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TEMPERATURE EFFECT ON THE ELECTRON
EMISSION YIELD OF BN-SIO2 UNDER
ELECTRON IRRADIATION
M. Belhaj, N. Guibert, K. Guerch, P. Sarrailh, N. Arcis

effect of the temperature on the EEY of the HET canal
material. Measurement of EEY on dielectrics is known to be
difficult because the charge trapping in the ceramics affects the
emission yield itself. In this work, a special experimental
protocol was established in order to assess the effect of
charging on the EEY measurement. Indeed, prior to the EEY
measurement the effect of the elevation of the temperature on
the charging and discharging level of the BN-SiO2 (M26) was
studied. The elevation of the temperature leads to significant
increase of charge carrier mobility. Indeed, at 250°C, the
electrical discharging kinetic becomes fast enough to
adequately measure the EEY using a pulsed electron beam
method. DEESSE facility available at the ONERA was used to
measure the EEY of BN-SiO2 at temperatures ranging from
280°c to 400°C and for incident energies comprised between
10 eV and 100 eV. It was found that the temperature affect
significantly the EEY. An overall decrease of the yield as
function of the temperature is observed. The first crossover
energy increases from its nominal value (of about 40 eV [5]) to
more than 60 eV at 400°C.

Abstract— we report measurement of electron-emission yield
under the impact of electrons on BN–SiO2. The effect of the
temperature on the yield of BN–SiO2 is investigated. It is found
that, the electron emission drop significantly when the
temperature is increased from 22°c to 400°C. The
representativeness of EEY measurements on ceramics at room
temperature and that not suffered from the specific environment
of a Hall Thruster (elevate temperature, electron and ion
bombardment) is thereafter discussed.
Keywords—component secondary electron, ceramics, Hall
Thruster Technology

I.

INTRODUCTION

Hall Effect Thrusters (HET) allows thrust generation by
acceleration of neutralized plasma in an electrostatic field. The
plasma is obtained by electron bombardment of the propellant
gas (typically Xenon) inside the thrusters’ discharge canal. The
specificity of this technology is that electron streaming to the
positively biased anode is limited by the presence of a
magnetic field normal to the accelerating electric field. This
plasma has to be physically contained and this role is played by
HET canal ceramics. A number of physical models and
observations link the limitation of the energetic efficiency of
the HET to the electron emission yield (EEY) of canal material
[1-2]. BN-SiO2 ceramics is widely used as canal material. The
EEY is defined as the ratio of emitted electron number
(backscattered (BSE) and secondary electrons (SE)) to the
incident electron number. According to HET models, the lower
the EEY of the canal material, the higher the maximum
attainable electron temperature. The knowledge of the electron
emission yield is therefore highly required. In particular, the
first crossover energy (incident electron energy for which the
EEY is one). To our knowledge, only EEY measurements at
room temperature on BN-SiO2 were reported [3-5]. However,
the temperature of canal materials under operation is about 500
°c and can reach 800°C in specific situations. Previous work on
MgO [6] reported a decrease on the EEY as function of the
temperature. This is explained by the lowering of the mean
escape of depth SEs due to the increase of phonon-electron
interaction frequency. Therefore, it is important to evaluate the

II.

EXPERIMENTAL

A. Experimental setup
The secondary electron measurements where performed
with DEESSE facility available at Onera-Toulouse. DEESSE
has been specially designed and developed to study the
electron emission from electrically conducting or insulating
materials. A description of the experimental setup is shown in
Figure 1. Cryogenic pump associated to oil-free moleculardiaphragm pumps allows the system to be maintained at
vacuum level down to 10-7 mbar. The facility is equipped with
two Kimpball physics electron guns: ELG-2 (3eV-2 keV) and
ELG-2022B (50 eV-5 keV). The sample is mounted on a
holder which the temperature can be varied from room
temperature to 500°C. A hemispherical electron-collecting
electrode (collector) faces the sample surface. The collector
and the sample holder can be biased independently to chosen
potential. Specimen and collector signals are monitored using
350 Mhz TDS5034B oscilloscope. The electron beam
incidence is set normal to the sample surface. The primary
beam current is measured prior and after the sample irradiation
using a Faraday cup connected to a Keithley 6485
electrometer. Beam pulsing is obtained by applying few µs
long positive voltage pulse to the negatively biased Whenelt
electrode.
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B. Sample
The studied sample is BN–SiO2 (Saint-Gobain, M26 grade:
60% h–BN, 40% fused silica. The sample is a disc of 20-mm
diameter and 2-mm thickness.
C. Methods
Measurement of the EEY proprieties of dielectrics is quite
difficult due to the charging effect. Indeed, under irradiation
electrons and holes can be accumulated on the dielectric. The
charge accumulation at the surface and on the interaction
volume may reduce the secondary electron emission by two
distinct ways:


Internally, by acting on the secondary electrons
transport inside the target (recombine with holes [810].



Externally, by recalling the emitted secondary
electrons and freezing the emission of the SE with the
lowest energies [8,11].

Many methods were developed to discharge the sample
between two electron pulses irradiation (UV photons, electron
beam, heating ...) [12-14]. In this work the sample heating
technics was preferred because it meets two objectives:
working at temperatures representative of the ceramics of the
HET under operation and acceleratng the discharging kinetics.
BN-SiO2 and Al2O3 (Al2O3 was placed on the same sample
holder for another study) were negatively charged with e-gun
energy of 15 keV at different temperatures (rom temperature,
150°C and 300°C). Figures 3 shows the surface potential
profiles measured along the axes of the both samples during
the charge injection. 20 profiles were measured at each given
temperature. The profile acquisition period is of 55 s. After
1110 s of electron irradiation, the surface potential of BN-SiO2
reaches -1.22 kV at room temperature (22°C) and only -0.46
keV at 150°C. At 300°C, no significant charge was observed.
Indeed, at 300°C, the charge carrier mobility was increased
enough so that the excess of injected charges under irradiation
are efficiently dissipated. This result implies that the
measurement of the electron emission yield with the help of
the conventional current method is applicable at 300°C
providing that the electrons pulses are short (few tens of µs).
The electron emission yield measurement can performed using
two methods, one is more appropriate to conductors, and the
other was specially developed for insulators. The insulator
method (KP method) is based on the measurement of a sample
surface voltage build up induced by a calibrated one short
electron pulse [14]. The conductor measurement is based on
the measurement of the emitted electron current induced by a
number of calibrated electron pulse. At room temperature
ceramics are usually considered as good insulators. Therefore,
in previous work we performed the measurements on BN-SiO2
at room temperature using the KP method [5]. As at high
temperature BN-SiO2 become more or less conductive, the
conventional collector method was used. During the
measurements, the collector is biased to +36 V with respect to
the sample surface in order to extract all emitted electrons by
the sample and also to recapture those which are emitted by the
collector itself. Only a small fraction of backscattered electrons

Fig. 1. DEESSE facility

The incident charge fluence per current pulse varies with
the primary beam energy and can be set from few fC/mm² to
few pC/mm². Low incident charge fluence per pulse is used to
minimize the charging effects. It should be noted that this
facility was recently upgraded to a new Ultra High Vacuum
(UHV) facility described in ref [7]. CEDRE facility available
also at the Onera was used in order to evaluate the charging
behaviour of the sample under electron irradiation. The
experimental setup is shown in figure 2. An electron beam
produced by a 2 keV-22 keV STAIB electron gun is focused
on 0.8 µm Al foil biased at +10 kV. The Al foil is used to
diffuse the incident electron beam, allowing the irradiation of
the entire sample surface. A combination of five Faraday cups
can be rotated in front to the Al foil in order to check the
spatial homogeneity of the diffused electron flux and to
measure the incident current density. The typical current
densities used in this work are in the 100 pA/cm² range.

Fig. 2. CEDRE Facility
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with more than 36 eV can escape. The primary beam pulse
current is measured with a Faraday cup placed at output
electron-gun diaphragm. The collector current, IC and the
faraday cup current are recorded at different he incident
electron energy. The total electron emission yield is given by:
(1)
To ensure that the fraction of non-collected emitted electrons
is negligible. The collector method was compared to sample
“current method” on a conductor sample (silver). The result is
shown in figure 4: the measured EEY by the two methods are
very close.

Fig. 4. Comparison of the EEY measured on a technical silver sample using
the sample current and the colector methods

III.

RESULTS

Prior to the EEY measurements the sample was heated under
high vacuum conditions at 470°c during several hours for
degassing purpose. The measured EEY of BN-SiO2at 300°C
and at 400°C for BN-SiO2 are compared to that measured in
previous work [5] at room temperature in figure 5. The
elevation of temperature leads to an overall decrease of the
EEY. The first crossover energy shifts from its nominal value
of 40 eV at room temperature to 68 eV at 400°C. After
measuring the EEY at 400 °C the temperature was decreased
to 300°C and the EEY at 280°C was measured again. The
results are comparable to that obtained at 300°C. In particular
the first crossover energy was found to be coherent with that
measured at 300°C. This last observation confirms that the
TEEY variation is not related to degassing or decontamination
processes but to an intrinsic physical mechanism. The
obtained results on BN-SiO2 are not really unexpected or
surprising. Indeed, many years ago Johnson and Mc Kay [6]
hade observed a similar temperature effect on MgO. The
maximum electron emission yield decreased from to 7.2 to 6.2
when the temperature is increased from room temperature to
740°C. The result was attributed to the interaction of the SEs
undergoing emission with the lattice vibration (phonons).
Indeed, the elevation of the temperature increases the electronphonons interaction frequency, resulting in the decrease of the
free mean path of the inner SE. However, it should be noticed
that in contrast to the results of J. B. Johnson and K. G. Mc
[6] where the first crossover energy seems to be independent
to the temperature, here, a significant shift on the first
crossover energy is observed.

Fig. 3. Surface potential profiles measured on Bn-SiO2 and Al2O3 undrer 15
keV electron irrdaition at room temperature, 150°C and 300°C. For each
fixed temperature 20 profiles are measured during 1100 s electron
irradion.
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Obviously the secondary emission evolves during the life of
HET. Thus, if a low secondary electron yield material is
required for optimal thruster operation as it was suggested,
selecting ceramic materials on the bases of their "as received"
EEY is probably not the best strategy. Accordingly, the
question that seems to be the most relevant is rather which
material is likely to preserve a low EEY or better, to decrease
it all lifelong of the thruster and under high temperatures.
Tuning the chemical composition of the canal material in
order to reduce its EEY at room temperature is likely to be a
wasted effort because the composition of its surface will
probably change quickly (first minutes) after the ignition of
the thruster. For a long-term electron emission reduction, the
use of canal materials with rough surfaces could be a better
approach. Indeed, at low incident electron energy (typically
that encountered in HET canal), roughness always decreases
the EEY. This is due to the fact that the solid angle for emitted
electron to escape without further interaction with the material
decreases. Accordingly, more important the roughness, lower
the EEY. The efficiency of this EEY reduction strategy is
however conditioned by maintaining a significant roughness,
despite the permanent ion bombardment of the surface during
the HET life. This is what maybe happens when composite
ceramics (eg BN-SiO2, BN-SiN4) are used. Indeed, the
dependence of the ion sputtering yield on the composition
implies that the local sputtering rate differs from grain to
grain. As a consequence, ion erosion on composite ceramics
will result on permanent rough surface at a µm to tens of µm
scale. A pronounced roughness was already observed on
composite ceramics (BN-SiO2 and BN-AlN) after low energy
xenon sputtering [16]. The differential erosion rate is expected
to be more pronounced in the case of BN-SiO2 due to the
oxygen desorption and the SiO2 decomposition under electron
irradiation [17]. As the surface roughness probably depends
on the average grain size, it would be quite interesting to study
whether the grain size affects the electron emission yield after
eroding the ceramic material.

Fig. 5. Effect of the temperature on the EEY of BN-SiO2

Fig. 6. Effect of the temperature on the first croosover energy of BN-SiO2

IV.

DISCUSSION

REFERENCES

In previous work we have shown that the EEY is sensitive
to the electron irradiation [5]. A few mC/cm² irradiation leads
to a substantial on the first crossover energy. We show here,
that the temperature also affects significantly the EEY of BNSiO2. Keeping in mind that:


The temperature of the ceramic of HET is in 500°C
range or higher in some situations.



The electron current density impacting the HET
ceramics is many orders of magnitudes higher than
that commonly used on secondary electron
experiments.

[1]
[2]
[3]
[4]
[5]



[6]
[7]

The ion (xenon) erosion and contamination
continuously modifies the surface and near surface
composition and topography [15].

[8]

4

Y. Raitses, A. Smirnov, D. stack and N. J. Fish, Phys of Plasma, vol 13,
014502, 2006.
S. Mazouffre and K. Dannenmayer, J. Appl. Phys., vol 102, 023304 ,
2007.
V. Viel-Inguimbert Proc. of the 28rd Int. Electric Propulsion Conf.
IEPC-3 Electric Rocket Propulsion Society, Worthington, p 258, 2003.
A. Dunaevsky, Y. Raitses and N. J. Fish, Phys of Plasma, vol 10, pp.
2574-2577, 2003.
T. Tondu, M.Belhaj and V. Inguimbert, J. Appl. Phys., vol 110, 093301,
2001.
J. B. Johnson and K. G. McKay, Phys. Rev., vol 91, pp. 582 –587 ,
1953.
T. Paulmier, B. Dirassen, M. Belhaj, V. Inguimbert, D. Payan and N.
Balcon, "Experimental test facilities for representative characterization
of space used materials”, presented at this conference.
Melchinger A and Hofmann S 1995 Dynamic double layer model:
Description of time dependent charging phenomena in insulators under
electron beam irradiation J. Appl. Phys. 78 6224

Spacecraft Charging Technology Conference 2014 - 202 Paper

202
[9]

[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]

Fitting H J, Schreiber E, Zvonarev S and Kortov V S 2009 Monte Carlo
simulation of low energy electron injection and scattering in insulating
layers Superlattices Microstruct. 45 356
M Belhaj et al Journal of Physics D: Applied Physics 2009 42 145306T
Deninison J R, Sim A and Thomson C D 2006 IEEE Tran.Plasma
Science 34 2204
J. Cazaux, Mechanisms of charging in electron spectroscopy. J.
Electron. Spectrosc. Rel. Phen ., vol 105, pp. 155–185, 1999.
H. J. Hopman, H. Alberda, I. Attema, H. Zeijlemaker and J. Verhoeven,
vol 131-132, J. Electr. Spectosc. Relat. Phenom., vol 131-132, pp 5160, 2003.
M. Belhaj, T. Tondu, V. Inguimbert and J. P. Chardon, J. Phys. D: Appl.
Phys., vol 42, 105309, 2009.
M. Belhaj, J-C Mateo Velez, V. Inguimbert, D. Payan and N. Balcon,
“Xe erosion effect on the electron emission yield of coverglass”,
presented at this conference.
Y. Garnier, V. Viel, J.-F. Roussel and J. Bernard., J. Vac. Sci. Technol.
A., vol 17, pp. 3246-3254, 1999.
Daisuke Fujita, Keiko Onishi, Taro Yakabe and Kazuhiro Yoshihara, J.
of Surf. Anal., vol 13 , pp. 190 – 199, 2006.

5

Spacecraft Charging Technology Conference 2014 - 202 Viewgraph

TEMPERATURE EFFECT ON THE ELECTRON
EMISSION YIELD OF BN-SIO2 UNDER ELECTRON
IRRADIATION
M. Belhaj, N. Guibert, K. Guerch, P. Sarrailh, N. Arcis
SCTC, Pasadena, California from June 23 to 27, 2014

1

Motivations
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http://htx.pppl.gov/

Experimental observation and models predictions: The lower the Electron Emission
Yield (EEY) of the canal material, the higher the maximum attainable electron
temperature.
2

Motivations
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The Knowledge of the EEY of the HET ceramics (BN, BN-SiO2, ….) is highly required,
however:
• The measurements of the EEY are always performed at room temperature
• The HET temperature exceeds 500°C.
• The elevation of the temperature affects the EEY of dielectrics materials
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Experimental
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Dielectrics

Charging effects

tedious measurements (artefacts)
Deceleration of the incident
electrons

Acceleration of the incident
electrons

Mirror reflection of some of
incident electrons

Recollection of the SE

+

Overestimation of the incident energy
Overestimation of the EEY

Underestimation of the incident energy
Underestimation of the EEY

++

--

++

• high inner electric field /SE
• e-h recombination

--

Overestimation or underestimation of the EEY
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Experimental
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Discharging methods and strategies
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•
•
•
•
•

Electron beam
UV lamp
Airing the vacuum chamber
Switching on an ion source
Await (tens of years for some dielectrics…)

•

Elevate the temperature and await few seconds or minutes. This strategy meets two
objectives: working at temperatures representative of the ceramics of the HET under
operation and accelerating the discharging kinetics.

Experimental
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Evaluation of the temperature effects on charging behavior of M26-BN-SiO2
CEDRE Facility
Kelvin probe

15 keV

e-

At 300°C no significant charging was observed
under permanent irradiation at 15 keV and 1 nA
electron irradiation
6

M26
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Experimental

Secondary electron emission facility DEESSE*
Electron guns

collector

Kelvin Probe

Cryopump

*This facility was recently updated (see poster N°142)
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-

Prior to the EEY measurements the sample was heated under high vacuum conditions at 470°C
during several hours for degassing purpose.

-

To minimize charging, the electron beam is pulsed (1 EEY measurement = few pulses) .The incident
charge fluence per current pulse (few µs) varies with the primary beam energy and can be set from
few fC/mm² to few pC/mm².

(*) T. Tondu et al J. Appl. Phys., vol 110, 093301, 2001.

RT(*)
This work
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Results

First crossover energy (EEY=1) EC1

HV (10-7 mbar)

UHV (10-10 mbar)
MgO(*)

BN-SiO2

EC1 (BN-SiO2) increases significantly with T (this was not observed for MgO)
EC1-vs-T exhibits a reversible behavior: the contamination could not explain the difference.

(*) J. B. Johnson and K. G. McKay, Phys. Rev., vol 91, pp. 582 –587 , 1953
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Xe

HET ceramics
HET environment
T > 500°C
Real-life
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HET ceramics
EEY facilities environment
T= RT
Lab Experiments

Discussion

Xe Erosion
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Surface morphology changes
Surface composition evolves
Zhang et al. Rev. Sci. Instrum.
83, 066105 (2012)

Electron irradiation: electron induced surface
modifications

Tondu et al J. Appl. Phys. 110, 093301 (2011)
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The fact: physics of electron emission: few nanometers bellow the surface and at the
surface (previous talk of R. Cimino, posters N°125, N°190, N°203 )

Practical consequences: the secondary emission evolves during the life of HET.
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•

If a low secondary electron yield material is required for optimal operation,
selecting ceramic materials on the bases of their "as received" EEY (as it is
usually done) is probably not the best strategy.

•

We need to introduce BOL, MOL and EOL parameters for EEY (as it has been
done for charging) .
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Final remark and conclusion

This discussion on the pertinence of EEY parameters extracted from
databases in the context of HET, maybe easily extrapolated for spacecraft
surface charging.

Al

Data extracted from:
A DATABASE OF ELECTRON-SOLID INTERACTIONS
Compiled by
David C Joy (djoy@utk.edu)
EM Facility, University of Tennessee, and
Oak Ridge National Laboratory
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Backup
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Discussion

•
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For a long-term electron emission reduction, the use of canal materials with
rough surfaces could be a better approach. At low incident electron energy
(typically that encountered in HET canal), roughness always decreases the EEY.

e-

SE and BSE
Vacuum
Material

The efficiency of this EEY reduction strategy is conditioned by maintaining a
significant roughness. This is what maybe happens when composite ceramics (BNSiO2) are used: The dependence of the ion sputtering yield on the composition
implies that the local sputtering rate differs from grain to grain. As a consequence,
ion erosion will result on permanent rough surface at a µm to tens of µm scale.
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