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INTRODUCTION

In the past, both experimental and theoretical
inveetigations of the X Auger <transitions in the elements
were concentrated mainly on the most intensive and relatively
simple KLL spectrum. Nevertheless, even this activity has not
brought the theory into complete agreement with experiment
(see e.g. [1]). New experimental data of a very high quality
are desirable in the 2 = 10 - 40 region and for the heaviest
elements as well as on the weak satellite 1line intensities.
The other K Auger spectra were measured rarely (e.g. 1[2,31)
due to their complexity and small 1intensity. Theoretical
material devoted to the KLX (KLX=KILM+KLN) and KMX
(KMX-KMM+KMN) spectra is scarce, too.

Experimental information on K Auger transitions in noble
gases 1is of special importance for a comparison with
theoretical predictions. Approximations assumed in the
calculations of Auger transition energies and intensities are
the most Jjustified 1in these atoms (e.g. closed atomic
orbitals, negligible chemical effects).

In the present paper, we report preliminary results on
the experimental study of the K Auger electrons emitted
during the electron capture decay of ggRb (T1/2=86.2 d) into

ggKr. To our knowledge, the gpectrum is studied for the first

EXPERIMENTAL

Source preparation

The 83Rb isotope was induced by irradiation of a massive
niobium target on the installation ISOLDE-2 (CERN,
Switzerland) using 600 MeV protons. The ione of A=83 were
implanted into an aluminium foil of 100 um thickness. The



mass separated sample contained less than 0.008% of 84Rb.

The aluminium foil was firstly diluted in 1 M
hydrochloric acid. After +the precipitation of aluminium
hydroxide by means of ammonia, the centrifugate was
volatilized to dryness and the ammonium chloride was removed
by the subsequent heating. The chemical concentration was
carried out in guartz vessels using double-distilled water
and reagents of a special purity. The final purification of
rubidium from 1light alkali elements was done on a
microchromatography column (2x40 mm) filled with cationic
exchanger OSTION LG KS 0803. The eluation was performed by
the nitric acid solutions of increasing concentrations (from
0.3 Mup to 2.0 M). Practically, the whole 8
washed-out in 2-3 drops that were subsequently volatilized on

BRb isotope was

an annealed Ta boat.

83

Radioactive sources of Rb (three in all) for electron

spectrum measurements were prepared by an evaporation in
vacuum of 10—'5 torr. To release s8some impurities, the boat
with the activity was heated to 100-200 °c for 10 minutes.
During the treatment, the Al mirror-like hemispherical source
backing (formerly cleaned in spirit by ultrasonics) was
situated outside the boat. The source evaporation took about
one minute at 800 °C. The deposites of B mm diameter were
invisible. The most intensive source (. 350 uUCi) of a

suitable quality was chosen for the measurements.

Spectrum measurements

The electron spectra were analysed using the
electrostatic spectrometer [4] at the JINR in Dubna wmodified
in october 1989. The analyser slits of about 20 mm widths
were covered by Ta wires of 0.1 mm diameter with the step of
1.5 mm to minimize the electrostetic field deformation. Owing
to this, the instrumental resolution increased by a factor of
2 or, at the same retardation ratio, the luminosity of the
whole spectrometer set up increased by a factor of 3. No
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Fig.:. Example of the KLL Auger spectrum of krypton

(Z=36) taken at the inatrumental resolution of 6.5

and the step of 2 eV.
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Fig.2. The KLX Auger spectrum of krypton recorded
the 6.5 eV instrumental resolution and the step

1 eV.
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Fig.3. The KMX Auger spectrum of krypton measured at
the instrumental resolution of 12 eV and the step of
2 eV. The spectrum is the sum of three independent

measurements.

other significant changes of the sgpectrometer parameters were
found.

The majority of the measurements were carried out at the
instrumental resolution of 6.5 eV ( i.e. at the electron
deceleration down to about 200 eV) and the energy ster of
2 eV. The KMX spectrum wes also taken at the lower electron
retardation (to 400 and 500 eV) to compensate for its very
low intensity and to improve the peak-to-background ratio.
This ratio waa unfavourable throughout the all measurements
due to the high intrinsic noise of the channeltron caused
probably by the age degradation of its performance. (The
application of the treatment [5] by both the cold caustic
soda and isopropyl alcohol under ultrasonics did not restore
original properties of the detector.) Because of high
channeltron background, we were not able to take the KMX
spectrum of very high gquality. In addition, one KLL spectrum
was measured at the 4 eV instrumental resolution. Some narrow



sections of the K Auger spectrum were taken, moreover, at
better resclutions and finer steps to obtain more accurate
irformation on relative intensities and energy separations of
the weak spectrum components. The exposure time per point
ranged from several second for the KLL spectrum to about 200
seconds for the KMX one. Examples of the measured spectra are

shown in Figs. 1-3.

Energy calibration

The energy calibration of the apectrometer was
accomplished employing the following conversion electron

lines:
i) K, L1 and Ml of the 14.41302(32) eV [B] nuclear
cas ... 57
transition in Fe,
ii) Ml and Ll' LZ' Ml, M, of the 8.41008(21) keV [7] and

20.74378(10) keV [{8] transitions, respectively, in l69'I‘m,

iii) K and M% of the 60.0100(18) keV [9] and 1B.764(2) keV

[10] transitions, respectively, in 155Gd.
In the measurements, the 83Rb suurce was alternated with the
“calibration” ones (57Co, 169Yb or 155Eu) prrepared also by

the vacuum evaporation on the Al backings. To eliminate
possible influences of the source exchanges and likely
various chemical environments of the examined radioactive
isotopes, we carried out a series of measurements with a
combined Bst + 57Co + 169
backing, too. The line positions remained unaffected within

Yb evaporated source on the Al

the experimental uncertainties. We have found that the

calibrations by means of 57Co and 155Gd isotopes are

consistent with each other, while the calibration by lngm

decreased electron line energies by the value of about 2 eV.

The cauase of the discrepancy is not evident.
'3 SPECTRUM ANALYSIS

To decompose the spectra into components, the computer



code [11] was used applying the same procedure as in our
previous works (e.g. [12]). We treated six KLL, eight KLX and
five KMX spectra. It was found that the high energy side,
particularly of the KLL 1lines taken at the instrumental
resolution of 6.5 eV or better, can hardly be approximated by
a Gauss function (used in our data processing as the main
component of the fitted single line =chape). This indicated
that the values of the absolute instrumental resolution and
the natural energy widths of the lines were close to each
other. In order to derive information on K Auger line widths,
we employed the procedure and the computer code [13]. In this
method, the high energy side of the measured 1line is
described by a convolution of the Gaussian and the Lorentzian
functions. The former curve approximates the spectrometer
response to monoenergetic electrons while the latter one
represents the electron energy distribution of the particular
Auger line. The values of both the instrumental resolution
and the natural line width were varied during the fitting.
The weighted averages of the energies and relative
intensities of the krypton K Auger lines as well as sgome of
their natural energy widths are summarized in Tables 1-5. The

uncertainties given are our estimates of standard deviations

(0).

RESULTS AND DISCUSSION

Energies

The absolute energies of the most intense components of
the individual K Auger groups referenced to the Fermi level
are presented in Table 1. In the estimation of the quoted
errors, we also considered the above mentioned discrepancy in
the calikration as well as the possible chemical shifts [14]
of the electron binding energies [15}. (The shifts were not
taken into account in the determination of the calibration

conversion line positions since the chemical states of the



Table 1
Absolute and relative energies of the dominant K Auger

traneitions in krypton (eV)

Transition Absolute energy Relative energy
Experiment Theory Exp-Th Experiment Theory
This work Ref.186 This work Ref.16

KL9LQ(1D2) 10837.4(10)2 10824.9 +12.5 0.0 0.0

KLQM?(SPO) 12409.1(195) 12396.8 +12.3 +1572.0(4) +1571.9
KM2M3(1D2) 13876.0(19) 13862.6 +13.4 +3037.8(8) +3037.7

2 10837.4(10) means 10837.4 + 1.0.

isotopes in the sSources were not exactly known. ) The
semiempirical predictions of Larkins [16} (also presented in
the table) were calculated for the vapor-phase system and
are the-efcre referenced to the vacuum level.

As can be seen. the experimental and theoretical energy
differences from the KLZLS(IDZ) line are in a very good
agreement whereas the predicted absolute energies are lowered
by almost the same value for all 1lines. According to the
theory [16], an adoption of the vapor-phase data for the
solid phase system increases the absolute energies equally
for all Auger transitions. Thus the solid states effects in

the Bst source apparently induced the observed disagreemernt.

Likely, doughter 83

the 83Rb decay. The conversion electron measurements [17]

Kr atoms remain in bounded states after

support this conclusion.

The experimental . relative energies of the KLL
transeitions (except the KL3L3(3PO) one ) systematically
exceed the calculated ones [18] (Table 3a) by 4-6 O©. The
similar discrepancies were found also for another nearby
elements (e.g. arsenic [18], bromine [19]). The relative
energy of -369 t 5 eV measured for the KLlLl(lso) transition
in Br [19] is lower by 36 eV than the estimation [16] and




seems to be erroneous. From the measurements at the higher
resolution, we determined the energy splitting of the kryrton
KLle and KLlL3 doublets to be 27.7(7) eV and 21.9(8) eV,
respectively. The corresponding semiempirical values are 31.5
eV and 22.5 eV [16], respectively.

The energy spacings of the KLM and KMX lines (Tables 4a,
5a) obtained from the measurements and the calculations [16]
are in a very good accord with each other for almost all
resolved components. The value of 6.9 eV predicted by [18]
for the KLle(lPl)—KLlMs(SPl) line separation agrees with the
experimental one of 7.5 £t 1.0 eV. The observed splitting of
the KL3M4,5 line (see also Fig.2) demonstrates the influence
of the intermediate coupling effecte on the structure of the

KLM spectrum.

Natural widths

In the limit of the jj coupling, the natural width of a
K Auger line should be the sum of the natural widths of the
participating atomic shells and/or subshells. Values obtained
in this way for krypton are presented in Table 2 as
"estimated " together with the measured and semiempirical
[20] ones. In the estimation, we used experimental values of
2.5(2), 4.5(3), 1.0(4), 1.2(2) and 3(1) eV for the krypton K,

Ll’ L2, L3 and MS atomic level widths, respectively,
Table 2

Natural widths of some krypton K Auger lines (eV)

Line KLlLl KL1L3 KL2L3 KI..3L:3 1‘{L3t‘12,..3
Measured 9(1) B8.6(8) 4.3(7) 5.2(3) 7.0(9)
Estimated® 11.5(5) 8.2(4) 4.7(5) 4.9(4) 6.7(10)

Calculated® 11.3(23) 8.3(13) 5.2(5)

a

The linear addition of the experimental atomic level widths
[17](see text).
P Ref.20.



i

determined in [17]) by means of the conversion electron lines
of the 9.4 keV nuclear transition in BsmKr. The measured
Auger line widths (the weighted means of five to nine
independent values) are in a good agreement with +the other

ones except the KLlL1 component.

Intensities

KLL spectrum

The measured KLL transition rates in reference to the
total KLL strength are compared in Table 3a with both the
relativistic calculetions in intermediate coupling with
configuration mixing by Chen et al. [1] and the wvalues [21]
obtained by a polynomial fit to the experimental data. As can
be seen the predicted intensities (1] for the KL 1(ISO) and
KL L ( P } trancitions are higher by 30 and 70, respectively,
whlle that for the kLoL ( D ) line is lower by more than 20.
The deviation of the Eheory {1] from experiment for krypton
is similar to that observed for another light elements (e.g.
Fe [12), Mn [22), As [18]), Br (19]). The theory of Chen et
al. failed alsc in the prediction of the KLILE(BPO)/(IPI)
satellite-to-main-line intensity ratio; the measured value of
0.146(11) (obtained from special measurements) exceeds by 40
the theoretical one cf 0.104. For the other doublets. the
estimated values of 0.529 ~&nd 0.243 for thse KLlLs(SPZ)/(SPl)
and KL L3( PO)/(3P2) intensity ratios, respectively, reach
within 29 the measured ones of 0.526(21) and 0.232(23),

respectively. From Table 3b, it is seen, moreover, that the
calculations [{1] overestimate the transition iatensities to
the (23)0(2p,‘8 and (Zs)l(2p)5 configurations and

underestimate that to the (23)2(29)4 one. The same trend was
found for As [18] and Br[19]). The predictions of the
non-relativistic calculations in intermediate coupling with
configuration interaction [23] are closer to the measurement.
On the other hand, the data [21] derived from experiment
agree within 20 with our results except the KL L3( P )



Table 3a

Relative energies and intensities of the KLL Auger
transitions in krypton
Transition Energies (eV) Intensities (%)a

Experiment Theory Experiment Theory

This work Ref.16  This work Ref.1 Ref.21°
KLlLl(ISO) ~-430.5(6) -426.7 6.8(3) 7.71 6.9(6)
Kleg(lPl) ~-241.8(4) -240.0 13.9(3) 16.08 14.3(15)
KLILE(SPO) -213.5(9) -208.5 2.1(2) 1.87 1.9(9)
KL Ly(°p,) -181.8(5) -178.7 6.4(2) 6.34  6.0(21)
KLILS(SPZ) -159.9(8) -156.2 3.5(2) 3.38 3.3(14)
KL,L,('Sy) -58.8(6)  -55.4 3.5(2) 3.54  3.9(4)
KL,Lg( D) 0.0 0.0 48.9(8) 47.01 50.4(24)
KL3L3(3PO) +42_.5(5) +42.8 2.7(2) 2.79 2.8(9)
KLoLy (%P, +62.4(4)  +60.4  12.2(3) 11.49 10.5(17)
2 Normalized to ZKLL.
b The fit to the expe;imencal data.
Table 3b
Krypton relative transition intensities associated with the
individual electron configurations
Configuration Experiment Theory

This work Ref.23%  Ref.l Ref.21°

(28)%2p)® 5.8(3) .84 7.77 6.9(6)
(223} (2p)°? 25.9(5) 25.40 27.51 25.5(31)
(28)2(21:)4 67.3(9) 68.77 64.72 67.6(31)

a Z=35.b The fit to the experimental data.

10



transition. (Intensities of this component were extracted in
[21] from those for the KL3L3 doublets experimentally hardly
resolved in the low Z region.) The disagreement found between
our measurement and the theory [1] for the KLL spectrum of
krypton indicates again (e.g. [12,22]) that the approach ([1]

needs an improvement.

KLX spectrum

The KLX spectrum was decomposed into ten and sixXteen
components the relative intensities of which are presented in
Table 4a. The only transition probability calculations
performed for the complete KLX spectrum are the relativistic
ones in the Jjj coupling of Chen et al. [25]. Their
predictions for krypton are also given in the table. It is
seen that the theory [25] differ significantly from
experiment especially for the KIM transitions which were
found (e.g. [26]) to be very sensitive to the coupling type
{(namely KLIMZ,S’ KL2M213 and KL3M2’3). The measured intensity
ratioe of these lines (obtained also from special
measurements) agree within 20 with those of the
non-relativistic calculations in the intermediate coupling of
Babenkov et al. [27] (including the KL1_3M1_3 transitions
only) while the jj coupling values [25] are lower by 50 and
120 for the KLl“Z/KLIMS and KL2M2’3/KL3M2’3 intensity ratios,
reapectively (see Table 4b). For another intense KXLM lines,
the intensity ratios (e.g. KLZMI/KLle. KL3M2/KL2M3)
predicted by both models are close to each other and to the
experiment. Thus it 1is evident that the effect of
intermediate coupling remains significant for the KLM
spectrum still at Z=36. The disagreement between the theory
[25] and cur measurement found for other KLM transitions (or
configurations) may be caused by the interaction of the final
lectron configurations. Up to our knowledge, this effect was
not yet considered in the calculations of the KLM transition

rates.

11
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Table 4a
Relative energies and intensities of the KLX Auger

transitions in krypton

Transition Energies (eV) Intensities [%)a

Experiment Theoryb Experiment Theory

This work Ref.16 This work ¢ Ref .25
KL, M, -322.1(5) -319.9 7.0(3) 8.086
KL, M, -246.4(9) -244.8 6.9(5) } 13.8(4) 4.59
KL, Mg -238.2(9) -237.9 7.1(5) 7.50
KL, M, ~121.9(7) -122.3 3.6(2) } 4.3(2) 3.82
KL 1M, ¢ -114.9(10) -115.0 1.1(2) 0.79
KLgM, -71.0(86) -71.1 4.3(2) 65.91
KL,M, -58.2(9) -58.1 1.5(2) } 24.0(5) 1.43
KL Mg -45.6(5) -45.5 22.0(4) 14.91
KL,N -15.7(20) 0.7(3) 2.23
KLM, 0.0 0.0 26.9(20) } 33.2(6) 16.48
KL Mg +7.6(14) +4.6 6.4(15) 18.06
KL2M4,5 +76.1(5) +76.1 2.8(2) 2.13
KL M, +125.5(7) +125.5 2.5(2) } 4.5(2) 2.42
KLgMg +132.6(9) +132.3 2.3(2) 2.45
KL,N +176.6(6) 2.1(1) 2.08
KL N +228.7(7) 3.7(1) 6.01
4 Normalized to ZTEKLX. P

b Energy differences between the KL3M2(3P2) transition and

the most intense one (according to ref.24) of a particular

multiplet.
€ Values obtained from the spectrum decomposition into ten

components.

12



Takie 4b
Intensity ratios of some KLM transitions in krypton

Ratio Experiment Theory
This work Ref.27% Ref.25

}(L]M,_7 : KL1M3 0.81(8) 0.85 .61
KL2M1 : KL3M1 0.83(8) 0.57 0.55
KLSM2 : KL2M3 1.22(8) 0.97 1.11
KLSMZ,S KLBMZ,S 0.72(2) 0.76 0.47

N R

Values for Z=35.

In the case of the KLN spectrum, the greatest
discrepancy is seen for the KLaN transition; the predicted
value exceeds the measured one by more than 14C. Our value of
5.8(2) for the KL2,3N component, however, agrees very well
with that of 5.8(1.8) measured for Br(2=3E) [19].

KMX spectrum

In the evaluation of the KMX spectrum, the group of the
KMZ,SMQ,B transitiona was also decomposed into three
components (namely KMZMZ’ KM2M3 and KMBMS) as the fit by one
line was unsatisfactory. Altogether, the relative intensities
of thirteen KMX transitions or groups of transitions were
determined as displayed in Table 5. The predictions presented
are those of the relativistic calculations in jj coupling of
Chen et al. [25], of the relativistic computations based on
the intermediate coupling scheme with configuration
interaction among all the possible final-double-MM-hole
states of Chen et al. [28] and f our non-relativistic
calculations in intermediate coupling with and without
incluasion of the (33)0(31:)6 and (33)2(3p)4 configuration
interaction (see ref.22 for more details).

As can be seen, the Jjj coupling treatment differs

significantly from experiment; the discrepancies for the

13
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Table 5

Relative energies

and intensities of the KMX Auger transitions in krypton

Transition Energies Intensities (%)

Experiment Theorya Experiment Theoryb

This work Ref .16 This work This workd

[ b Ref.25 e £ Ref.28B

KM M, S ) -149.1(9) -151.1 5.1(3) 7.5(5)  11.8 8.9 7.3 9.7
KMle(lPl) -82.1(9) -84.2 13.2(7) 18.1(9) 11.8 21.7 21.7 2z2.8
KMlMZ,S(BP) -64.6(12) -65.1 5.5(5) 7.9(8) 18.3 5.1 5.1 7.1
KMzMz(lso) -9.8(13) -9.1 3.4(9) 4.9(14) 4.2 5.2 5.4
KM2M3 0.0 ¢.0 37.7(31)8 54.7(45) 37.3 51.6 51.6 49.9
KM3M3 +13(2) +10.4 4.1(10) 6.0(15) 20.9 8.8 9.3 5.1
KM1M4,5 +53.8(10) +63.4 3.5(2) 5.0(2) 5.2
KM2M4,5 +118.0(89) +113-127 6.7(5) 9.8(6) B.1
KM3M4‘5+KM1N +139.2(12) +125-145 5.8(5) B8.4(7) 17.0 4.9h
KMZ,SNl +201.3(12) +200-207 2.0(4) 2.9(5) 4.8
KM2'3N2’3+KM4’5M4,5 +223.1(7) +214-252 10.8i6) 15.6(7) 16.11 0.2k
KM4'5N1 +315(3) +326 1.0(6) 1.4(8)
KM4'5N2’3 +346.9(18) +342.6 1.5(4) Z.1(8)

[
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Table 5 - continued

m 0 2 0 U

Energy differences between the KMOMq(lDG:
particular multiplet.

Normalized to ZKM, M, ..

Normalized to ZKMX.

transition and the mos

intensive cne orf =&

Non-relativistic calculations in the intermediate coupling (see text).

Without configuration interaction.

With configuration interaction.

The value of 46.1(12) was obtained for the KM2,3M2,3 transition
fit by one line.

The KM1Nj transitions are not included.

The KM4’5M4’5 transitions are not included.

intensity

from the



individual lines (except the KMZ,SNS,S + KM4’5M4‘5 component !
range from 40 to 130. It is evident, therefore, that the jj
coupling scheme is unapplicable for the description of the
KMX spectrum in this Z-region. The intermediate coupling
calculations with configuration interaction give relatively
good agreement with the measurement, especially the
non-relativistic ones. The relativistic calculations
overestimate the KMIMI(ISO) and KM1M2(1P1) transition rates
and underestimate the KM2M3 one. For the corresponding
configurations, the predicted intensities (28] differ
aimilarly from the measured ones. Thus the intermediate
coupling calculations of Chen et al. [Z8] deviate from
experimental data in an analogous way as we cbserved for the
calculations of Chen et al. [l1] in the case of the KL

spectrum.

Groups

In Table 6, the measured KLX:KLL &and KMX:KLL grour
intensity ratios are compared with those obtained from both
the calculations ([25,28] and the fits 1[30,31] to the
experimental data. The predicted as well as fitted KLX:KLL
values agree with the experimental one within the qgquoted
error while for the KMX:KLL ratio, the agreement with our
value within 10 is seen only for the calculations [25] (the
calculations [29] include only KMM transitions). The fitted

value [30)] seems to be overestimated.

Table 6
Relative intensities of the K Auger groups of krypton

Ratio Experiment Theory

This work Ref .25 Ref.29 Ref. 30 Ref.31

KLX : KLL 0.336(12) 0.339 0.332 0.342 0.34(4)
KMX : KLL 0.029(2) 0.029. 0.021° 0.038 0.025(9)

a Only the KMM group included.

16
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KoBamuk A, u Ap. E6-90-477
K-oxe cnexTp KpHnToHa M3 pacnaga 83Rrp

Henons3ya HanbuleHHBI UCTOYHHMK 83Rb, HcenenosaH CHexKTPp
K~oxe 3nekTpPOHOB KPHMTOHA NpH NpHEOPHOM pa3pelleHUH
6,5 3B. OnpepefieHpl 3HEPIrHH M OTHOCHTE/IBHbE WHTEHCHBHO~
ctu KLL-, KLX~-, u KMX-oxe nepexodos, H ecTeCTBEHHble WH-
PHHB HEKOTOPbIX W3 HHX, PesynwpTaThl cpaBHeHb C TeopeTHye-—
CKHMH NpenckasaHHsAMH.

Pa6oTa BbimoiiHeHa B JlaGopaTopHH AmepHbX npobnem OWAH.,

Coobmenne O6bennHeHHOrO UHCTUTYTA AXEPHLIX MccnenoBanuit. NlyGua 1990

Kovalik A, et al. E6-90-477
The K Auger Spectrum of Krypton
from the -83Rb Decay

The K Auger spectrum of krypton was analysed at the
instrumental resolution of 6.5 eV using the evaporated
83Rb source. The energies and relative intensities of
the KLL~, KLX~, and KMX~ Auger transitions were deter-
mined as well as the natural energy widths some of them.
The results were compared with the theoretical predic-

tions.

The investigation has been performed at the Labora-
tory of Nuclear Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna 1990




24 xon.

KoppekTtypa u Maket T.E .[loneko.

[Moarmcano B neyars 29.10.90.
dopmar 60x90/16. Odcernan nevars. Yu.-uagnucros 0,63.
Tupax 370, 3akaa 43868,
Haqmar- -~ - orogen O6bedHHEHHOIO HHCTHTYTA AAEPHBIX HCCIIeqOBaHHMA.
Hy6na MockoBckoit ob:1acTH.



