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Several different models for the numerical analysis of gaseous propellant and collisional 
plasma inside high Variable Specific Impulse Magnetoplasma Rocket (VASIMR) [1-4] are 
proposed. Gas and plasma flows are described using time-dependent non-linear kinetic 
equations, accounting for various collisional processes in the volume and at the material 
walls in the presence of external magnetic and self-consistent electrical fields and sheaths. 
An additional zero dimensional power and particle balance model is considered as well. The 
latter includes 13 ordinary non-linear equations with relevant boundary conditions. This 
relatively simple model is coupled to a semi-analytical hybrid mixed-collisional pipe flow 
model taken in the 1D approximation. The numerical results from all the models are 
benchmarked against current VX-10 data for hydrogen (deuterium) and helium discharges, 
as given by langmuir plasma probes and retarded probe analyzers (RPA). The numerical 
data is also used to explain some of the experimental observations. The model is applied to 
predict helicon plasma source performance in space, including next step VF-10 
configuration. Some structural modifications of the thruster are proposed. 
 

 
 Introduction 

VASIMR is a unique electrode-free electric propulsion 
system [1-4], which has a potential of achieving 
specific impulse on the order of 30Ksec with 50% 
energy efficiency. Fuel efficiency depends entirely on 
that of a plasma source. Presently VASIMR project 
considers helicon discharge plasma source [5,8] a 
primary candidate.  
A typical VASIMR thruster combines three distinct 
areas i) plasma source, ii) plasma RF-heating cell and 
iii) magnetic nozzle, as shown in the Fig.1. The most 
probable propellant is H2 to achieve maximum 
specific impulse Isp at a given mass fueling rate. There 
are several important collisional processes taking place 
in such a thruster. Firstly, there are a few inelastic 
channels to break incoming molecular gas into neutral 

atoms, ionization and excitations of neutrals, and wall 
interactions [6-7].  
 

 
Figure 1 – Gas/plasma facing 
section of VASIMR thruster 
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Next, there are a number of elastic collisions of 
potential importance: Coulomb interaction, resonance 
charge-exchange, etc [9-10]. The typical Knudsen 
number for the different elementary processes varies in 
a 0.1-10 range, which indicates that the short mean 
free path limit [6] fails, and a pure kinetic analysis is 
required [11-12]. There are a few approaches to that. 
Comparison of particle-in-cell and finite difference 
methods shows that the Fokker-Planck approach is 
computationally more efficient [22]. Particle methods 
suffer from the intrinsic statistical noise, which occurs 
because of the limited number of model particles per 
cell, and it is always 6-8 orders of magnitude larger 
than the “natural physical” noise.  Finite-difference 
methods are free of the statistical fluctuations in the 
first place, and allow studying both coarse and fine 
effects. From the mathematical point of view 
numerical particle solution is always non-converged 
(oscillations recede as an inverse square root of the 
number of trajectories), while grid methods may give a 
converged solution up to the computer accuracy ~10-
14. 
Next, finite numbers of particles per cell in the 
numerical simulation make it impossible to resolve 
accurately enough an important energetic tail of the 
electron and ion distribution functions, because the tail 
is normally exponential function of energy. Practical 
limit of the resolution (for 10-100K particles per cell) 
is 3-4 thermal velocities. Time averaging helps for 
steady-state regimes only. Thus, non-linear time-
dependent study of the transient regimes is impossible 
in principle. 
Grid method with a non-uniform mesh in the velocity 
space allows equally accurate resolution of the cold 
core and very energetic tail (100 thermal velocities) of 
the distribution function. These tails are important for 
plasma diagnostics with probes and neutral beams; 
they also determine plasma thermal conductivity. 
Lastly, in the regimes of interest, regions of sharp 
spatial gradients of plasma parameters are expected. 
The universal tool to study such fronts is provided by 
adaptive grids in space [23]. Particle methods are not 
compatible with adaptive grids. The reason is quite 
simple: as dimension of a particular cell is reducing by 
an order of magnitude, its volume is decreasing by 
three orders of magnitude. The limited number of 
model particle per initial volumetric cell becomes 
proportionally smaller, and as an immediate result the 
statistical error goes up approaching unsatisfactory 
level of about 100%. Unlike particle-in-cell methods, 

Fokker-Planck approach is compatible with the 
adaptive grids resolution of the velocity space is de-
coupled with the spatial resolution. 
While the pure kinetic approach is an ultimate goal, in 
the current work we present results from 0-D plasma 
chemistry model, which allows us to obtain crucial 
parameters of the helicon discharge: plasma and 
neutral species composition, temperatures of all 
plasma components, energy/particle fluxes out of the 
plasma source and heat fluxes onto wall. This model is 
the further development of our original model. New 
addition includes possibility of lyman-α radiation 
reflection and recapture, ad well as it artificial 
reduction to study the energy efficiency of the 
VASIMR thruster. 
This simple 0-D model uses critical information about 
propellant flow in the system of pipes as given by our 
1-D semi-analytical hybrid model, which is also 
included in the present paper.  New fully kinetic 2V2D 
BGK-type model for a rarified gas flow independently 
verifies its results in a system of connected channels. 
Information about plasma flow is taken from our fully 
kinetic Fokker-Planck model that was described in the 
previous publications [16-17.  Those results are 
compared to recent RPA data for the ion distribution 
function obtained for the VX-10 experimental setup. 
All the above numerical models are used here to 
a) understand operation of the helicon plasma source 
and ion heating sections of the VX-10 experimental 
thruster,  
b) make predictions for the future space VF-10/25 
thruster [4,5], and  
c) propose practically feasible suggestions on how to 
boost fuel and energy efficiencies of the critical 
elements of the plasma thrusters, based on the 
VASIMR  technology. 
Current status of VX-10 [5] experiment shows about 
40% fuel efficiency for hydrogen, deuterium and 
helium discharges when they operate in a high-density 
mode. It’s not clear what determines transition to this 
important mode. We use a few numerical models to 
study operational regimes of the helicon plasma 
source. 
Energy and particle balances are studied using 0-
dimentional model of gas discharge [16]. The 
following processes are accounted for hydrogenic 
discharge: molecule and molecular ion dissociation, 
neutral ion ionization and excitation, charge-exchange, 
wall conversion, formation of heavy ions, etc. Model 
predicts plasma and gas species densities and 
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temperatures to very close to that measured in the 
experiment. The model is used to assess effects of gas 
baffles, vacuum tank, gas pre-heating, altering 
dimensions of the quartz tube, etc. on the hydrogen 
and helium discharges performance. 
Finally we briefly discuss fully kinetic 1D2V and 
Fokker-Planck-Boltzmann models of the gas 
[11,18,24] and plasma flows [12, 25-26]. They account 
for spatial variation of ambipolar potential and 
external magnetic field and basic elastic and inelastic 
collisions. Kinetic simulations show that the 
distribution functions of both gas and plasma species 
differ from the Maxwellian due to external heating, 
non-local transport and trapping in the magnetic field. 
IDF is in concert with recent RPA measurements [21] 
Preliminary results indicate that specific impulse on 
the order of 3-4Ksec is achievable by the helicon 
source along, and 8-10Ksec with additional ICRF-
heating of the ions for the 3-10kW input electrical 
power. 
 
 
Kinetic model of collisional gas flow in the gas 

feed – plasma source sub-system 
Previous numerical and theoretical studies [16-17] 
have indicated that degree of gas ionization in the 
helicon source is low, on the order of 1%. This fact 
allows viewing propellant flow in the gas feeding - 
plasma source system ([19], shown in the Fig.2) as 
entirely independent of that of plasmas. 

 

Simple estimate show that gas flow in the system will 
be strictly laminar. Indeed, from the experimental 
measurements: pressure drops along the system from 
PI≈100mtorr in the gas inlet to PVC≈1mtorr in the 
vacuum chamber, and mass flow rate µ=80sccm we 
find that the characteristic Reynolds number of the 
flow 

     Re= V d / ν ≈ 20 << Rcr ≈2300   (1) 
is much smaller than the critical value [14], Rcr , 
which marks the onset of a turbulent regime. 
On another hand simple consideration shows that the 
Knudsen number [13] of the propellant flow 

Kn= 2λ/d ≈ 0.5-2    (2) 
Hence, we can view the gas flow to be a composition 
of the viscous and free molecular laminar flows (as 
shown in the Fig.3 below). 

r

z

VZ (r)

R

N

≈ dVZ/dr=0

Poiseuille Mixed Knudsen flow
 

 

Hybrid Poisseuille - Knudsen model for mixed-
collisional gas flow can be easily derived on the basis 
of two classical results. For the viscous flow one can 
apply Poisseuille result [14]  for a pipe flow: mass 
throughput in a pipe is proportional to the pressure 
gradient and to 4-th power of the pipe’s radius R: 

µP = A(T) R4(z) dP/dz    (3), 

where parameter A(T) contains viscosity, etc.  

For a similar free molecular flow one can use 
analogous result, obtained by Knudsen model [13]:  

µK = B(T) R3(z) dP/dz   (4), 
 
Now, taking into account that mass throughput is 
constant along axial direction, and that asymptotic 
expressions (3)-(4) should be valid for the limits 
Kn→0 and Kn→∞, respectively, we may find the 
following hybrid expression: 
 

µ =ıπr2ρ Vz dr = const =  (5) 
µP + (µK  - µP ) [ 1- exp {-Kn} ] = C(T,P,z) dP/dz 
 
where C(T,P,z) is a new composite function. By 
inverting Eq. (5) we obtain the following finite-
difference expression: 
 

Figure 3 – Scheme of hybrid model 

Figure 2 – Gas feed – quartz tube
of VX-10 VASIMR configuration 
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∆P= µ / c(T,P,z) ∆z    (6), 
 

which can be integrated numerically, say from the gas 
injector (P=PI) up to  the end of the quartz tube of the 
helicon source. Results for He are shown in Fig.4. 

 

 

As one can see from the bottom chart in the Fig.4 
agreement with experimental data for the pressure 
drop along the system are within 1% of accuracy for 
constant helium flow rate µ=200sccm. Note that axial 
temperature profile is a fit to the experimental 
measurements of the quartz tube temperature. We 
assume that as neutral gas has the same temperature 
profile due to energy exchange with the wall. 
Interestingly enough 80% of the pressure drop occur in 
the short (8cm) and narrow  (1.5cm in diameter), 20% 
in the quartz tube (Fig.2), and under 1% in the rest 
sections of the system (magnet bores, etc.). One can 
see that our original assumption about mixed viscous-
free molecular flow is verified a posteriori (as de-facto 
Knudsen number, Kn, is in the 0.5-5 range).  
The helium gas flow experiences transition viscous 
→molecular → viscous → molecular 3, and 
accelerates 2 times.  What is the most important for 
our immediate goal is that mean gas flow is very 
subsonic with average Mach number  <M> ≈0.03-
0.05. 

To crosscheck we benchmark hybrid model against 
experimental data for molecular hydrogen gas flow at 
µ=100sccm in the same VX-3 [16] configuration. 
Corresponding results are close to those in Fig.4. 
The major results stay the same: gas flow is very 
viscous and subsonic, gas density in the center of the 
quartz tube (where helical antenna is located) is on the 
order of N≈3-5x1014cm-3.  
 
 
Comparison of old and new quartz tubes. 
 
Recent results from the VX-10 equipped with a longer 
quartz tube show two-fold increase of the plasma 
density in the discharge [19]. We apply 1D model to 
study gas flow in the original and new tubes. Their 
geometrical parameters are as follows. Old tube is 5cm 
in diameter and 70cm long. New tube is 1m long and 
has slightly larger diameter of 5.5cm. 
Though, dimensions of the two tubes are different, 
surprisingly enough they have the same resistance to 
the hydrogen gas flow. As one can see from the Fig.5 
both pressure and density drops along the tubes 
coincide with in a few percent. Also in the experiment 
the RF-antenna position was fixed at the same position 
closer to the left side of the tube, and the input power 
stayed the same at about 3 kW.  
Thus, the only difference of the two discharges is in 
the gas density at the location of RF-energy deposition 
source. With the longer tube the neutral gas density 
gradient is shallower, energy is released to a more 
dense gas (and plasma too). Because gas density is 
higher, we can guess that the ionization may be more 
efficient, and the discharge will yield more plasma for 
the equivalent amount of energy transmitted into the 
electron species. 
 

Figure 4 – Profiles of helium gas
flow parameters for the VX-10 
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Use of conical tubes instead of cylindrical. 

If this theory correct, then we can try to find simple 
ways to keep neutral gas density higher in the quartz 
tube volume. One of the possibilities to keep gas 
density flatter as it accelerates axially – is to use a 
quartz tube of varying cross-section. Because the 
helicon RF-antenna has fixed dimensions we propose 
to use conical shape quartz tubes with average radii 
approximately equal to that of the internal RF-antenna 
radius. In this case two-way use of the new tubes 
becomes possible automatically. 
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In Fig.6 we present calculated gas density profiles for 
a set of three tubes with the same length of 1m and the 
same mean internal radius of 5.5cm. Their small-large 
radii are as follows: 6x5cm, 6.5x4.5cm and 7x4cm. 
For comparison we present data for a straight pipe 
(single linear curve in Fig.6). Each pair of curves – 
one is folded in and another out – correspond to the 
same conic-shape tube oriented in two different ways 
(gas expansion or compression). As one can see simple 
change of the tube axial orientation allows nearly 
100% variation of the gas density in the middle of the 
pipe. On another hand, when the tube’s cross-section 
is reducing along the flow direction, gas density has 
much more flat profile. In this case we may expect 
more efficient gas ionization by electron impact, and 
higher overall fuel efficiency of the VASIMR thruster. 
Note that if we’ll take into account gas loss due to 
ionization, the reduction of tube radius has to be large 
to compensate it. Shaping of the external magnetic 
field will be obviously required (magnetic choke) to 
avoid hot magnetized plasma striking the internal 
surface of the tube, causing energy loses and unwanted 
damage. 

 

Kinetic model for rarified gas flow 
 
The model considered in the previous paragraph is 
non-kinetic. Though it gives good agreement with the 
experimental data, it is semi-empirical. In other words 
it is based on many experimental data for various non-
reacting gas flows at different Knudsen numbers. It’s 
interesting to see if direct kinetic model can give 
similarly good agreement. Another interesting 
question is how much actual distribution function will 
deviate from the usually assumed equilibrated 
Maxwellian distribution. 
Let’s consider the system of channels as shown in 
Fig.7. It resembles the quarts tube and surround it 
section of the vacuum chamber (Fig.2). 
Gas is puffed at the left. At all internal surfaces as 
shown in Fig.7 gas experiences diffusive reflection 
(equivalent to a no-slipping boundary condition in gas 
dynamics). Gas is relatively dense with the Knudsen 
number for inter-atomic (molecular) collisions in the 
0.01-1 range. Typical cross-section for elastic 
collisions of neutral H(D) species is about 10-15cm2, 
while gas density varies in the 1013-1016cm-3 range. Figure 6 – Gas density in conic tubes

Figure 5 - Gas profiles in old and new tubes
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In our fully kinetic model all these processes (and 2D 
spatial transport) are described with a single 4-
dimensional kinetic equation for the time-dependent 
distribution function of gas species. 
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More details of the model were presented in our recent 
works [18, 24] 
 
In the present paper we note only that as a numerical 
method to solve equation (7) we use splitting, which 
may be presented in the form of the following 5 steps. 
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Instead of writing down finite difference 
approximations of each of this terms on the chosen 
non-uniform meshes, we first find exact analytical for 
each of the sub-steps in system (8). 
 
For instance, here are the exact solutions for steps  (8a) 
and (8c): 
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exp{  )()(

)(             ),(),( 

c
tf
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τ
∆−=∆+

∆−=∆+
     (9) 

Similar solutions could be easily obtained for the rest 
sub-steps in the system (8). These analytical solutions 
are used directly to obtain intermediate solutions. The 
overall scheme is unconditionally stable and preserves 
positiveness of the distribution function.  
By using special correction procedures for steps (8d) 
and (8e) the entire method conserves number of 
particles, momentum components, and the kinetic 
energy of the gas. 
 
 
Benchmarking of the kinetic method for gas. 
 
We present results of two tests: back step flow and 
damping of a shear wave respectively in Figs. 8 and 9. 
As can be seen from Fig.8. the ratio of the re-
attachment length to the step height is about 1.2 – is in 
agreement with the experimental data [28] for such 
low Reynolds number flows. 
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The maximum of a shear flow velocity decays 
exponentially (Fig.9), in agreement with the theory Figure 9 – Exponential decay of the maximum 

velocity of a periodical shear flow  

Figure 8 - Back step flow structure 

Figure 7 – Model geometry used in a 
rarified gas flow simulation 
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[15]. The corresponding decrement, γ, for the spatially 
isothermal and uniform gas with drifting Maxwellian 
distribution is given by the expression: 

222 /2  λπγτ ≈ , where λ is mean-free path, and l – 
wavelength of the disturbance of gas velocity. 
Numerical result (Fig.9) agrees with theory within few 
percent for long-wave harmonics. Behavior of the 
short-wave spectrum is under the investigation. 
 
Results for the rarified gas flow in the VX-10 

Gas mass flow scans. 

We have varied molecular hydrogen mass flow rate in 
the 50-200sccm range. The steady-state contours of 
the gas density are presented in Fig.10 (top) for the 
lower flow rate. The corresponding contours of the 
flow velocity are presented is Fig.10 (bottom). 
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The similar data for 200sccm-flow rate are shown in 
Figs.11. As one can see these results are in agreement 
with the 1D semi-analytical model, considered above. 
Indeed, gas accelerates to M~1 at the both boundaries. 
Also these results verify the need for gas pumping 
from the outside of the quartz tube. Otherwise, the 
discharge will occur here due to relatively high 
residual gas pressure around the helicon antenna, that 
cam cause its damage. 
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Another interesting observation is concerning the gas 
distribution function. It is measured at three different 
locations within the system (Fig.12, the same as 11-
12) for the intermediate µ=100sccm gas puff rate.  
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In Fig.15 a) and b) we present contours of the gas 
distribution function right at the symmetry plane 
inside (1/2 length) the quartz tube (a) and just outside 
it (b). The distribution function is Maxwellian inside, 
but starts to deviate from the equilibrium outside the 
pipe. It is even more non-Maxwellian at half-height of 
the system, as shown in the Fig.15c. Such strong 
deviation of the core of the gas distribution function 

Figure 10 - 50sccm H flow rate 

Figure 11 - 200sccm H flow rate

Figure 12 - Results for 100sccm flow rate
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can affect Doppler measurements of the neutral 
temperature, and may have other implications. 

Addition of gas baffle 

Baffling of the gaseous propellant in the plasma source 
is viewed to be effective for elevating fuel efficiency 
of the VASIMR thruster. Indeed, our 2D2V kinetic 
modeling shows that gas density significantly drops 
for the same upstream conditions. 

0 0.25 0.5 0.75 1 1.25x
0

0.02

0.04

0.06

0.08

0.1

y

nN
50
40
30
20
10
5
2
1
0.5
0.1

n, 1013cm-3

0 0.25 0.5 0.75 1 1.25x
0

0.02

0.04

0.06

0.08

0.1

y

0.5
0.3
0.1
0.03

vx/cs

 

 

The numerical result for a baffle, blocking 70% of the 
gas flow are shown in Fig.13. They have to be 
compared to the equivalent contours of gas density and 
velocity as shown in Fig.12 (top). As one can see, gas 
density outside the tube dropped twice. Note that the 
radial baffle is located at the very end of the quartz 
tube. (We think that conical-shaped tube works as an 
extended baffle, but may bring other benefits). 

The structure of the gas mass flow (vn) in the vicinity 
of the baffle is shown in the Fig. 14. The flow appears 
to be laminar, with no eddy formed. It accelerates to a 
sound speed at a small spot, which is localized in the 
middle of the orifice (Fig.14 (bottom)). 
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As before, kinetic simulation indicates strong 
deviation of the core of the neutral distribution 
function from the equilibrium. The distribution shown 
in Fig.15d is teken at the position marked by a cross-
mark in Fig.14. 
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Mass and energy balance model of VASIMR 
plasma  source  

Fig.13. Baffle, 100sccm rate. 

Fig.14. Gas flow structure near the baffle 

a) b)

c)

Figure 15 – Gas distribution function at 3 
locations in Fig.12: a) – inside q.tube, b) – at 
the open end of q.tube, c) –  (LX,LY/2), and 
d) – at the marked position in Fig. 14 

d)
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The helicon has proven to be a robust and efficient 
plasma source [8].  The helicon source consists of a 
dielectric (quartz) tube embraced by the helicon 
antenna, which launches electromagnetic waves in the 
plasma. Electrons are heated through possibly 
collisional or Landau damping of the waves in the 
plasma. This process is not included self-consistently 
here; it is a subject of a separate study. In this model 
we assume that a certain power, W, is transmitted to 
the electrons. The electron temperature and density in 
the source are 6eV and 2x1012 cm-3, respectively, as 
measured in the ASPL experiments [5, 19]. 

S

σ ←

⇑

⇑
H2 injection at 0.025eV

TW 0.05eV≈

VEXAUST= cS

H, H2
e, H+, H2

+

↑

RF electron heating

 

Let’s accept the following physical model of a helicon 
plasma source, as shown in Fig.16. Next, we consider 
the accepted models for the main physical processes 
taking place in the discharge. 

Electron and ion transport. The electrons are 
magnetized by a relatively strong magnetic field of 
0.1-0.6T. The electron gyroradius is about 10-2cm, ion 
gyroradius – 0.2cm, which is much smaller than 10cm-
tube’s diameter. The gyroradius becomes huge in the 
nozzle. Cross-field transport is weak because of the 
low plasma density. The plasma flux onto outer wall is 
negligible. Electrons strictly follow field lines, which 
are parallel to the cylinder axis. At one of the tube’s 
ends there is a floating potential wall. The floating 
potential value for hydrogen (deuterium) plasma is 
2.8(3) Te. Thus, the majority of the electrons are 
reflected back. There is a small residual 
particle/energy flux onto the end plate. We anticipate 
that the continuous puffing of H2 through the inlet will 
keep the plasma density low near the end plate. 
Therefore, we neglect the heat and mass flow onto the 
floating end plate.  At the open end of the quartz tube 
the plasma is leaving the system at a fraction of sound 
speed. 

Plasma exhaust velocity. The Debye length of the 
plasma in typical Helicon hydrogen discharge, λD, is 

on the order of 10-3 cm, while the tube dimension is 
on the order of 1m. Therefore, plasma in the volume is 
quasineutral and the plasma flow is ambipolar. We 
assume that the ion’s exhaust velocity is sub-sonic 
with a fraction of the ion sound speed, 
CSi=(2Te/Mi)0.5. The electron density is equal to the 
combined density of all ion species (H+, H2+, H3+ 
here). The electron exhaust velocity is such to 
automatically maintain the ambipolarity of plasma 
Ve=(nH+CSH++nH2+CSH2++nH3+CSH3+)/ 
(nH++nH2++ nH3+).  Neutral exhaust velocity is 
assumed to be sub-sonic as well with CSN≈0.03 
(2TN/MN)0.5. Because the neutral temperature is 
significantly lower than the electron temperature, ions 
exhaust the helicon source at a much higher pace than 
the cold neutrals.  

Energy exhaust and wall fluxes. Sonic neutral 
exhaust carries along energy flux: 

    )1()
2

M
2
1

(Q TVnkTCsCCkTEjE +=+= σσ   (10) 

where σ is a quartz tube cross-section, VT is thermal 
velocity, C is specific heat. Wall neutral flux requires 
separate attention. We assume that gas (and plasma) 
has Maxwellian distribution: 
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and fills the tube homogeneously. We may easily find 
the kinetic energy and particle fluxes onto wall to be: 
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and, respectively, 
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Note that this is just kinetic energy flux. Non-mono-
atomic neutrals bringing also rotational energy to the 
wall. The expression for total energy deposited is  

    )
4

5.1
)((QW

TnkTV
C

S ⋅
−

++= ασ   (14) 

where α=π-0.5. All particles that collide with wall are 
coming back with wall temperature TW≈500oC.  

Fig.16. Helicon discharge model 
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Temporal evolution of the density and temperature of 
the 6 plasma species:  {e, H2, H, H+, H2+, H3+} is 
determined by cold gas puff rate, electron heating rate, 
energy exchange with wall, mass/energy exhaust and 
various inelastic collisional processes. 
 
Inelastic collisions. We include the most important 
inelastic process caused by electron impact (electron 
mobility is highest).  The energy structure of the 
hydrogen species as adopted to enforce conservation in 
present model is presented in Fig.17. 
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Hydrogen molecule dissociation (requires 4.4eV) by 
electron impact  (rate DH2) 
 

H2  + e      H + H + e            (15) 
 

<IDH2> = <8.5,11.7,11.7 eV> ≈ 10eV. We assume the 
electron loses 10eV and each H atom carries away H2 
/2 + 1/2EDH2(=(10-4.4) = 5.6eV) 
 
Hydrogen molecule ionization by electron impact 
(rate IH2) 

H2   + e      e + H2+ + e         (16) 
 
Electron loses I IH2= 15.4 eV, secondary electron is 
created with 0eV energy, H2+ carries away all H2 
energy. 
 
Molecular hydrogen ion dissociation (takes 2.6eV)  by 
electron impact  (rate DH2+) 
 

H2+ + e   e + H++ H             (17) 
 

{From averaged vibrational states I=2.4 eV, atom and 
atomic ion carry away extra <E>=4.3eV each in 
theory}  
We assume electron loses IDH2+=11.2eV, and that 
atom and ion carry away H2 /2 + 1/2EDH2+(=8.6eV) 
apiece. 
 
Hydrogen atom ionization by electron impact  
(rate IH) 

H   + e      e + H+ + e             (18) 
 
Electron loses IIH = 13.6eV, secondary electron at 
0eV 
H+ carries H energy. 
 
Hydrogen atom excitation by electron impact  
(rate EH) 
     H   + e      e + H*(n=2)      e + H + γ       (19) 

 
Electron loses IEH = 10.2eV, energy ZEH (=10.2 eV) 
radiated as Lyman-α. 
 
Heavy ion formation  (only non-electron reaction)  
(rate FH3) 
       H2+ + H2    H3+ + H            (20) 

 
Exothermic reaction with EFH3 = 1.2eV, evenly 
divided between products. 
We add the following comment on the included 
plasma processes.  If plasma temperature is low at 
about 1eV then negative ions H- and vibrational-
rotational levels dynamics of H2(v,j), H2+(v,j) may be 
important. Other excited levels of H (n=3,4,..) may be 
important if plasma density goes up.  Among other 
elementary processes to be of importance: resonance 
charge-exchange H2-H2+ and H-H+, 3-body and 
photo recombination, Coulomb collisions, inter- and 
intra- elastic collisions between neutral particles and 
ions.  Another interesting possibility is H3+ ion 
formation, but this is non-electron reaction.  As plasma 
density is low ~1012 cm-3 and temperature is 
moderate Te~6eV, we think that 5 mentioned reactions 
will be dominating. 
 

 
Set of balance equations 

 
We are in position of deriving equations for plasma 
and gas density and temperature. Analysis shows that 

Fig.17. Energy levels of hydrogenic species 
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instead of temperature it’s better to introduce energy 
density q=CnT. In this case relative equations are 
simpler and explicitly express energy conservation 
(while density equation preserves mass). By looking 
on reaction rates [9-10] (Fig.18) and product energies, 
we can draw the following conclusions: 
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F ig.8 . R eaction rates vs T  
 
 
1) There will be a large population of Frank-Condon 
neutrals (via both dissociation reactions). These 
neutrals will be effectively transporting heat to the 
wall because they are not magnetized and because tube 
radius is much smaller than its length. Exhaust 
velocity of such hot neutrals will be significantly 
higher than that of the cold neutrals. We’d like to 
simulate hot component more accurately. Therefore, 
we split atomic neutrals into two populations – cold, 
Hc, with temperature TX1eV and hot, Hh, with T1-
3eV. 
2) Hydrogen atom excitation is more probable than 
ionization. So, a significant fraction of energy can be 
radiated as Lyman-α. Plasma is optically thin, and all 
radiated power will be absorbed by internal elements 
(antenna, etc.). Molecular ionization has slightly 
higher cross-section and also energy threshold if 
compared to atomic hydrogen. This tells that there 
might be a significant fraction of H2+ ions (and 
possibly H3+) in the discharge, depending on the H/ 
H2 ratio.  
The system of equations has to be normalized by choosing 
an appropriate set of dimensionless units (typical length is 
1m and thermal velocity of 1eV atom).  The following units 
are adopted: [n]=1013cm-3, [σk]=10-16cm2, [T]=[E]=1eV, 
[L]=1m, [m]=Mp (proton mass). We may find other units to 
be [V]=(2eVk/M)1/2, [t]=[L]/[V]≈0.7ms, [W]=[T]/[t], 
[R]=1/[n][t], etc. 
Equation for cold molecule density includes gas puff, 
molecular dissociation and excitation, particle exhaust. 
Equation for energy density contains related energy 

sinks/sources and also energy conversion at the inner 
wall. We presented only expression for ionization rate. 
The rest are obtained in a similar way. We keep 
calculated rates in a tabulated form to eliminate need 
for their re-calculation during simulation. In these 
units the final form of the equations for H2c mass and 
energy density are: 
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The equations for the rest 6 plasma components can be 
easily obtained using similar approach. In the final 
dimensionless form they read are as follows. For 
molecular ions: 

Figure 18 - H-species reaction rates 
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Equations for cold neutrals has extra particle source at 
the wall due to hot neutrals interacting with the wall: 
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Equations for hot neutral account for doubled rate of 
hot neutrals production during molecule dissociation 
and their conversion to cold neutrals at the wall. 
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Atomic ion equations account for ionization of hot and 
cold atomic hydrogen, dissociation of molecular ions 
and ion loss through the nozzle: 
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Heavy ion equations balance H3+ ion production and 
their exhaust into the nozzle: 



 13

2    ,/                  

3/        ,3/             

1    , 1                   

          

)                    

(26)           (5.0                      

 1                                 

            

33333

3
3

3

33
A

3

3
33

3
333

32222

223
3

3

3
33223

3

==

==

=⋅=

−−

+

+=

=

−=

++

+

+

HHHHH

e
H
SH

H
T

B
HHH

H
SeH

B
H

H
SHH

A
H

FHHHH

HHH
H

H

H
SHHHHH

H

CnCQT

TCTV

L
C

L

CTnCTn

EnnQn

QnF
dt

dQ
L

CnnnF
dt

dn

δδ

δδ

γ

γ

 

 
Finally, density equation for electron because of the 
quasineutrality constraint reduces to a simple form. At 
the same moment energy density equation is the most 
elaborate. It accounts for all inelastic processes 
included into plasma chemistry kinetic, electron 
heating and electron energy carried by ion sub-sonic 
flow. 
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For monatomic particles we used following values of 
specific heat coefficients: C=1.5, for diatomic species 
C=2.5, and for heavy ions C=3. 
 
Benchmarking against analytical results. For 
relaxation oscillations see ref. [20]. 

 
 

Benchmarking against VX-3 experimental data.  
 
We performed runs for the following fixed parameters 
of the helicon deuterium discharge: R=5cm, L=70cm, 
TW=0.05eV, T0=0.03eV. We have varied input power 
about W=1-2.5kW and mass of puffed gas, µ=50-
130sccm. We tried to be close to experimental data: 
Te=5-7eV, n=1-2x1012cm-3. Best agreement was 
achieved under the following assumptions [16]: 
(a) mean gas flow in the source is sub-sonic at 
M=0.03;  
(b) plasma ‘’parallel’’ flow velocity VZ=0.3Cs; 
(c) electrons absorb 40% of input power. 
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In the Fig. 20 plasma density scan versus gas flow rate 
at fixed input power is presented. Numerical model  
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Figure 19 illustrates dependence of the plasma density 
versus absorbed RF-power.  Agreement between 
simulation (solid curve) and experiment is better than 
10%. Numerical model explains why plasma density 
goes up faster than the input power. It turns out that 

Figure 19 - np vs  P 

Figure 20 - np vs  µ 



 14

electron temperature goes up, making the fraction of 
the energy that goes into gas ionization higher with 
respect to radiation (Ly-α) loses. 
As one can see, the 0-D mass-power balance model 
reproduces VX-3 experimental data quite well. The 
only difference is observed beyond certain input 
power per unit mass throughput. In the simulation we 
see that discharge either decays or oscillates. 
However, in the lab experiment this phenomenon was 
never observed. 
 
Effect of a residual gas pressure in the vacuum 
tank.  
 
We suspected that the finite gas density was 
responsible to the phenomenon just described. To 
prove it we have performed two runs with the same 
input power, but different conditions. In the first run 
no neutrals were coming into discharge from the 
vacuum tank, while in the second it was a background 
gas pressure at 1mtor. This pressure is measured in the 
experiment, at room temperature it corresponds to the 
N≈1013cm-3gas density. 
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From the Fig.21 one can see that discharge in the 
vacuum (in the space) is unstable, while background 
pressure stabilizes it (Fig.22). This effect can be 
critical for the VASIMR thruster design and operation 
in the orbit. 
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Study of the operation of the VF-10 plasma source. 
 
VF-10 has larger and more powerful plasma source. 
We in position to apply our 1-D and 0-D models to the 
hydrogen discharge with the VF-10 parameters: 
d=10cm, L=100cm, µ=1mg/sec(≈670sccm), P=10kW. 
The prediction from the hybrid gas flow model reads 
as follows [20]: 
a) required pressure drop inlet-vacuum chamber is 
~430 mtorr, ∆P~25 mtorr in the tube along; 
b) sizable ∆P~2 mtorr pressure loss in the magnet 
bore. 
c) mean Mach number of the flow <M>~0.07 (was 
0.03 for VX-1kW). 
Key plasma conditions for the VF-10 configuration 
will be discussed in the connection with proposed 
baffles later in this paper. 
 
Effect of the propellant preheating. 
 
To gain efficiency it was proposed to use gas 
preheating for the helicon source. We used VF-10 
parameters to perform analysis of hydrogen pre-
heating. Temperature of the gas in the inlet was varied 
in the 20-1000oC range, while al the rest parameters 
were kept the same. Input profiles of gas temperature 
distribution and the resulting profiles of gas density 
are shown in Fig. 23. Dependencies of the averaged 
gas density, N, required pressure in the inlet, PI, to 
drive the gas, and mean velocity of gas flow in the 
quartz tube are presented in Fig.24. One can see, that 
has preheating gives rise to gas exhaust, which 
ultimately decreases fuel utilization efficiency. It also 

Figure 21 – in space 

Figure 22 - in the lab 
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reduces gas density in the source, which in turn leads 
to the drop in plasma density. 
 

 
 
 
 

 
 
 
 
 

Explanation of the effect of pressure jump in the 
inlet. The jump was observed in the experiment as 
RF-power was switched on in the VX-1 experiment. 
Relative increase in pressure for the hydrogen is about 
30-40%. We find that at least 20% can be easily 
explained due to gas heating during discharge. As gas 
temperature goes up, gas viscosity increases.  As a 
result larger pressure drop is required to drive the 
same constant amount of gas through the system. In 
Fig.25 we present results for hydrogen flow at µ= 60 
and 80 sccm.  As one can see for the measured quartz 
tube temperature jump (∆TQT≈260oC), corresponding 
relative pressure jump in the inlet ∆P/P≈20%. This 
estimate does not take into account energetic Frank-
Condon neutrals, which may add another 10-15% to 
the pressure jump. Note that actual gas temperature 
may differ from quartz tube T. 

   
 
 
Internal baffles (along with magnetic field choke) 
have been proposed to retain propellant in the plasma 
source. The quantitative effect of baffles can be easily 
included into the system of equation (21-27) by 
reducing by a certain factor coefficients γ and δ in the 
equation for neutral species. 
In Fig. 26 a), b), and c) we present results for the VF-
10 configuration with no baffle, medium 1:3.5 and 
large 1:7 ratio. As one can see for the same lower 
input (absorbed ~1-2kW) RF-power plasma density is 
lower for the cases with baffles. Energy efficiency 
also drops with baffles. The reason is the following. 
Electron temperature drops with baffles. As a result 
ratio of radiated power to the useful (gas dissociation 
and ionization) goes up. The only benefit of the 
baffles introduction is the possibility to sustain stable 
discharge at higher input RF-power. 

Figure 23 – Evolution of T and N profiles 

Figure 24 – Gas flow parameters vs To 

Figure 25 – ∆P vs To 
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From Fig.26a-c it follows that there regimes of the 
helicon discharge operation, when propellant 

utilization efficiency exceeds 50%. However, this 
regime is close to the discharge stability limit and 
requires fine-tuning. Such regime (Fig.26a) may also 
yield ~30% efficiency of the applied power utilization. 
 
Catalytic break of H2 gives another possibility to 
alter helicon source performance.  

 
 
 
 
 
 
Direct comparison of discharges with and without 
catalytic pre-dissociation of the hydrogen molecules 
(Fig.27A and B) indicates that without molecules 
discharge loses almost 50% of its efficiency. The 
physical explanation is in the fact that radiation is the 
major energy loss. Because the electron temperature is 
about 6-7eV, rate of direct ionization of the hydrogen 
molecule can exceed rate of the molecule dissociation. 
As the result atomic hydrogen fraction reduces, 
causing reduction of the plasma radiation.  
Effect of radiation reduction and re-capture.  
 
To study these new effects the energy balance 
equations (21-27) were modified in the following 

Figure 26 – Key discharge parameters vs
input RF power, P, for 3 cases: a) – no 
baffle, b) – 1:3.5, and c) - 1:7 gas baffle 

c) 

b) 

a) 

Figure 27 – Mass scans of “fuel” (A) and 
energy (B) efficiencies for with (no H2) and 
without (H2) catalytic brake of molecules 
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ways: a) the effective cross-section of a hydrogen 
atom excitation by electron impact was gradually 
reduced, and b) the cross-section stayed, but fraction 
of the radiation was re-captured through the ionization 
channel. 
The discharge parameters scan versus radiation fraction is 
presented in the Fig. 28 for the reduction model. 
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Similar curves for the recapture model are shown in 
the Fig.29. As one can see, some 80% radiation 
reduction or just 40% radiation recapture allows to 
achieve more than 50% energy efficiency, while gas 
utilization efficiency can easily jump up to 60-70%. 

 
 

Fully kinetic model of the VASIMR thruster 
 
Much more elaborate 1D2V Fokker-Planck model for 
VASIMR thruster plasmas was discussed in the 
previous works [12, 16, 27]. Presently we are trying to 
extend it to more dimensions, by adding cross-field 
terms into the corresponding kinetic equation, and 
coupling plasma equations with the kinetic equation 
for neutral gas. 
Meanwhile, we are in position to compare 1D2V 
kinetic results for ion distribution function [16] to the 
recent RPA data [21]. 
Kinetic simulation for two-component plasma shows 
that the electron distribution function [16] is close to 
Maxwellian (has to be also compared to the gas result 
in Fig.15). However, the ion distribution (IDF, shown 
in Fig.30) is very non-equilibrated. This happens due 
to many factors, including magnetic field trapping 
effect, acceleration in the anomalous axial ambipolar 
potential, and collisions. 

 
 
 
Simulation results indicate, that such distribution function 
with significant axial drift velocity can give an extremely 
high specific impulse of about 6-8Ksec for quite moderate 
input powers ~4kW. 
Resent experimental data from the VX-10 RPA show 
that specific impulse of about 4Ksec for the 3kW input 
power. Interestingly enough, the kinetic model results 
are close to that obtained recently is the ASPL 
(Advanced Space Propulsion Laboratory, Houston) 
experiment [21] (see the measured ion distribution 
function in Fig.31). 

Figure 30 – IDF as calculated by the fully 
kinetic model 

Figure 28 – Helicon hydrogen discharge 
parameters vs fraction, R, lost due to Ly-α
radiation (electron impact excitation). 

Figure 29 – Helicon hydrogen discharge
parameters vs fraction, R, lost due to Ly-α
radiation. 1-R part is re-captured by plasma
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Conclusions 
 
Several models to study propellant flow and plasma 
conditions in the helicon source of VASIMR thrusters 
have been developed.  The models have been 
benchmarked against experimental data of the VX-10 
experimental setup. Numerical results demonstrate 
good agreement with the lab data. The models are used 
to study numerous effects in the VASIMR thrusters: 
radiation reduction and recapture, role of baffles and 
vacuum tank effect, gas pre-heating and catalytic 
dissociation, etc. We propose modification of source 
by using conical-shaped quartz tubes. 
Results from the kinetic modeling are in agreement 
with simple semi-analytical models. Kinetic 
simulations indicate that gas distribution function can 
differ from the Maxwellian. Ion distribution function 
strongly deviates from the equilibrium, and is in 
agreement with resent RPA data from the VX-10 
experiment. Latest result suggest that the VASIMR 
helicon plasma source can yield specific impulse on 
the order of 4-8Ksec, and therefore may serve as an 
effective electrical propulsion system along. 
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