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Electron field emission limiting the accelerating gradient in superconducting cavities remains
the dominant setback in cavity production. The need to understand and control the field
emission has become increasingly important because of the prospect of using high-gradient
structures in linear colliders. Since building an accelerator structure is a complicated and
costly process, elimination of unnecessary steps has priority. In this paper an analysis of the in-
fluence of the enhanced field emission in superconducting radio frequency cavity together
with modal field calculations by using COMSOL finite elements package has been presented.
The obtained results reveal that the electric field required for the field emission is generated in
the cavity irises. The imperfection of the cavity surface leading to very high fields is modelled
by a simple cone. The estimated value of the enhancement factor for the cone tip of around 4 is
in a good agreement with the data found in the literature. In addition, from the slopes and the
intercepts of the Fowler-Nordheim plots, a dependence of the enhancement factor and the ef-
fective area on the work function has been estimated.
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INTRODUCTION

Superconducting radio frequency (SRF) science
and technology deal with the application of supercon-
ducting materials to radio frequency (RF) devices with
the most common application to the particle accelera-
tors [1-8]. The main advantage in the use of SRF cavi-
ties is the reduced dissipation due to wall losses [9-13].
The wall loss power dissipation is proportional to the
surface resistance, which is reduced by a factor of one
million in superconducting cavities. Unfortunately,
the exponentially increasing power dissipation due to
field emission quickly consumes all available power
so it can be concluded that the performance of SRF
cavities is limited by field emission [14, 15].

The surface of an accelerating structure such as
SRF cavity contains a number of imperfections caused
by grain boundaries, scratches, bumps, ezc. The elec-
tric fields at these small imperfections can be greatly
enhanced and, in some cases, the field can be increased
by a factor of several hundred. Enhanced field emis-
sion (EFE) is regarded as a fundamental limitation in a
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wide range of high-voltage vacuum devices, for in-
stance, X-ray tubes, electron microscopes, power
vacuum switches, klystrons, and SRF resonators for
particle accelerators [16]. Actually, EFE is considered
as the main impediment to higher acceleration gradi-
ents in superconducting niobium (Nb) radiofrequency
cavities [17]. The strength, number and sources of
EFE sites strongly depend on surface preparation and
handling.

Field emission (FE) of electrons from sharp tips
represents the most severe constraint in high-gradient
superconducting cavities [18]. Small particles on the
cavity surface operate as field emitters causing the ex-
ponential drop of the quality factor above a certain
threshold. Superconducting cavities are even more
sensitive to field emission since even small additional
dissipation of RF power due to the electron loading of
the cavity may correspond to a significant and undesir-
able quality factor degradation of the cavity [19].
Emitted electrons impact elsewhere on the cavity sur-
face, heating the surface and therefore increasing the
surface resistance and power dissipation of the cavity.
In extreme cases, FE heating of the cavity walls can
lead to the thermal breakdown. Acceleration of emit-
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ted electrons absorbs power out of the electromagnetic
fields which would otherwise be available for acceler-
ation of the particle beam. Eventually, as fields are
raised, the power dissipation into FE related processes
limits the attainable fields in the cavity. For all of these
reasons, understanding the origins of field emission
and avoiding field emission in cavities have attracted
significant attention.

In this paper the effect of the enhanced field
emission on the properties of the SRF cavities has been
systematically studied. In addition, three-dimensional
(3-D) calculations of the m-mode field for 9-cells
TESLA cavity operated on 1.3 GHz has been per-
formed by using COMSOL package [20, 21]. The lo-
cal field enhancement factor beta is introduced in the
Fowler-Nordheim (F-N) equation in order to explain
field emission current densities due to geometric fea-
tures. Local variation of enhancement factor that de-
termines the local dependence of the emitted current
have been analyzed based on the F-N theory. The neg-
ative slopes of the so-called F-N plots confirm the
presence of field emission leading to an exponential
drop ofthe Q, factor (defined as the ratio of the geome-
try factor to the microwave surface resistance). From
the slopes and the intercepts of the F-N plots, the de-
pendence of the enhancement factor and the effective
area on the work function has been established.

THEORETICAL BACKGROUND

As already emphasized, one of the effects that
limit the high-field performance of superconducting
cavities is electron FE [22]. The high electric field
generated in the cavity leads to the electrons quantum
tunnelling out of the structure creating a field emitted
current. Generally speaking, FE represents the extrac-
tion of electrons from a solid by tunneling through the
surface potential barrier under the influence of a
strong electric field. Emitted electrons are then accel-
erated by the cavity fields and upon striking the cavity
walls their kinetic energy is converted to heat and
X-rays. At high fields, once emitted a field emitted
current can interact with the cavity fields and affect the
properties of the cavities. [23]. When the electric field
becomes sufficiently large, the electron loading ab-
sorbs energy from the RF field leading to the exponen-
tial drop of factor Q, as illustrated in fig. 1.

A high electric field lowers the potential barrier
and makes it sufficiently penetrable allowing tunnel-
ling of electrons through a potential barrier, rather
than escaping over it. During FE, an electron tunnels
out of a material primarily due to the electric field. The
field emission current density jgi is determined by the
transmission coefficient D of the barrier [25]
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Figure 1. The effect of the field emission on the Q, factor
of the superconducting cavity [24]

with ¢ as the fraction of the electron's energy that is as-
sociated with the component of momentum normal to
the surface of the conductor and E as the electric field
strength at the surface, while e is the electron charge.
The field emission rms current for RF fields is given by
the F-N eq. [25]

[RF 519 1072 exp(9.35¢p "% WBE)** A=
FE ~ 175 ’
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assuming that the emitter has an effective area A,
while ¢ represents the work function (expressed ineV)
of the material of the cavity, and  is the enhancement
factor defined as the ratio of the local emitter field over
the applied field.

Originally, the F-N equation has been estab-
lished for cold flat surfaces. The local field enhance-
ment factor 3 is often introduced in the F-N equation to
represent the geometrical effects at the surface since
the high localized field also enhances field emissions.
Sharp and jagged features on the surface can be pres-
ent at scratches or metal particles. The “macroscopic”
geometry of particles that have been found at field
emitter sites cannot explain the full enhancement fac-
tors of up to several 100 that are observed [26, 27].
The numerical value of 8 for a particular surface can
be obtained by plotting /. /E** vs. 1/E on semi-log pa-
per, which is called a F-N plot given by the relation
(28]

d(log,o I/E*)  284-10°p"? 3)
d(1/ E) B

This is attributed to field gradient enhancements
resulting from microscopic surface irregularities. In
practice, F-N plots which yield the values of S are
probably determined by a single or few emitters in a
surface. The point at which the F-N line intercepts the
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y-axis is proportional to the emitting area i. e. the inter-
cept of the line with the log,, (I /E*®) axis [29]
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provides the value of 4.

RESULTS

Field calculation of the 9-cells TESLA cavity op-
erated on 1.3 GHz has been performed by using
COMSOL simulation package [20] with the simulation
conditions based on details and parameter given in ref.
[30]. Accelerating component of the electric field of the
1.3 GHz n-mode along the cavity axis and field vectors
are presented in fig. 2. Since eigen solver provides
eigen values, an electric field is expressed in arbitrary
units. Actual values can be obtained by applying real
excitation source working on 1.3 GHz adjusted to
produce accelerating field of around 25 MV/m. The
areas of the strong fields are clearly resolved. Strong
electric field and irregularities on the cavity surface en-
hance electron emission. The most illustrative is fig. 3
which shows the distribution of the electric field on the
cavity surface operated on 1.3 GHz n-mode. Since the
maximum values of the field are around the cavity
irises, in these areas field emission effect is most proba-
ble, which was confirmed both from the literature and
our calculations, as shown in fig. 3. When the electric
field reaches the threshold value, field emission be-
comes important affecting the characteristic of the cav-
ity. Removing irregularities from the surface and
thereby enhancement of the field will diminish the ef-
fect of the field emission.

It is well known that the largest enhancements of
the field originate from sharply peaked imperfections,
so here we use a cone tip as a model of imperfection

(a)

(b)

that deteriorates the system characteristics. The com-
ponent of the electric field on the conical conductor is
given by the expression [29, 30]
E= _oo = —vAr'' P, (cos0) %)
or
where P is the Legendre function [31, 32]. For a sharp
cone tip, f — mand

el

where © — f3 is the tip angle. In that case, the field sin-
gularity is of the order of (1/r). We have calculated the
changes of the m-mode field near the cone tip (of
500 um height, as a reasonable estimation of imperfec-
tion geometry) located at the iris, where the electric
field reaches its maximum value on regular geometry,
as shown in fig. 4. In contrast to the analytical expres-
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Figure 2. Component of the electric field along the cavity
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Figure 3. Electric field on the surface of 9-cells TESLA
cavity operation on 1.3 GHz — mode

Figure 4. Model field near the conical tip (white) located tangentially to the iris: (a) front view — perpendicular to the
viewing plane shown in fig. 3, and (b) bottom view — along the cone axis from the above. The field is given in arbitrary
units. The solid grey lines in the middle are artifacts of the mesh generating process, having no physical meaning
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Figure 5. The dependence of: (a) the enhancement factor and (b) the effective area A on the work function, with
enhancement factor 5 as a parameter. Crosses correspond to the experimental data taken from [33]

sion that has singularity on the tip, calculated values of
the field have no singularity, but a drastic increase of
the field on the tip is reproduced. From the ratio of the
highest and lowest values of the electric field we esti-
mated the enhancement factor for the cone tip to be
around 4 which is in accordance with the calculated
value found in the literature [27].

Figure 5 shows the dependence of the: a) en-
hancement factor and b) effective emitting area on the
work function. Although, the effective area decreases
with increasing enhancement factor both, the en-
hancement factor and effective area increase with in-
creasing the work function. The calculated values for
the enhancement factor (violet diamonds) agree well
with the data estimated from the measurements
(crosses) [33].

CONCLUSIONS

This paper is devoted to the main limiting process
related to the high surface electric fields which means the
liberation of electrons from the metal surface by the high
electric field. Actually, the SRF community has devoted
considerable resources to understanding the origins of
field emission and paid a great deal of attention to avoid-
ing field emission and dealing with residual emission. At
the onset of field emission, the factor O, of the cavity
typically starts to fall steeply because of exponentially in-
creasing electron currents emerging from the surface.
Even when there is no field emission the O starts to drop
above accelerating fields of 20 MVm™'. In this paper, the
effect of the enhanced field emission on properties of the
SRF cavities has been theoretically studied together with
model field calculations by using COMSOL simulation
package. Simulations conditions for the 1.3 GHz
n-mode were based on the parameters and details of real
9-cells TESLA cavity. The obtained results reveal that
enhanced field emission takes place in the irises. The
cone tip, that models the surface imperfection that deteri-
orates the system characteristics, may act as an emitter

leading to the high electric field and thereby the en-
hanced field emission. From our calculations we
estimated the enhancement factor for the cone tip of
around 4 which agree well with the calculated values
from the literature [27]. The F-N expression (2) indicates
that the exponential dependence of the field emission on
the electric field strength pins the electric field to the
value for field emission. The F-N currents and plots
strongly depend on the enhancement factor and work
function. It was shown that the enhancement factor and
the effective area increase with increasing the work func-
tion. Since particulate contaminations and imperfections
cause the enhanced field emission in superconducting
cavities, the results presented here are useful for design-
ing of superconducting cavities, showing that cleanliness
and polishing of the surfaces are indispensable prerequi-
sites in avoiding enhanced field emission from extended
surfaces.

ACKNOWLEDGMENT

This work has been supported by the Ministry of Ed-
ucation, Science and Technological Development of the
Republic of Serbia via 0171036 and 11145006 projects.

AUTHORS' CONTRIBUTIONS

The manuscript was written by M. D. Rad-
milovi¢-Radjenovi¢, B. M. Radjenovi¢, and P. D.
Beli¢ev. Simulations were done by M. Radmi-
lovi¢-Radjenovié, B. M. Radjenovié, and P. D.
Beli¢ev. The figures were prepared by M. Rad-
milovi¢-Radjenovic.

REFERENCES

[1]  Hellborg, R., et al., Ion Beams in Nanoscience and
Technology, Springer, New York , USA, 2009

[2]  Schneider,J.R., Photon Science at Accelerator-Based
Light Sources, Rev. Accel. Sci. Tech., 3 (2010), Febru-
ary, pp. 13-37



M. D. Radmilovi¢-Radjenovié, et al.: The Effect of Enhanced Field Emission on ...
Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 341-346 345

3]

(4]

[11]

[12]

(18]

[19]

[20]

(21]

(22]

Silari, M., Applications of Particle Accelerators in
Medicine, Radiat. Prot. Dosimetry, 146 (2011), 4,
pp. 440-450

Hamm, R. W., Hamm, M. E., The Beam Business: Ac-
celerators in Industry, Physics Today, 64 (2011), June,
pp- 46-51

Radjenovié, B., et al., Study of Multipactor Effect
with Applications to Superconductive Radiofrequen-
cy Cavities, Nucl Technol Radiat, 32 (2017), 2, pp.
115-119

Artun, O., Investigation of the Production of Co-
balt-60 Via Particle Accelerators, Nucl Technol
Radiat, 32 (2017), December, pp. 327-333
Campajola, L., Di Capua, F., Applications of Accel-
erators and Radiation Sources in the Field of Space
Research and Industry, Top Curr: Chem (Cham)., 374
(2016), 6, p. 84

Strazzulla, G., Brunetto, R., Particle Accelerators as
Tools to Investigate Astrochemistry, Nuclear Physics
News, 27 (2017), March, pp. 23-27

Padamsee, H., RF Super Conductivity: Science,
Technology and Applications, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany, 2009
Posen, S., Hall, D. L., Nb3Sn Superconducting
Radiofrequency Cavities: Fabrication, Results, Prop-
erties, and Prospects, Supercond, Sci. Technol., 30
(2017), January, p. 033004

Vogt, J. M., et al., High-Q Operation of SRF Cavities:
The Potential Impact of Thermo Currents on the RF
Surface Resistance, Physical Review Special Top-
ics-Accelerators and Beams, 18 (2015),4,p. 042001
Gheng, Z., Superconducting Cavity Control and
Model Identification Based on Active Disturbance
Rejection Control, /[EEE Transactions on Nuclear
Science, 64 (2017), 3, pp. 951-958

Rybaniec, R., et al, FPGA-Based RF and
Piezocontrollers for SRF Cavities in CW Mode, /[EEE
Transactions on Nuclear Science, 64 (2017), 6, pp.
1382-1388

Holzer, B. J., Introduction to Particle Accelerators
and their Limitations, (CAS — CERN Accelerator
School: Plasma Wake Acceleration, CERN, Geneva,
Switzerland, 23-29 Nov 2014), pp. 29-50

Liarte, D. B., et al., Theoretical Estimates of Maxi-
mum Fields in Superconducting Resonant Radio Fre-
quency Cavities: Stability Theory, Disorder, and
Laminates, Supercond. Sci. Technol., 30 (2017), Janu-
ary, p. 033002

Padamsee, H., et al., RF Superconductivity for Accel-
erators, Wiley and Sons, New York, USA, 1998
Posen, S., Hall, D. L., Nb3Sn Superconducting
Radiofrequency Cavities: Fabrication, Results, Prop-
erties, and Prospects, Supercond. Sci. Technol., 30
(2017), January, p. 033004

Tan, J., et al., Radiofrequency Field-Emission Stud-
ies, I: Design of a Microwave Cavity, J. Phys. D:
Appl. Phys., 27 (1994), 12, p. 2644

Romanenko, A., Schuster, D. 1., Understanding Qual-
ity Factor Degradation in Superconducting Niobium
Cavities at Low Microwave Field Amplitudes, Phys.
Rev. Lett., 119 (2017), December, p. 264801.

***  COMSOL Multiphysics, available at https:/
www.comsol.com/.

Liu, C., A Contribution to the Computation of the Im-
pedance in Acceleration Resonators, 2016. Ph.D.
thesis available at: http://tuprints.ulb.tu-darmstadt.
de/5451/7/Dissertation.pdf.

Radmilovi¢-Radjenovi¢, M., Radjenovic, B., The In-
fluence of Ion-Enhanced Field Emission on the

(30]

[31]

[32]

High-Frequency Breakdown in Micro-Gaps, Plasma
Sources Sci. Technol., 16 (2007), 2, pp. 337-340
Guo, W. H., et al., Mode Quality Factor Based on
Far-Field Emission for Square Resonators, /EEE
Photonics Technology Letters, 16 (2004), 2, pp.
479-481

Ciovati, G., et al., Summary of Performance of Super-
conducting Radio-Frequency Cavities Built from
CBMM Niobium Ingots, AIP Conference Proceed-
ings 1687 (2015), p. 030001, https://doi.org/10.1063/
1.4935322

Klas, M., et al., The Breakdown Voltage Characteris-
tics of Compressed Ambient Air Microdischarges
from Direct Current to 10.2 MHz, Plasma Sources
Sci. Technol., 26 (2017), April, p. 055023

Mahner, E., Understanding and Suppressing Field
Emission Using dc, Particle Accelerators, 46 (1994),
April, pp. 67-82

Rohrbach, F., On Mechanisms that Lead to Very High
Voltage Electric Spark Formation in a Vacuum for
Measuring Breakdown Delay Time, (CERN 71-28,
October 1971)

Klas, M., et al., Breakdown Mechanism in Hydrogen
Microdischarges from Direct-Current to 13.56 MHz,
J. Phys. D: Appl. Phys., 48 (2015), 40, p. 405204
Forbes, R. G., Field Emission: New Theory for the
Derivation of Emission Area from a Fowler-Nordheim
Plot, Journal of Vacuum Science & Technology B,
Nanotechnology and Microelectronics: Materials,
Processing, Measurement, and Phenomena, 17 (1999),
March, pp. 526-533

Van Bladel, J. G., Singular Electromagnetic Fields
and Sources, New York: Oxford University, Oxford,
UK, 1991

Van Bladel, J. G., Electromagnetic Fields, Wiley&Sons,
New Jersey, USA, 2007

Abramowitz, M., Stegun, 1., Handbook of Mathemat-
ical Functions, Dover Publications, Mineola, N. Y.,
USA, 1965

Power, J., et al., Schottky Enabled Photoemission,
Dark Current Measurements at the S-band RF Gun
Facility at Tsinghua, (U. S. High Gradient Workshop
SLAC, 2011). Available at: http://wwwconf.slac.
stanford.edu/hg2011

Received on April 27, 2018
Accepted on August 9, 2018



M. D. Radmilovi¢-Radjenovi¢, et al.: The Effect of Enhanced Field Emission on ...
346 Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 341-346

Mapuja [I. PAIMWJIOBUh-PAGBEHOBWH, Ilerap 1. BEJIUYEB,
bpanncnas M. PABEHOBUh

YTULAJ EMUCHUIE YCIED JAKOI IIO/bA HA KAPAKTEPUCTUKE
CYIIEPIIPOBOJJHUX PAINO-®PEKBEHTHUX MYIIJbUMHA

Emmncuja yciep jakor mosba orpaHmdYaBa TpajidjeHT yop3ama y CyNepIpoOBOJHAM MIyIUbHHAMA
npeacTaBibajyhy, Tako, JOMAHAHTHE HETOCTAaTaK y HBUXOBOj Npon3Bofmu. [ToTpeda 3a pazymMeBameM U
KOHTPOJIOM €MHUCHje YCIIe]] jaKOT 1oJba TI0CcTalla je BeoMa BaskHa yrpaBo 300r MoryhHocTr Kopulithema
CTPYKTYypa BUCOKHX TPaJINjEeHTUTETA y IMHEeapHUM KoJajaepuma. C 0031MpoM Ha TO Jia je U3Tpajiiha TaKBUX
CTPYKTypa BeoMa KOMIUIMKOBAH M CKYI MPOIEC, eNMIHANN]ja HEeNOTPpeOHNX KOpaka mMa Ipuopure. Y
OBOM pajly MOpeACTaB/beHAa je aHajdW3a YTHUIaja eMHCHje YCIel jaKor MOoJba y CYIepIpPOBOIHO]
panropeKBEHTHO] MIYIUbUHU 3ajeIHO ca MpopavyyHUMa Nosba No0ujeHnM KopulitheweM ofrosapajyher
copTBepcKor makeTa 6a3upaHOr Ha METO/IM KOHAYHUX ejieMeHaTta. [looujeHn pe3yaTaT mokasyjy fia jako
ENIeKTPUYHO TOJbEe, KOje MOBOAY [0 MojadaHe eMICHje, HacTaje Ha oTBopuMa (mpucuMa). HecaBpirenoct
MOBPIIIIHE KOja JOBOMIH 10 eheKaTa jakor oJba MOJieJIOBaHa je Ha mpuMepy Konyca. [Iponemena BpeHoCT
T3B. (hakTOpa MOOOJBIIaKka KOJI KOHYCHOT OOJIMKA je OKO 4, IITO je Y 70OpOj carillacHOCTH ca mojanuma
npoHabennm y murtepatypu. [Topep Tora, mporemeHa je 3aBIUCHOCT (haKTopa ModoJbiama U e(DeKTUBHE
NOBpuwMHE Of] T3B. (pyHKIMje pajia KOja je KapaKTepuCcTUYHA 3a CBAaKU MaTepHjal.

Kmwyune peuu: cytiepiiposoOra utyiwuna, Tecaa wylimuna, emucuja ycaeo jakoz iosmsa, paxiiop
uojaqarba



