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ION ASSISTED ETCHING: INFLUENCE OF THE ION CHARGE SIGN

S. N. Pavlov

The relative influence of the ions of different signs on the ion-assisted etching of silicon is under
investigation. The fluorine radicals are produced by the direct current glow discharge with pressure gradient.
The beam of positive or negative ions is produced by PIG source. The flows of radicals and ion beam are
met on the surface of the silicon placed in high vacuum. The positive ions can be converted into the fast
neutral atoms by method of resonance exchanging in an own gas. It is shown that the fast neutral atoms have
the highest stimulating ability. The catalytic influence of the positive ions is in two times less. The negative
ions have the intermediate parameters. It is found that some kinds of ions (for example, molecular oxygen)
decelerate the etching that is they behave itself like an inhibitor.

Introduction

The ion assisted plasma etching was discovered more than 20 years ago [1, 2], and widely
employed in microelectronics [3]. The essence of the phenomenon is the following. The physical
sputtering occurs when enough energetic ions bombard the surface of the silicon. A sputtering
coefficient is on the level of ~ 1 for the energy ranges 500 - 1000 eV. This process is called in
microelectronic “sputtering” or “ion etching” and characterized by the etch rate Vi, = dh/ dt, where
h is a silicon plate thickness. Another extreme situation is a chemical etching. This comes about
when spontaneous reaction between neutral species and substrate material forms volatile gaseous
reaction products. A well-known example is silicon etching by fluorine atoms Si + 4F — SiF4. The
product of the reaction is a gas and leaves the surface spontaneously. In this case the plasma is used
just for the radical production from the initial stable and safe species (CFs, SFg and so on). The
etching goes on with some rate V. It depends on a halogen radical concentration and a surface
temperature. Now, if we subject a surface of a silicon by a simultaneous influence of the ion and
radical fluxes, the etch rate V; can exceed the sum (Vy, +Vp) by a few times. The process has clear
synergetic character and, consequently, general scientific worth [4, 5]. In most gas-solid
combination which react to form volatile products, the etch rate is increased when energetic ion
bombardment is superimposed on the reactive neutral gas flux. Nevertheless we concentrate our
attention on the Si-F system, since it is most widely used and so most carefully studied.

Plasma etching can be viewed as a several sequence of steps:

1.Etchant formation: e + CF, — e+ CF3+F or e+ SiFs — e+ SiFs +F.

2. Etchant transport to the surface. '

3. Adsorption/chemisorption on the surface.

4, Chemical reaction.

5. Desorption product molecule.

Jtems 1, 2 influence the reaction dynamics indirectly via the etchant composition. So the
most of authors consider items 3, 4, 5 only. Now we consider the probable consequences of the ion
bombardment for these processes. For item 3 it can cause: a) an increase of nondissociative
chemisorption by means of distraction Si-Si bonds in a silicon lattice; b) dissociative adsorption of
the complex radicals on a surface (such as CF; or SFs). In item 4 the ion beam can increase an etch
rate due to two effects: a) formation the dangling Si bonds; b) direct mechanical penetration of the
reactive species in a silicon bulk. In item 5 the ions can cause compulsory desorption of: a) an
intermediate product of the reaction (such as volatile SiF); b) involatile products.

Arguments have been presented supporting each of these mechanisms. The problem is that
the results of each certain series of experiment supporting one of a mechanism rejected another. For
example, authors of articles [4, 6] attributed the etch rate acceleration to the dissociative
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chemisorption. Moreover they presented the experimental results calling in question the positive
influence of Si-Si bond destruction. This is in a contradiction with the results of [7-9] where a
surface ripping is considered as a main effect. In 1978 Mauer showed that the ion bombardment
could cause a removing from a surface the intermediate products of the reaction, such as volatile
SiF; [10]. This mechanism is very popular now. Moreover, the ability of the ion-solid collision
cascade to rearrange bonded fluorine has been demonstrated in the chemically assisted ion beam
etching of Si at low temperatures using condensed SF as the fluorine source [11].

Thus, we haven’t now successfully understood of ion assisted etching mechanism, although
the investigation has been carried out more than 20 years and had an overall character. So the
situation requires new conceptions and methods of the research. The attempt to realize one of them
and first results are presented below. ;

Problem statement and experimental system

We put attention on a following fact. As it is known, the silicon etching can be accelerated
by energetic particle bombardment — by ions and electrons. The difference is that the ions accelerate
the process at any cases, but the electrons in some only. For example, an electron beam with a
current density of 2 - 4 mA/em?® and energy of a few keV accelerates an etching process in 4 - 6
times for plasma-forming gases such as CF,4 or CF;Cl. This isn’t observed for XeF; or SFe [6, 12]. It
gives a reason to investigate an influence of an ion charge sign on an etching assistance.
Compression of the positive and negative ion ability is also interesting due the proposals to use the
negative ions for advanced plasma processing of semiconductors [13].

Finally, if we compare the negative and positive ions, it seems to be reasonable to involve
fast neutral atoms in investigation, which can be considered as an ion with a charge equal to zero.

So, we need the fluxes of a positive

; Wien Filter : and negative ions and also fast neutral

5 7 15 .89 10.-Recsiver atoms of one and the same chemical

3 tli : element with a comparable intensity. The

21 0w “I,,.".J L_uU X ~fluorine isn’t suitable for these purposes.

_1. J,\ o ot el SR DS ' The cold cathode PIG provides mainly
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negative ions [". The quantity of positive
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/(\ = i ions is negligible. The oxygen is free from
//rv» 6 8 : ~ this disadvantage. One the other hand, the
15 14 chemical properties of oxygen weakly
1-Ion Source 13 influence on the etching process, if it is
15 [ 12 used in combination with SFg and its partial

S 1" pressure doesn’t exceed 50 %.
| Positive ions and fast neutral atoms

of argon were used as examinant elements.

Source of the Radicals 2 .
The system described in [4], was

Fig. 1. Scheme of the experimental arrangement; /- taken as a prototype. The idea was to take
ion source; 2 — extractor; 3 - bipotential lens; 4 - two independent sources, one of which
decelerating electrode; 5 - electrostatic bending produces an ion beam and second a flux of
magnet; 6, 7 - magnetic yoke and electrostatic  chemical active species. Two fluxes are met
capacitor of a Wien filter; 8 - entrance and output on a surface of silicon located in a high
slots of the filter; $9 - auxiliary electrode; /0 — vacuum. In such situation practically all

receiver; /] — cathode; /2 - quartz vessel; /3 - glass
tube; /4 - auxiliary anode; /5 - gas inlet; i - trajectory
of the ion beam.

parameters of a system are independent. We
have carried out experiments in a high
vacuum chamber pumped up to background
pressure 2 - 10® Pa. The experimental
arrangement allocated inside is shown schematically in Fig. 1.
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For the ion beam production we use the cold cathode PIG similar to [14]. The body of a
source is hermetically sealed and is coupled with a high vacuum chamber through a hole (for ion
extraction) of 1.5 mm diameter only. Such design allows keeping a pressure in a source 2 - 10 Pa
when a pressure in a vacuum chamber is less than 102 Pa. A magnetic field in a source of ~0.07 T
was provided by permanent magnets, The source has such parameters: diameter of a cathode is 2
cm; length of an anode is 2.2 cm; discharge voltage is 600 - 750 V; discharge current is 60 - 120
mA. Argon, oxygen and sometime CF4 are used as a plasma forming gas. The ions are extracted
across a magnetic field. A voltage on an extractor is 2.5 kV. Beam is focused by bipotential lens and
then decelerated up to 1 keV. The ion beam is deflected on an angle ~ 12° by cylindrical
electrostatic capacitor and then get in the Wien filter.

Flying about 2 cm after Wien filter, the
band ion beam get on a grounded receiver Silicon
(Fig. 2). Upper part of a beam is used for a
silicon treatment. Lower part is used for
express control of beam parameters. The latter
is carried out through a hole of 2.5 mm
diameter. The system is equipped by auxiliary
electrode ES that can either suppress or extract
all secondary electrons from a collector in
dependence of applied potential.

The Wien filter separates a beam either
by mass (O, and O"; O,” and O") or by charge
(Ar” and Ar*"). Experiments show that the PIG
produces comparable amount of positive and
negative ions both atomic and molecular
oxygen. The argon ion beam almost whole
consists of Ar'. Expetiments with CF4 shows
that out ion source produces the positive ions
F* in a negligible amount. That doesn’t allow 10
make a full investigation of fluorine.
Nevertheless some results concerning F are
presented below.

Fig. 2. Scheme of the receiver unit. ES -
electrode for extracting or suppression of

iSsi i Y in
Fas al atoms Ar°, O,°, O° (ener sgcondaly electron emission. (Axis X
AL et ms Ar’, Oz, O" (energy Fig. 1 and Z-Y in Fig. 2 are the components of

1§ [k Je8i) 218, Proulucad oM. 18 3 o'sitive i? i one and the same left-handed coordinate

by method of a resonant gas exchanging (Ar’ in system).

Ar; 05" in O3; O" in O,). For this purposes the

side walls of the electrostatic capacitor plates in a Wien filter are hermetically sealed and formed a
rectangular tube. The middle part of a tube has the holes for gas inlet and pressure measuring. So we
get an exchange chamber with a differential pumping. A gas pressure in a middle part of a tube is
~ 0.4 Pa when a pressure in a high vacuum cap is less than 107 Pa.

The charge exchange coefficient is measured in accordance with method described in [15,
16]. It is based on an assumption that the jons and fast neutral atoms knock out secondary electron
from a metal with an equal efficiency, i.e. for the secondary electron emission coefficients we have
Kie = Kn.c. Most probably this is true for an energy region, where the kinetic knocking out exceeds
the potential one.

The procedure of measuring consists in the following. Initially the gas inlet in exchange
chamber is turned off, auxiliary electrode S9 has ground potential, and the beam losses are
negligible. The Wien filter is tuned on some certain kind of ion, for example Ar’. Changing the
polarity of a potential on the electrode ES one can either suppress secondary electron emission or
extract all secondary electrons from a collector. In a first case we measure the ion beam current I;. In
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second case a current on a collector is I, =1; + I, (I, — current of a secondary electrons). Ki.. = I /I; =
= (Ix - I; )/I;. It was checked regularly in a certain time interval during each experiment.

Then the correspondent gas is fed into an exchange chamber. Part of ions in a beam will be
exchanged but a part will leave a chamber in the invariable form. Now, if one applies an enough
large positive potential on an electrode S9, all non-exchanged ions will be reflected and can’t leave
a Wien filter. It is observed when a voltage Usg exceeds 1100 V (it was verified by collector current
measurement when a secondary electrons was suppressed and a gas in exchange chamber wasn’t fed
yet). Now we change the polarity of the potential on electrode ES and extract all secondary
electrons. Since ions don’t reach a collector the measured current I, can be caused by fast neutral
atoms only. I accordance with [15, 16] we assume I = I¢/ kie. Here and then I, is an electric
equivalent of a fast neutral atom flux, i.e. the current which will flow if each neutral atom would
have a charge e.

If a gas is fed into the exchange chamber, electrode SO has a grounded potential, secondary
electron emission is suppressed, it is possible to measure one more parameter I, - current of non-
exchanged ions. This value was controlled in some auxiliary experiments only.

Fig. 3 shows the dependencies of I, Ii; and their
sum I on a pressure in a middle part of an exchange

400 chamber. Working gas is argon. We see, that I, achieves
st ] the maximum for P ~ 0.5 Pa and then decreases slowly.
\ 5 A fast atom scattering on the exchanging gas atoms
] % 8 causes the latter. The same dependencies are observed

for atomic and molecular oxygen but for pressure higher

\ I in 2 - 3 times. Now we draw attention on two important

il e circumstances. In a region P < 0.2 Pa [ is practically

equal to the initial ion beam current (i.e. a current was

/ \\iw before a gas is fed into an exchange chamber). This

/ By verifies the validity of measurement procedure. The

/ second- if (nevertheless) we assume an existence of

. : considerable error, the real fast atom flux can’t exceed a

04 0.8 value we declared, since a sum of I, and I can’t be
Pressure, Pa large than initial current of a beam.

A dc glow discharge in gas flow with a strong

pressure gradient (see Fig. 1) is employed as a source of
I (cutrent of non-exchanged ions) and chemzically active species. Aluminum cathode (11) of
their sum I, on a pressure in a middle 2 cm” area is positioned inside of a quartz vessel (12) of
part of an exchange chamber. ~ 10 cm® volume. The vessel is coupled with a high
vacuum chamber through a glass tube (13) of diameter
8 mm and length 22 cm. The side offset of a tube is in 6 cm from its end. It contains an auxiliary
anode. It makes easier to initiate a discharge with a strong pressure gradient. For a standard gas flow
900 cm’-Pa/s a pressure near a cathode (11) is 25 - 30 Pa and a pressure in a high vacuum chamber
is ~ 7.10” Pa. Plasma forming gas is SF. It is fed into a vessel (12). As a rule we use the following
regime of a glow: a voltage is 2.5 - 3 kV, a current Iy is 4 mA. The latter is distributed in
approximately equal parts between an auxiliary anode and a grounded surface of a high vacuum
chamber.

The atoms of fluorine are produced by dissociation of SFe in the discharge positive column.
The measurements show that an etch rate of a silicon and a distance from a glass tube end R are
connected by a relationship Ve ~ 1/ R2. An angle between the axis of a radical source and plate of
receiver (as well as a silicon surface) is ~ 20°. A distance between the end of a glass tube and a
middle of an ion beam (see Fig. 1) is 2 cm (see section 4). The permanent magnet is put on a
receiver. The field has an induction on a magnet surface ~ 7-10° T and is directed alone the axis Y

Ioncurrent, nA
=

Fig. 3. Dependencies of 1, (an electric
equivalent of a fast neutral atom flux),
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in Fig. 1. It prevents a penetration of electrons from a glow discharge in a zone where the beam and
fluorine radicals interact with a silicon surface.

Method and result of measurements

An etch rate is determined by means of direct measurements of an etch depth. The silicon
sample is put on a receiver plate (Fig. 2). Its upper part is protected from an influence of ion beam
and fluorine radicals by screen. The height of a step (along the axis Y on Fig. 1, 2) between
protected and processed parts of a surface is measured by interference microscope. As it is
mentioned before, the space distribution of a radical etch rate is given by formula Ve ~ 1/ R% So the
profile of etching alone the axis X (Fig. 1) (ion beam off) has a shape shown in Fig. 4, a. The start
point of an axis X is set on the end of a glass tube. When the ion beam is on, an additional step
appears on an etching profile (Fig. 4, b) in a region of joint influence of the radicals and ions on a
silicon. Sections (d) and (e) can be readily extrapolated and we get a value A h. Distance R was
chosen equal to 2 cm because of the following
reason. It is known [17] that the atom yield of 10 - \ "3 4
silicon per one incident ion depends on the
energetic species to neutral flux ratio. When this
ratio is enough low, the yield is in a neutral-
saturated regime, and the yield attains a maximum.
Varying the distance R, the current of dc glow and a
flux of SFs we found that this regime is realized for
any investigated kind of ion when R <2 cm,
Iy > 4 mA, Q(SF¢) > 900 cm’Pa/s.

The atoms yield of silicon per one incident
jon (main measurable quantity) is determined in a
following way. Let we have etched a silicon sample 10 1 ¢
on a depth Ah during time At. A number of atoms
removed from a unit of area is Ng = AhpN,/u, where 5 |
p and p are the density and the atomic weight of
silicon, N, is Avogadro number. A number of ions B g
incident on a unit of area is N; = j At/e = IAt /eS, } 2 3
where j is an ion beam density, I and S are the
current on the collector and its area, e is an
electron charge. The previously described I, plays a Fig. 4. Qualitative dependencies of an
part of I in above-mentioned formula, when we deal etching depth on the X coordinate (see Fig.
with a fast neutral atoms. So we have 1, point X = 0 is set on the end of a glass
Y = AhpN,eS/p IAt. Run of measurements was done tube). a — the radical source is on, the ion -
for each kind of stimulating particle. Averaged beam is off. b — both sources are on. ¢ - the
values are presented below. It is known [8] Bt ion etch profile for the case when the process is

: 5 locally decelerated somehow.
atom vyield for silicon depends on the energy and
mass of incident ion as well as of experimental conditions. Usually this value changes from 4 to 20
atom/ion [4, 17] for Ar" with energy of 1 keV. We have obtained Y(Ar") = 5.7 £ 1.3 atom/ion and
afterwards use it as a reference value.

For the fast neutral atoms of argon we have obtained Y(Ar’) = 10.6 + 1.5 atom/neutral, i.e.
Y(Aro)f Y(Ar*) = 1.85. The result is unexpected because of two reasons. As it was meniioned in the
introduction, the stimulating influence of an ion bombardment is attributed now mainly to the
surface ripping, distraction of Si-Si bonds and forced desorption of a intermediate product of the
reaction SiFy (x = 1, 2, 3). Existence of these effects and its contribution to the process doesn’t call

1
o
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i
>
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a doubt. However this is an exactly mechanical influence and shouldn’t depend on a state of
outermost electron shell (energy of ion is 1 keV but energy of all transitions in outermost electron
shell is less than twenty eV). It makes us to assume an existence of a reaction branch, which isn’t
taken into account before. Secondly, when an ion approaches a surface, it becomes neutralized
usually through an Auger or resonant tunneling process [18, 19]. This generally happens before the
ion interacts strongly with the hard potential wall of the atoms in a solid. So at practically all cases
the surface of silicon is subjected by influence of fast neutral atoms. The difference is the place, the
time and the mechanism of neutralization. It makes us to doubt in a method of I, measurement.
However, as it was emphasized in a previous section, the fast atom flux can’t exceed a value we
declared, since it should contradict to the current balance in a system. But Y ~ 1/j and, consequently,
the presented value of Y(Ar") is actually its lower limit. Thus, we can claim that the stimulating
ability of an ion depends on a population of its outermost electron shell as well as of its mass and
energy.

Experiments show that all kinds of atomic oxygen accelerate the etching process:
Y(0") = 1.9 £ 0.2 atom/ion; Y(O° = 3.4 £ 0.5 atom/neutral; Y(O") = 2.1 £ 0.5 atom/ion. Again, the
fast neutral atoms accelerate the process most strongly and Y(O°) /Y(0") = 1.8. Negative ions
occupy a middle position.

As it turned out, the flux of molecular oxygen ions decelerate an etching process in contrast
with all mentioned before particles. As a result the fall-through appears on an etching profile instead
of a step (Fig. 4, ¢). This effect can be considered as a negative catalysis and characterized by
negative values of Y since Ah has a sign minus. It was found that all kinds of the oxygen ions (O;",
0, 0,°) behave like an inhibitor and Y(O,") = -2.9 + 0.3 atom/ion; Y(0;°) = -2.3 + 0.2
atom/neutral; Y(O;) =-2.6 £ 0.3 atom/ion.

We pay attention on a qualitative distinction in a behavior of atomic and molecular oxygen.
The former accelerates an etching process and the latter decelerates it although the chemical element
is the same. For the first sight, it is natural to suppose that this is caused by a difference of the
particle masses and, consequently, by a difference of momentum at the same energy. However, the
results of [17] shows that an atom yield is a weak function of ion energy at list for the range from
500 to 3000 eV. The following experiments were carried out in order to conform or reject this point
of view. It is known [20], that in a case of physical sputtering the particle O," with energy 1 keV has
to behave itself like two independent ions O with energy 500 eV. So we can expect Y(O,', 1 keV)
= 2Y(0’, 0.5 keV) and Y(O5", 2 keV) = 2Y(O", 1 keV). In an energy region less than 1keV it is
reasonable to use the negative ions since their intensity is higher (when we decrease ion energy the
current density on a target falling down almost linearly). The experiments show Y(O", 0.5 keV) =
=1.6 £ 0.9 atom/ion at expected (- 1.3). However, Y(O,", 2 keV) = -0.5 + 0.3 atom/ion instead of
(+ 3.8). It means that the chemical binding energy (seems to be negligible value) causes a
qualitatively new effects. Again, the stimulating ability of an ion depends on a status of its
outermost electron shell, but this time - on presence or absence of chemical bond.

At the first sight the inhibition can be attributed to formation of SiO; on a silicon surface.
However the etch rate doesn’t decrease if we feed an oxygen in an exchange chamber when the ion
beam is off. The second - deceleration isn’t observed when we mixed O, with SF¢ in proportion less
than 1 : 2 and feed them in a radical source. The latter is well known effect and we just verify it for
our system. So, the passivation seems to be negligible for our experiments. The assumption that
passivation (due to the forming SiO,) can be caused by the energetic particles only seems to be
artificial and doesn’t explain a difference in a behavior of the atomic and molecular oxygen.

As it was mentioned above our PIG source produces ions F* from CF4 in a minute quantity
and it was a reason why we choose an oxygen. However the flux of F~ was enough large. It seems to
be natural to measure the stimulating ability of these particles. We found that Y(F", 1 keV) =3.7 %
0.6 atom/ion. The atom yield keeps a positive sign when the ion energy is reduced at least up to
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250 eV, where we registered of Y(F', 0.25 keV) = 2.1 £ 0.4 atom/ion. Further diminishing of energy
is unreasonable because of the low intensity of a beam.

Conclusion

Thus, we investigated an influence of an ion charge sign on its ability to stimulate a gas-
surface reaction of Si-F type. The first results are:

1. The fast neutral atoms have the highest stimulating ability among the fast particles
assisted plasma etching of silicon. The stimulating ability of the positive ions is in two times less
approximately. Negative ions occupy a middle position.

2. It has been found that some kinds of ions don’t accelerate an etch process, but decelerate
it. So they behave it like the inhibitors. For the energy range around 1 keV all varieties of molecular
oxygen (Oz", Oy, 02°) reveal such property.

3, The presented results make us able to claim that the surface ripping, distraction of Si-Si
bonds and forced desorption of a intermediate product of the reaction SiFx (x = 1, 2, 3) don’t
explain comprehensively ‘the influence of ion bombardment on an etching process. The branch of
the reaction exists which efficiency depends on the status of outermost electron shell (sign of an ion
charge and presence of a chemical bond).
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IOHHO-CTUMYJIBOBAHE TPABJIEHHA KPEMHIIO:
BILIMB 3HAKA 3APAAY IOHA

C. M. IIaBaos

JlocniiKyeThca BiTHOCHUH BILIMB {OHIB Pi3HMX 3HAKIB 3apsjly HA CTUMYJIALIIO TPaBJICHHS KPEMHIIO
y IUIa3MOBHX YMOBaX. Panukanu GTopy CTBOPIOIOTECA B KEBPIrOUOMY PO3pAAi 3 rpafieHToM THCKY. [Iyuok
TO3UTHBHHMX 200 HEraTHBHUX 10HIB GOPMYETbCS 3@ AOTIOMOrOIO JUKepesia ioHiB meninTisckroro Tumy. Ilorix
pazuKanis GTopy i My4oK iOHIB B3aEMO/IOT Ha MOBEPXHI KPEMHIIO y BUCOKOMY BaKyyMi. [lo3uTHBHI 10HH
KOHBEPTYIOTbCA Yy UIBHAKI HeHTpalbHi aTOMKM METOAOM PE3OHAHCHOL MepPe3apaiKH. [Tokazano, IO
HAHGINBLIY KATANITUYHY 30aTHICTh Y [IPOLIEC TPAB/IEHHA MAIOTh WUBMUAKI HEUTPANbHI ATOMHU. EdeKkTHBHICTE
peakwii npy ONpoMiHIOBAHHI NOBEpPXHi MO3UTHBHUMY iOHaMH B ABa pasu Hwkua. HeraTupHuit 3HaK 3apaty
IOHIB CYTTEBO Ha MpPOLIEC HE BILTHBAC. '

WNOHHO-CTUMYJIAPOBAHHOE TPABJIEHME KPEMHUSIL:
BJIMSHHE 3HAKA 3APANA MOHA

C. H.Ilasaos

WceneayeTes OTHOCUTENBHOE BMSHHE MOHOB Pa3sHBIX 3HAKOB 3apsja Ha CTHMYJIALMIO TPABJICHHA
KpEMHMs B [UIa3MEHHBIX YCoBusaX. Panukaisl ¢ropa MpousBOJATCA TACIOMMM PaspsioM C rpaiHeHTOM
naenenus, [Ty9oK MOJOKHTETBHBIX HIM OTPHLIATE/BHBIX VOHOB CO3JAETCS € MOMOUIBIO UCTOUHUKA HOHOB
NEeHHMHroBckoro tuna. IToTok pagukanos ¢Gropa ¥ My4OK HOHOB COBMEILAIOTCA HA [MOBEPXHOCTH KPEMHHUS,
PACIONIOKEHHOTO B BBICOKOBAKYYMHOM oGBeme. IT0o0KuTe1bHbIE HOHBI MOTYT ObITh KOHBEPTUPOBAHbI B
GBICTPbIE HEMTpaNbHBIE ATOMbI METOAOM PE3OHAHCHOM nepesapsaky u cobcteertoM rase. [lokasano, 4ro
HauGoNbIIeH KATATUTHYECKOH CroCcOOHOCTLI0 00/1anatoT OpicTphle HeliTpalbHble aToMbl. Katamuruieckoe
BAMSHME [ONOXKHTENBHLIX MOHOB MPUMEPHO B JBa pasa Hwxke. OTpuuareibHbie HOHBI 3aHUMAOT
[POMEXKYTOYHO® ToNoKeHne. Briepebie OOHApYXeHO, YTO HEKOTOPbIE BHJBI HOHOB (Hanpumep,
MOJIEKY/IAPHBIA KHCIIOPOJ) HE YCKOPSIOT, @ 3aMEAJIAIOT NPOLEcC TPaB/ICHHA, T.C. BCOYT cebs Kak
HHrHOHUTOPBIL.
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