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Abstract 

 

In this thesis, theoretical studies are conducted to see whether plasma will detach from the magnetic 

field lines of the VASIMR thruster, and if so, at which location detachment takes place. A magnetic 

field similar to the field of the VASIMR VF-24 engine [1] is used and ions of different speed and mass 

are sent from various radial positions in the exhaust. Calculation with different values of the 

anomalous resistivity parameter ωτ is conducted and the sensitivity to this parameter is studied. The 

validity of the method is studied by comparing results to previous work by Carl Wesslén [2].  From 

the results it is concluded that using heavy ions sent at high speeds will achieve detachment and high 

thrust efficiency, even when assuming relatively high values of ωτ. Ejecting ions at a slower pace or 

using lighter ions will make the engine less efficient, requiring low ωτ which is difficult to achieve. For 

some combinations of mass and speed, detachment is not possible at all. Ions with heavy mass are 

recommended to use as propellant for this type of thruster. 
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Nomenclature 
Symbol Description     Dimension 

a Magnetic coil radius     [m] 
au Atomic mass unit    [u]* 
B Magnetic field     [T] 
Br Magnetic field in radial direction   [T] 
Bz Magnetic field in axial direction    [T] 
B0 Magnetic strength at coil center    [T] 
e Elementary charge    [C] 
E Electric field     [N/C] 

E⊥ Electric field perpendicular to magnetic field   [N/C] 
F Force     [N] 
FC Centripetal force    [N] 

F⊥ Force perpendicular to magnetic field   [N] 
g Gravitational acceleration    [m/s

2
] 

I Current     [A] 
Isp Specific impulse     [s] 
lB Magnetic scale length    [m] 

m Plasma mass     [kg] 
mi Ion mass     [kg] 
me Electron mass     [kg] 
mr Mass of rocket structure    [kg] 
mf Mass of propellant    [kg] 
µ First adiabatic invariant    [J/T] 
ωτ Anomalous Resistivity    [-] 
p Momentum     [kg m/s] 
q Electric charge     [C] 
r Radial position     [m] 
r0 Radial position of plasma at exhaust   [m] 
r1 Radial position at detachment point   [m] 
rg Gyration radius     [m] 
RC Radius of curvature    [m] 
τgyro Time for ion to complete one gyration   [s] 
τB Time for ion to move one magnetic scale length lB  [s] 
u Velocity, absolute value    [m/s] 
ui Ion velocity     [m/s] 

ue⊥ Electron velocity component perpendicular to magnetic field  [m/s] 
uHall Hall drift velocity    [m/s] 
ve Exhaust velocity    [m/s] 
vr Velocity in radial direction    [m/s] 
vz Velocity in axial direction    [m/s] 
WB Energy of the magnetic field    [J] 
Wk Kinetic energy of the ions    [J] 
z Axial position     [m] 
z0 Axial position of the exhaust    [m] 

z1 Axial position of the detachment   [m] 
 
* Non-SI unit 
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1.  Introduction 

1.1 General  

Conventional rockets obtain thrust by burning a propellant which is either in solid, fluid or gas form. 

The hot gas expands quickly and is led through a nozzle where it accelerates, and due to Newton’s 

third law, will propel the rocket forward. Using these types of rockets is the only way to get to space 

from Earth today. However, they are not very efficient, especially during journeys through mid-space. 

A huge amount of energy dissipates as heat and to travel through space at high speeds with a 

combustion rocket will require it to have a lot of propellant onboard, the mass of which can be many 

times the mass of the structure of the rocket itself (See section 2.1).  

Another way to travel, more efficiently, is to use electromagnetic thrusters. They generate thrust by 

accelerating plasma at high velocities. The exhaust speed of electromagnetic thrusters can be many 

times higher than in conventional rockets and this leads to a more mass efficient type of rocket, 

where a given amount of thrust can be produced using less propellant. However, due to the low 

thrust generated by existing electric propulsion thrusters, they are impractical to use close to Earth, 

where the gravitational pull is strong. 

1.2 VASIMR 

VASIMR stands for Variable Specific Impulse Magnetoplasma Rocket and is an electromagnetic rocket 

intended to be used as a propulsion system for drag compensation at space stations, satellite 

repositioning and maintenance, as well as distant, fast journeys through deep space.  

The thruster heats up a propellant, usually a gas, with electromagnetic plasma waves. The propellant 

ionizes and is then accelerated in a magnetic nozzle. The set up can be seen in Figure 1. As the name 

implies the VASIMR can vary its specific impulse, the meaning of which will be discussed later on. This 

is done by varying the amount of fuel delivered as well as the amount of energy used in the heating 

of the ions.  
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Figure 1: From Ad Astra Rocket Company [3]. Schematic of various parts of VASIMR.  A propellant is fed to the power 

source antenna where it is ionized. The resulting cold plasma is then led to the RF helicon antenna where it is energized 

and heated. It then leaves through the magnetic nozzle where it is accelerated. Further downstream the ions need to 

detach from the magnetic field in order to generate thrust. 

Because the engine is electrode-less, there will be no electrode erosion, problems that other types of 

electromagnetic rockets suffer from. Its parts are also magnetically shielded which drastically 

reduces the contact between the hot plasma and the walls, increasing the lifetime of the engine. The 

magnets together with the magnet field of Earth produce an unwanted torque [4] but by mounting 

two engines next to each other with opposite direction of the magnetic field, the torque is 

eliminated. The latest type of the VASIMR engine is at a power level of 200 kW and has a specific 

impulse of 5000 s which is one of the highest among current electric rocket thrusters [3].  

The focus in this study is on the last part of the engine, the magnetic nozzle, where the plasma needs 

to detach from the magnetic field lines in order to produce thrust. The engine has only been tested in 

a relatively small vacuum chamber on Earth [5] compared to the region in which the problem of the 

magnetic detachment can occur. The question of whether the plasma will actually detach from the 

magnetic field or not, will be fully known only when the engine is tested in space.  

2. Description of physics 

2.1 Propulsion  

Spacecraft propulsion is any type of method that an artificial satellite or spacecraft uses to accelerate 

propellant. Changing the velocity of a spacecraft will greatly depend on its mass, being more difficult 

the more mass it has. Acceleration is the rate of change of velocity and force is the rate of change of 

momentum. Momentum itself is the product of mass and velocity. To reach a desired velocity either 
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a small acceleration can be applied for a long period of time, or a large acceleration for a short period 

of time. The same goes for impulse, which is the amount of change in momentum, where the same 

impulse can be reached by either using large force briefly or a small force for a long time. The latter 

option only applies in space, as launching from a planet requires overcoming its gravitational pull, 

which can only be achieved with high enough thrust.  

The law of conservation of momentum states that for a given momentum change in one direction, 

one must change the momentum of something else in the opposite direction with the same amount, 

 1 1 1 2 2 2.p m v m v p    (1.1) 

For conventional rockets and ion thrusters, the propellant brought onboard to propel the rocket 

forward has a mass which is called reaction mass. But reaction mass is not enough for propulsion as it 

needs to be accelerated too. A particle with mass m and velocity v will have the momentum p=mv, 

and kinetic energy 

 
2

.
2

k

mv
W   (1.2) 

For conventional rockets the kinetic energy is obtained by burning the propellant, but for ion 

thrusters the reaction mass is accelerated electrically and this energy can be provided by either solar 

panels or nuclear reactors, for instance.  

Specific impulse, commonly abbreviated Isp, is a way to measure the efficiency of a propulsion system 

and is given in seconds. It tells the amount of impulse that can be obtained from a fixed amount of 

reaction mass [6]. An alternative way of writing specific impulse is by multiplying Isp with the 

gravitational acceleration g, resulting in a product with dimensions meter per second which is equal 

to the exhaust velocity ve,  

 .sp eI g v  (1.3) 

A high exhaust velocity, and therefore a high specific impulse, makes it possible for a thruster to 

achieve a given amount of impulse with less reaction mass. The energy required however is 

proportional to the exhaust velocity squared which means that, even if the rocket is more mass 

efficient, it requires more energy which makes it less energy efficient compared to an engine with 

lower exhaust velocity.  

By using Tsiolkovksy’s rocket equation [7], which states that  



  2012-09-09 

9 
Aleksander Slavic 

 ln ,
r f

e

r

m m
v v

m

 
   

 
 (1.4) 

the rockets maximum change of speed can be calculated. Here the mass of fuel is mf and the mass of 

the payload and structure is mr. For long journeys in short time, where a high change of speed Δv is 

needed, the mass ratio has to be large. For a Δv comparable to the exhaust velocity ve the fuel mass 

has to be roughly twice the mass of the structure and payload. Larger changes of speed can either be 

achieved by increasing the mass ratio, which means bringing a lot of fuel, or by having a large 

exhaust speed. Provided that energy is available externally, electric propulsion thrusters achieve high 

specific impulse by accelerating ions to great speeds. This makes them mass efficient. 

2.2 Ion detachment 
The basic principle behind electromagnetic space propulsion is the same as for conventional 

propulsion, which is to create a force by accelerating a propellant. The difference is how the 

acceleration is done. Instead of burning a propellant, it is accelerated using electric and magnetic 

fields. Even though plasma consists of both electrons and ions, the latter will stand for the bulk of the 

reaction mass. The ions can be modeled as single particles and the electromagnetic force acting is 

   ,F q E u B    (1.5) 

where q is the electric charge, E is the electric field, B is the magnetic field and u is the velocity of the 

particle.  The first term is the electrical force which gives a force parallel to the direction of the 

electric field, while the second term is the magnetic force which gives a force perpendicular to the 

direction of the magnetic field. If a particle is positively charged and positioned where only an 

electric field is present it will be accelerated in the same direction as the field. Subsequently, a 

particle will be accelerated in the opposite direction if it is negatively charged. If the particle, on the 

other hand is travelling across a magnetic field which is directed in the z-direction, and there is no 

applied electric field, the particle will gyrate in a plane perpendicular to the direction of the magnetic 

field. 

Figure 2 shows a single particle orbit of an ion in the magnetic field of the VASIMR thruster, from Ilin 

et al. [1].This is the kind of orbit one isolated ion would follow if there is no plasma, and no electric 

fields that arise due to plasma effects. Inside the engine (A in Figure 2), where the magnetic field is 

strong, the ion gyrates and its perpendicular kinetic energy W⊥ is high. This lasts just until the nozzle 

of the engine and up until this location (B in Figure 2) the ion is magnetized. About 1 m after the 

nozzle (C in Figure 2) the parallel kinetic energy W∥ has increased and stabilized and is much larger 
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than W⊥. Here the ions are regarded as unmagnetized and completely detached from the magnetic 

field, moving in an axial direction. Between B and C in Figure 2 there is a transition region where W⊥ 

turns to W∥.  Somewhere in this region the ion detaches from the magnetic field lines. 

 

Figure 2: From Ilin et al.’s work [1]. The top part of the picture shows the magnetic field setup and the ion trajectory. The 

lower part of the figure shows the energy in the axial and radial direction respectively. The transition lies between 1 and 

2 m, where radial kinetic energy turns into axial kinetic energy.  

The transition is due to the magnetic flux conservation within a gyro radius (see Chen p. 43-49 [8]). 

The nozzle of VASIMR is made up of several current carrying coils which create a magnetic field. 

While the ions travel through the various parts of the engine they will have a spiral motion, gyrating 

perpendicular to the axial direction with a gyration radius rg. If rg is much smaller than lB, the 

magnetic field length scale, then the magnetic flux conservation can be expressed as the 

conservation of the first adiabatic invariant [8], 

 
2

,
2

mv

B
   (1.6) 

which, together with 

 
g

mv
r

B


 (1.7) 

gives 
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     (1.8) 

After the last coil at the end of the nozzle (B in Figure 2), the magnetic field decreases in strength 

with the distance from the source and the gyration radius increase according to equations 1.6-1.8. 

The spiral motion of the ions turns into an axial motion. As can be seen in equation 1.8, this 

transition is continuous and there is no clear point where detachment occurs. One way to determine 

an approximate position of the transition is to look at the ion gyration time τgyro, which is the time it 

takes for an ion to move a fraction 1/2π of a gyration and compare it with the time it takes for an ion 

to move axially one magnetic field scale length, denoted as τB-field. By introducing the parameter K1, 

which is the ratio between τgyro and τB-field, the ion detachment from the magnetic field lines is 

approximated to occur when K1 is equal to 1 [2]: 

 
 

 

 1

1 2

/ /

/
( ) .,

/

i igyro ge i i

B field B i

m u eB m u dB dz
K

l u eBB dB d
r z

z

 







     (1.9) 

The magnetic scale length lB is a characteristic of the magnetic field. When K1 is larger than one, it 

takes more time for an ion to gyrate one revolution than it takes to travel axially one magnetic scale 

length. The ions are then approximated to be demagnetized and are not influenced further by the 

magnetic field. To calculate the point of ion detachment the parameter, K1 is set to 1, which with 

equation (1.9) gives 

 
 

2

( , ) /
1.

( , )

i im u dB r z dz

eB r z
  (1.10) 

The magnetic field is a function of both the radial position r and the axial position z. In order to find 

the location (r, z) that satisfies equation (1.10), a radial position is chosen arbitrarily and then the 

remaining unknown variable z is calculated. The equation (1.10) is then simplified into 

 
 1

2

1

( , ) /
1,

( , )

im u dB r z dz

eB r z
  (1.11) 

where r1 is the arbitrarily chosen radial position. Solving equation (1.11) will yield several axial 

position z1 but only the first position after the last coil is taken in consideration as the ions only 

detach once.  

For the calculation of the detachment above, the magnetic field in each point most be known. The 

magnetic field of VASIMR is made up by several coils of different radii positioned around the same 
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axis. The magnetic field used is based on the VF-24 engine with data taken from Ilin et al. [1] (see 

Figure 3). The two main coils are placed at z= 0.9 m and z= 0.675 m with a few smaller additional coils 

upstream. 

 To obtain the magnetic field in every point Biot-Savarts law must be solved. For a loop current [9],  

the off-axis components of the magnetic field in the axial and radial direction is  

 
2 2

0

1 1
( ) ( ) ,

4
zB B E k K k

QQ

 



  
  

 
 (1.12) 
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 , , ,
r z z

a a r


  


     (1.14) 

 2 2 4
(1 ) , ,Q k

Q


        (1.15) 

where K(k) and E(k) are the complete elliptic integral of 1st and 2nd order, r is the radial distance and z 

is the axial distance. The radius of the coil is a. The strength at the middle of the coil is 

 0
0 ,

2

I
B

a


  (1.16) 

 where I is the current through the coil in ampere and µ0 is the permeability constant. Using the 

superposition principle for magnetic fields, calculating with several coils is done by calculating them 

separately and then adding the resulting fields together.  
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When the radial and axial positions for detachment (r1, z1) from equation (1.11) are known, the radial 

position r0 at the last coil (z=z0) from where the ions originated can be calculated. This is done by 

following the magnetic field lines from the position of the detachment back to the axial position z0. In 

practice, the radial position r0 is more fundamental than the radial detachment position r1 for the 

description of the rockets functions. To get a desired radial position r0, the radial detachment 

position r1 is chosen through a trial-and-error procedure. 

As seen in Figure 4, when heavy ions are sent at high speeds, the two radial positions r0 and r1 will 

almost be equal. This means that detachment will occur near the last coil at approximately the same 

radial distance from the center axis. However for lighter and slower ions the radial detachment 

position r1 will be further out from the center than r0. This also means further away in the z-direction 

from the last coil. For some masses and velocities detachment will not occur at all or occur very late, 

making it useless to send ions at a certain radius for some configurations. Useful radii of which the 

ions can be sent from gives useful exhaust area, denoted as effective exhaust area.  

 

 

Figure 3: Comparison of two magnetic field configurations. The left is from work by Ilin et al. [1] and the right is this 
work. The top shows the magnetic field in the RZ-plane and the lower part shows the absolute magnetic field 
strength at the Z-axis. 
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Figure 4:  The radial position at the last coil, r0 as a function of the radial position at detachment, r1 for different masses 

and velocities.  Using the lightest ions, hydrogen (a), and the slowest velocities 5 km/s and 10 km/s as well as helium (b) 

sent at 5 km/s will result in with efficiency loss and that the whole exhaust area cannot be used. Ions sent at 5 cm radius 

for instance, for those combinations of mass and velocity will not detach or detach very late giving no or negative thrust.  

To validate the results, Ilin et al.’s work [1] was used as a benchmark to compare ion detachment 

positions. This was to make sure that the results where reasonable, as calculation methods differ. 

The magnetic field configuration is shown in Figure 3. Deuterium was sent at a speed of 100 km /s 

and ion detachment occurs at the axial position 1.3 -1.6 m for various r0 values (see Figure 5). The ion 

trajectory that is best comparable to the trajectory from Ilin et al.’s work[1] in Figure 2 detaches at z 

= 1.36 m. This is within the transition region between z = 1 m and z = 2 m expressed as B and C in 

Figure 2. From this we conclude that our approximation of the ion detachment procedure is valid. 
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Figure 5: Ion detachment points for deuterium with an exhaust speed of 100 km/s. The trajectory at the top is the one 

that closes resembles the trajectory from Ilin et al.’s work [1], and detaches at z1=1.36 m.  

In Ilin et al.’s work [1], the assumption that a perfect ion detachment occurs is made and that 

electrons follow the ions and no electric field arises. The theory is that when the kinetic energy of the 

ions is larger than the energy from the magnetic field the plasma will dislodge the magnetic field and 

essentially pull it along with the plasma, which will result in detachment. The parameter βk is 

introduced as a parameter that shows the ratio between the two energies and is given as  

 
2

2

0

2
,

2

k i i
k

B

W nm u

W B



   (1.17) 

where n is the plasma density in 1/m3 and µ0 is the magnetic constant. In this work, electron 

detachment from the magnetic field lines is taken into consideration and is approximated to occur 

before the plasma dislodges the magnetic field. Most electrons, because of their low weight, will not 

be able to detach the way ions do and will only give a minimal effective exhaust area at the center. 

This means that in order for all of the electrons to follow the ions there needs to be an electric field 

between them. This is threated in the next section. 

2.3 Electron or plasma detachment 
Up until ion detachment, both ions and electrons have followed the curved path of the magnetic field 

lines and the force acting on them is the centripetal force 

 
2

.C

C

mu
F

R
  (1.18) 
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Here RC is the radius of curvature of the magnetic field lines. The centripetal force is perpendicular to 

the magnetic field lines at the position of ion detachment. Downstream of the ion detachment point 

(z1, r1), electrons and ions begin to separate. In the absence of any E-fields, ions go in straight 

detached trajectories as shown in Figure 2, while electrons are still trapped and follow the B-field 

lines. However this is not possible as E-fields will arise due to the separation and will either make the 

electrons follow the ions or the ions follow the electrons, whichever is easiest. In a worst case 

scenario the latter will happen, where the magnetized electrons will follow the magnetic field lines 

which will create an electric field E⊥,it so that the ions will follow the electrons. This is called ion 

trapping and renders the engine useless as few particles will detach, producing little thrust and 

possibly damaging the spacecraft. The relationship between the centripetal force and the electric 

field that gives ion trapping is  

 , .C itF F eE    (1.19) 

Combining equation (1.18) and (1.19) gives the connection between the ion-trapping electric field 

and the radius of curvature RC of the magnetic field 

 
2

, .i i
it

C

m u
E

eR
   (1.20) 

The equation shows how strong the electric field E⊥,it needs to be in order for the ions to follow the 

curved path of the magnetic field and get trapped.  

We can now look at it the other way. We search an electric field E⊥, that makes the electrons and 

ions follow the same path, without being trapped in the magnetic field. This path will be between ion 

trapping and perfect ion detachment. To be able to follow the ions, the magnetized electrons will 

have to travel across the magnetic field lines. Assuming that the electrons will move across the B-

field due to anomalous resistivity, we abbreviate our electric field as E⊥,ar.  

When combining electric and magnetic fields, with directions perpendicular to each other, a so called 

E-cross-B drift will arise. If both negative and positive charged particles are magnetized they will 

travel in the same direction and will not give rise to a net current (Chen [8] p. 19-27). However after 

the ion detachment point, as the ions are unmagnetized, only electrons drift azimuthally in the 

VASIMR nozzle. Because the electric field E⊥,ar and the magnetic field generated by the VASIMR 
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engine itself are orthogonal to each other the electrons will experience a Hall drift, with the drift 

velocity defined as 

 
,

2
.

ar

Hall

E B
u

B

 
  (1.21) 

The Hall drift will lead to azimuthal currents in the plasma. Instabilities driven by these currents 

produce friction between the electrons and the ions and this friction is the momentum exchange 

represented by a collision time τ, called effective electron-ion momentum transfer time, in the 

anomalous resistivity parameter ωτ. Electron gyrofrequency ω is defined as 

 ,
e

eB

m
   (1.22) 

which is the angular frequency of an electrons circular motion in a plane that is perpendicular to the 

magnetic field. As plasmas do not diffuse the same way classical fluids do, the parameter ωτ is a way 

to measure the electron motion across a B-field in response to a given E⊥,ar, The diffusivity of plasma 

is proportional to the inverse of ωτ, which in turn means that high ωτ-plasmas diffuse slowly and 

subsequently low ωτ-plasmas diffuse quickly.  

A value of ωτ= 16 is empirically expected in plasmas with Bohm-diffusion [8], while lower values can 

be achieved in pulsed plasmas [10], where ωτ as low as 2.7 can be obtained. The theoretical limit is a 

value of 1, however low ωτ is difficult to achieve and more likely values of ωτ, in the VASIMR project, 

will range from about 9 to 27. 

The electron velocity component ue⊥ [11, 12], parallel to the electric field E⊥,ar, can be calculated as a 

function of the magnetic field B, the electric field E⊥,ar and the anomalous resistivity parameter ωτ as  

 
,

, 2 2
.

1

ar

e ar

E
u E

B




 



   


 (1.23) 

If the electrons are to follow the ions, the electron cross-B velocity component ue⊥ must be the same 

as the cross-B velocity component ui⊥ of the ions. We define β as the angle between the B-field and 

the direction of the ions. With the speed ui of the ions and the angle β, their cross-B velocity (see 

Figure 6) is given as  
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Figure 6: After the ion detachment at a), the ions will begin to cross the continuous magnetic field lines at b). Their 

perpendicular velocity component in the crossing is ui⊥. 

  sin .i iu u    (1.24) 

 

If ue⊥  is the same as ui⊥ we get 

  sin .e iu u    (1.25) 

Combining equation (1.23) and equation (1.25) above, the electric field E⊥,ar becomes 

  
2 2

,

1
sin .ar iE u B

 






  (1.26) 

If ωτ is low enough so that E⊥,ar is smaller than E⊥,it, anomalous resistivity is easier to occur than ion 

trapping and the ions and electrons will detach together, following the same trajectory. The 

acceleration of the ions from electric field E⊥,ar is 

 
,

,
ar

i

i

eE
dv dt

m


  (1.27) 

and combining it with equation (1.26) gives the rate of change of ion speed, in differential form, as 

  
2 21

sin .i

i

eBu
dv dt

m

 





  (1.28) 

From equation (1.28) the velocity change dvi is obtained. Following the motion in series of timesteps 

dt, the entire trajectory of the ions is plotted. From these trajectories the thrust and in turn, the 

thrust loss that arises due to the resulting higher angle of the plume downstream compared to the 

angle of the plume at the exhaust can be calculated (See section 5). 
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Figure 7: Overview of the physics behind plasma detachment. The last coil is the last part of the engine and the effective 

exhaust area is calculated at this point. The ions will follow the magnetic field lines and as the strength of the magnetic 

field decreases, the gyrating motion will turn into axial motion and the ions detach. After the ion detachment point, 

without the influence of the electrons, the ions would experience a perfect detachment, represented by the red curve 

and travel in a straight line. If the ions instead follow the electrons that in turn follow the magnetic field lines they are 

considered trapped and this is represented by the blue curve. The green curve is the middle way called semi-detachment, 

used in the work by Wesslén [2]. Here the ions are influenced by the electrons but not sufficiently enough to get trapped, 

resulting in a more curved trajectory than a perfect detachment. 

2.4 Comparison to previous work by Wesslén 
This work is based on the work by Wesslén [2] but has some differences. Up until ion detachment the 

works are similar. The first step is to choose a combination of ion mass m and exhaust velocity u and 

then calculate the ion detachment using equation (1.9). This gives the radial and axial position for the 

detachment and the radial position at the last coil from where the ions originated (See section 2.2). 

 However after the ion detachment point, the method to investigate the semi-detachment, which is a 

way between a perfect detachment of an ion and an ion getting trapped in the magnetic field, differ 

between works. Wesslén combines equation (1.20) and equation (1.26), which yields a second 

degree equation where the last unknown variable ωτ is solved,  
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  (1.29) 

The detachment of the ions is approximated as a perfect detachment, which means that after 

detachment the ions travel in a straight line that is a tangent to the B-field at the ion detachment 

point. For small steps along this straight trajectory, equation (1.29) is used to calculate ωτ at each 
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step and these values are then plotted for the entire trajectory. They represent the maximum value 

allowed in order for semi-detachment to occur.  This is done for many trajectories sent from 

different radii as well as for different combinations of mass and exhaust velocity. The maximum 

allowed value of ωτ for each combination is plotted in a contour map and then presented (See 

Appendix B). Doing this with all ion paths gives a map, where trajectories can be plotted by following 

a constant ωτ. These are the semi-detachment trajectories. All this is done using a model for single 

ions and this is the first part of Wesslén's work, similar to this work. In the second part a density 

model is used for when multiple ions are sent simultaneously.  

The main difference between works is that instead of calculating the ωτ after detachment, here, a 

combination of different values of ωτ are already assumed and the resulting change in the velocity 

vector is calculated in small iteration steps, giving a final trajectory.  

The maximum allowed value of ωτ in order for detachment is a matter of definition here, as many 

times even relatively high ωτ will make ions detach. Higher ωτ means that the angle of the jet plume 

will be greater, which in turns means that the efficiency, calculated by comparing the exhaust 

velocity at the last coil with the axial velocity component further downstream, will be lower. 

So the question becomes what is the maximum allowed angle of the plume? Requiring an efficiency 

of about 50-70 % will give results that are consistent with Wesslén’s results [2]. This can be seen in 

Appendix B. 

3. Description of calculation method 

To calculate the ion trajectory, first the ion mass, exhaust velocity and the anomalous resistivity 

parameter need to be specified. For the calculations, different combinations of ωτ, ion mass and 

velocity are used and the ion path is iterated one step at a time. 

First the magnetic field in every point needs to be calculated using equations (1.12-1.16). Then the 

ion detachment position is calculated using equation (1.11), where the direction and the velocity of 

the ions are known. The angle between the ion path and the magnetic field is then calculated using 

trigonometry. All these values are used in equation (1.28) where we get the new velocity vector. The 

ion takes another step, the new radial and axial positions are noted and the iteration is repeated 

until a sufficiently long ion path is obtained.  Not only is this done for different ωτ, ion mass and 

exhaust velocities but also for ions originating from different radii at the last magnetic coil in the 

nozzle. The angle of the ion is then calculated downstream and the axial component of the velocity is 

compared to the velocity at the exhaust, which gives the efficiency. 
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4 Approximations  

4.1 General assumptions and approximations  

Some general assumptions and approximations are made in this thesis in order to make the 

calculations easier to handle. As the purpose of this theoretical study is to show tendencies and not 

exact results, these approximations are deemed acceptable.  The exact masses of the ions are not 

used. Argon is a gas used as a propellant in the current VASIMR engine and is here approximated to 

have an atomic weight of 40 u. The magnetic field itself is not an exact replica and is based on Ilin et 

al.’s work [1]. However the magnetic field is considered a good approximation of the VF-24 VASIMR 

engine (See Figure 3).  

Other physical approximations made are during ion detachment. In the transition region, where the 

perpendicular kinetic energy W⊥ of the ions turns to W∥, the ions travel in a three-dimensional 

manner. Even if the path of the ions is more axial than radial after the transition region, the gyration 

does continue further downstream and the direction after detachment cannot be precisely 

predicted. The approximation made here is that the path of the ions is two-dimensional, since many 

ions are sent at once originating from the same radius in the exhaust. Taking the mean of the all 

these trajectories then results in a two-dimensional trajectory without any gyration. 

During the calculations, the mathematical program MATLAB gives inaccuracies due to round off 

errors and computer limitations. These are all negligible compared to the largest contribution to the 

errors which is the size of the timesteps dt and number of iterations. The impact of these two is 

investigated in the next chapters.  

4.2 Time dependence  

The effect of the timestep dt is investigated to ensure an accurate result. The process for calculating 

the trajectories are iterative so many calculations are made and therefore consume a lot of 

processing time. In order to get the results in a realistic computer time, the timestep used cannot be 

too small. To get the appropriate timestep, several trajectories are made using the same values but 

with different timesteps. The radial position when the particle has reached the axial position of z = 30 

m is saved and plotted into a graph. Figure 8 shows the relative error of the radial position, given in 

percent, for different timesteps compared to the very small timestep dt = 10-11 s.  
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Figure 8: Relative error in percent for different timesteps. The radial position at the axial position of 30 m for different 
timesteps is compared with the timestep dt=10

-11
 s. The different lines represent ions originating from different radii at 

the exhaust coil. 

It is concluded that using a timestep equal to or smaller than 10-8 s gives a relative error of around 

0.5 % or less which is considered acceptable. These values are taken for ions sent at a speed of 100 

km/s, with a mass of 40 u and ωτ = 18. Values with timestep larger than 10-7 s will give too much 

error in the results. 

4.3 Iteration dependence 

For the same reasons as choosing the timestep, it must be decided when it is acceptable to stop 

iterating. To be able to do this, ions are followed until they had reached 1000 m behind the engine. 

This result is used as a benchmark. The efficiency, as defined in section 2.4, is calculated along the 

trajectory and compared with the efficiency at the last iteration at the axial position of 1000 m. The 

result can be seen in Figure 9. 

The percent error is under 0.02 % after 30 m which is an acceptable number. These values where 

taken for ions where the exhaust velocity is u=100 km/s, the mass of the ions is m=40 and ωτ=18. For 

the case studies the results was measured when the ions had reached a distance of 40 m behind the 

engine. 
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Figure 9: Relative error in percent of the efficiency compared to the efficiency at z = 1000 m as a function of distance 
from the exhaust for several trajectories. The trajectories originate from different radii in the exhaust. After about 1.6 m 
the relative error has dropped under 5 %. 

5. Results 

In this chapter the results that show the effect of mass, exhaust velocity and anomalous resistivity 

parameter ωτ are first presented. To show this, the efficiency is plotted as a function of the exhaust 

radius. Afterwards two particular cases, Case A and Case B are studied. The ions in Case A and Case B 

have different mass and are sent at different exhaust speeds. The effective exhaust radius as a 

function of mass and exhaust velocity is presented, as well as the sensitivity to the parameter ωτ for 

efficiency and exhaust radius. Also for one of the cases, case B, the ability of the ions to dislodge the 

magnetic field is studied and the position where this type of detachment occurs is presented. 

 

Figure 10: Image showing typical ion trajectories, which is similar to the exhaust in a conventional rocket. The curvature 

is largest in the beginning and is straighten out after the magnetic field decreases with the distance. The ions that are 

near the z-axis will travel in a straighter path than the ions far out due to the structure of the magnetic field. 
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Figure 10 shows trajectories for Case A. The detachment appears almost immediately after the end 

of the magnetic nozzle positioned at z=1 m. The ions start to bend outwards at around z = 1-5 m with 

the outmost ions having a larger curvature. This area is called the bottleneck and is discussed further 

in section B.1. 

From equation (1.28) it is clear that the velocity change dvi will not be significant immediately after 

ion detachment as the angle β will be almost zero. But this will change as β will get larger when ions 

and electrons cross the magnetic field lines. In order for a small velocity change dvi, which in terms 

mean a straighter path after detachment, a larger ion mass is preferred as well as a low ωτ. As the 

particle moves further away from the magnetic source, the B-field will be weaker and thus the path 

will straighten out. Reducing the absolute velocity will not give a straighter trajectory as it is a 

contributing factor for the particle going forward. A high exhaust velocity gives straighter ion paths.   

5.1 Effect of ion mass 

The efficiency as a function of radial exhaust position is plotted in Figure 11 for different masses. The 

velocity used is 50 km/s which is a standard exhaust velocity for the newest VASIMR engine and the 

anomalous resistivity parameter is 16, a value that can be expected for plasmas with Bohm-diffusion. 

The exhaust radius is limited to 5 cm and ions with high masses will be able to use the whole exhaust 

area with good efficiency. If thrust loss up to 30 % is accepted, ions with masses no lighter than 20 u 

(i.e. neon) can be used. Helium’s effective exhaust radius will be about 3 cm and sending hydrogen 

gives an effective exhaust radius of about 2,5 cm. Sending deuterium throughout the whole exhaust 

area with these configurations makes the deuterium ions far out in the exhaust detach almost 

perpendicularly to the velocity vector of the spacecraft, giving no thrust what so ever.  

The angle of the plume, and effectively the amount of thrust loss can be observed in equation (1.28). 

When masses are larger the new velocity vector dvi will be smaller and the paths straighter. Using 

small ion masses like hydrogen, deuterium and helium will give large dvi, which will curve the path of 

the ions, resulting in high angles of the plume and thrust loss. 
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Figure 11: The efficiency of the thrust as function of the exhaust radius for different ion masses. Heavier ions will be 

more efficient over the whole exhaust area. Masses under 20 u will only be able to use about 2.5 to 3.5 cm of the 

exhaust radius in order to be within the acceptable thrust loss limit of 30 %. Using helium will give negative thrust from 

about 4.2 cm. This result is for ions with exhaust velocity 50 km/s and ωτ =16. 

5.2 Effect of exhaust velocity 

As with the ion masses the impact of exhaust velocities are studied. In Figure 12 the efficiency as a 

function of exhaust radius is shown for different velocities. Velocities above 30 km/s are well within 

the limit of what is accepted thrust loss. But as soon as the ions are sent out slower than 30 km/s, the 

efficiency decreases under acceptable levels.  

 

Figure 12: The efficiency of the thrust as a function of the exhaust radius for different ion exhaust velocities. Faster ions 

will be more efficient over the whole exhaust area and ions slower than 30 km/s will have thrust loss over the accepted 

limit for some radii. These results are for ions of mass 40 u and ωτ =16. 
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The reason is not immediately seen in equation (1.28) and has to be viewed together with the 

velocity vector of the ions. Higher velocities give smaller plume angle and lower thrust loss. 

5.3 Effect of anomalous resistivity parameter 

The effect of ωτ is studied by plotting the same type of graph as in chapter 5.1 and 5.2, but varying 

ωτ instead of mass and exhaust velocity. The result can be seen in Figure 13. From equation (1.28) it 

is clear that lower ωτ gives less velocity change and this can be seen in the figure. Small values of ωτ 

are difficult to obtain, so values around the Bohm-value 16 are expected.   

 

 

Figure 13: The efficiency of the thrust as a function of the exhaust radius for different values of ωτ. Lower ωτ will be 

more efficient, but for this interval all results will be able to use the exhaust area effectively except ωτ equal to 32, 

where ions ejected furthest out in the exhaust, at about 4.8 cm, will give thrust lower than the acceptable level.    

  

5.4 Case studies  

In the case study, two cases are considered. The first case, named Case A, has a configuration of mass 

40 u, which is argon, sent from the thruster at a velocity of 10 km/s. This is well within already 

conducted experiments. The assumed ωτ is equal to 16.  

The second case, Case B, has the same configuration as Ilin et al. [1], namely that deuterium, with a 

mass of 2 u, is sent with an exhaust speed of 100 km/s.  

5.4.1 Effective exhaust radius  

In order to know the effective exhaust radius, an efficiency limit, or acceptable loss of thrust is 

defined. This is set to 30 %.  The ions are sent from a maximum radius of 5 cm. Efficiency graphs as 

function of exhaust radius are conducted for various masses and exhaust velocities. The exhaust 
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radius at the efficiency limit is marked and then stored in an array. If the thrust loss at 5 cm radius is 

less than 30 %, meaning that the ions can be sent from even higher exhaust radius, they are still 

counted as being sent from 5 cm. The result is seen in Figure 14. 

 

 

Figure 14: Effective exhaust radii as function of mass and exhaust velocity with case A and B marked. This map shows the 
radius that can be used for each configuration to ensure an efficiency of 70 % or more. 

What is noticeable is that Case A is more efficient, able to use up to about 4 cm radius with less than 

30 % thrust loss. Case B can only send ions from about 3.25 cm. As stated before, as long as the ions 

are faster than 20 km/s and weigh more than 20 u they will be able to use the whole exhaust area 

effectively. For hydrogen sent out at 5 km/s, only about 1 cm out of a 5 cm radius exhaust can be 

used. 

5.4.2 Thrust loss  

In this part, studies of thrust loss are conducted for both ion detachment and electron detachment. 

They are presented in Figure 15. The thrust loss is larger for electron detachment than ion 

detachment, as is expected. It is worse with about a factor 2.5 for Case B and factor 7 for Case A.  
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Figure 15: Thrust loss for ion and electron detachment for the two cases. The graph shows the thrust loss for a perfect 
ion detachment for Case A and B, as well as an electron detachment. 

 

Figure 16: Detachment positions due to ions dislodging the magnetic field. This type of detachment is calculated to occur 
further away than ion detachment, but closer than electron detachment. 

The same power as Ilin et al.[1] is used when conducting the calculations for detachment due to ions 

dislodging the magnetic field. Here equation (1.17) is used, along with the density given in Ilin et 

al.[1]. In Figure 16 the position of the detachment occurs between ion detachment and electron 

detachment.  

5.4.3 Sensitivity 

The sensitivity of ωτ is also studied. The effective exhaust radius r0 as a function of ωτ is shown in 

Figure 17. Case A, as previously discussed can use a wider exhaust radius than Case B and in order for 

the latter to match the former, ωτ must be about 6-7 for Case B. What is clear is the two lines have 

similar slope for the same ωτ. What can also be seen is that having a higher ωτ than 16 decreases the 
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effective exhaust radius but not by much. Not compared to the gain in effective exhaust radius when 

having a lower ωτ. 

 

Figure 17: Shows r0 sensitivity to ωτ for the two cases. The graph shows that Case A has a higher effective exhaust radius 
than Case B for the same ωτ.  

The similar slope is confirmed in Figure 18 where the r0 is disregarded and only the efficiency is taken 

into consideration. Here yet again the slope of the graph is steeper for lower ωτ, but only a little and 

the curve can almost be regarded as linear in this interval. However, as already pointed out, the r0 is 

not locked, so even if the two curves correspond very well, the radial exhaust positions differs 

between the two cases, meaning they have different effective exhaust areas.  

This can be viewed in Figure 19 where again the efficiency is seen as a function of ωτ, but now 

however the r0 is locked to 3 cm exhaust radius. Case A has a much better efficiency here and is less 

sensitive to changes in ωτ compared to case B.   
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Figure 18: Efficiency sensitivity to the paramater ωτ. The r0 value is not locked for the cases meaning that efficiency is 
almost the same for the same ωτ, however the exhaust radius is different as seen in Figure 16. The curve is not linear but 
can be approximated as such in this interval. 

 

Figure 19: Efficiency sensitivity towards the parameter ωτ with a locked r0 value equal to 3 cm. The efficiency is more 
sensitive to Case B than Case A. Even if a theoretically possible value of 2 is used neither of the cases can achive higher 
efficiency than about 93 % at 3 cm radius. 
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6. Conclusion 

6.1 Discussions of results  

From the results we conclude that sending out ions with enough mass and speed will result in 

detachment and acceptable thrust. Slow and light ions can in many configurations detach too, but 

they will detach late resulting in a plume with a large angle and high thrust loss. If the ions are too 

slow or too light, using the whole exhaust area may result in that ions far out in the plume can 

detach almost perpendicular to the spacecraft velocity vector, giving no thrust at all, or detach 

backwards, giving thrust in opposite direction and decelerating the spacecraft. Some combinations of 

the key parameters mass, velocity, exhaust radius and anomalous resistivity parameter may result in 

the worst case scenario where the hot ions do not detach at all and smash into the spacecraft, 

possibly damage it.  

The propellant used in the latest engine type, argon, will have an acceptable efficiency throughout 

the whole exhaust area if sent over 30 km/s. The operating exhaust velocity for this engine is 50 km/s 

so it’s well above the acceptable efficiency. The values of ωτ in order for detachment are within the 

expected interval for Bohm-diffusion. Using 30 km/s exhaust speed for deuterium will lead to that 

only about half the exhaust radius can be used efficiently. So instead of 5 cm, a radius of only about 

2.5 cm gives acceptable thrust loss that we have defined to be 30 % or less. This means that in order 

to get efficiency out of the whole exhaust are, the lighter ions must be sent at a much greater speed. 

However, the VASIMR is meant to vary its specific impulse and ions will be sent out with various 

kinetic energy and different speeds. With slower ions the specific impulse Isp will be lower, which 

means the spacecraft will be more energy efficient, less mass efficient and also less efficient in terms 

of having a wider angle of the plume. In order to minimize efficiency loss, the exhaust area could be 

varied as well when varying speed and potentially mass. 

Higher mass and higher speed is recommended but looking at equation 1.2 the former is preferred 

[2]. Assuming equal momentum, heavier slower ions have less kinetic energy than faster lighter ions 

and thus for a given amount of power a higher thrust can be achieved.  

6.2 Recommendations  

It is recommended that the azimuthal ring current is measured at several positions in the plume. This 

is to see whether the approximation explained in (4.1) is valid. The approximation in brief is that 

when ion detachment occurs, the trajectory of the ion is described as the mean of several ion 

trajectories originating at the exact same point in the exhaust. In reality the ion will gyrate and 
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detach in a spiral motion, giving a three dimensional trajectory. However, the mean of several ion 

trajectories will result in a two dimensional trajectory, and this approximation is used here.  

Also, the parallel electrical field should be measured. The theory is that electrons and ions detach as 

a pair, which gives zero parallel electric field. However the more likely scenario is that the electrons 

will follow the magnetic field lines to a point where it is weaker and then follow the ions from there, 

not detaching as a pair. Measuring the parallel electrical field would give answer to this question. 
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Appendix A – Data 
Data showing effective exhaust radius with acceptable thrust loss varying from 10 %, 30 % and 50 % 

for different ion mass, exhaust velocity and anomalous resistivity parameter. 

A.1 Efficiency 70%  
Effective exhaust radius r0 as function of mass and velocity for efficiencies above or equal to 70%: 
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A.2 Efficiency 90% 
Effective exhaust radius r0 as function of mass and velocity for efficiencies above or equal to 90%: 
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A.3 Efficiency 50% 
Effective exhaust radius r0 as function of mass and velocity for efficiencies above or equal to 50%: 
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Appendix B - Comparison to Carl Wesslén's work 

B.1 Bottleneck 

Figure 20 shows a way of observing where the bottleneck might be. As this calculation process differs 

from the work of Wesslén [2], finding the bottleneck must be conducted in another way. One 

method instead is to see where the curvature of the trajectories is highest. This is where the plasma 

will be most affected by the anomalous resistivity. When using argon at 100 km/s, the maximum 

curvature is found around 13-15 cm after the last coil, differing a bit for different radius that the ions 

are ejected from.  

 

Figure 20 Curvature as a function of the distance from the exhaust in m. For this configuration the maxima lies about 10 

cm after the last coil. 

Another way to look for the bottleneck is to check the dimensionless parameter given as  

 3

i

i

dv
dtK

u
t

  (1.30) 

where the numerator is a ratio between velocity change and time steps and the denominator is a 

ratio between absolute velocity at each point and absolute time that has elapsed since ejection at 

the exhaust. This will give a good approximation of when dvi is large compared to ui. In the same 

setup as before the maxima obtained here are between 23 and 26 cm after last coil.  What is clear is 
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that almost immediately after the exhaust there is a region which affects the ions a lot and this 

continues for a few meters. 

 

Figure 21: Dimensionless parameter K3 as a function of distance from the last coil. This parameter is largest about 25 cm 

after the exhaust. 

These values are not far from what Wesslén states in his work, being about 60 cm from the last coil 

[2].  
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B.2 Map of ωτ 

 

Figure 22: Results comparable to Wesslén's work. Similar setups and results can be found in his work [2]. N=4 ions at 10 

km/s 

 

In Figure 23, the required ωτ for different exhaust radii, stretching from 1 to 6 cm can be seen, using 

ions of different weight and sending them at different speeds. These results are fairly agreeable with 

Wesslén’s work. The numbers are in the same order of magnitude and for exhaust radii 4-6 cm 

almost identical. What should be mentioned is that the way of calculating these results differs quite a 

bit and while Wesslén’s only gets one map, these maps produced can be chosen differently according 

to what efficiency limit is chosen. For these maps it was about 70% efficiency meaning that only ions 

which had a certain angle are taken into account in these results.   

 

Figure 23: The maxium ωτ allowed for ions of different mass and exhaust velocities as well as exhaust radius. 
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