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The results of the frequency dependence of surface resistance of copper in diffuse and specular reflection of elec-
trons from the conductive surface of the high-frequency resonance of the system depending on the frequency of the
electromagnetic field in the normal and anomalous skin effect. Found, the surface resistance of copper is reduced by
more than 10 times at the temperature of liquid helium, as compared with a surface resistivity at room temperature,
at frequencies f < 173 MHz, for diffuse reflection of conduction electrons from the surface of the conductive layer,

and the specular reflection — at frequencies f < 346 MHz.
PACS: 41.75.1x

INTRODUCTION

At present to improve the parameters of high-
frequency resonant systems working at room tempera-
ture, almost reached its limit. First of all it refers to such
essential characteristics as efficiency, the absolute val-
ues of energy loss that always occur in resonance sys-
tems. In connection with this the development of high-Q
resonant carried HF — systems that need to reduce the
losses of RF power in the walls of the resonant system
10 times or more, thereby increasing system efficiency
and reducing losses of high frequency energy. In the
development of high-performance cryogenic resonant
high frequency systems used superconductors. Howev-
er, the use of superconductors in the manufacture of
high-cryogenic systems is difficult due to their high
cost, complexity of treatment. Superconductors are ef-
fective only within a narrow range of cryogenic temper-
atures. Therefore, the possibility of producing highly
effective cryogenic systems considered from high-
frequency resonant nonsuperconducting metal such as
copper [1, 2]. This requires investigate the surface re-
sistance of copper, depending on the cooling tempera-
ture, the frequency of the electromagnetic field. Im-
provement in the performance of high-frequency reso-
nant systems with their cooling due to the decrease of
the surface resistance of the metal. As the temperature
decreases length of the free path of electrons increases
and the skin depth decreases, there comes the anoma-
lous skin effect [3]. If the length free path of electrons
greater than the depth of penetration of the RF field in
the metal, the electrons between the next collision long-
er interact with the electromagnetic field, and actively
participate in the processes of effective conductivity,
with a surface resistance of non-superconducting metal
is reduced. The minimum value of surface resistance in
the non-superconducting metals in the region of the
anomalous skin effect can be achieved only in a very pure
samples after annealing, and the conductive surface of the
high-frequency resonant system must be as smooth as
possible. A detailed study of the surface resistance of non-
superconducting metals at cryogenic temperatures will
provide a deeper understanding the possible use of non-
superconducting materials as structural material for the
creation high-Q cryogenic resonant systems.

PROBLEM STATEMENT

In the development of high-frequency resonant sys-
tems special place is occupied issues related to the loss-
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es of high-frequency power in the walls of the resonant
system. It is known that the dissipative characteristics
are crucial for such quantities as the shunt resistance
and quality factor of the resonant system. If the total
metal surface S, for which is valid Leontovich boundary
conditions, the high-frequency power that is dissipated
in its walls, determined by the equation:

p :% [RHds, (1)

where P — power loss, W; R — surface resistance, Ohm;

H — the magnetic field vector, A/m; S — surface area m®.
From equation (1) that the responsibility for the loss
of high-frequency power is the surface resistance R.
In the normal skin-effect resistance of the non-
superconducting metal surface Ry is:

1
Re = [C"Lj (2)
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where o — the specific conductance of the normal metal
DC, S/m; o — angular frequency, rad/s; u,— permeabil-
ity of free space henry/m.

In the region of the anomalous skin effect, the sur-
face resistance of non-superconducting metal R, is de-
termined by the expression [4].

eI,

where b — coefficient which characterizes the conduc-
tion electrons reflected from the surface of the conduc-
tor; / — length of the free path of an electron, m.

From (2) and (3) follows that the loss of high-
frequency power in the walls of the resonant system, in
normal and anomalous skin effect is largely dependent
on the frequency of the electromagnetic field. Thus, the
classical skin effect losses are proportional, and the

anomalous skin effect — **. In connection with this
there is interest in studying the surface resistance of
non-superconducting metals at cryogenic temperatures,
depending on the frequency of the electromagnetic field.
To do this, an analysis of the coefficient of winning
«1 », which is equal to the ratio the surface resistance

of non-superconducting metal at room temperature Ryg3
to surface resistance of the same material at cryogenic
temperatures, Rt
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Coefficient «77 » depends not only on the frequency
of the electromagnetic field but also the length free path
of electrons and the nature of reflection of the conduc-
tion electrons from the surface of the conductor. State of
the electron conductivity in turn is determined by the
processing technology conductive surface, composition,
temperature of cooling. It is therefore necessary to carry
out a series of studies nonsuperconducting metal surface
resistance over a wide temperature range and frequency
range, depending on the processing technology conduc-
tive layer purity and structure of the material. This will
determine what type of metal is minimal loss of RF
power at cryogenic temperatures, and the number of
times to increase resonant high Q cooled system in
comparison with the resonant high-frequency system
operating at room temperature.

RESULTS

Define the advantage «n»

superconducting metals as a function of the frequency
of the electromagnetic field.

Using equations (2) and (3) the equation for the co-
efficient of advantage.

(%)
R _ 20 . 4

L]

After the conversion equation (4) takes the form

coefficient non-

77:

2
n=¢ 11 )2 : (5)
w — e ——
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We solve this equation for @
= 2 . ©)
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As @ =27xf, an equation for the resonant frequen-
cy, f
! (7)
>
,767%03(1")
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Analyzing the equation (7), we conclude that for
ideal non-superconducting metal when 77 = 1, frequency
of electromagnetic field f tends to the value f, , wherein
R = R.. In the case where the frequency of the electro-
magnetic field f > f, then the surface resistance R, > R,,
and the advantage coefficient 77 <1. At 17 —o, frequen-
cy f 0.
Let us consider the dependence of the advantage «#»
on the frequency f . For this we define a surface re-

sistance of non-superconducting metal in the normal
and anomalous skin effect, for example, at a frequen-

f=
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cy f, . In the normal skin-effect resistance of the surface

Ry at a frequency f2 will have the form:
1

R = ”f_ﬂ) ®)
O

In the region of the anomalous skin effect surface re-

sistance R,, on frequency will be:
u

e o

From equations (8) and (9) we define o, and |/O‘.

o= Tty (10)
R?,
1_ R (11)
-1, .
E_)(77 f,- 28

We substitute these values into equation (7), we obtain;
2
1 A¢e4 4
=\t
%[bj 246

1

213 1) R

f= (12)

b

After the transformation equation (12) takes the form:

f — f2|$2

. (13)
7R,
Re: .
as RS = 17, expression (13) becomes:
a2
6
r_m (14)

From equation (14) that the advantage «7) » is back
power-law dependence on the frequency. Thus, by
measuring the advantage «77 » of the metal at the fre-
quency f , can be determine the advantage 1, on the
frequency f, of expression (15).

f
M= .f__
2776f2

From (7) we define the advantage «7 » for pure

copper in diffuse and specular reflection of electrons
from the surface, depending on the frequency, Table 1.
Table 1
Changing the ratio of advantage «n» for copper
from the frequency

(15)

The coeffi-
R-10°,0hm| T,K | 77 | F, MHz cient of
reflection, b
35 293 173 )
0.35 22 | 10 173 diffuse
4.9 293 346
0.49 22 | 10 38 specular
3.510° 293 173-10° .
3510° | 42 | 173107 diffuse
4.9-10° 293 1 346-10° specular
2910° | 42 346-10° P
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From the results of calculation, in order to decrease
the surface resistance of copper in more than 10 times,
at cryogenic temperature, it is necessary work at fre-

quencies f < 173 MHz for diffuse reflection of con-
duction electrons from the surface, and specular reflec-
tion — at frequencies f < 346 MHz. Advantage «77 »

will be unity at frequencies f = (173...346)-10° MI'w.
Table 2 shows the results of the calculation of the
surface resistance of copper at room and liquid-helium
temperatures at frequencies of 150 MHz and
5-10° MHz. Defined advantage # on surface resistance
in specular reflection of electrons from the metal sur-
face, as well as, the values of the penetration depth of
high-frequency field in the copper from the expressions.

where 5k — depth of penetration of the electromagnetic
field in the metal in normal classical skin effect, m.

. a
SlEny=
\ e
where é'a — the depth of penetration of the electromag-

netic field in the normal metal in the region of the
anomalous skin effect, m.

(16)

(17)

Table 2
Changing the surface resistance R, the coefficient ad-
vantage «n», the skin layer of copper from the frequency

R10% Ohm| T,K n F, MHz | &, microns
3.2 293 150 5.39
0.28 42 | 142 150 0.47
19.0 293 510° 0.91
3.0 4.2 6.33 510° 0.15

From the results the experimental study found the
advantage for copper +0.02Y at a frequency of
5-10° MHz after electrochemical polishing, annealing
and deformation equal to 6.23, which coincides closely

with the calculated value. From these results it follows
that the frequency increases the advantage «n» and the
depth of penetration of the electromagnetic field in the
metal is reduced and becomes the dominant scattering
of conduction electrons by impurities, vacancies, sur-
face defects, sinks, inclusions. Thus, the interaction of
electromagnetic fields with metallic surfaces in the
normal and anomalous skin effect depends not only on
the physical and chemical properties of the parent metal,
but the technology of its processing.

CONCLUSIONS

The study of the surface resistance of copper from
the frequency of the electromagnetic field in the normal
and anomalous skin effects will provide a deeper under-
standing of possibilities of their use as structural materi-
al for the creation of high-performance resonant cryo-
genic systems.

To continue the development of this work it is ad-
visable to carry out further experimental studies of high-
frequency resonant system at cryogenic temperatures,
made of various grades of copper.
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HNCCIEJOBAHHME ITIOBEPXHOCTHOI'O COITPOTUBJIEHUSI MEJIM B OBJIACTH HOPMAJIBHOT'O
N AHOMAJIBHOI'O CKUH-3®®EKTOB B 3ABUCUMOCTHU OT YACTOTbI
IJIEKTPOMATHUTHOI'O ITOJIA

B.A. Kymoeoii, A.H. Komup

[IpuBeneHHI pe3yabTaThl YaCTOTHON 3aBUCHMOCTH OBEPXHOCTHOTO CONPOTHBIICHUS I MeIH Npu Iu(y3HOM
U 3epKalIbHOM OTPA)KEHHSAX 3JIEKTPOHOB OT TOKOMPOBOISIIEH ITOBEPXHOCTH PE30HAHCHON BBICOKOYACTOTHOM
CHCTEMBI B 3aBHCHMOCTH OT YacTOTHI 3JEKTPOMArHUTHOTO IIONISI B 0OJACTH HOPMAaJIbHOIO M aHOMAJIbHOTO CKHH-
3¢ ¢eKxToB. YCTaHOBIEHO, YTO IOBEPXHOCTHOE CONPOTHBICHWE Meau ymeHemmTcs B 10 um Oornee pa3 mpu
TEMIIEpaType >KUAKOTO TeNHs 0 CPABHEHHUIO C TOBEPXHOCTHBIM CONPOTHBIIEHHUEM IPH KOMHATHOM TeMIepaType, Ha
gacrorax f <173 MI'1| ipu 1udy3HOM OTpaskeHNH SJIEKTPOHOB POBOJAAMOCTH OT TIOBEPXHOCTH TOKOIIPOBOJISIIETO
CITOs, & TIPH 3epPKaJbHOM OTpaskeHUH — Ha gactorax f < 346 MI'm.

JOCJIIKEHHA TIOBEPXHEBOI'O OITOPY MIJI B OBJIACTI HOPMAJIBHOI'O I AHOMAJIBHOI'O
CKIH-E®EKTIB Y 3AJIEXKHOCTI B/l HACTOTHU EJIEKTPOMATHITHOI'O ITIOJISAA
B.O. Kymoeuii, A.1. Komip
[IpuBeneHo pe3yabTaTH YaCTOTHOI 3aJIEKHOCTI MMOBEPXHEBOTO ONOPY Miji pH AN(Y3HOMY 1 J3epKAITBHOMY Bi-
JOOpaXeHHSIX ENEKTPOHIB BiJl CTPYMOIIPOBIIHOI MOBEPXHI PE30HAHCHOI BHCOKOYACTOTHOI CHCTEMH B 3aJIEKHOCTI
BiJ YACTOTH €JIEKTPOMArHiTHOTO IOJIS B 00JIaCTI HOPMAJIBHOTO 1 aHOMAJIBHOTO CKiH-eeKkTiB. BcraHoBNEeHO, 110 moBe-
pxHeBuii omip Mii 3MeHIUTECS B 10 1 OinbIre pa3iB mpu TeMIepaTypi piAKOro refiio B HOPIBHSIHHI i3 TIOBEPXHEBUM
OIIOPOM IIpH KiMHATHI# Temiieparypi, Ha yacrorax f < 173 MI'u npu audy3HoMy BigoOpakeHH] eeKTPOHIB IPOBiIHO-
CTi BiJT TOBEPXHi CTPyMOIPOBIHOTO MIAPY, a MPH [3ePKATbHOMY BigoOpakeHHi — Ha yacrorax f <346 MI'w.
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