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INTRODUCTION 

 

The multipactor effect can decrease the performance of Radio-Frequency (RF) systems functioning under vacuum. 

Multipactor is a resonance effect between the RF electric field and the motion of the electrons [1]. It highly depends on 

the electron emission properties of the RF component materials. Applications using these kind of components are 

telecommunication satellite [2], fusion experimental reactors with Tokamak [3] or particle accelerators [4] among 

others. Many experimental [5] and theoretical [6]–[9] works have been conducted to study this undesirable 

phenomenon. The aim of these approaches is to determine the multipactor power threshold. Above this threshold, 

multipactor can appears and damage RF systems.  

In some applications concerned by the multipactor effect, RF components are submitted to DC magnetic fields. For 

instance, in telecommunication satellite, magnetic fields of a few tenths of Tesla produced with permanent magnets are 

used in circulators and isolators. In fusion reactors, rectangular copper waveguides are located under intense magnetic 

fields of few Tesla generated by toroidal and poloidal coils. Multipactor simulations codes are used to calculate the 

threshold that would trigger the electron density growth by following the electrons under the RF wave electromagnetic 

field [7], [8]. Multipactor modeling can also take into account an external magnetic field. It induces gyratory motions of 

electrons within the simulated RF structure. Studies have been made on the effect of external magnetic field on 

multipactor discharge [10]. However, to our knowledge, there are no multipactor simulation codes which take into 

account the influence of DC magnetic field on the electron emission process.  

In this paper we will often speak about incident, primary, secondary and backscattered electrons. Here we specify the 

definitions and nomenclature. Incident electron (IE) is electron which impacts a material surface. At this impact, IE can 

penetrate the material and then transfer a part of its energy through inelastic interactions. The IE can excite inner 

material electron which could escape the material surface [11]: in this case the electron emitted is called secondary 

electron (SE). The IE can also escape the surface material due to several inelastic and elastic interactions: in this case 

the electron emitted is called backscattered electrons (BSE). Primary electron (PE) term is used to define all the 

electrons generated by an electron gun. Experimentally, an electron gun is used to provide a quasi mono-energetic 

primary electron beam. We commonly define the Total Electron Emission Yield (TEEY, σ) which is the number of the 

whole electrons emitted by the surface material divided by the number of IE.  

To study the effect of the magnetic field on the Total Electron Emission Yield (TEEY), a new experimental setup has 

been developed. The measurement of the TEEY under magnetic field is challenging since the magnetic field affects the 

trajectory of the electrons. A special attention to the design of the experimental setup and to the choice of the 

measurement methodology has been taken to circumvent the possible artefacts that are related to the high sensitivity of 

incoming and emitted electrons trajectories to the DC magnetic field. In this paper, the new developed experimental 

setup and the measurement methods are described in details. Thereafter, the validation procedure of the TEEY 

measurement methodology based on both experiments and modeling with SPIS code [12] is given. TEEY 

measurements on copper under a normal DC magnetic field are also presented. In the last section we give the works 

under investigation which continue our study of the influence of the DC magnetic field on electron emission properties.  

 



A NEWLY EXPERIMENTAL SETUP 

 

The experimental setup presented hereafter aims to measure TEEY with magnetic field. First we introduce the setup and 

its operation. Then we explain the validation procedure that has been made with the help of both measurements and 

modeling.  

 

Description 

 

 

Fig. 1. Illustrations of the experimental setup. IS is the sample current while IC is the collector current. 

 

We use an available vacuum chamber of 34 mm
3
. Working with magnetic field implies to deal with a certain amount of 

magnetic energy. To obtain the higher magnetic field amplitude as possible while using the lowest coil current, we need 

to work with the smallest coil as possible. We also need to avoid outgassing in vacuum, so the coil has been placed 

outside the vacuum vessel, as close as possible to the sample (see the two reducers on Fig. 1). A 41 mm-diameter 

copper coil has then been directly built on the reducer CF100CF40 tube. A cooling system can be added to prevent 

overheating of the coil if higher fields are required. The 10 mm-disc sample is located in a 110 mm high cylinder 

composed of eight pieces with a cylindrical collector. Both are isolated from each other and from the ground. We 

measure the sample current (IS) and the collector current (IC) independently. By connecting the sample and the collector 

together, the system becomes a Faraday cup, which is used to measure the incident current (IF). 

The sample surface was placed in the plane at the center of the solenoid in the plane perpendicular to its axis in such 

way that the field was normal to the surface and nearly uniform around the sample (we calculated magnetic field non-

uniformity well below 1% across the whole sample). The magnetic field amplitude has been measured along the coil 

axis thanks to a Gaussmeter and a hall-effect sensor longitudinal probe. A 1 A current on the coil generates an 11.3 mT 

magnetic field at the sample surface. 

The vacuum vessel can reach a pressure of 10
-8

 mbar thanks to turbomolecular pump. A 1eV-2keV ELG 2 Kimball 

Physics electron gun was used to provide a quasi mono-energetic primary electron beam. The output electron gun 

diaphragm was placed as close as possible to the sample surface to minimize the influence of the magnetic field on the 

primary electrons trajectories. The electron gun can operate in continuous or pulsed mode. In this paper, all 

measurements presented have been made in continuous mode. The sample as well as the collector can be independently 

biased to positive or negative voltage. 

 



Validation with measurements on copper samples 

 

Before studying the influence of the magnetic field on TEEY, the chosen measurement method was validated by 

measuring the TEEY on copper without DC magnetic field. First, the primary electron current (IF) was measured by 

biasing the electrical connected sample and collector at +18V (faraday cup configuration). Then the sample was 

disconnected from the collector and biased to -9V (the collector remains at +18V) and both the sample current (IS) and 

the collector current (IC) were measured. The sample was negatively biased with respect to the collector in order to 

avoid recollection of secondary or backscattered electrons [13]. This is crucial to get coherent TEEY results: the sample 

current (IS) is only due to primary electrons impacts. From IF, IS and Ic measurements the yield can be deduced thanks 

to one of the expressions (1), (2) or (3) below [14].  

𝑌𝑖𝑒𝑙𝑑 1: 𝜎 =
𝐼𝑐

𝐼𝑓

 (1) 

𝑌𝑖𝑒𝑙𝑑 2: 𝜎 =
𝐼𝑓 − 𝐼𝑠

𝐼𝑓

 (2) 

𝑌𝑖𝑒𝑙𝑑 3: 𝜎 =
𝐼𝑐

𝐼𝑐 + 𝐼𝑠

 (3) 

According to the current conservation law (IF = IS + IC), the quantities defined by the expressions (1), (2) and (3) should 

be strictly equal. Any difference reflects an error in the measurement of Ic, IF or IS [14]. Fig. 2 compares the yields 

deduced by using the three expressions. Theses TEEY were measured twice to check the result reproducibility. For both 

set of measures we see similar yields which validate the chosen measurement methodology as well as the experimental 

setup. The very good agreement observed between measurement 1 and measurement 2 confirms the good 

reproducibility of the measurements on our experimental test-bed. 

When measuring the three currents, the oscilloscope gives us respective absolute uncertainties from which we calculate 

the statistical error on the yields to be less than 1% for all measurements. The main source of experimental uncertainties 

comes from the stability of the electron gun power supply, especially from grid and focus tensions. Moreover, the 

cathode’s resistance temperature and the chamber’s pressure vary with time. The primary electrons have 0.5eV 

dispersion in energy set while the conical electron beam has an aperture angle up to 8°. Other experimental errors are 

coming from evaporation and contamination from both the electron gun and the sample. When we work with a 

magnetic field, the heat from the coil leads to outgassing from inner materials. Taking all these contributions into 

account makes the determination of the electron emission measurements uncertainty difficult. It also explains the small 

discrepancy between Measures 1 and 2 on Fig. 2. 

 

Fig. 2. TEEY measurements on laminate copper sample. Measures 1 and 2 have both three yields calculated from three 

formulas (1), (2) and (3). 



First TEEY measurements under magnetic field 

 

Thanks to the validation presented in the previous section, we can now make TEEY measurements under magnetic 

field. First we study the current conservation law (IF = IS + IC) when a magnetic field is generated. We work with 1A-

current on the coil which generates an 11.3 mT magnetic field at the sample surface. We measured the primary electron 

current (IF) in faraday cup configuration. Then the sample was disconnected from the collector and biased to -9V (the 

collector remains at +18V) and both the sample current (IS) and the collector current (IC) were measured. Fig. 3 

compares the yields deduced by using the three expressions (1), (2) and (3). We see different yield which means that the 

current conservation law is not verified with an 11.3 mT magnetic field at the sample surface.  

 

 

Fig. 3. TEEY measurements under magnetic field perpendicular to the surface laminate copper sample. Measure 4 has 

been made with an 11.3mT magnetic field at the coil center. The yields are calculated from the three formulas (1), (2) 

and (3).  

The main difficulty in measuring electron emission under a magnetic field comes from electron motions. The effect of a 

DC magnetic field is to bend the trajectories of charged particles which influences not only the motion of the primary 

electrons but also secondary and backscattered electrons. We observe during measurements a variation of the primary 

electron current (IF) in faraday cup configuration in function of the intensity of the magnetic field while all the others 

parameters stay constants (voltages of our system, electron gun parameters, oscilloscope settings). We also see 

variations of the collector current (IC) when only the magnetic field intensity varies.    

To interpret and understand our TEEY measurements under magnetic field, we have thus created a model of our system 

with SPIS software. In SPIS simulations, we can control the potentials of our system as well as the primary electron 

beam (angle and energy) and study the trajectories of the three types of electrons (primary, secondary and 

backscattered) under a homogenous magnetic field.  

 

 

Test-bed modeling with SPIS software 

 

SPIS (Spacecraft Plasma Interaction System) is a software toolkit for spacecraft-plasma interactions and spacecraft 

charging modelling [12]. It allows users to model the plasma dynamics (kinetic or fluid, electrostatic or 

electromagnetic) and its coupling with the spacecraft (equivalent circuit approach). All kinds of environments and 

systems are supported. SPIS allows us to make simulations with a uniform and a homogenous magnetic field.  

We have created a model of our system represented on Fig. 1. The goal is to determine where the primary, secondary 

and backscattered electrons are collected in function of experimental measurement configuration. Our model is made to 

get these information for the sample, the collector, the inner flanges (Reducer CF200/CF100+Reducer 

CF100/CF40+Flange CF40), the sample support, the vacuum vessel and the emission surface of the electron gun. The 

primary electrons are generated by a surface of π mm² representing the emission surface of the electron gun used in our 

experimental test-bed. SPIS simulations follow each charged particle. When an electron impacts a surface, SPIS 



calculates the response thanks to secondary electron emission models [15]. The emitted electrons (secondary and 

backscattered) are also followed by the simulation until the next impact. It is important to notice that SE and BSE can 

also generate SE and BSE from their impacts with materials; these electrons are commonly called tertiary electrons 

which can also generate SE and BSE and so on. SPIS software follows all the electrons generated and the outputs give 

the contributions of all SE and BSE. We study on which surface the primary, secondary and backscattered electrons are 

collected. We made simulations to study the influence of the magnetic field strength on the electrons trajectories. We 

also investigate the impact of potential and primary electron energy variations. The magnetic field strength has been 

varied from 0 to 1.132 T while the primary electron energy from 5 to 2000 eV. We have tested many collector 

potentials (from +9 to +2000 V) while the sample is maintained at -9 V.  

 

The applied DC magnetic field induces a primary electron beam narrowing or widening depending on the magnetic 

field strength and the primary electron energy. When the magnetic field is under 39.2mT, all primary electrons (from 0 

to 2000 eV) are collected by the sample surface. But if we increase the magnetic field strength up to 113.2 mT, primary 

electrons below than 100eV goes on both sample and collector surfaces while primary electrons of more than 250eV are 

collected by the sample surface only. At 1.132 T all primary electrons (from 5 to 2000 eV) are collected by the 

collector, no one reaches the sample. In this last configuration, we cannot measure the sample current (IS), the 

experimental setup should be modified to do so.  

The emitted electrons (secondary and backscattered) trajectories are also modified: without magnetic field, nearly all 

the emitted electrons impact the collector but with a magnetic field they escape the system and impact the wall of the 

vacuum vessel instead impacting the collector. With this SPIS simulation results we find the behavior experimentally 

observed on Fig. 3; electron escapements explain why the current conservation law is not verify when TEEY is 

measured under magnetic field. As the consequence, the expressions (1) and (3) lead to lower yields values and we get 

measurements like those represented on the Fig. 3. We cannot use these two expressions to calculate the TEEY under 

magnetic field, but the expression (2) is still useful as it is independent of the collector current. There is one necessary 

condition to use the expression (2): the measure of the sample current (IS) must be free of electron recollection 

phenomenon on the sample surface. It means that secondary and backscattered electrons should not be collected by the 

sample surface. This is verified with SPIS simulation.  

This last point is illustrated in Fig. 4 which shows the electrical potential map surrounding the sample: no potential 

barrier is seen which could make SE or BSE recollected by the sample surface. A clipping plane representing the 

surface where SE and BSE electrons are collected is also given. The sample is not collecting the SE or BSE electrons. 

 

Fig. 4. SPIS modelling of the setup. The whole system is showed on the left while the electrical potential map is 

represented in the middle. On the right, a clipping plane of the system represents the surface where SE and BSE are 

collected. 



TEEY UNDER MAGNETIC FIELD 

 

After the validation and calibration procedures, TEEY measurements under magnetic field were performed. Each 

configuration is verified with SPIS simulations. Some results are shown in Fig. 5. For the first two series (measure 1 & 

2), no magnetic field has been used while a 4.53 mT and 11.3 mT magnetic field was applied normal to the surface in 

measures 3 and 4. For all primary electron energies we observe a decrease of the TEEY when the magnetic field was 

applied. The effect of the field increases with its amplitude. These first results still need further investigations before 

drawing any final conclusion. We know, thanks to simulations on SPIS, that there no artefact due to the experimental 

setup. We also observe that 4.53 mT and 11.3 mT magnetic fields induce a primary electron beam narrowing which 

decreases the sample surface impacted. We then need to study the relation between the magnetic field intensity and the 

conditionning effect [16] as well as the Dose effect [17]. 

 

 

Fig. 5. TEEY measurements on laminate copper sample with and without magnetic field perpendicular to the surface 

sample 

 

FUTURE WORKS  

 

We are working on making new measurements and modeling with different magnetic field amplitudes as well as 

different morphology surface samples. We are investigating the correlations between surface morphology and magnetic 

field amplitude on electron emission intensity. The magnetic field bends electron’s trajectories which could make 

recollections of secondary and backscattered electrons or in contrary help them to escape from sample surface. We can 

also have conditionning and dose effects due to the magnetic field. These effects are under investigations and depend on 

the electrons energies, the magnetic field amplitude and the sample morphology surface. 

 

We are making studies which involve both experiments and SPIS modeling. First we want to measure TEEY on 

polished copper. Many ways to obtain low roughness copper sample is under investigation such as mechanical polishing 

and electro-polishing. Simulations on SPIS already show no SE and BSE recollections by the sample with and without 

magnetic field. This kind of samples will give us new information on our experimental setup as well as on 

conditionning and dose effects.  

In a second time, we study specific surface morphologies. We are working on three dimensions periodic morphology 

surfaces made with rectangular or pyramidal blocks (Fig. 6) [18], [19]. This figure shows SPIS modeling and we want 

to create some of these surfaces on real samples in order to make TEEY measurements under magnetic field.     

 



 

Fig. 6. SPIS modeling of four samples in order to the correlations between surface morphology and magnetic field 

amplitude on electron emission properties.  

First SPIS simulation results show that the plane sample has no recollection of SE and BSE for magnetic field 

amplitude of 0, 0.0001, 0.001, 0.01, 0.1 and 1 T. For the other three samples, we observe recollection of SE and BSE 

from the samples. We discern if the electrons are collected by the top surfaces of the blocks, by the lateral surfaces of 

the blocks or by the surfaces between the blocks. We determine the percentages of PE, SE and BSE collected by each of 

these surfaces as well as by the sample support surface or by the surrounding surface.  

For example if we study the Fig. 6 - sample 4 at PE energy of 250eV, we can make the Table 1. We first see a 

narrowing of the primary electron beam due to the magnetic field: the percentage of PE collected by the blocks top 

surfaces increase with the magnetic field amplitude. We also observe an increase of the SE and BSE collection by the 

blocks lateral surfaces with an increase of the magnetic field intensity. Then the vacuum vessel collected current 

decreases with the magnetic field intensity which means that the number of electrons emitted by the sample decreases 

with the magnetic field intensity. This leads to a decrease of the TEEY.  

Table 1. Percentages of collected currents from PE, Se and BSE on surfaces of the sample 4 in function of the magnetic 

field amplitude. SPIS simulations made with primary electron energy of 250eV.  

Electron type Surface definition 
Percentage of collected current on surfaces 

B = 0 T B = 0.16 T B = 1.6 T 

Primary Electrons (PE) 

Blocks top surfaces 0.4 1.5 1.4 

Blocks lateral surfaces 1.5 9.4 18.2 

Surfaces between blocks 98.1 89.1 80.4 

Sample support surfaces 0 0 0 

Vacuum vessel 0 0 0 

Secondary Electrons (SE) 

Blocks top surfaces 0 0 0 

Blocks lateral surfaces 3.5 19.7 86.9 

Surfaces between blocks 0.4 0.4 0 

Sample support surfaces 0 0 0 

Vacuum vessel  96.1 79.9 13.1 

BackScattered Electrons 

(BSE) 

Blocks top surfaces 0 0 0 

Blocks lateral surfaces 7.9 13.6 29.2 

Surfaces between blocks 1.3 7.0 1.5 

Sample support surfaces 0 0 0 

Vacuum vessel  90.8 79.4 69.3 

 

SPIS simulations are being made for each samples presented on Fig. 6 and for other samples. Results depend on the 

primary electron energy and the magnetic field amplitude.  



CONCLUSION 

 

As a step toward understanding the effect of the magnetic field on the electron emission proprieties under electron 

impact, a new experimental setup has been developed. This setup is dedicated to measure the Total Electron Emission 

Yield under a magnetic field perpendicular to the sample surface. Thanks to measurements and PIC modeling we have 

validated the measurement methodology. First results show a decrease of the TEEY when the magnetic field is applied 

but we still need further investigations before drawing any final conclusion.  

We are working on making new measurements and modeling with different magnetic field amplitudes as well as 

different morphology surface samples. We are investigating the correlations between surface morphology and magnetic 

field amplitude on electron emission properties. 
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