Boje (pwuc.l). MNMapameTp Tak>XXe 3aBUCUT OT "BO3-
pacTta" aMynbCMMm N MeHsieTCA B LUMPOKMX npegenax: c¢/ =1.1...
2.5 (pwuc.2). 3aBuUcuUT OT BpemeHU N cdopma dayopecueHuUn (puc.2).

MpoBefeHHble MU3MepPeHUA pasMepoB HePTAHbIX 3MYNbCUN fanu
3HayYeHUsa pagunycos R ~ 0.23...0.33 MKM, 4TO MpuUBOAUT K
OUeHKe CcBepXxy ANSA ONTUYECKOW NNOTHOCTU 3Tux chep D < 0.2.
CnepoBaTeNlbHO, MOXHO FOBOPUTb O He3HauYUTeNbHOCTU 3PdPeKToB
nepenornoweHnsa BHYTPU 3Mynbcun. CyllecTBeHHble OTAINYUA OMU-
HEeCLeHTHbIX XapaKTepUCTUK PacTBOPEHHbIX N 3MY/NbIMPOBaHHbLIX LLI

00bACHAKTCA, no—snagnmMmomy, passiMdiHbiM XMMNYECKNM COCTaBOM pacT-
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ENC.I CnekTpbl yopecueHUunn cbipoii HedpTn ( J1 B036>=337HM)

(- ) - pacTBOpéHHas B BOoAe HedThb.
(—*”) - HedTAHas nnéHka.
(- ) - 3MyNnbrupoBaHHas B Bofe HedTb: | - nepsBbili feHb,

2 - BTOpPOW AeHb, 3 - TpeTWi AeHb Nocne BHeCEHUS B BOAY.
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M NepBOro MOMEHTa crnekTpa (oIyopecueHuMn 3MynbrmposaHHoro L -(2)
 /n1* A
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BopeHHOI K gucnepcHon dasbl.

CnekTp cnyopecLeHLMN pacTBOPEHHO-3MyNbrnposakselta LU
yfaéTcsa onucaTb KakK Cylly CcTabu/bHOro cnekTpa 4YucTOro pacTBO-
pa n cnekTpa YUCTOW 3MYNbCUWU, KOTOPbIM 3aBUCUT OT Tuna L un
MeHsAeTcA co BpemeHeM. Mo mepe "cTapeHuA" 3aMyNbCUU COOTHOLLE-
HUe MeXay CrneKTpamm MeHSIeTCA B CTOPOHY YBe/MYEHUS YAenbHOro
Beca pacTBOPEHHOW 4YacTwu.

Mpn BblgeneHNN (MeTOAOM MOMEHTOB) CMEKTPOB YUCTOW 3MYfb-
cMmM Gbina o6Hapy>keHa CBA3b Mexay napametpom d. u dopmoii
cnekTpa dnyopecueHunn (pmc.3). Takoe "CMHXPOHHOE" M3MeHeHue
NWWHT '"UOHTHbIX NapamMeTpoB HedTAHbIX 3MY/IbCUI MO3BONAET npej-
NOXNTb MeTOAUKY KOMMYEeCTBEHHOro onpejeneHns pacTBOPOHHO—
3My/IbIMpOBaHHbIX B Boge LU AucTaHUMOHHbLIM cnoco6om. MeToauka
OocHOoBaHa Ha "pasgeneHMnN" CNeKTPOB PacTBOPEHHOW U 3IMYNbrMpo-

BaHHOM 4yacTu HM M MCcNoNb30BaHMU OTMEUYEHHbIX Bbllle 3aBUCUMOC-

TEWN.
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Ab6pocknH A.l. ,MsaHoB W .I..Honbpe C.E.dapees B.B.,dPepsopos B.B.
MocKoBCKUI yHUBepcuTeT mbl.M.B.JTomOoHOCOBa

AVALLOCLLUKA PUTOMIAHKTOHA 1 PACTBOPEHHDBLIX OPIAHNYECKINX
COEAVHEH// B BOAE METOAOM LLIOFOYACTOTHOW NIA3EPHOW dIYOPVIMETPUN

B cTaTbe NpuBOAATCA pe3ynbTaTbl 3KCMEPUMEHTaNbHOro mccne-
nOoBaHMA dnyopecueHLM NPUPOAHbLIX OPraHM4YeckMx KOMMJ/EKCOB B BO-
OHbIX cpefaX NpW BO30YXAEHWW NnasepHbIM M3Ny4YeHMeM C nepecTpawu-
BaeMoOl 4yacToTol. Mcnonb3oBaHMe MHOro4acToTHOIW nyopmmeTpumn
3HAUYNTENbHO paclwunpsaeT AMarHOCTUYECKMe BO3IMOXXHOCTU hnyopecueH-
THOro MeTofa W MO3BOMSAET pewaTb 3ajayun, TPyAHO paspelunmble Mpu
(MKcMpoBaHHOM 4YacToTe BO3GYXXjawowwero ninydyeHusa. lNpumepamn Takmx
NpPakTUYECKN BaXKHbIX 3ajay sABNAeTcsA ungeHTUdUKauma HedTer U Hed-
TenpoAyKTOB B BOAE W BblgeneHUe MX Ha (PoHe NPUPOSHOro pacTBO-
pPeHHOro opraHmyeckoro BeuwecTtBa (POB), ugeHTUdUKayuna Bnaos dwm-
TONNaHKTOHa.

B npoBefeHHbIX UCCNeAOBaHUAX CTaBuiacb TakXe 3agadya Hame-
TUTb NYTU nccnefoBaHMA MNpUpPoabl MONOC yopecLeHUUNn N MexaHus-
MOB (POTO(U3INYECKMX MPOLECCOB B Ha3BaHHbIX 06bEKTax MNpU MUX BO3-
OY>KAeHUN NnasepHbIM W3Ny4YeHMeM C nepecTpamBaemMolr 4acTOTOW.

MNccnepoBaHUA BbINONHANNCL Ha YHUBEPCANbHOM CMNEKTPOCKOMU-
4YecKOM KoMmnMekce, npefHasHayYeHHOM ANS aBTOMaTUYECKOW pPerncT-
paumm n ob6paboTKM CNEKTPOB MPO6 >XUAKOCTEW B BUAMMOM WU BAVKHEM
ynbTpagnonetosom gmnanaszoHe (320...800 HM), BO3HMKAKOLWKUX B pe-
3ynbTaTe 06ny4yeHUA 06pasL0B U3NyHYeHUEeM MMNYNbCHOrO nasepa.

Bba3oBbIM 3/71eMEHTOM KOMIMJeKca sABsieTcsA MUKPO-OBM, conps-
XKeHHasa 4vepe3 cneyuanbHO pa3paboTaHHbI MHTepderc ¢ nasepamum u
cucTtemon perucTpaymn. Mukpo-3BM mcnonb3yeTca gna ynpasneHus

9KCNepmnMMeHTOM, HaKonneHma faHHbIX U OGpaGOTKI/I pe3ynbTatoB MN3-
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MepeHuii. B npouecce 06paboTKM CMEKTPOB OCYLLECTBASIETCA MpoLe-
Aypa criakmsaHUA M KOPPEKUUU Ha MpeABapuUTe/ibHO W3MepeHHble ar-
napaTHble XapakKTepucTuKM (CNeKTpasbHO-MONSAPU3aLLMOHHAA YYBCT-
BUTENbHOCTb U T.4.) CUCTEMBbI.

C MOMOLLBIO 3TOTO KOMMJeKCa MOoJlydeHbl criedytowme pesynbTaThbl.

MHorovacTtoTHasa nasepHasa dayoommeTTka POB M HedpTenpoAyKTOB B

Bofe.

OCHOBHOV TpPYAHOCTbIO NasepHOWM AMArHOCTUKWM HedpTel U HedTe-
npoaykToB (HIM) B BOAe sABnseTcA UX MaeHTUUKaUNA U BblaeneHue
Ha ()OHe MPUPOAHOro pPacTBOPeHHOro opraHuyeckoro BewecTtsa (POB).
JTO CBA3aHO C TeM, 4YTO MNpu Hambonee 4acTo MPUMeHAEeMOW ANnuHe
BO/IHbI BO306Y>KAalOLW,Eero n3nyyeHus (A Q= 337 HM, a30THbIi nasep)
nonockl nyopecueHummn POB n HIT cnnbHO nepekpbiBalOTCA.

OnpefeneHHbIV Wwar B NpeofofieHNn 3TOW TPYAHOCTWU yaanoch
caenatb € NpUMeEHEHMEM HenwuHeriHol dnyopumeTpun [ |'] , KoTopas
no3sonseT OoTANUUTL dnyopecueHuuo POB oT cdnyopecueHummn Hr,
ecnn B BOAe MNPUCYTCTBYeT TONbKO OAHa M3 3TUX Npumecei.

Kak BugHO M3 puc.la, MHOrodactoTHas (nyopumeTpmsa MO3BO-
naeT pewunTb 3ajady BblAeneHUA napuyumanbHbiX BkKNafos POB n HM,
M60 3aBUCMMOCTWU hNyopecueHTHO napameTpa 49 = A/ ~ [/ O/ "~p
(A qﬂm N Kp - u4uncna KBaHTOB dnyopecueHunn npumecn n KP
BOAbl) OT ANWHbLI BONHbI BO3GYXXAeHMA A 0 3amMeTHO OT/Au4yarTCca
APYr OT apyra. HeTpygHOo noka3aTb, 4YTO NpoBeAs U3MEPEHUS CYyM-
MapHoro napametpa 40"= ®7°g + M ApyxX OyiiHax BO'H BO3-
6yxpeHust  AUg u A q, moxHo OMpPeITL f N

Pe3ynbTaTbl PEKOTHOCLLMPOBOYHbIX WU3MEPEHWM, BbIMOMHEHHbLIX Ha
namnosom dnyopumetpe (puc.lé), paroT ocHOoBaHMe HafeATbCA Ha
ynydlweHne TOYHOCTW NPV UCMNONb30BaHMN 60Nee KOPOTKOBOJSIHOBOrO

BO36Y>XaeHua ( /1 0 ~ 300 HM).
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n HI1 (- ), CHATble Ha nasepHom ( a ) s namnosom ( 6 ) dnyo-
pumeTpax.fpuBefeHbl cpefHue (®) 3HaYeHUA U MaKCUMalbHble
OTKNOHeHus (L)1
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OfHVM M3 OCHOBHbIX BOMPOCOB fla3epHOW pguarHoctuku POB sB-
nseTcA yCTaHOBJ/IEHME B3aMMOCBSA3N MeXAy (yopecueHTHbIM napameT-
pom d0 M KaKUM-NTM60 KONMYEeCTBEHHbIM MoOKa3aTesieM, XapaKTepusylo-
UMM KOHUeHTpauunio POB. Hambonee pacnpocTpaHeHHbIM TakMMm nokasa-
Tenem sIBNsieTCA KOHLEHTpauma opraHu4veckoro yrnepoga Copr. Og-
HaKO MOMbITKAN MNOAYYUTb KOIMMPULMEHT CBA3N MeXAy NHTEHCUBHOCTbIO
dnyopecueHumnn POB n COpll nmoka He npuBanu K ycrnexy. PasHble uc-
cneposaTenn nony4varwwT MPUHUMNAMANBHO pasHble pe3y/bTaTbl: B O4HUX
cny4dyasax o6Hapy>mBaeTcsl [OBOJIbHO XOpoLllas KOppensuus mexiay 3Tu-
MU nokKasaTensAMu, B APYIUX OHa OTCYTCTBYyeT. PesynbTaThl, npej-
CTaBfleHHble Ha pUC.2, MPONMBAOT CBET Ha MNPUYUHbI TakKOoro noso-
XeHus. OddeKTUBHOCTL yopecueHUnMn Ha eanmHuuy Copr okasanacb
pasHoli AN pasHbIX MOMEKYNSAPHbIX gpakumini POB: y HU3KOMONeEKynsp-
HbIX (hpakuwmii OoHa 3aMeTHO Bbllle, YeM Y BbICOKOMONEKYSAPHbIX. [M03-
TOMY CTabW/IbHOCTb COOTHOLUEHUA MeXay n Copr 3asBucuTt oOT
CTabuNbHOCTN COOTHOLLUEHUA Mexay dpakunsamm POB B gaHHOM 3Kcne-
pUMeEHTe.

OTcioga cnegyeT U 3afjada BbisiBleHUs BKaajga dayopecLeHumn
pasnnuHbIX hpakumii B 06LLyt0 nonocy dgayopecueHuun POB. EcTecT-
BEHHOE MpeArnosioXKeHne, 4YTO nonoca gnyopecueHunn POB siBnseTcs
cynepnosvumein nonoc nyopecueHUNn OTAeNbHbIX (pakunii, BO3OYX-
[aeMbIX N3NYyYeHUeM C AANHONW BOAHbI J1 0, 6bIIO Nokoneb6neHo co-
nocrtaeneHnemM nonoc dgayopecueHUUn dpakumii ¢ nonocoin nyopeo-
ueHuMn uncxogHoro POB (OHM OKasanucb MNPaKTUYECKU OfMHAKOBbIMU
no copmMe 1 MONOXKEHUIO Ha wWKane AavH BonH [1]) v noBegeHuem
nonocekl dnyopecuyeHunn POB npu HacbilweHun cnyopecueHunn (popma
ee He MeHsieTca [i] ). Bce 3To yKasblBaeT Ha OAHOpOAHOe ynupe-
HUe nonocbl dnyopecueHuun POB.

3ToMy BbIBOAY MpOTMBOpeYaT pe3ynbTaTbl, MpeacTaBleHHble
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Marnek,
Macca

PNC.2 3dhekTUBHOCTL hnyopecueHUUN NPUPOAHON BOAbl (TOHKa
M.M.=0 ) n eé mMonekynspHbix pakunii: (1) - 3dpheKTUBHOCTL Ha
efgeHuuy CQr ; (2) - BKNag pasnuyHbIX dpakuyuii Bo dyopecLeH-
UM UCcXoaHOM BoOpAa.



Ha puc.3. CwmeweHne nonoc dnyopecueHUUn npm maMmeHeHum A 0
(XOTA M € MeHblUe CKOPOCTbIO, 4Yem u3MeHeHune J1 Q) sABnsieTcs
aprymeHTOM B MO/b3y HEOAHOPOAHOrO XapakTepa yTUpaHusa MNoso-
cbl thbnyopecueHunn POB. Takum o6pasom, BONPOC O Npupoge Mono-
cbl thnyopecueHunn POB noka ocTaeTcsi OTKPbITbIM U ero peLueHune
TpebyeT panbHelwunx mccnefosaHwmii. Takoro pojga vccnefoBaHus
HamMn BejyTCs; B 4aCTHOCTWU, M3yyaeTcsa 3aBUCUMOCTb (hayopec-

ueHuun POB m ero pakuuini oT napameTpoB cpefbl.
MHoroyactoTHasa 3urvowmeTnus PuUTONNaHKTOHA.

NpeHTudmnkauma smnaos cdutonnaHktoHa (Prl) no xapakrtepwuc-
TUKaM Mnonocbl hnyopecueHUnn AO0BOMbLHO 3aTpPyAHWUTENbHa, B CUNy
ManbiX OTANYMIA ee opMbl ANA pPasINYHbIX BMAOB P (XOTA MU BO3-
MOXHa C MpUMeHeHMeM TOHKMX MeTofoB aHanusza [2} ).

3HaunTenbHO 6onblUMe pasnMuma HabnwgawwTca B CNeKTpe
BO36Y>XAeHUsa dnyopecueHunn. B [3]noka3aHO, 4TO CnekTp BO3-
6y>XaeHna dnyopecueHLMn CUNbHO 3aBUCUT OT Tumna BoJOpOCNei
M3-3a PiI3HOro MUIMEHTHOro cocTaBa. Tam >Xe MNPeanoXXeHO WUCMOoNb-
30BaTb YeTbIPeXBONHOBbLI Nupap ANS onpegeneHna Tuna dnyopeo-'
umpynumx Bogopocneiri. OgHako B nposBegeHHOM B [3] paccmoTpe-
HUN He yuWnTbIBalOTCA BAUAHME (QNYKTyaLnii MOLHOCTU BO36Y>XKAato-
uero nU3NyyeHMs U 3aBUCUMOCTb PErUCTPUPYyemMoro cmrHana OT KOH-
KPEeTHON ONTMYecKOW cxeMbl (reomMeTpum akcnepumeHTa). Mopob-
HOro pofja KOppeKuusa BbIMOMHAETCA aBTOMaTU4Yecku Mnpu napannenb-
HO perucTpauymun cnekTpa ¢ayopecueHUUn ¢ KainbpoBKOA MO KOM-
6uHauMoHHOMY paccesHuio (KP) Bogbl [i] .

Ha pwuc.4 npepctaBneHbl 3aBUCMMOCTU napameTpa 40
/AKP oT /1™ ™ BOJMBbl BO36y)XaatoLwero n3nyyeHmsa. Kak BugHo u3
pUcyHKa, MHOroyactoTHas (nyopumeTpuss NMO3BONSAET pewnTb 3aja-

Yy onpefeneHus napumnanbHbiX BKAf0B PasNUHbIX BMAOB MM B 06-



PWC. 4 CnekTpbl BO30OYy>XaeHUA dayopecueHUunn ( HOPMUPOBAHHbIE
Ha "Kp - uucno cdotoHoB KP BOAbl) pasnmMyHbIX TUMNOB
puToNnNaHKTOHa.



- 3% -

Oy nonocy dnyopecueHunu.
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E.B.baynuH, C./1.1oryHoB, B.B.®apgees

MockoBcknini yHunsepcuTeT M. M.B.JlomoHocOBa
ATTOPUTMbI PELLEHA OBPATHON 3AOAYN KUHETUYECKOM
JNIA3EPHOW CIMEKTPOCKOM BOAHbIX CPE/.

AncTaHUMOHHOe NnasepHoe 30HAMPOBaHWEe sABAseTcA 3MPeKTUBHBIM
MeTOAOM McCnefoBaHNA U KOHTPOJS MPUPOAHbLIX BOAHbIX cpef. B Hac-
Tosillee BpeMsl XOpOLUO pa3BMTa faszepHO-CMeKTpockonuyeckas MeTo-
aonKa onpegeneHnsa dayopecumpylowmx npmmecen t OUTONNAHKTOHA,
pPCrBOPEHHOr0 OpraHW4Yyeckoro BeliecTBa, HedTUM U HeddTENPOAYKTOB) |,
ycpeAHEeHHbIX MO MNPUMNOBEPOCHOCTHOMY cfoto Bo A bl [i] . Pa3paboTka
annapatypbl 1 MeTO[OB W3MEPEeHWUs pacrnpefeneHUs npumecein N apy-
rmx napameTpoB cpedbl Mo rny6uHe npeacTaBnseT coboii 3HAUNTENbHO
60/ee CMOXHYIHO 3afayy s 34ecCb cAenaHbl NWlb MepBble LWaru.

B pgaHHOI pa6oTe paccmMaTpuBalOTCA BO3MOXHOCTW pelleHus 3afja-
UM BOCCTAHOB/IEHUSA BePTUKaNbHOro pacnpegeneHuns dayopecuypytoLeit
npumMecu B BOAHON cpefe MO BPEMEHHOW 3aBUCMMOCTU 3XO-CUTHana
npu MMMYyNbCHOM AUCTaHLLMOHHOM fla3ePHOM 30HAMPOBAHUN.

Oo6uMii BN pelleHUs ypaBHEHWUs MepeHoca B c/lyyae HecTayuo-

HAapHOro N1a3epHOro 30HAMPOBAHWSA BOAHOW cpeabl MMeeT BUA
-a

e -rX-r)Ns, -
n r o &-Z

roe PICp - cpegHAs umsnyyaemas mowHocTb | JNliir)= f££ n ). 11

- anepTypa npuemMHuka, C3p- cedeHue npeobpasoBaHUsA nasep-
HOTO W3NyYeHUs B CUTHan oTknuka , Ai x,y,i ) - dyHkuma pacnoc-
rpaHeHMsa u3nyyeHus B BogHoW cpepge [2] , XKt ), Wt ), d 11 ) -
BPeMEHHble (YHKLUMN Na3epHOro M3Ny4YeHUs, MNpuUeMHMKa U 3aTyxaHus

dnyopecueHuyun, P. I-fc.) - MOWHOCTE MPUHMMaemMoOro curHana.

B cny4dae KBasucrayMoHapHOro 30HAMPOBaHUA BOAHOWM cpeabl

ANA NONeYeHUs 3HAYEHMS KOHUEHTpauum npuMecu, ycpegHeHHOW no



398

HEKOTOPOMY C/iol0 BoAbl ; ? = 10 M), YCMELWHO MNpUMeHsieTcss MeTof

BHYTPEHHEro penepa, OCHOBaHHbI/i Ha CpPaBHEHUW YaCTOTHbIX KOMMOHEH-
TOB BXO-CArHana dayopecueHUMn MNpuUMecn U KOMGMHALMOHHOro pacce-
aHua ;KP) monekyn Boabl [2]. Kak 6yaeT nokasaHO Hwke ANsa onpeje-
neHWA pacnpefeneHuUs NMpuMecu B BOfe OKa3sbiBaeTCA YAOOGHbIM MPUMEHUTb
MeToJ BHYTpeHHero periepa kK ®dypbe ob6paszam BpeMeHHbIX (JOPM 3XO-CUT-
HafoB Ha COOTBETCTBYHOLWIUX A/IMHAX BOJH.

MpumeHeHve Pypbe-Npeo6pasoBaHMst K 06eUMM 4YacTsiM ypaBHEHUs

V1) paet
% = Picp-"Up I Wi)A*CHU 4 1 T ®@
rge 3Hadkom A 0603HaueHili cooTBerceyowmne dypbe-ob6pasbl, a

A(E) “ (Y cUcLfr

PaccmoTpum OTHOLWeEHMe BblpaxkeHu Tuna (.2) ana A = A*plgnuHa Bon-
Hbl KP Mmonekyn Bogbl) n gna A = Arpn VAavHa BONHbI hnyopecueHunumn
n3yyaemoin npumecn)

B (Ayn) Ch A Wwh

Pi 1C£0&) r
OnA GONbLIMHCTBA peanbHbIX 3afady MOXHO CUMTaThb, 4To Vu-gi ):
eXuit wu Kkprb )*™>>(-1) , cnegosaTensHo L )n/E£«> ~  £<pn

Takum o06pa3oMm, WUCMO/b30BaHWE MeTOAUKN HOPMUPOBKU Dypbe-
o6pasa Ha ANMHE BOMHbI (hiyopecueHUUN npumecn Ha dDypbe-o6pas Ha
ANvHe BONHbI KP BOAbl faeT BO3MOXHOCTb WCKAKUYUTL B ypaBHeHUU i3)
BeNMUMHbL O fc ) m TH -i), 4TO, ogHaKO, He WCK/I4YaeT UX BAUSA-
HUA Ha TOYHOCTb onpegeneHus u 4 £), r.K. OHa CBA3siHA C BeNU-
UMHOW annapaTypHbIX LUYMOB MpW OMNpefeneHnn 3TUX napameTpoOB.

PaccMoTpum pelleHve ypaBHeHUst (3). HeunsBeCTHbIMU BeNUUHAMU
ABNAOTCA n  £<p/l. BennuuHbl A*(Af*") n

CBSI3aHbl COOTHOLLEHMEM -% (*) ., rae
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N (£) napameTp, 3aBUCALLMIA Or BeNINYUH MEPBUYHbIX rMapocTaTuyec-
KUX XapaKTepuUCcTUK BOAHOW cpeAbl U reomMeTpum 30HAUPOBaHWUSA. 3Ha-
YeHUsA 3TOro napameTpa MOryT ObiTb AOCTATOYHO /IETKO pacyuraHbl Ha
3BM.

BenunuuHa &pp(4) onpepenseTca M3 pelleHUs ypaBHEHWA, oOnucblBa-
IOWMX penakcauuio BO3GYXKAEHUA B M3yyaeMblX MOJieKynax MpuMecu.

OKOHuYaTeNlbHO cucTeMa ypaBHeHUl ANA onpefeneHUs pacnpegeneHuns

OTKypa ANA Be/INYUHBI MO>XHO NMONYy4YUTb WMHTErpajsbHOe Yypas-

HeHne dPpegronbma 2-ro pogja:

PelwieHne ypaBHeHUs (5) MOXHO MONYYUTb YUCAEHHO.
Mpn HaTypHbIX M3MepeHUAX pacnpegeneHWini npumecet B Bofae

MOTYT BO3HUKHYTb TPYAHOCTW, CBSI3aHHble C MEPEeKPbITUEM CMEKTPOB
hnyopecueHUUN pasHbIX nMpuMeceid. Hanpumep, Kak npaBuao, Ha MNoso-
cbl onyopecueHumn dutonnaHktoHa (Pr) v KP Boabl HaknagbiBaeTca LWt
pokas nonoca dayopecueHUMM NPUPOLHOTO PacTBOPEHHOro opraHuyec-
Koro BeuwectBa KPOB) (cm. pwuc. |). @1 un POB mnmeloT pasinyHble Bpe-
MeHa 3aTyxaHusa ¢nyopecueHLUUn, 4TO AOMOMHUTENbHO YCNOXHSeT pe-
LeHne 3ajavu.

PelueHVe Takol 3afayn MOXHO MONYYUTb, BblUMTas NbepecTan,
co3faBaemMblii dnyopecueHumerd POB. Ona 3TOoro Heo6xoiMMo MPOBOAUTb
perecrpaunio BpeMeHHOro xofa 3XO-CMrHana Ha ANnHax BOMH MaKcu-
MymoB KP S dnyopecueHumnn uUTONNaHKTOHA U A/IMHAX BOJIH NbefjecTa-

NI0OB 3TWUX CUTHanos, r.e. Ai7*,V J1 ilOM* puc.l), a 3arem nposec-



A(Hm)

550 Aj. '650 \Y nn 750
Pac. | TUNWYHBIK CNEeKTP 3XO0-CMTrHana npu BO3GYXXAeHUU
BOAHOWN cpeabl usnyyeHmem c¢ [, =532 HM. lMonocbl : |- KP BOAbl, 2-

dnyopecueHuma dutonnaHkToHa, 3- dnyopecueHuna POB.

TA annpokcMMauuio crnekTpanbHoW  dopmbl hnyopecueHumns POB iB npo-
cTeilleM cny4yae NMHENHON 3aBUCUMOCTbIO) Ha ydacTke
A1 BblYeCTb Be/IMYMHY WMTOr0 CcUrHana M3 CyMMapHOro curHasna Ha

Mokaxkem, 4To

P O™ yer *'PCLl)-QKﬂ

roe PC Xx”™)N - uctuHHbIM curHan KP Bogbl 6e3 nbegecTtana POB,

P10, PC>0 - 3XO-CUTHaNbl, PerucTpupyemble Ans yyeTa 3TOrO
nbepectana : ° [ 2 Bocnonb3oBaBlWMCh COOT-
HoweHnem : R éti- "
A (X7 )IA n > bl (~—atCAV) - A-(Adn)

roe 31- nokasaTesnb MOSHOro ocna6fneHWs B BOAHOW cpepe, MOXHO Mo-
KasaTb, 4YTO NpPUBGAMKEHHOe paBeHCTBO B opmyne i6) 3ameHseTcs Ha

TO4YHOE B Chny4ae: 1 +A-
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AHanornyHbiM 06pa3omM MOXHO y4decTb NbegecTan dayopecueHunn POB n
ANAa curHana

OnpefenM MOrpewwHoOCcTU, BO3HUKaBLUME MPU peLleHUn CUCTEMbI
ypaBHeHU (.4). OTa NOrpewHoOcTb CBA3aHa C HalM4yMem LUYMOBOFO CWUT-
Hafna Ha Bblxoge npueMHoOro yctpowncrtea. OueHuM npegenbHOe BpPeMeH-
HOe paspelleHune B 3TOM cny4dae. lNpeanonoXumm, 4TO LUYMOBOW CUTHan -
6enblil WyM, a HageXxHoe BblAeNeHWe MONe3HOro curHana m3 Lyma
NPOUCXOoANUT MNpPW YCNOBUW OTHOLWIEHUA curHan/wym > |.

MycTb & W)=$O - CMeKTp LWyMOBOro curHana. ?it IW) -

CrneKTp MnonesHoro curHana, Vi q£) , Torpa
Vigulr) n V AW ) cBsidaHbl COOTHOLLUEHNEM I/I’\>) Nnt =1H un;)gan
ci )= OVb-b MOXHO MONYYUTb: roeTo '=

J1 %,7 ~ - xapakTepHble AAUTENLHOCTU MpOLIEC-
cos J1;-b),Kn-b W-b ;. MpepgenbHasa yacToTa, Ha KOTOPOW Mbl
elwe MOXeM MONyYUTb MOJe3Hy MHgopMaumilo o curHane, onpegenset-
cs u3 cooTHoweHus:  b”io)/ ~S>Cuc) = -sc

, OTKyja
:\ﬂ. Tnf* rﬂllMcyscc) -ina

Taknm o6pas3om, npefgenbHOe BPeMeHHOe paspelleHue 3aBUCUT
OT MapaMeTpoOB /1a3epPHOro MMMy/nbca, MepexofHON XapaKTepucTUku
npuemMHMKa s BpeMeHW (yOpecLLeHTHOro OTK/AMKa MpUMecH.

MpegnonoXxmm, 4TO Ha HEKOTOpoW rnyé6uHe 3 HaxognTcsa
Heo[HOPOAHOCTb C KOHUeHTpauuer dnyopecuupyowmx monekyn | ,
npuuem ju = ,roe - HekoTopoe (pOHOBOe 3HaueHue
KOHLeHTpauuu.

MycTb TONUWMHA HEOAHOPOAHOCTM AN , TOrAa BKAaj OT 3TOW
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YT006bI pa3peLlJI/ITb 3Ty HeO,qHOpO,qHOCTb, HeoﬁXOAMMOI
|.t4-,1’\M &R (43mn j~) qi0)
| ] . - > -
(yi'vey- T1 " muj
cnepoBaTesibHO, .
A flv — n 4o- Ei

MNraH, Hannuue LWYMOBOro CUrHana HaknagbiBaeT onpefeneHHble
orpaHM4YeHUs Ha BPEMEHHOe W aMNAUTyAHOe paspeLleHus.

MNpumeHeHne JaHHOrO anropuTMa K 3KCMepuMeHTaNbHbIM pe3ynb-
Tatam, MONYy4YeHHbIMW HamMu MpU HecTauMoHapHOM Nas3epHOM 30HAMPOBaA-
HUN cpefbl C MOAENbHbLIM pacrnpegeneHnem nNpuMecn Mo rnyéuHe .no-
Kasanu, 4To 3afjaHHoOe pacnpejeneHme MOXeT OblTb BOCCTAHOBMEHO C
20% TouHOCTbIO MpU chegyloLWMX MapameTpax cpefbl U 30HAMPYOLeli yc-
TaHOBKU Inunpgapa): *BIM Bi, *J1 =7 Hc, Tb~r Tm=3 Hc, X v,,L1)
=0.8 m "~

[aHHbIF MeTof BOCCTAHOBMEHUA TNYOMHHOTo NpPounsa MOXeT
6bITb MCNONb30BaH W ANA onpegeneHUsa TemnepaTypbl U CONEHOCTU BO-
Obl. B aTOM cny4dae n3MepsarOTCS OTHOLUIEHWA WHTEHCUBHOCTEN pPasINYHbIX
YaCTOTHbIX KOMMOHEHTOB BHYTPU nonocbl KP BOAbl 4]

w w
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3. baynnH E.B. "AucTaHuuoHHasa guarHocTukKa BOAHbIX cpej MeTopja-
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®.-m.H., MockBa, 1985. - 218 c.
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nasepHoiwi KP cnektpockonuun".-0AH CCCP,1983,r.271,M ,c.849-

852.
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FLUORESCENCE OF BENZO[A]JPYRENE SOLUTIONS STUDIED
BY PULSED LASER FLUORIMETER

B.Német, 1.Ernstydk, L.Kozma, I.Santa

Dept. Phys., Janus Pannonius Univ., Pécs, Hungary

Introduction

Benzo fay pyrene (B[a]P) 1is an important compound from
many respects. The B[ajP is both a substrate of several bio-
logical macromolecules (e.g. enzymes), and its derivatives
are considered to be the most carcinogenic compounds among
the polycyclic aromatic hydrocarbons which are everywhere
in our environvent. Since the detailed investigations of
the fluorescence features of Bfal] P have not been carried
out yet, we have set for an aim to study this compound many-

sidedly.

Materials and methods

B[aj P were made by Fluka. The solvents were ethanol
(spectroscopic grade) and bidistilled water. The absorption
spectra were measured by a SPECORD UV-VIS absorption spec-
trophotometer, the emission spectra after continous exci-
tation were recorded by a PERKIN-ELMER 3000 spectrofluori-
meter. The decay curves of fluorescence and the time-resol-
ved fluorescence spectra were measured by a laser pulsed
fluorimeter whichwas constructed in our department. It
consists of a TEA N2 laser (FWHM=1.2 ns), a tunable dye laser,
a grating monochromator (600 lines/mm, f/5,0.3 m), a photo-
multiplier (RCA 1P2B) and a sampling oscilloscope (gatewith”
300 ps). The system is controlled by a personal computer.

Results
The Figure 1. shows the absorption spectra of 2.5-10"7M
B~a”P solved in different ethanol-water mixtures. On the
Figure 2. it can be seen the emission spectra of 2.5-10""M
B a P. (The ratios of the solvent-components are not the
same as they are on the Figure 1.1!) When the ethanol-content

is not less then 30 * the structure of emission spectra



does not change, the intensity of fluorescence varies only.
Under this limit a new broad band centered at 510 ran appears.

Figure 1m:
Absorption spectra
of 2.5-10-5m B[a]P.
The ethanol-contents
are:96-50 % (1),

40 * (2), 35 * (3),
30 * (4), 25 % (5).

Figure 2m:

Emission spectra of

2.5-10-5M BFa]P. The
ethanol-contents are:
25 X (1), 20 % (2),

15 % (3), 10 % (4).

The Figure. 3.a. summarizes the absobancy (E, o0-0), the
intensity of fluorescence (1) and the quantum vyield of
fluorescence (£) as a function of the composition of the
solvents. The Figure 3.b. shows the decay time of fluores-
cence (T), the natural lifetime (O) and the rate constant of
the radiationless transitions (knr) calculated from 4 and -T
[1,22¢1 . From these curves one can conclude that the shorter
decay time and the lower value of the quantum yield in the
case of high ethanol-content is caused by the higher proba-
bility of radiationless transitions. In the case of high
water-content the quantum yield and the natural lifetime
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change only slightly, therefore the lower intensity of flu-

orescence 1is caused by the lower absorbancy of the solution

Fiqure 3,a. Intensity of fluorescence (*), absorbancy (o),
quantum yield of fluorescence (o) for 2.5-10°5m B[a] P.
Figure 3.b. Decay time of fluorescence (0), natural lifetime
(0), rate constant of the radiationless transitions (*) for

2.5 «10“5M B[a] P-
The falling down of the absorbancy derives from an ag-

gregati.onal process, the infuence of which appears on the

absorption and emission spectra (Fig.l. ,Fig.2.), as well.

At higher concentration region a braid emission band appears

ton, already in pure ethanol without any influence of water.

wavelength varies from 430 nm to 450 nm "(a), from 450 nm
to 500 nm (b).
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The Figure 4.a. and b. and show the emission spectra of
2,5-10_3 M B[a]P. The origin of the broad band (480 nm -
600 nm, resolvable into two components havint different
lifetimes) 1is not clear yet.

We determined the absorption cross-section of the
component having a maximum of 550 nm using the saturation
of the fluorescence I3~V
Uau)

Finure 5m Fluorescence satura-

tion. TIT Linearity, (2)10“5 M
Rhodemine B, (3) 2,5-10*5 ™

N -
B 1'@}' P. em—550 nm

This 1is important, because the absorption cross-section at
this spectral range can not be measured by the conventional
absorption spectrophotometers. The etalon was Rhodamine B.
The result 1is: <610 nm=3.2-10“18cm2for 2.5-10"3M B[a]P

(solvent:ethanol).
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TWO-PHOTON FLUORESCENCE STUDIES ON SOLVED ORGANIC COMPOUNDS

B. Német, 0. Erostyak, L. Kozma

Dept. of. Phys., Danus Pannonius Univ. Pécs, Hungary

Introduction

Besides the absorption and the one-photon fluorescen-
ce excitation spectroscopy (OPFES), the two-photon fluores-
cence excitation spectroscopy (TPFES) also can be used for
observation and characterization of the excited electronic
states of organic molecules [I'l. Nowadays it is easyto re-
alize the TPFE spectroscopy using pulsed laser (e.g. N~ la-
ser) pumped dye lasers £2]. Our aim was: to collect expe-
riences and start the investigations an the field of TPF

and TPFE spectroscopy by our pulsed laser fluorometer.

Matter and method

The samples investigated were: 2,5-Diphenyloxazole
(PP0), p-bis-2-(Phenyloxazolyl)benzene (POPOP) and benzo[a®
pyrene (B[a]P).

The first two which are often used laser dyes were
solved in dioxane, the third one which is important from
biological and medical point of view was solved in ethanol.
At the measurings of absorption spectra and one-photon flu-
orescence spectra after TEA N, laser excitation the cent-
centration of solutions was 10"?M. In the case of TPFE ue®-
nin and rhodamine B were used as laser dyes 1in the tunable
dye laser, thus it could be tuned from 540 nm to) &iZ3> ram

(Fig. 1),
Results and conclusions

First it was studied at which range of power density
can find the two-photon fluorescence only without the sa-

turation of it. For this purpose the intensity of the



exciting dye laser pulses was decreased (the focal length
of the focusing lense was 250 mm) to level which one ten
intensity of fluorescence was proportional to the second

power of exciting laser pulse at.

Fig. 1. Energy
(E5 and power
density (or pho-
ton flux density
- F) curves of
uranin and rho-
daraine B (RB)
:dye laser, (fo-
ical length =
i250 mm) .

This proportionality was clearly observable for PPO and
POPOP (*)kex*600 nm) when the power density was not more
than 0.2 MW/cm2 .The Figure 2. shows the one-photon absorp-
tion (OPA), the one-photon fluorescence (OPF) (continoua
lines), the two-photon fluorescence (TPF) (dashed line) and
the twp-photon fluorescence "excitation”™ (circles) spectra.
The tuning range of the dye laser is such (540 nm - 25 nm)
that the PPO and POPOP get into the state and the Bfa]P
get into the state after twD-photon excitation.

From these beginning investigations one can conclude
for the moment that the two-photon excitation process can
be studied at the samples mentioned before and it is pos-
sible to determine the two-photon excitation spectra on
the range where they have absorption spectra, too. Moreover
we observed the saturation of two photon fluorescence at a

surprisingly low values of power density of exciting pulses.

References
[11 Pierce,B.M., Birge.R.P. :1EEE 0.QE-19. 826-833 (1983).

£2j Birge,R.P.:"One-photon and two-photon excitation spect-
roscopy" in "Ultrasensitive laser spectroscopy", ed.:
D.S.Kliger, pp-109.,Acad. Press, New York.London,19B3.
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Fig. 2.: One-photon absorption and one-photon fluorescence
spectra V =337 nm, ---——- ), two-photon fluorescence spectra
ch =600 nm, --—-) and two-photon excitation spectra (feT=

430 nm, e o 0) of PPO, POPOP and B a P.
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LASER EVOKED HUMAN NEURDNDGRAM

J. Czopf, 1. Santa, T. Rédei, L. Kellényi, L. Kozma
Clinic of Neurology and Psychiatry, Institute of Physology

Medical School Pécs, Institute of Physics University Pécs

Introduction

High power laser irradiation of the skin, as a nox-
ious stimulus, may provoke sensation of heat or pain. The
low power laser has no detectable heat effect at the site
of irradiation. Inspite of this fact irradiation of the skin
(overlaying acupuncture points) is useful in treatment of
chronic pain £ij.

In earlier results we found electric changes in the
brain activity evoked by UV low power laser impulses
£ 2 , c°uld elicit evoked potentials over the Erb point
with low power helium neon laser.

The aim of our investigation was to detect the periph-
eral neural effect of laser iImpulses measured with human

routine neuronography.

Material and methods

The characteristics of the stimuli wre: TEA nitrogen
laser,"wave length: 337,1 nm (UVA), energy: 300 /i.T, dura-
tion of one impulse: 1 ns. The area stimulated: 0.3x1.0 nn.
The recording was performed by routine neuronography, with
needle platinum electrodes inserted to the median nerve
(its position was controlled by threshold measurements) and
the signals were amplified and avereged by a special purpose
computer (Typ. Kell. 512 D 81-2). Because of very low am-
plitude of the signals the "build up" technique uas used.
(Only the signals showing "linear"” development in partial
averages, e.g- 500-1000-2000 averages, uere estimated.) On
the basis of peak latencies of the polyphasic potential
and distance measurements conduction velocity values were
calculated and corrected to 36C/11 subjects have been in-,

vestigated.



411

Results

1. In all of our patients (with clinically normal
sensibility) a low amplitude, polyphasic potential of the
median nerve could be registered (Fig.l.). The potential
amplitude ranged between 0.1-1.0 ~V.

The site of stimulation was on the territory of the
nediane nerve, which coincides with the acupuncture points
(P&, P9, LID, LII).

2. The range of the calculated conduction velocities

was: 5-90 m/s. The most frequent CV was: 15 n/s. (Fig.2.)

Fig.2m Summary of the conduction velocity measurements
in our patients according to the 4 acupuncture points,
stimulated in the territory of the mediane nerve.
(Conduction velocity in m/s.)

3. There are selectively sensitive points of the- sitiin
to the stimuli (Only 1 mm change in the position could) pmi-
vebt tge response).

4. The laser impulses are not so selective as ta> 8ftc
receptor of the skin. The sonducting fibres iron these- cts-
ceptors extends over the conduction velocity region 02 *
alfa to A delta fibres (With the weight in the later)»

5. There is a remarkable variability in the fnrw $1

the potentials.
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D rs;a=

Fig. 1. Electroneuronogram (EHF) and laser neuronogram
(LNG) in the ENG The single response (above) and the
averaged response (below) are presented. The LNG was re-
corded by the "build up” technique (consecutive averages
of 512, 1024 and 1536 single responses) The components
growing progressively have been evaluated (arrows).
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6. In the majority oi our patients the intensity of

the simuli was belov the subjective threshold.

Conclusions
The low intensity laser impulses elicit peripheral

neural excitation in very large spectrun of the cutaneou

Most affected ones are those conducting with

receptors.
probably the pressure, the temperature and

about 15 m/s,
mechanical nociceptive receptors.
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THE EFFECT OF LASER IMPULSES ON CUTANEOUS RECEPTORS AND
PERIPHERAL NERVES IN ANIMAL EXPERIMENTS

G. Czék,.J. L. Czopf, P. Adan, 0. Czopf, L. Kellényi,
L. Kozma

Institute of Physiology, Clinic of Neurology and Psychiatry

Medical School Pécs, Institute of Physics University Pécs

Materials and methods

The experiments were performed on decapitated, spinal
cord injured frogs with normal blood circulation. For ap-
propriate oxygen uptake the animal was immersed ir. water.
After preparation the cutaneous nerve of the dorsal skin
of the frog was laid in oil on platinum electrodes. The
signals were amplified with differential amplifier (fre-
quency transfer: 0,1-10 kHz), registered photographically
stored on tape with a FM system, and analysed off line or,
TPA 11 40 Computer,” 50 responses have been averaged, iri
the 300 msec post stimulus interval. Poststinulus time
histrograms were calculated by the computer.
Stin.: TEA nitrogen laser, wave length: 337, 1 nm,
energy:- 300 /uj, duration of one impulse: 1 no. The area
stimulated: 0,3x1,0 mm.

Results

1. The low intensity UV laser stimuli elicit unit
responses with considerable variability (Flg.l.).

2. The direct stimulation of the nerve or the innen
surface of the prepared skin ineffective. The effect of
the laser stimuli is mediated by the cutaneous receptors
of the skin.

3. The time interval histograms demonstrate that the
laser stimulates a wide range of receptor:; corresponding
to various nerve fibres with different conduction velocit;,.
The most frequently stimulated fibres are in the A delta

range.
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MECHANICAL  STIMULATION
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Figm 1. Unit responses to mechanical and laser stimulation.

A = discharges to laser stimulation of the skin.

B = direkt stimulation of the cutaneous nerve. Nc
response)

C = stimulation of the inner surface of the prepared
skin.

w. There are periodic changes at the site of the
stimulation. In the first 1-2 minutes no response is de-
tectable .

This is followed by the phase of activity, declining ;r
the next 3 minutes. In this phase inten sive firing is
detectable the surround stimulation that ceases in the

next 2-3 minutes.
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LASER STIMULATION
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Fipm 2m Poststinulus time histogran of unit responses
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xcited by laser inpulses.

In the first 2 ninutes (No response;
In the following 3 ninutes (Clear unit activity)
In the next 3 ninutes (Reduction of unit activity)
Unit activity elicited fron the surrounding skin”
area

and ' = Reduction of the activity.
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