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Analytical consideration and numerical calculations of the parameters describing the operating conditions of
field electron emitters and the spectra of the ion bombardment of emitting surface are adduced. Based on the
analysis of the obtained energy spectra, it is calculated the dependence of the average energy of bombarding ions of
helium and hydrogen on the radius of curvature of the emitter in the process of field current extraction and it is

proposed an analytical approximation of the results.
PACS: 02.30.Mv, 68.37.V]j

INTRODUCTION

The development of radiation-resistant materials of
reactor building largely complicated by the lack of
knowledge of the nature of radiation effects in the
relatively unexplored region of very high doses. In
works [1, 2] using accelerator simulation technologies
there were investigated in detail the processes of
interaction of fast charged particles with solids: primary
radiation damage of materials, formation and evolution
of dislocation structure. As the result, it was achieved a
significant progress in the development of concepts of
radiation damage of structural materials. However, there
are still insufficiently studied experimentally the
phenomena accompanying the elementary acts of
radiation damage. In this regard, of particular interest
are simulated experiments in situ using field ion
microscopes with built-in sources of accelerated ions
[3,4]. In such experiments at the atomic level there
were detected processes such as surface diffusion,
activated by low-energy ion bombardment [5, 6], which
play an essential role in radiation damage of materials
of the first wall and divertor of fusion devices and is
widely used at present in nanotechnology of surface
treatment of metals.

For irradiation of solids by low-energy ions in the
chamber of field emission microscope was used method
[7, 8], based on the bombardment of the surface of the
needle-shaped sample by ions formed by electron
impact ionization of atoms (molecules) of gas that fills
the vacuum chamber of the microscope. The resulting
ions are accelerated in a strong electric field and
bombard the surface of the needle-shaped sample. This
technique allows varying in a wide interval of ion
beams parameters up to the minimum, corresponding to
a single ion collision with the surface, allowing the
study of elementary acts of radiation damage. Since
using this method there is no possibility of direct
experimental determination of the intensity of the ion
bombardment of the sample surface, it is necessary to
conduct their numerical calculations. Recently in a
number of works [9, 10], there was established an
analytical framework for calculations of ion
bombardment of needle samples in the process of field
current extraction. However, these calculations was not
took into account found in the work of P.A. Bereznyak
and V.V. Slezov [8] features of the configuration space
region from which ions, generated with zero initial
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speed, get to the emitting part of the sample. The
present article shows the results of calculations of the
ion bombardment of the needle samples in the process
of field current extraction that are performed in the
framework of Bereznyak-Slezov theory for a wide range
of irradiation parameters.

RESULTS AND DISCUSSION
1. SIMULATION OF ION SPECTRA

The potential distribution near the surface of the
needle emitter and in the interelectrode space is
satisfactorily described by Bereznyak-Slezov model [8],
originally developed to solve the problem of ion
bombardment of needle-shaped emitters. The authors
convincingly showed that the most part of the ions,
formed in the process of field current extraction,
bombards the side (tapered) part of the emitter. Emitting
region is bombarded mainly from the axial cylindrical
region of radius 4.8r,. However, it should be noted that
due to the large amount of calculations and the limited
memory and speed of used computers, the task was
strictly solved only for one set of parameters specific to
the field emitters.

In this work, we present the results of the analysis
and the numerical values of the relevant parameters
describing the operating conditions of field electron
emitters and the spectra of the ion bombardment of
emitting surface. The calculations were performed using
Bereznyak-Slezov approximation. The equations of
motion of a particle with charge e and mass m,
according to this model are of the form:
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acceleration along the axis and perpendicular to the
axis, respectively. Solving this system in the time scale
7, it can be set polar coordinate of the point of ion
contact on the edge. Here
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For determination of the intensity of ion
bombardment, we used the approximation formula for
the configuration area, from which ions, formed with
zero initial velocity, fall on the needle top:

A1_7m , (5)
1+exp((7—-1,)/An)

where y,=4.80368; A;=-2485.07; #,=-18.6127 and
Ay =2.7592.

From (5) it follows that the contribution to ion
bombardment of emitting surface is provided by the
ions formed near the surface of the tip, or in a region
close to the symmetry axis. In both cases, for the
number of ions N, bombarding the surface per time unit
the ratio is applicable:
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Here p is the pressure in the chamber of the microscope,
Pa; k=1.3806488-10% — the Boltzmann constant, J/K;
T — temperature, K; | — field current, A; e = 1.602176-10™—
the electron charge, C; o(V,) — the ionization cross
section, m?; kgs — Bereznyak-Slezov factor, is equal to:
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Here X(5) is reduced ionization cross section; V(y) — the
potential at a given point of the area; E; — the ionization
potential of the gas; #nmn — the distance where
V(’]min) =E.

Fig. 1 shows the dependence of the numerical
coefficient kgs determining the total number of ions
bombarding the tip per time unit on the radius of
curvature of the shape at the top for helium and
hydrogen. Dots represent calculated values, and the
solid curve is the proposed approximation:

for hydrogen k. (r,)" =15.6-14.5-0.9618°,  (10a)

for helium kg (r,)™ =13.6 —14.46-0.9664".  (10b)

In numerical calculations, the operating voltage of
the microscope (diode) was determined based on the
condition of constancy of the field strength at the top of
the emitter (F =5 V/nm). As follows from the Fig. 1,
the coefficient kgs significantly depends on the size of
the emitter. The maximum value kgs is 13.5 that is
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consistent with calculations [8] carried out for the tip
with a radius equal to 100 nm.
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Fig. 1. The intensity of the ion bombardment of the tip
depending on the radius of curvature of the emitter

From Fig.2 it follows that the dependence of
reduced ionization cross section of helium and hydrogen
X() from the dimensionless axial coordinates
(cylindrical system) has a sharp maximum near the
shape top (ro = 100 nm). For large values of coordinates
and until the anode a cross section changes slightly.
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Fig. 2. Reduced ionization cross section of helium and
hydrogen depending on the dimensionless coordinate
directed along the optical axis

The distribution function for the energy of
bombarding ions can be obtained from expressions (7)
and (9):
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We have performed calculations for emitters with
different radii of curvature at the top, corresponding to
the typical conditions of the ion microscopy
experiments. As the result, the curves of the energy
distribution of bombarding ions were built.

Fig. 3 shows the energy spectra of ions of helium
and hydrogen, bombarding the hemispherical part of
emitters with radii of curvature of 10, 25, 50 and
100 nm, respectively. These values of the radii of
curvature are typical for experiments with nanoemitters,
samples, used in the traditional field ion microscopy,
studying of the mechanisms of radiation damage of the
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surface and operating of the needle nonheated cathodes
in high-resolution electron microscopy.
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Fig. 3. Spectra of ion bombardment of the emitting part
of the needle-shaped cathode with different radii of
curvature in the process of field current extraction at
the atmosphere of helium and hydrogen

2. CALCULATION OF THE ION
BOMBARDMENT FLUENCE

Fig. 4 shows the dependence of the average energy
of ion bombardment on the radius of curvature of the
emitter in the process of field current extraction in the
atmosphere of helium and hydrogen. The solid curve
corresponds to calculations by the formula (11) obtained
by numerical solution of the trajectory tasks. The dotted
curve is the result of calculations by the approximate
formula proposed in [5]. A comparison of these data
shows an almost identical near the radii of curvature of
the order of 50 nm, i.e., the area where the most ion-
microscopic  studies of radiation damage of
autocathodes are carried out. Outside these values, there
is only a slight deviation from the linear dependence,
proposed on the basis of analytical calculations in [5].

To calculate the number of ions N, bombarding the
surface of the tip per time unit (7) it is necessary to
calculate the ionization cross section o(W) of helium
and hydrogen atoms. We used experimental data values
(W) from [11, 12], and approximated them by formula:

W —
oW)=A-S P
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where A;=8317-10%; A,=24.6; A;=0.986 for helium
and A;=7130-10%; A,=13.595; A;=0.92136 for
hydrogen.

(12)
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Fig. 4. The dependence of the average energy of ion
bombardment on the radius of curvature of the emitter
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Fig. 5. The dependence of the ionization cross section
on the electrons energy for helium and hydrogen
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Fig. 5 shows the dependence of the ionization
energy cross section on electrons energy for helium and
hydrogen. Dots represent experimental data [11, 12],
and the solid curve is the approximation formula (12).

Solving equation (7) considering (10a), (10b), (12)
in terms of p=0.01333Pa; T=300K; 1=10"A;
ro =30 nm; V, = 2 kV, we obtain that each surface atom
is subjected to a collision once on time of 152 ¢ by
helium ions and once on time of 66 ¢ by hydrogen ions
(assuming that 1 cm? of the tip surface area contains
10" atoms). Hence the fluence of ions:

- N (13)
2t
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for time t = 100 ¢ is @y, = 6.575-10' m™ for helium and
@y, = 15.14-10" m™ for hydrogen.

CONCLUSIONS

A mathematical analysis and numerical calculations
of the parameters describing the operating conditions of
field electron emitters was performed and the spectra of
the ion bombardment of emitting surface were obtained.
There was established that at typical field emission
researches of experimental conditions (F <5 V/nm,
ro <100 nm) ions, formed when r < 10r,, have energy
below the threshold of radiation displacement of lattice
atoms. There was established the dependence of the
numerical coefficient kgs determining the total number
of ions bombarding the tip per time unit from the radius
of curvature of the tip at the top. Based on the analysis
of obtained energy spectra there was calculated
dependence of the average energy of bombarding ions
on the radius of curvature of the emitter in the process
of field current extraction and analytical approximation
results were proposed.
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Cmamvws nocmynuna 6 peoaxyuio 18.02.2015

ONPEJAEJIEHUME CIIEKTPOB BOMBAPJIUPOBKHU HOHAMMU He U H;
HOBEPXHOCTHU ABTOOMUTTEPOB

A.A. Masunoe

HpI/IBOHHTCSI AHAJIMTUYICCKOC PACCMOTPEHUC M YUCJICHHBIC pPACYCThl MapaMeTpOB, OMHMCBIBAIOIIUX YCIIOBUA
OKCIUTyaTallud TIIOJICBBIX OJJICKTPOHHBIX OMUTTEPOB U  CIICKTPLI HOHHOM 60M6apHI/Ip0BKI/I SMHTprIOHICfI
TIOBEPXHOCTH. Ha ocnoBanuu ananmmsa MOJYYCHHBIX 3HEPIreTUYCCKUX CIICKTPOB pacCUMTaHa 3aBUCUMOCTb CpCHHCﬁ
OHEPIrun 60M6apz114py}01unx HOHOB rejisd U BOJAOPOJa OT paanryCa KPUBU3HBI SMUTTEPA B IIPOIECCE 0T60pa
ABTODJICKTPOHHOI'O TOKAa U MPEAJIOKECHA aHATIUTHYCCKAsA allllpOKCUMalus pe3yJIbTaToOB.

BU3HAYEHHS CIIEKTPIB BOMBAPAYBAHHS IOHAMM He I H,
IHOBEPXHI ABTOEMITEPIB

0.0. Mas3inos

[IpuBOAATECS aHANITUYHUI PO3MIISAM] 1 YUCENbHI PO3paXyHKH HapaMmeTpiB, IO OMHCYIOTh YMOBH CKCILTyaTarlil
TIOJIbOBUX EJIEKTPOHHHUX €MITepiB i CIIEKTpU i0HHOTO OoMOapayBaHHsS MOBEPXHI, MO eMiTye. Ha migcraBi aHamizy
OTpUMaHUX EHEePTeTUYHHX CIIEKTPiB PO3paxoBaHa 3AJICKHICTh CEpeHbOi eHeprii OoMOapayrounx iOHIB remito i
BOJHIO BiJ pajaiyca KpHBH3HH eMmiTepa B TIpoIleci BimOOpYy aBTOEIEKTPOHHOTO CTPyMy Ta 3alpoIllOHOBaHA
aHATITHIHA aPOKCUMAIIiS pe3yiIbTaTiB.
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