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Abstract: In 1kW-class SPT-type Hall thruster operation test conducted in 

Ø 2.0 × 3.0 m vacuum chamber at IHI, it was confirmed that the discharge current and 

thrust are linearly related to facility background pressure. The one-dimensional model is 

adopted to calculate the ingestion mass flow rate but the calculated value is much smaller 

than the experimentally estimated value. To improve this 1D model, the wall accommodation 

of xenon ion was studied. The molecular dynamics simulation to calculate the trajectory of 

reflected xenon on solid material was developed and validated by sputtering yield calculation. 

Simulation results imply that the wall accommodation model of xenon ion with 300 eV is 

different from complete diffusion and it generates directional reflection. The calculated wall 

accommodation model of xenon ion bombardment is implemented to the Direct Simulation 

Monte-Carlo (DSMC) code to calculate the background flux during Hall thruster operation.  

DSMC simulation shows that the mean flow velocity become negligible when the pumps are 

located only in downstream of the chamber. Although kinetic energy of reflected propellants 

in initial reflection takes around 4eV which is higher than thermalized energy, that particles 

experience multiple wall collision and then the kinetic energy is lost. On the other hand, 

when the pumps are located on upstream of the chamber, simulation result shows faster 

mean flow velocity. Ion wall accommodation model becomes more effective to the 

background flow velocity under the condition that the reflected propellant reaches to the 

Hall thruster without multiple wall collision.   

Nomenclature 

Aing = ingestion area where background neutrals are ingested and ionized by Hall thruster 

e = electron charge 

                                                           
1 Doctoral student, Department of Aeronautics and Astronautics, g.ito@al.t.u-tokyo.ac.jp 
2 Researcher, Technology Platform Center, ito4517@ihi-g.com 
3 Research Associate, Department of Aeronautics and Astronautics, kawashima@al.t.u-tokyo.ac.jp 
4 Professor, Department of Aeronautics and Astronautics, komurasaki@al.t.u-tokyo.ac.jp 
5 Associate Professor, Department of Advanced Energy, koizumi@al.t.u-tokyo.ac.jp 



 

 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 

September 15-20, 2019 

2 

E = potential energy 

Fing = ingestion flux 

Fth = thermal flux 

g = relative velocity 

Icorr = vacuum-corrected discharge current 

Id = discharge current of Hall thruster 

Iing = ingestion current 

k = Boltzmann constant 

m = atomic mass 

nb = number density of background particle 

P = pressure 

r = distance of atoms 

𝑆(𝑟) = switching function of pair potential 

Z = nuclear charge 

𝜖0 = electrical permittivity of a vacuum 

𝜌 = atomic electron density 

𝜎 = collision cross-section 

𝜙(𝑟) = pair potential between distance r 

i,j = atom index 

𝛼, 𝛽 = type of atom 

 

I.Introduction 

ALL thruster is a type of electric propulsion with a simple structure and a relatively wide operating range. 

In recent years, to meet the demand of various satellites, hall thrusters with several hundred W to several tens 

of kW power class have been developed1,2. The performance of hall thruster is known to depend on the pressure of a 

ground vacuum facility3,4. Particles remaining in vacuum facilities are considered as the cause of the performance 

change, and this phenomenon is called as background pressure effect. Re-ionization and acceleration of background 

neutral (this is called as ingestion) contributes to the performance change. However, simple ingestion and ionization 

of the background gases which randomly move with thermal velocity has been determined to be an inadequate 

explanation of increased thrust and discharge current. 

A measured pressure with installing the collection surface of the ionization gauge in the vacuum chamber in a 

direction to face the same beam target is 70% lower than that to face to the horizontal with rotated 90 degrees 

therefrom5. This suggests that there is a flow of background gas flowing back toward the beam target thruster. If 

approximately 70% of the total pressure of the background gas is to be dynamic, it corresponds to the flow with 

Mach 1.4. Assuming isentropic flow, the velocity of the background flow in the conditions of an average 

temperature 300 K is estimated to approximately 300 m/s. However, the detail of the background flow has not been 

studied well. In one-dimensional background flow model developed by Cai et al6, even in the simple assumption that 

the ion beam is 100% thermalized, depending on the pumping speed and the arrangement configuration of the 

pumps, background flow with 100 m/s can be generated. In order to generate flow velocities of 300 m/s, it is 

necessary to maintain approximately 1 to 2% of the ion beam velocity even if the ion beam of the Hall thruster 

operating at the discharge voltage of 300 V collides with the chamber wall several times. This implies that the 

energy of ions is not completely accommodated to the wall. However, the relationship between the wall 

accommodation model and mean background flow velocity has not been revealed yet. The lack of knowledge about 

the wall accommodation model of energetic ion makes it difficult. 

This paper presents the facility background pressure test results for the 1.0-kW-class high-specific impulse 

magnetic-layer-type Hall thruster. We applied the one-dimensional background flow model to estimate the 

background flow during the Hall thruster operation test. It is realized that without upstream pumps in chamber, 

directional background flow toward the Hall thruster is not able to be generated by one-dimensional model. In order 

to investigate the detailed background flow property, Direct Simulation Monte-Carlo (DSMC) program has been 

used in our previous study. Here the wall accommodation model is a simulation parameter and choice of the model 

affects the simulation results. To overcome this problem, we develop the realistic accommodation model by 

conducting molecular dynamic simulation. By implementing developed accommodation model to DSMC, the study 

of the relationship between wall accommodation model and background flow property was conducted.  
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II.Experiment of background pressure effect and evaluation of ingestion mass flow rate 

A. Experimental Apparatus 

IHD-1000 thruster is a 1.0-kW-class high-specific impulse magnetic-layer-type Hall thruster manufactured by 

IHI Corporation, Japan7. The thruster is operated by xenon propellant, has two boron-nitride wall rings, and employs 

magnetic-field topology trimmed by screen yoke. The target operation range of the thruster is 0.5–2 kW in power 

and 1500–3000 s in specific impulse. A commercial dispenser hollow cathode (HCN-252, Veeco) was mounted 

externally. In this experiment, thruster operation was performed with discharge voltage of 300 V and propellant flow 

rate of 20 sccm as nominal conditions. The magnetic field was set with coil currents that minimizes the discharge 

current oscillation under the condition that the external coil current and the internal coil current are kept at 1: 1. The 

operation test was conducted in Ø 2.0 × 3.0 m vacuum chamber at IHI. The chamber inside was evacuated by two 

cryopumps in which the diameter is 30 inch. The flat beam target covered by carbon sheet was installed to the 

downstream wall.  

B. Thrust stand 

The thruster was mounted on a pendulum thrust stand inside the vacuum chamber. The position of the thrust 

stand was then detected by a force sensor. Thrust calibration was conducted with using five weights and pulley 

arrangement that can apply a known force to the thrust stand under vacuum environment. The power cables were fed 

from the vacuum feedthroughs to the thruster using a “waterfall” configuration to minimize the thermal drift of the 

thrust stand readings. 

C. Facility Background Pressure Test Results and Discussion 

The Figure 1 shows the thrust and discharge current vs. chamber pressure. The linear relationship between those 

measurements and chamber pressure was observed to be similar to the other reports. In order to evaluate the 

background pressure effect on thruster performance, the ingestion flux due to facility neutral gas needed to be 

quantified. The vacuum-corrected discharge current, Icorr, was calculated by subtracting the ingestion current from 

the measured discharge current using 

 𝐼𝑐𝑜𝑟𝑟 = 𝐼𝑑 − 𝐼𝑖𝑛𝑔 . (1) 

When the neutrals are assumed to be singly ionized, the ingestion current is converted to ingestion flux by  

 𝐹𝑖𝑛𝑔 =
𝐼𝑖𝑛𝑔

𝑒𝐴𝑖𝑛𝑔
 , (2) 

where Aing is the area over which the ingestion occurs. Here, 

by using the discharge channel exit plan as Aing, the ingestion 

flux without increasing the pressure is calculated as 

1.74 × 1020 /𝑠/𝑚2. If the background flow is considered to be 

completely thermalized with room temperature T (assumed to 

be 300 K here), ingestion flux is given by thermal flux 

calculated by the kinetic approximation 

𝐹𝑡ℎ =
1

4
𝑛𝑏 (

8𝑘𝑇

𝜋𝑚
) =

𝑃

(2𝜋𝑘𝑇)1/2 ,                (3) 

where nb is the background gas number density, m is the 

background gas molecular mass and P is the background gas 

pressure. By using pressure without increasing additionally, 

the thermal flux is calculated as 3.66 × 1020 /𝑠/𝑚2. The 

ingestion flux estimated by ingestion current is 4.8 times 

greater than the thermal flux. This implies that the 

background flow has more than thermal velocity is generated 

in this experiment. 

 
Figure 1. Discharge current (left) and Thrust 

(right) of IHD-1000 with different background 

pressure. 

The background pressure was controlled by 

additional xenon flow. 
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D. One-dimensional background flow model analysis 

We applied the background flow model which has been developed by Cai and Frieman to simulate the ingestion 

mass flow rate6,8. This model is the gas-kinetic model based on following assumptions. 

Firstly, the rarefied gas is considered a free molecular flow environment. Inter-particle collisions are negligible, 

which is confirmed by the fact that the Knudsen number is of order unity, which is in the range characteristic of 

molecular flow. 

Secondly, the flow is one-dimensional, in the axis of the thruster. This assumption is consistent with previous 

studies into background neutral flows, which have yielded good agreement with more complex numerical 

simulations and empirical measurements8. 

The third assumption is thermodynamic equilibrium flow. Every quantity we compute is at a steady state. This is 

a validated assumption as the physical variables we compute are typically mean values acquired on the timescale of 

seconds or minutes, and not on the oscillation characteristics of Hall thrusters that occur at characteristic frequencies 

on the order of 20 kHz. 

When not specified, the wall temperature is set to 300 K and the cryopumps temperature set to 15 K. A sticking 

coefficient of 0.55 is assumed for the cryopumps. 

This last value was confirmed in our previous 

study9. 

The ingestion mass flow rates during the above 

experiment are calculated by this one-dimensional 

model and shown in Fig. The geometrical 

parameters of test facility at IHI given in section II-

A are used for the model calculation. The calculated 

ingestion mass flow rates for different pressure 

conditions are very close to the values calculated by 

thermal flux model given by Eq.3. This is explained 

by the pump location. Since the pump location is 

the only key element to determine the flow 

direction, it is impossible to be generated the 

background flow toward to the thruster with only 

downstream pump.  

III.Molecular dynamics simulation 

A. Simulation target and structure 

Recently increasing computational power and high-level interatomic potentials have allowed atomistic 

simulations such as sputtering to rapidly progress. Molecular Dynamics (MD) simulation is one kind of atomistic 

simulation allows us to simulate gas-solid 

interaction problems. MD simulation relies on a 

Newtonian approach of a defined number of 

atoms' positions of velocities. We use the 

LAMMPS MD simulator to perform our gas-

solid interaction simulations10. The purpose of 

this simulation is to determine the reflection 

model of xenon ion on solid material. Figure 3 

shows the simulation flow chart of LAMMPS. At 

each time step, the software LAMMPS calculates 

the new positions and velocities of each atoms 

according to interaction potentials within a given 

simulation box. All particle information can be 

output at any time step, and then the physical 

parameter such as sputtering yield can be 

calculated. The input file made by the user must 

compound every particle property, but also the 

interaction potentials and other functions 

precisely defined, such as thermostats. 

 
Figure 2. Ingestion mass flow rate of IHD-1000 experiment 

and background flow model simulation. 

 
Figure 3. LAMMPS molecular dynamics flowchart. 
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B. Simulation model  

In order to simulate the trajectory of reflected and sputtered atom, two simulation layers are created. The first 

simulation layer consists of a crystalline metal target formed from a pure element. Here, Aluminum is set to the 

simulation target because it is often used to the material for beam target installed in space chamber. The incidence 

plane to is chosen to be the highest density plane of the crystal. The (1 1 1) plane for a Face-Centered Cubic lattice. 

The metal target was made of 12 × 12 × 8 crystal 3cells, with periodic boundary conditions applied to the x-and y-

axis boundaries and free boundary conditions applied to the z-axis boundaries. 

Projectile xenon ions are set on another simulation layer made on the top of the crystal. All projectiles have the 

same kinetic energy and impact the target at a chosen incidence angle. The position and velocity of the reflected or 

impinging xenon ions are recorded. Interactions between multiple projectiles are ignored. 

Two interatomic potentials are required, one between atoms within the target and one between projectile ions 

and target atoms. The embedded atom method (EAM) potential is used for our simulation. The potential energy 

between two atoms is given by 

 𝐸𝑖
𝐸𝐴𝑀 = 𝐹𝛼(∑ 𝜌𝛽(𝑟𝑖𝑗)𝑗≠𝑖 ) +

1

2
∑ 𝜙𝛼𝛽

𝐸𝐴𝑀(𝑟𝑖𝑗)𝑗≠𝑖 . (4) 

Here, 𝜌 is the atomic electron density used to compute the embedding energy 𝐹𝛼, which represents the energy 

required to embedded an atom i of type 𝛼 into the electron cloud of an atom j of type 𝛽. The distance 𝑟𝑖𝑗  is from 

atom i to atom j and the 𝜙𝛼𝛽
𝐸𝐴𝑀 is the pair potential between atom of type 𝛼 and 𝛽. The EAM potential is widely used 

for metal systems since its embedded energy term accounts for multi-body interactions. We used an EAM file 

developed by Ackland11. 

The Ziegler–Biersak–Littmark (ZBL) universal potential is chosen for the interactions between projectile ions 

and target atoms12. This potential represents screened coulombic repulsion between atomic nuclei. The potential 

energy between two atoms i and j at a distance 𝑟𝑖𝑗  is given by 

 𝐸𝑖𝑗
𝑍𝐵𝐿 =

1

4𝜋𝜖0

𝑍𝑖𝑍𝑗𝑒2

𝑟𝑖𝑗
𝜙𝑍𝐵𝐿(𝑟𝑖𝑗/𝑎) + 𝑆(𝑟𝑖𝑗), (5) 

where e is the electron charge, Zi and Zj are the nuclear charges of the two atoms in electron charge units, and 𝜖0 is 

the electrical permittivity of a vacuum. The pair potential 𝜙𝑍𝐵𝐿(𝑥) and the parameter 𝑎 is given by the literature. 

The 𝑆(𝑟𝑖𝑗) is a switching function that ramps the potential to zero between an inner and outer cutoff distance. This 

potential is already implemented in LAMMPS, and only needs two parameters: both particles nucleus charge.  

The main simulation comprises the initialization of a crystal to a steady state in 5ps, followed by a given number 

of iterations. The first 1ps step consists of the reflection of one xenon atom on the surface, when the sputtering can 

occur. The second 1ps step is a refreshing time of the surface in order to get back to a steady state of the surface for 

the next incident atom. Without this refreshing time, it takes huge time to achieve the surface to be steady state due 

to the limited simulation crystal size. The Langevin thermostat is used and this thermostat emulates heat conduction 

into the surrounding material which are not modeled in this simulation. This thermostat is applied to the middle 

layer constructed by four lattice. The bottom layer 

constructed by two lattice is fixed to prevent the 

crystal from shifting12. The top four lattice layer is 

free. It is worth noticing that more than four lattice 

layer is needed to avoid the thermostat affecting the 

simulation result with multiple injection more than a 

thousand.  

C. Validation by sputtering yield calculation 

Sputtering yield calculation of Xenon-Aluminum 

was conducted for validation of our LAMMPS code. 

We put a xenon ion on the upper area of the lattice 

randomly with normal incident angle. Firstly, the 

steady state of the sputtering yield was confirmed 

with multiple injection of 300eV xenon. Figure 4 

shows the calculated sputtering yield versus number 

 
Figure 4. Sputtering yield vs Number of samples. 
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of samples of injected xenon. Here the sputtering yield is calculated by the ratio of sputtered atoms to injected xenon. 

The calculated sputtering yields with low samples less than 100 are dispersed and the results with larger samples 

more than 100 takes almost stable around 0.35. Note that more than 5000 samples, three of four free lattice are 

sputtered and the sputtering yield become lower than 0.35 due to the effect of thermostat. The history of the 

sputtered lattice is shown in Fig,5. As summary, the simulation reached to the steady state with more than 100 

samples.  

Figure 6 shows the simulated sputtering yield and literature results of different xenon energy. The simulated 

sputtering yield shows the good agreement with literature results from 300 eV to 800 eV. The discrepancy in low 

energy and high energy is explained by that ZBL potential is adaptable to the range of few 100 eV. For lower energy 

like less than 200 eV, combined potential of ZBL and EMA is proposed. Such combined potential is complex and 

we need to develop it as future work. Nevertheless, between 300 eV to 800 eV, our code successfully simulated the 

gas-solid surface interaction. 

D. Simulated wall accommodation property and modeling 

The reflected particle trajectory is also calculated. The polar angular distribution of reflected velocity vector is 

shown in Fig. 7. The result is compared to the Cercignani-Lampis-Lord (CLL) model15. The distribution from MD 

simulation shows closer to the central axis compared to diffusion. The calculated kinetic energy of reflected xenon is 

distributed around 4eV, as shown in Fig.8. The parameters for CLL model to satisfy both the polar angular 

distribution and kinetic energy distribution are 0.986 for both accommodation coefficient and 3000 K for reflected 

temperature. This high temperature means the kinetic energy of incident xenon ion is converted to the internal 

energy. This result is obtained only by normal incident angle but the incident angular dependency is able to be 

obtained by this simulation. 

 

 
Figure 5. The history of sputtered lattice.  

 
Figure 6. Comparison of simulated (red) and reported sputtering yield13,14 with 300eV xenon injection at 

normal incident angle. 
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IV.DSMS simulation for background flux estimation 

The DSMC method is a technique for modelling a real gas by directly simulating thousands or millions of 

molecules. The velocity and position coordinates of these molecules are stored at every time step. Then the 

calculation at each time step is divided into two procedures: an update of the particle position by the translational 

motion and an update of the molecular velocity through representative collisions chosen by Monte Carlo sampling 

and boundary interactions such as diffusion with thermal accommodation in the simulated physical space. The 

mathematical and theoretical details of the DSMC method are fully described in an earlier report16. 

The schematic of our 2D3V (two-dimensional for position and three-dimensional for velocity) simulation model 

is shown in Fig.9. Because our target chamber is Ø 2.0 × 3.0 m cylindrical vacuum chamber at IHI, cylindrical 

coordinated is used. The particle velocity is set to 2.0 × 104 m/s, the velocity of ion accelerated by 275 V which is 

the measured value during the experiment by using retarding potential analyzer. The velocity vector from point 

source is given by beam divergence angle with 40 degrees of half-divergence angle. Note that any electromagnetic 

forces are not calculated in this simulation. When the particles across the chamber wall, particles are reflected 

obeying wall accommodation model. Here, MD result approximated by CLL model is used for initial particle 

reflection. For the comparison, complete diffusion case is also calculated. For particle wall reflection after fist 

 
Figure 7. Polar angular distribution of reflected xenon velocity vector. 

 
Figure 8. Kinetic energy distribution of reflected xenon. 
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reflection, diffusion model is used based on the assumption that the background xenon particles are captured on the 

chamber surface not exposed by ion beam and the collision with these particles makes the reflection randomly. The 

particles which across pump area are deleted from the simulation regarding to pump capture coefficient. Here, 

average pump capture coefficient 0.55 is used9. Only two cryogenic pumps with 30-inch-diameter are installed in 

the chamber. In order to model this limited pump area, the ratio of pump surface area to the cylindrical surface area 

of the pump diameter region is multiplied to the pump capture coefficient. the Inter-particle collision was calculated 

by the Null-Collision method16. Cell size for the calculation of the particle collision and macro particle size are 

determined to keep more than twenty simulated particles inside the cell. Here, mesh number is 60 × 20 and the 

macro particle size is 1.0×1012. The variable soft sphere (VSS) model is used. The collision cross section is 

calculated by following equation reported by Koura17.  

 σ𝑉𝑆𝑆(𝑋𝑒, 𝑋𝑒) =
2.117×10−18

𝑔2𝜔  (6) 

 The simulation results are shown in table 1. We counted background flux toward to the beam source (assumed as 

Hall thruster) both on z-direction and r-direction. Ideally the flux on r-direction stands for the thermal flux because 

no flux source exists in this axis. If the ratio of flux –z to flux –r is larger, the background flow toward the Hall 

thruster is generated. The case 1 and two is simple comparison between the effect of wall accommodation model. In 

both case, the ratio of flux –z and flux –r is close to one. This means that the background flow can be considered to 

be thermalized flow condition. Because of multiple reflection before the particles reach to the upstream region, 

particles lose their energy and directionality observed in the first reflection. In addition, due to the downstream 

pump, background particle which is thermalized by multiple reflection is dominant around the upstream region. This 

is the reason why the mean velocities of z-direction are almost zero. In order to clarify the effect of pump location, 

the simulation with upstream pump location cases are conducted. The pump center is located 0.75 m downstream 

from the chamber upstream end (assumed to be opposite Hall thruster position).  The simulation results are listed as 

case 3 and 4 in the table 1. Even with the diffusion reflection, the mean velocity and ratio of flux slightly increase 

due to the pump location effect. However, the difference between the MD accommodation model and diffusion 

model case is still small. The reason is considered to be the limitation of pump area. In the case 5 and 6, we increase 

 
Figure 9. The schematic of 2D3V-DSMC simulation model. 

Table 1. Simulation results of 2D3D-DSMC. 

Case 
accommodation 

model 

pump 

position 

pump surface 

ratio 

mean -vx, 

m\s 

Flux -z, 

/s/m2 

Flux -r, 

/s/m2 

ratio fo 

flux z/r 

1 MD down 0.0242 0.10 2.16E+19 2.09E+19 1.03 

2 Diffusive down 0.0242 0.64 1.93E+19 1.92E+19 1.00 

3 MD up 0.0242 -1.42 2.09E+19 2.09E+19 1.00 

4 Diffusive up 0.0242 -1.98 2.05E+19 1.92E+19 1.07 

5 MD up 0.2540 -10.69 4.94E+18 3.13E+18 1.58 

6 Diffusive up 0.2540 -9.59 4.07E+18 2.91E+18 1.40 

 

 

Figure 7. The schematic of 2D3V-DSMC simulation model. 
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the pump area by considering whole cylindrical region of the area pump located are occupied by pumps. As a result, 

the ratio of flux –z to flux –r and mean flow velocity are increased and the difference between the MD 

accommodation model and diffusion model is clearly seen. This suggests that the effect of wall accommodation on 

the background flux increases in the case of Hall thruster operation at the facility with large upstream pump capacity.   

V.Conclusion 

The facility background pressure effect was observed in the experiment of the 1kW-class SPT-type Hall thruster. 

The estimated background flux 1.74 × 1020 /𝑠/𝑚2. is 4.8 times larger than the thermal flux estimated with the 

measured pressure. The calculated background flux by one-dimensional background flow model is 3.66 × 1020 /𝑠/𝑚2 

and this is similar to the thermal flux. This implies that some improvement of the model is needed to evaluate the 

background flow property. 

The wall reflection model is the key factor to reproduce the background flow experiment in particle simulation. 

The MD simulation code to calculate gas-solid surface interaction based on LAMMPS software was developed and 

validated by sputtering yield calculation. From 300eV to 800eV, this code successfully reproduced the sputtering 

yield of xenon-aluminum. The calculated polar angular distribution of reflected xenon was compared to the CLL 

wall accommodation model and it was shown that the simulated distribution is closer to the specular like reflection 

compared to diffusion. In addition, the reflected particles keep kinetic energy around 4eV. In order to implement 

obtained wall accommodation model to the DSMC simulation, the parameters for CLL model to satisfy both the 

polar angular distribution and kinetic energy distribution are estimated by approximation, and these are 0.986 for 

both accommodation coefficient and 3000 K for reflected temperature. 

The background flux was calculated by 2D3V-DSMC simulation and the wall accommodation model 

dependency was studied. When pumps are located only in downstream region, the effect of wall accommodation 

model can be negligible to the background flux due to energy loss by the multiple wall reflection. On the other hand, 

the effect of the wall accommodation model becomes larger when the pumps are located on the upstream and they 

have higher pumping capacity. In order to achieve low background flux and low mean flow velocity, downstream 

pump location is suitable. This study implies that downstream pumps with limited pumping capacity, the 

background flux becomes same value as thermal flux. In order to estimate the quantity of the performance change 

due to the background pressure effect, the study of the way how and where ingestion particles are ionized is 

necessary.  
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