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The influence on the resistance to high-voltage breakdown of samples irradiated with double-charged copper
ions Cu®* with an energy of 300 keV and different irradiation doses was studied. It is experimentally shown that
when irradiating a copper electrode with Cu®" ions, the values of breakdown characteristics improve by 17...28%
with increasing irradiation dose. A theoretical study of the effect of material defects such as pores on the emission
current was carried out. It is shown that the field emission current from the metal surface near nano-objects has a
vibrational resonance feature. The resonance condition is determined by the depth of the nanoscale void from the
metal surface. If the resonance conditions are not met or if the size of the defects increases, the emission current

decreases rapidly.
PACS: 52.80.Mg; 52.80.Vp; 79.70.+q

INTRODUCTION

In recent years, the Institute of Applied Physics of
NASU has been studying the possibility of reducing the
probability of high-voltage high-vacuum breakdowns in
accelerator  structures of modern ion/electron
accelerators in order to increase their electrical strength
at electric field gradients above 100 MV/m. This work
involves testing materials used in the production of RF
structures, usually high-purity copper. To achieve
higher electric field gradients in RF accelerator
structures, it is necessary to reduce both the probability
of breakdowns and the magnitude of dark currents.
Assuming that one of the factors affecting high-vacuum
breakdowns is the surface properties of the electrode
material, we proposed to consider the possibility of
improving the resistance of the electrodes of
accelerating structures to high-vacuum breakdowns by
modifying their surface. The ways of such modification
can be the application of thin-film coatings on the
surface of electrodes or irradiation of the surface with
ions. The CLIC project being developed at CERN will
use high-frequency power supply in the X-band
(12 GHz). At this frequency, the skin layer is 0.6 um, so
the proposed thicknesses of the modified layers should
not exceed the skin layer thickness.

We consider the possibility of treating materials by
ion implantation methods to increase the electrical
strength of accelerator structures by developing
radiation defects and intermetallic inclusions in the
surface layers of the material of accelerator structures in
order to significantly reduce the dark current and,
consequently, increase the resistance to high-voltage
breakdowns.

In this work, we experimentally and theoretically
investigate the effect of the development of radiation-
induced defects in the surface layers of the material
used to process the structural materials of accelerator
structures in order to target changes in their surface
properties so as to improve their resistance to vacuum
breakdowns and at the same time determine the optimal
parameters of the required ion-plasma surface treatment
of these structures.
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1. EXPERIMENTAL STUDY OF THE
MODIFIED SURFACE OF COPPER
ELECTRODE

The experiments were aimed at studying the effect
of surface modification of copper samples, which leads
to the formation of radiation-induced defects, on the
probability of breakdowns, as well as determining the
degree of this modification when a noticeable effect
occurs. Samples of copper with a low content of
impurities were taken as materials for the experiments.
The anode was a copper rod. The surface under study
was subjected to mechanical grinding and polishing
after the samples were made. Next, the samples were
subjected to a cleaning procedure, in the form of high
temperature annealing in a vacuum and glow discharge
treatment. Irradiation of the samples with ions was
carried out in such a way that half of the sample surface
was modified, and the other half remained unchanged.
This made it possible to determine the effect of ion-
beam surface treatment on the probability of
breakdowns compared to the surface that was not
subjected to such treatment on the same samples.

1.1. ION IMPLANTATION

The samples were processed to study the effect of
radiation-induced defects formed in the near-surface
layers during ion irradiation of the material on the
resistance to vacuum breakdown and on the value of the
field emission current using ion implantation.

Earlier, we showed the possibility of increasing the
breakdown voltage on copper cathode samples when
they were implanted with gas ions [1]. At this stage, our
goal is to study the effect of radiation damage occurring
during implantation in the near surface layer on the
breakdown resistance of copper samples. The copper
samples were irradiated with double-charged copper
ions. The ion-beam treatment of the samples was carried
out on a high-dose implanter of the IAP NASU, which
allows irradiating samples with single or double-
charged ions with energies up to 300 keV [2]. To
exclude the possibility that the introduction of foreign
atoms into the surface layer of the samples could affect
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their properties, copper ions were chosen as the
implanted material, which were implanted into the
surface layers of copper samples at three different

investigated at the breakdown test facility [3]. These
samples played the role of cathode in the discharge gap.
Copper rods were used as the anode.

doses. Subsequently, these samples were further
Implantation parameters and penetration characteristics for samples
Irradiation parameters for | The ratio Ratio of the breakdown voltage of coated
samples of dark copper to the breakdown voltage of pure
Ne | Cathode |Anode copper: U/U(Cu)
currents
Type of | Dose D, | Energy " Appearance of | Breakdowns Breakdown

ions |ions/lcm? | E, keV cu dark current occurring
99 Cu Cu Cu+ 7-10" 300 <1 0.75 1.01 1.01
102 | Cu Cu Cu+ | 1.310"° [ 300 ~1 1.28 1.06 1.05
103 Cu Cu Cu+ [ 3510"° [ 300 >1 1.27 1.24 1.09

1.2. EXPERIMENTAL TECHNIQUE

The methodology for conducting experimental studies is
described in detail in [4]. In each experiment, the
following criteria were used to compare the breakdown
resistance of the modified surface of the samples in
relation to the unmodified one: the voltage at which the
prebreakdown current occurs, the voltage at which
microbreakdowns occur, and the voltage of the final
breakdown. The dependence of the pre-breakdown
current on the voltage was also determined. It is worth
noting that the probability of breakdowns is affected by
a number of different reasons: the magnitude and type
of applied voltage, electrode conditions, residual
vacuum, the size of the interelectrode gap, etc.
Therefore, the key in these studies is not the absolute
values of breakdown voltages, but the comparison of
values in the case of modified and unmodified sample
surfaces.
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Fig. 1. Breakdown characteristics for samples
irradiated with Cu®* ions with an irradiation dose of
D=7-10"® cm™ in conventional and Fowler-Nordheim
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Therefore, the surface of each prepared sample was
divided into two parts. One part of the surface was
modified, and the other part was not affected in any
way. The experiments were conducted at many points
on the surface of the samples to reduce the influence of
differences in the degree of processing and surface
cleanliness or the presence of local surface defects.
Subsequently, the results were averaged separately for
the modified and unmodified parts of the surface.

1.3. IRRADIATION BY Cu** IONS

To study the effect of radiation-induced defects in
the surface layers of copper on its resistance to vacuum
breakdown, copper samples were irradiated with two-
charged copper ions at three different irradiation doses.
The use of copper ions eliminated the influence of
impurity atoms that can be introduced during irradiation
and made it possible to study the effect of only the
degree of defectiveness of the surface layers on the
breakdown characteristics. Table shows the irradiation
modes of the samples and the parameters of their
penetration characteristics.

The study of copper samples for resistance to
breakdowns when irradiated with Cu?* ions with an
irradiation dose of D=7-10" cm™ showed (Fig. 1) that
the voltages at which breakdowns occur and the final
breakdown voltage are comparable to those on pure
copper, and the voltages at which breakdown currents
occur are worse than for pure copper.

For the pre-breakdown current curves, the curve on
the implanted samples has worse performance than on
pure copper, and only at currents corresponding to tens
of milliamperes does the curve shift to a hundred times
higher voltage at equal currents, compared to the curve
for pure copper.

An increase in the irradiation dose with copper ions
to D=1.3-10"® cm? led to an increase in the voltage at
which pre-breakdown currents occur, the voltage of
breakdown appearance and the voltage of final
breakdown on the irradiated surface, compared to pure
copper. Fig. 2 shows the pre-breakdown current curves
become comparable on implanted and non-implanted
surfaces.

As a result of increasing the irradiation dose to
D=3.5-10"* cm?, only the ratio of pre-breakdown
currents changed. Fig. 3 shows the dark current curve
on the irradiated surface was directed towards higher
voltages.
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Fig. 3. Breakdown characteristics for samples
irradiated with Cu?* ions with an irradiation dose of
D=3.5-10% cm in conventional and Fowler-Nordheim
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Thus, the irradiation of the copper surface with two-
charged copper ions for the development of radiation
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defects showed the following. For experiments with a
copper anode, at low doses of irradiation, the
characteristics of pre-breakdown currents deteriorate,
and the voltage of pre-breakdown currents becomes
lower. With an increase in the irradiation dose, and
hence an increase in the number of accumulated defects
in the near-surface layers of the samples, these values
become appropriate and, with a further increase in the
dose, significantly improve on the irradiated surface.
The final breakdown voltage also increases.

2. THEORETICAL STUDIES OF THE
INFLUENCE OF PORES IN THE METAL
SURFACE LAYER ON THE FIELD
EMISSION CURRENT DENSITY

One of the types of radiation defects formed during
irradiation is pores. That is why we have conducted
theoretical studies of the effect of such defects on the
field electron emission current, which is one of the
initial factors of high-voltage breakdowns When
considering defects in the near-surface layer of a metal
electrode, it is advisable to use two-barrier potential
models. Fig. 4,a schematically depicts pores that arise as
a result of surface modification, for example, under the
influence of ion irradiation. This potential barrier model
also allows us to take into account another class of
defects: nanoclusters of several nanometers in size on
the surface of a metal electrode. If there is a nanoscale
void in the metal surface layer, the model represents h
as the distance from the metal-vacuum interface to the
location of the nanoscale void in the metal surface layer,
and d as the diameter of the nanoscale void. If the
nanocluster is located on the metal surface, then the
barrier parameters can be explained as h is the size of
the nanocluster, and d is the thickness of the dipole
layer of the metal-metal contact. In the following, for
convenience, we will consider pores in the near-surface
layer, but all calculations will be valid for nanoclusters

as well.
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Fig. 4. Model of formation of nanoscale defects in the
metal surface layer: a — nanopores in the surface layer;
b — nanoclusters on the surface; ¢ — scheme of a double

potential barrier describing these defects

In Fig. 4,c, region 1 is the internal region of the
metal, regions Il and Il are the regions of metal
modification, and region IV is the potential barrier at the
metal-vacuum interface. The effect on the current
density of field emission of vacancies and pores of
angstrom sizes formed during irradiation of the metal
surface is taken into account by introducing the
effective thickness of the dipole layer d, which is the
sum of the volumes of all formed defects and voids of
the modified surface (see Fig. 4,a,b).

105



In general, the formula for finding the current
density of field electron emission is as follows:

j =y NW)DW)aw, (1)
where N(W) is the number of electrons falling on the
surface of a unit area per unit time with Kinetic energy
W normal to the surface, D (W) coefficient of electron
tunneling through the potential barrier. In the case of a
perfectly smooth surface, this current was found by
Fowler and Nordheim [5] and is equal to:

jr = AleE)?exp (- =), 2
where A and B constants depending on metal properties.
To find the field electron emission current taking
into account nanoscale defects in the near-surface metal
layer j..oq,» We found the electron tunneling coefficient
through the potential barrier shown in Fig. 4,c. The
tunneling coefficient in the case of a double potential
barrier is

3
ak(c-w) /2
16(c-w) 2w 2™ 3eE — e~2kVC-Wd

= : 3

C(Z\/W\/C—Wcos(k\/Wh)+(C—2W)sin(k\/Wh))2 ®)
where Cis a height of the potential barrier, W is an
electron energy, —e is an electron charge, E is an

electric field strength, m is an electron mass, k = @

From expression (3), it can be seen that the current will
have a resonant character. The condition of the
tunneling coefficient maximum [6] is

h="2@n+1),n=012,., 4)

where Ap = \/‘/ii; is the de Broglie wavelength for the

electron. It is also evident from formula (3) that the
current should decay exponentially with increasing
defect size d. In the case of no defects (d = h = 0),
expression (3) takes the form of the known tunneling
coefficient from a smooth metal surface [5].

We have numerically calculated the field emission
current density from the modified metal surface j,,0q
using formula (1). A comparison of the values of the
field emission current density from the surface with
nanocavities in the near-surface layer of the metal j,,,4
and the current from the idealized metal surface jp_y is
shown in Fig. 5. It shows the ratio of the current from
the modified surface to the current from the ideal
surface for different defect sizes d and their depth h at a
constant value of the local electric field strength

Ejpe = 5 G/, This value was chosen as the average
value of the local intensity during high-vacuum
breakdown experiments, since the planned intensity of

the CLIC accelerator is E = 100 MV/m, and the field
gain is usually in the range of § =30..140 [7].
Fig. 5,a shows the current ratio in the case of pores
located at a depth of 0 to 1 nm. Fig. 5,b shows a similar
dependence for h in the range from 0 to 10 nm. From
these figures, the current density from the modified
surface has a resonant character. The maximum current
density j..q IS more than 3 times higher than jr_y . It
can also be concluded that with an increase in h, the
current density fluctuations decrease. The largest value
of the current density as a function of h has the first

maximum at the point h = %B which is like the method
of applying an anti-reflective coating to optical lenses
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[8]. However, in non-resonant regions, the current
density from the modified surface decreases to almost
zero. Also, the current density decreases significantly
with increasing pore diameter d and increasing h.
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Fig. 5. Comparison of the values of the field emission
current density j,,,,q and jz_y depending on d and h:
a—for h=0...1 nm; b —for h=0...10 nm

Fig. 6 shows a color map of the dependence of the
current from the modified surface expressed in units of
Fowler-Nordheim current as a function of the size of the
vacuum gap d and the thickness of the metal layer h at a
constant value of the local electric field strength

Eipe =5 GV/m'

From the figure, it can be concluded that the current
does indeed have a resonant periodic character that does
not depend on the size of the defect d. The maximum
values of the current, which is amplified up to 3.5 times,
as well as in the case of the maximums of the tunneling
coefficient (4), are repeated with a period corresponding
to the de Broglie wavelength (5).

It is also worth noting that in the case when the size
of the defects (or their effective size) is d > 0.2 nm, a
decrease in the field electron emission current from the
modified surface should be observed, regardless of their
depth. Therefore, surface modification, which leads to
the formation of nanopores in the near-surface layer of
the material, may indeed be one of the ways to increase
the resistance of materials of accelerator structures to
breakdowns.
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Fig. 6. Graphical dependences of the current from the
modified surface as a function of pore size d and metal
layer thickness h

SUMMARY

The influence of radiation-induced defects on the
resistance to vacuum breakdowns was experimentally
investigated. The main parameters of the breakdown
characteristics studied for these samples were
determined, which include the voltages between the
electrodes at which dark currents appear, the voltages at
which micro breakdowns occur, and the voltages at
which the final breakdown occurs. These parameters are
averaged values for a set of experimental points on the
sample and are determined for two types of sample
surfaces: modified and unmodified copper sample
surfaces.

Irradiation with Cu?®" ijons has shown that with an
increase in the irradiation dose, and hence an increase in
the number of developed defects in the near-surface
layers of the samples, various values of the breakdown
characteristics improve by 17...28%.

It has been shown that the field emission current
from the metal surface near nanopores has an oscillatory
resonance feature. The resonance condition is
determined by the depth of the nanoscale void from the

metal surface, which is a multiple of h = %B

It is found that when the resonance conditions are
met, the density of the field emission current from the
copper surface increases by more than 3 times compared
to the current from the unmodified surface. In the case
of failure to fulfill the resonance conditions or an
increase in the diameter of the nanopores, the current
density decreases to almost zero.
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JOCJIKEHHSA BAKYYMHUX BUCOKOT'PAIIEHTHUX IMTPOBOIB 3 IOHHO-MOJIUPIKOBAHOI
MHOBEPXHI MIJTHUX EJEKTPOIIB

B.A. Bamypin, O.10. Kapnenko, C.0. Jlebeouncvxuii, O.10. Pocuxo, C.0. Epvomin, O.I1. Hosax, P.1. Xonooos

[IpoBeneHo IOCHIPKEHHS BIUIMBY Ha CTIMKICT /10 BHCOKOBOJIBTHHX IIPOOOIB 3pasKiB, ONPOMIHEHHX
nBo3apsigauME ioHamu Mimi Cu®* 3 emeprieio 300 kxeB Ta pi3HO0 103010 OmpOMiHEHHS. EKCIepHMeHTAIbHO
I0KA3aHO, 1[0 [PH ONPOMIHEHHI MigHOro emektpoxy iomamu Cu®* mpu 3GiibIIEHHI 103 ONPOMIHEHHS 3HAYCHHS
XapaKTEPUCTHK IMPOOOI0 MOKpamyrThes Ha 17...28%. [IpoBegeHO TeopeTWYHE IOCHTIIKCHHS BIUIUBY TaKHUX
nedexTiB MaTepiay, SK HOPH Ha eMiciiHui cTpyM. Iloka3aHo, 0 MONEOBUH eMiCiHHUN CTPYM 3 HOBEPXHI METaIy
moOaM3y HaHOOO'€EKTIB Ma€ KOJMBaJbHO-PE30HAHCHY OCOOJUBICTh. YMOBa PE30HAHCY BU3HAYAETHCS TIMOWHOIO
HaHOPO3MIpHOI ITyCTOTH BiJl TMOBEPXHI MeTalxy. Y BHIIAQJAKY HEBHKOHAHHS PE30HAHCHUX YMOB ab0 301IbIICHHS
po3MmipiB reheKTiB eMiCiHHUHA CTPYM CTPIMKO 3MEHITYETHCS.
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