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Quantum-mechanical problem on electron motion through the model potential barrier of metal-vacuum
system with an additional near-surface dipole layer is considered. An analytical generalization of the
Fowler-Nordheim formula was done in the case of this potential barrier. The introduction of such a layer is
used as a way of taking into account the effect of vacancies and pores that appear during irradiation in the
surface metal layer on the field emission current density. Taking into consideration the continuity condi-
tions of wave functions and their derivatives at the interface between two media, general expressions of
the transmission coefficient of potential barrier and the field emission current density are obtained. The in-
fluence of effective thickness of an additional near-surface dipole layer on value of field emission current is
shown. Thus, the method is used to take into account the influence of vacancies and pores that appear dur-
ing irradiation of metal surface on field emission current density. It was found that field emission current,
considering the influence of vacancies and pores, that emerge during irradiation of copper surface with
Cu?* ions with energy of 300 keV during the processing time of 5-103 s by dose of 1.6-10 2! m -2, is 1.3 times
less than the value of the Fowler-Nordheim current density. The approximations related to the Fowler-
Nordheim formula for current density are given in this paper. The considered approach has more visual
mathematical proofs than previous theoretical treatments of the phenomenon of field emission. This re-
search can be a useful basis for studying the transmission of electrons through potential barriers for which
there is no an exact analytical theory.
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1. INTRODUCTION

Despite the fact that the theory of field emission
under the influence of external electromagnetic fields,
written by Fowler and Nordheim in the 20 years of the
last century, this topic is relevant [1], in particular, in
the task of overcoming high-gradient breakdowns in
accelerating structures for receiving charged particles
of high energies on modern accelerators. Field emission
is one of the stages of occurrence of high-gradient
breakdown in accelerating structures.

Experiments on the modeling accelerator structures
of the compact linear electron-positron accelerator in
the CLIC (Compact Linear Collider) project, carried out
at the European Center for Nuclear Research, CERN,
showed that when introducing power of a high-frequency
electromagnetic field, which provides the electric field
strength on the accelerating axis of a value of the order
of 100 MV / m, high-vacuum breakdowns arise on the
surface of the accelerating structure [2-5]. Since each
breakdown leads to a loss of the density of the charged
particle beam and to damage of the surface of material,
various methods of increasing the resistance to high-
gradient breakdown of the accelerating structure are
being investigated. One way to eliminate the problem
of high-vacuum high-gradient breakdowns is to reduce
parasitic currents of field emission. Now CERN studies
conditioning of the surface of electrodes to increase the
stability of metal surface of accelerating structures to
high-gradient breakdowns [2]. Other possible ways to
overcome high-gradient breakdowns are implantation of
some elements (for example, argon, nitrogen, zirconium
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ions) into the near-surface layer of the metal [6, 7];
vacuum coating of a more refractory metal film on the
surface [7]; desorption of molecules of gases from the
metal surface; location of accelerating structure in an
external magnetic field.

The effect of electrode surface modification on the
field emission current density was experimentally in-
vestigated in [7, 8]. Experiments on irradiation of cop-
per surface with ions Ar?*, Zr2*, Cu?* with energies of
300 keV and N* ions with energy of 150 keV and irra-
diation dose in the range (1.2, ...,4) 1022 m~-2 were
carried out in [7] to study the influence of ion beam and
plasma modification of metal surface of copper samples
on the conditions for start and development of a high-
voltage breakdown. It was shown experimentally that
plasma and ion-beam modification of copper surface
leads to an increase in the breakdown voltage from 5 to
35 %, depending on modification method, and reduces
the dark current of the anode-cathode system.

In the papers [9, 10], the influence of magnetic field
on the field emission current is theoretically
investigated. In the paper [9], it was shown a change of
the potential barrier under the influence of a magnetic
field parallel to the metal surface and provides the
ability to reduce the probability of breakdown and
increase in the stability of accelerating structures to
high-gradient breakdowns by introducing them into a
magnetic field system.

In the paper [11], the potential barrier model for two
W-Cs systems was considered with a thin layer and a
hyperfine layer of cesium. The effect of equalizing Fermi
levels of two-metal system in the dipole layer and the
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value of work functions of each component of metal-
metal system are taken into account. A similar form of a
potential barrier was considered in papers [12, 13], in
which the authors described the field emission of
electrons from nanoscale objects for the barrier depicted
in Fig. 1. In the paper [12], the author has showed the
effect of the Coulomb blockade phenomenon on
magnitude of the field emission current.

The purpose of this paper is to generalize the
Fowler-Nordheim theory of field emission from a metal
with an additional near-surface dipole layer. This theo-
ry is used to take into account the effect of vacancies
and pores on the field emission current density that
appears during irradiation of metal surface.

2. BASE MODEL

Fowler and Nordheim obtained the formula for the
field emission current density on the basis of finding
the transmission probability of the potential barrier
D(W) as a function of the electron energy W at the
boundary from the metal to the vacuum. The continuity
conditions of the wave functions and their derivatives
are used at the interface between the two media. The
transmission coefficient is defined as the ratio of the
flux density of the wave passing through the barrier to
the density of the falling wave flux:

D(W) =5,/ jo» oY)

where j1, jo are the density fluxes of the wave passing
through the barrier and the falling wave, respectively.
The field current density j is given by:

j=e[ D(W)N(W)dW , @

where N(W) is the number of electrons incident on a
surface of unit area per unit time with a kinetic energy
W normal to the surface; e is the electron charge. The
Fowler-Nordheim expression for the current density is
written as:

jrx = AF? exp[—(4k/(3F)) ZJ

A=e/(4n* n))Nu s ((u+xNx);

where F=e¢ E; E is the electric field strength; y is the
work function; x is the thermodynamic partial potential

of an electron; k= \/2m/ #i ; m is the electron mass.

Let's consider the phenomenological model of the
potential barrier of the metal-vacuum system, which is
depicted in Fig. 1. In this figure, the region I is the
inner region of the metal, the region II is the effective
thickness d of the near-surface dipole layer, the regions
IT and IIT are regions of metal modification, and the IV
region is a vacuum. Height C of the second and fourth
areas, depicted in Fig. 1, is equal to the sum of the
work function y of a metal and the thermodynamic
partial potential of an electron g, C=u+y, R is the
thickness of metal surface modification, A is the dis-
tance to the dipole layer, d is the effective thickness of
an additional near-surface dipole layer, p = h + d.
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Fig. 1 — Diagram of the potential barrier for escape of electrons
from the modified metal surface to vacuum

The wave functions and their partial derivatives
must be single-valued and continuous [14]. As a result,
authors have obtained a system of equations for finding
complex amplitudes:

Ale_iklp + Bleikip = Aze'B Py Bze_ﬂ P,

ik, (Alefiklp —Bleiklp) = ﬂ(—Azeﬂp +Bye PP ),
AQeﬁ hy Bze_ﬂ h_ A3e_ik1h + BSeikih,
B~y + By M) =ity (ASe_iklh By )
A3 +B3 — yw/Fe—zzi/Q(kzF)l/G (2)(y)’

ik, (43 -By) = (L-HZ (32)-M{aH(E (3) 4Q)).
L= ((w/ F)fl/Z/Z)(kZF)l/Geﬂi/Z’

M = ((/)/F)kﬁ(kZF)l/GeSIIi/Z’
4)

where A1, B1, A2, Be, A3, B3 are the complex amplitudes

of  the k, =\2mW/n;
ﬂ—sz(c W)/n; -8ri/2 .

Q:zk\/?(gp/F)i/;%.

The transmission coefficient of the potential barrier
D(W) in accordance with (1) and taking into account
the absence of sources of particles can be found by the
formula:

wave functions;

p=C-W, y=e

2 2
D(W)zl—‘Al‘ /‘Bl‘ . 5)

In the general case, the coefficient D(W) depends on

parameters W, F, u, y, d, h and its analysis is done

numerically. If d — 0, the expression D(W) takes the
form found by Fowler and Nordheim:

3
D, = 4( (Wo)/ C)exp (—4k(p2 / SFJ . (6)

The transmission coefficient D(W) under conditions

kd<<1, pd<<1, kh<<1, ph<<l1, (@)

can be simplified to the following analytical form:
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D(W) =D, y(1-d/d,), (8)
dy=(F / p+22mp /h)™". 9)

In this approximation, the expression for D(W) does not
depend on the distance A to the dipole layer. Notice,
under conditions (7), it is correct at d << do(W) for all W.
At the value F =5 10° eV/m for the copper characteristics:

C=12eV,u=175eV, y=4.5eV, W=y, (10)

it is found that do(x) = 0.5-10-10m -1,

Fig. 2 shows dependences of D on d at aforementioned
parameters. The solid line corresponds to the equations
(6), and the line depicted by dots corresponds to (8).
The curve that is shown by dashed-dotted line in Fig. 2
describes the numerical calculations of D at
h =10-11 m. From Fig. 2 it is seen that the graph of the
analytical formula (8) under the condition d << do(W)
lies below the line of dependence of D on d calculated by
the numerical method. The tunneling probability D on d
of the potential barrier, calculated numerically, is 1.3
times smaller in relation to the value D r.n at the
value of the electric field strength E=5-10°V/m,
d=10"1m,
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Fig. 2 — Dependences on d of the transmission coefficient of
the potential barrier

The current density, which is found by the
expression (2), taking into account (5), at

N(W)=(m/ @z n*)(u-W), 11

in general case depends on parameters F, u, y, d, h.
Under condition d << do(u), the expression for the field
emission current density is obtained as

J=Jrn(1=d/dy(1)). (12)

The dependence of the current density (12) on the
electric field strength at parameters (10) and the value
d=10-""m is shown in Fig. 3 (dashed line) in the
logarithmic coordinates of Fowler-Nordheim. The solid
line describes the Fowler-Nordheim current density j 7-n.
As can be seen from Fig. 3, similarly to the transmission
coefficient D(W) the current density j of the field emission
decreases by 1.3 times relative to the value j r-n~ at the
value of the electric field strength E =10 V/m.
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Fig. 3 — The dependences of the field emission current density
from the metal surface

Fig. 4 shows the graphs of the dependence of j ~n on
the work function y for various electric field strengths
E, where jo=107 A/m?, Eo=10°V/m. From graphs it
can be concluded that a change of 10 % in the value of
the work function of the metal changes the magnitude
of the current density j - v by 7 times.

Nello

Fig. 4 — The dependence of the current density on the metal
work function at different electric field strengths

3. RESULTS AND DISCUSSION

Introduction of region II shown in Fig. 1 is considered
as a way of taking into account the influence on the
field emission current density of vacancies and pores that
appear during irradiation of the metal surface. Assume
that the effective thickness d of the dipole layer is de-
fined from the sum of the volumes of all generated point
defects and emptiness of the modified layer. For example,
one of the methods for the formation of defects is the
bombardment of the surface of the copper structure by
high-energy beams of copper ions. The value of the ef-
fective thickness d of the dipole layer can be estimated
using the formula:

d=nRV,, (13)

where n is the concentration of generated defects, Vo is
an average volume of a point defect. The thickness of
the surface modification R is assumed to be equal to
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projected range of charged particle in the metal.

One can define the distance to the dipole layer A and
the thickness d in the following way. The irradiation
dose with Cu?* ions with an energy of 300 keV during
the whole processing time ¢t = 5-103 s of the copper sur-
face in [7] is equal to 1.6-10%2! m~2. The effective range
R of Cu ions with an energy of 300 keV in copper is
8.62:10 -8 m according to results of calculations of the
SRIM program [15] or using the Bethe-Bloch formula.

Fig. 5 shows the dependence of the sum of the elec-
tronic and nuclear components of the stopping power of
an incident ion Cu2* in copper based on the results of the
SRIM calculations. Inequalities in the maximum of the
graph can be explained by the agreement of the depen-
dency program for small and high velocities in the range
of intermediate energy of ions when passing through
the sample material.

-dE/dx,

2107 10"eV/m

T T T
0 100 200 300 400 500
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Fig. 5 — Graph of the dependence of the full stopping power of
Cu?* ions on energy in copper

Fig. 5 shows that the largest energy release of the
Cu?* ion is at energies near the value of 100 keV. With
the particle energy in the range from 300 keV to
100 keV, the frictional forces acting upon the ion pass-
ing through the substance are inversely proportional to
the energy, and in the interval from 100 keV to 0 they
are directly proportional. Thus, the particle at the be-
ginning of the motion will lose its energy by interacting
with the target electrons, and at the end of its run in
the substance it will be stopped as a result of nuclear
collisions with atoms.

Generation of vacancies reduces the density of the
sample by increasing the volume at an almost constant
mass [16]. Fig. 6 represents the distribution of generated
vacancies that depends on the depth of ion transmission
in copper during irradiation of the copper sample sur-
face by Cu?* ions with an initial energy of 300 keV,
which is based on the results of the SRIM calculations.
The area under the line of dependence is proportional
to the total number of vacancies that appear during
irradiation of the metal surface by ions. The condition
of equality of areas S1 =S is used to find the parame-
ter h. By the results of calculations, A =5.8-10-8 m.
The equality S1 =Sz means that the number of vacan-
cies in a layer depth from 0 to A is equal to the number
of vacancies in the range from A to R. That is,
vacancies are produced unevenly in the material during
the irradiation process. The total number of vacancies
Ny without taking into account the process of
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recombination with interstitial atoms is equal to 4.9-1020
at a radiation dose of 1.6-102! m -2, One can assume that
the vacancy radius is r=0.5:10- 1 m, then the volume
Vo of one vacancy is 5.24:10-3! m®. The volume of the
modified layer can be defined as V= SR =8.62:10-12 m3,
where S is the surface area of the copper sample, which
is equal to 10-* m2 [7]. Thus, the volume of generated
vacancies is equal to Ny'Vo=2.6-10-1"m3, and it is
represented phenomeno-logically as a dipole layer
located at a distance of h=5.810-8m from the
modified metal surface with a cross-sectional area S
and a thickness d. The effective thickness d of the di-
pole layer is estimated, neglecting the presence of the
recombination process of vacancies and interstitial at-
oms,as d=NyVo/S=2.610-%m.
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Fig. 6 — Distribution of vacancies that appeared by irradiation
with Cu?* ions of a copper surface with an initial energy of
300 keV based on the results of calculations of the program
SRIM

Taking into account the influence of defect recombi-
nation process [17-19] will reduce the effective thick-
ness d of the dipole layer by several orders, leading to
the values of the parameters d and h, which were
defined earlier.

4. CONCLUSIONS

The model of the potential barrier of metal with an
additional near-surface dipole layer is proposed. The
introduction of such a layer is used as a way of taking
into account the effect of vacancies and pores that ap-
pear during irradiation in the surface metal layer on the
field emission current density. An analytical generali-
zation of the Fowler-Nordheim formula was done in the
case of the potential barrier shown in Fig. 1. When
d << do(u), the analytical expressions (8) and (12) are
obtained using the Fowler-Nordheim method for the
transmission coefficient of the potential barrier and the
field emission current density, taking into account the
additional near-surface dipole metal layer, respectively.
It is shown that at d=10"11m, the field emission
current (12) decreases by 1.3 times relative to the value
jF-nN for the considered barrier at the value of the
electric field strength E = 1010 V/m.

From the analysis of the dependence of jr-~ (3) on
the work function of the metal at various electric field
strengths FE, it follows that a change of 10 % in the
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value of the metal work function changes the magnitude
of the current density j r-n by 7 times. Formula (3) does
not take into account the effects of impurities, cracks,
vacancies, pores, inclusions, surface irregularities of the
metal surface on the value of j 7- n. The experiments on
the modification of the near-surface metal layer show a
weak dependence of the field emission current density
on the metal work function [5, 7].

Using the SRIM code, the distribution of vacancies
is shown as a function of transmission depth of Cu?*
ions into the volume of the copper sample to find the
effective thickness d of an additional near-surface
dipole layer and the distance A to this dipole layer.
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Boiue Bakanciil i mop, 0 BUHUKAIOTh IPY ONPOMIHEHHI B IOBEPXHEBOMY IIApPi MeTally,
HA CTPYM II0JIBOBOI emicii

I.I. Mycienko, P.I. Xosomos

Incmumym npuxnaonol izuxku Hayionanvroi axademii nayk Yrpainu, eyn. Ilemponasniscoka, 58, 40000 Cymu,
Yrpaina

Posp’sizana kBaHTOBO-MexaHIYHA 3ajada PO PYX eJIEKTPOHA dYepe3 MOIeJIbHUN ITOTEeHITIaJIbHUN 6ap’ep
CHCTEeMM MeTasl-BaKyyM 3 BBEJEHHSM J0JATKOBOTO IIPUIIOBEPXHEBOr0 JUIOILHOrO0 mapy. IIpoBeneso anasri-
TuuHe y3araibHeHHs dopmysn Oaynepa-Hopareiima muist posriisiHyToro moreHIiaasHoro oap'epy. Beegerms
JIOJTATKOBOTO JIUTIOJIBHOTO MIAPY BUKOPHUCTOBYETHCS SIK CITOCIO BpaxXyBaHHS BIUITUBY BAKAHCIH 1 TIOP, 10 BUHU-
KalOThb IIPY OIPOMIHEHH] y II0OBEPXHEBOMY IIapl MeTajly Ha IyCTHHY CTPyMy II0JIbOBOI emicii. BpaxoByroum
YMOBH HEITePEPBHOCTI XBUJILOBUX (DYHKILIH 1 IX MOXITHUX HA MeKl PO3ILITY JBOX CEPEeIOBHII, OepP:KaHO 3ara-
JIbHI BUPA3y A1 Koe@illieHTa IPpo30poCTi IIOTEHIIAIBHOT0 6ap epy Ta T'yCTHHHU CTPYMY II0JI60BOI emicii. IToka-
34HO BILIUB €(DEKTUBHOI TOBIIMHMU JIOJATKOBOTO IIPUIIOBEPXHEBOTO JUIOILHOIO APy HA BEJIMYUHY II0JIHOBOTO
eMicitinoro crpymy. Taxkum YuHOM, 1€l METOJT 3aCTOCOBYEThCS [IJIsI BPAXYBAHHSA BIUIUBY HA T'YCTHUHY CTPYMY
T0JIBOBOI eMicil BAKAHCIH 1 II0p, YTBOPEHUX OIMPOMIHEHHSIM IIOBEPXHI METAIy. 3 SICOBAHO, IO T'YCTUHA CTPYMY
T0JIBOBOI eMicil, 3 BpaXyBaHHAM BILIMBY YTBOPEHMX BAKAHCIM 1 IIOp OIIPOMIHEHHAM IIOBEPXHI METAJIy 10HAMI
Cu?* 3 eneprieo 300 keB mporsrom uacy 06pobku 5 - 103 ¢ moBepxHl Mifi 103010 1.6 - 102! m~2, menma y 1.3
pasu BimHOCHO 3HauveHHs rycrunu crpymy Daymnepa-Hopareitma. Hasemero mabimsxenus, mos's3ani 3 omep-
sxaruam gopmysau Oaynepa-Hopareitma myis rycrusm crpyMy. PosryissHyTril miaxia Mae OLIbIn HAOYHI MaTe-
MATHYHI BUPA3H, HIsK ITOTIePeIH]l TeOPETUYHI JTOCIIPKeHH ABUINA IT0JI50BOI emicii. I]s pobora moske OyTu Ko-
PHCHOIO OCHOBOIO JIJISI JIOCJTI/IPKeHHS IIPOXO/IPKEeHHS eJIEKTPOHIB Yepes MOTeHIlaIbHI 6ap'epu, s SKHUX IIe He

iCHye TOYHOI aHAJITUYHOL TeoPil.

Kmouoei ciosa: IlosroBa emicist, [Torenmianbauii 6ap'ep, KoediirienT mpo3opocTi moTeHITiabHOTO 6ap'epy,
TopmwmHa Momudirarii moBepxHi MmeTary, BucororpagieHTHUI IPOOIA.
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