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High-powered electric propulsion thrusters utilizing a magnetized plasma require that plasma
exhaust detach from the applied magnetic field in order to produce thrust. This paper presents
experimental results demonstrating that a sufficiently energetic and flowing plasma can indeed
detach from a magnetic nozzle. Microwave interferometer and probe measurements provide plume
density, electron temperature, and ion flux measurements in the nozzle region. Measurements of ion
flux show a low-beta plasma plume which follows applied magnetic field lines until the plasma
kinetic pressure reaches the magnetic pressure and a high-beta plume expanding ballistically
afterward. Several magnetic configurations were tested including a reversed field nozzle
configuration. Despite the dramatic change in magnetic field profile, the reversed field configuration
yielded little measurable change in plume trajectory, demonstrating the plume is detached.
Numerical simulations yield density profiles in agreement with the experimental results. © 2009
American Institute of Physics. �DOI: 10.1063/1.3080206�

I. INTRODUCTION

The magnetic nozzle is a critical component of some
plasma propulsion systems that employ a strong guiding
magnetic field to control plasma flow. A magnetic nozzle
accelerates an incoming plasma flow by converting its inter-
nal energy into the kinetic energy of a directed jet. The mag-
netic nozzle also confines the plasma exhaust, limiting ero-
sion and particle losses to facing surfaces. The ejected
plasma must eventually break free from the applied magnetic
fields in order to separate from the spacecraft and produce
thrust. A commonly expressed concern regarding an applied
magnetic field is that the field lines are closed; as a result, a
plasma remaining attached �frozen� onto the field lines
would produce no net thrust. This concern was succinctly
voiced by Gerwin et al.1 “…if the plasma were highly con-
ducting, it would then have to follow the radially diverging
magnetic field lines back around the field coils where it
would ultimately deposit its momentum onto the vehicle,
thereby negating the thrust.” Plasma detachment has since
been viewed as a key issue for plasma based propulsion sys-
tems using a magnetic nozzle for directed thrust.

It was thought early on that breaking the frozen-in con-
straint via recombination was the only solution to the detach-
ment problem.1 Alternatively,2,3 the detachment issue can be
resolved within the framework of ideal magnetohydrody-
namics �MHD�, where the magnetic fields can be stretched
by currents in the plasma exhaust. This allows a plasma
plume to detach together with the frozen-in magnetic field
with a high efficiency. For a plasma flowing into a diverging
magnetic nozzle, the plasma’s directed kinetic energy density

Wk= 1
2miniv2 decreases as the plasma flows downstream due

to flux conservation. However, magnetic field energy density
WB=B2 /2�0 decreases more quickly and thus �k—the ratio
of the plasma’s kinetic to magnetic field energy density—
will increase downstream,

�k =
�onimiv

2

B2 = � v
vA
�2

. �1�

Note that �k, the notation for plasma beta used in this
work, chacterizes the flow energy rather than the more com-
monly used thermal energy. In the MHD detachment sce-
nario, when �k becomes greater than unity �a condition
equivalent to the flow velocity exceeding the Alfvén velocity
vA=B /��0nimi�, the magnetic field lines remain frozen into
the plasma as the flow stretches them to infinity. The mag-
netic field in separated plasma flow arises from internal
plasma currents. This is a situation analogous to the solar
wind flowing outward from the sun, carrying magnetic field
with it.4

It is appropriate here to point out the difference between
the detachment of plasma and the detachment of isolated
charged particles. A single ion will readily escape from an
applied magnetic field line if its gyroradius is greater than
the characteristic spatial scale of the magnetic field5 �i.e., the
ion is “nonmagnetized”�. For a sufficiently dense plasma,
however, ions can only escape together with electrons in or-
der to maintain the quasineutrality of the plasma. The elec-
trons have a much smaller gyroradius than the ions and can
remain tied to magnetic field lines even when the ions are not
magnetized, which makes it more difficult for the ions to
escape. These considerations motivate an experimental dem-
onstration of MHD detachment involving a flowing plasma
in a magnetic nozzle.

Several electric propulsion �EP� systems are being inves-
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tigated for future exploration and orbit maintenance
missions.6–9 These systems utilize a plasma source with a
magnetic field which shapes and confines the plasma plume.
In particular, the variable specific impulse magnetoplasma
rocket �VASIMR� concept provides motivation for the
present work due to its high input power and high plasma
density.10 The plasma flow in VASIMR is produced by an ion
cyclotron resonance heating �ICRH� module that deposits en-
ergy directly into ion gyromotion which is then converted to
parallel flow energy in a magnetic nozzle. The high flow
velocity coupled with high plasma density conditions is ex-
pected to meet the �k�1 condition.

An experiment has been performed at the NASA Mar-
shall Space Flight Center, Huntsville, AL, to demonstrate a
plasma detachment scenario for high density, high velocity
plasma flows in a diverging magnetic nozzle. A 200 kW
pulsed dc plasma source and 0.07 T peak magnetic nozzle
field are employed such that the plume transitions from �k

�1 to �k�1 in the experiment. High-vacuum conditions in
a large vacuum chamber minimize charge exchange effects
between flowing ions and background neutral particles. Sev-
eral diagnostics are used to characterize the plasma flow
along the length of the plume including measurements of ion
flux, velocity, density, and electron temperature.

II. EXPERIMENTAL SETUP

Experiments were conducted in the large
�2.75 m diameter�5 m length� vacuum chamber at the
NASA Marshall Propulsion Research Center. The large
chamber with high pumping speed was chosen to minimize
wall effects and to minimize ion-neutral charge exchange
collisions. A detailed description of the experiment configu-
ration has been presented previously.11,12 A top view of the
experiment is given in Fig. 1. Two diffusion pumps operate
at a pumping speed of 100 000 l/s, keeping the chamber base
pressure below 2�10−6 Torr. The dc plasma source is
mounted near the front of the chamber. A series of three
external nozzle coils wrapped around the chamber circumfer-
ence and a small bore, high field “choke magnet” provides
the magnetic nozzle field. The center of this choke magnet
defines the origin of the chamber coordinate axis, with axial
position z=0 m marking the peak field of the magnetic
nozzle and coinciding with the center of the choke magnet.

Plasma was produced in a pulsed plasma washer gun13

operating up to 200 kW. The washer gun consists of a 2 cm
tall stack of molybdenum washers with an inner diameter
�i.d.� of 5.0 mm and an outer diameter of 20 mm. A
molybdenum anode and cathode at either end of the washer
stack initiate the discharge arc. Isolation between the wash-
ers is provided by 1 mm thick boron nitride ceramic washers
with an i.d. of 1 cm. Hydrogen and helium were used as feed
gases, although other gases are possible. A plasma plume is
created by discharging a capacitor bank charged to 270–300
V with a solid state control circuit. Typical pulse lengths
were 3 ms in duration with a discharge voltage of 270–300 V
and currents nearing 700 A. The pulse duration is several
times longer than the ion travel time through the chamber,
allowing the pulse to be considered steady state. Gas is de-
livered to the plasma source via a low pressure reservoir �9
psi absolute� and a Parker high speed puff valve remaining
open for roughly 5 ms and triggered at the same time as the
capacitor discharge.

The dc magnetic field of the nozzle is created by five
separately powered magnet coils. The plasma gun coil has
300 turns and an i.d. of 5 cm, while the choke magnet coil
has 166 turns with a 25 cm i.d. The final three nozzle magnet
coils have a 91 cm i.d. and have 30, 21, and 15 turns, respec-
tively. Nozzle coil currents were adjusted during the experi-
ment to provide different magnetic configurations. The coil

FIG. 1. �Color online� Top view of the experiment.

TABLE I. Coil currents for the six magnetic nozzle configurations.

Igun

�A�
Ichoke

�A�
Inoz No. 1

�A�
Inoz No. 2

�A�
Inoz No. 3

�A�

Config. 1 5 100 40 20 20

Config. 2 5 100 10 3 3

Config. 3 5 100 0 0 0

Config. 4 5 100 �20 0 0

Config. 5 5 100 �40 0 0

Config. 6 5 100 �40 �20 �20
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currents and axial magnetic field strength14 for the experi-
ment centerline are shown in Table I and Fig. 2. A majority
of shots were conducted using coil configuration “2,” which
approximates straight diverging magnetic field lines in the
nozzle region. Experimental verification of the calculated
magnetic field for configuration 2 was obtained using a
three-axis magnetometer scanning along the experiment cen-
terline. In the following discussion, magnetic fields refer to
the vacuum magnetic field. We were unable to measure any
plasma-current induced changes in the magnetic field due in
part to low signal to noise ratio on B-dot probes and flux
loops.

Neutral pressure in the vacuum chamber is measured
with a Baratron 627B capacitance manometer and Granville–
Phillips stabil-ion gauge. Neutral background pressure mea-
surements taken near the plasma source show that the
prepulse pressure is 2�10−6 Torr, reaching as high as
2�10−4 Torr after the pulse.

The composition of the neutral gas in the flowing hydro-
gen plasma is unknown, but assuming the worst possible
case where hydrogen neutrals produce the pressure in the
flowing plasma at the highest pressure measured, the mean
free path for the resonant charge exchange processes,
p+H→H+ p, is only 0.25 m. With this short mean free path,
the plasma flow would quickly slow down as the plume trav-
els downstream. We did not observe a flow deceleration and
increased plasma density that could be attributed to ion neu-
tral charge exchange. However, momentum exchange scat-
tering from unlike-particle collisions cannot be explicitly
ruled out in this experiment.

A. Plasma diagnostics

Our measurements in demonstrating plasma detachment
provide radial profiles of ion flux and radial profiles of elec-
tron density at multiple axial positions. Both cylindrical
triple probes15,16 and guarded Faraday probes17 were used to
measure ion flux throughout the experiment via probe arrays,
and a two-dimensional �2D� scanning stage. Two designs of
Langmuir triple probes were used, one a smaller scanning
probe with cylindrical stainless steel conductors with radius
of 0.45 mm and height of 5 mm, and the other an array of

larger cylindrical conductors with radius of 1.2 mm and
height of 6 mm. Probe separation was 9 mm, small with
respect to gradients in the plasma. All of the triple probes
used in this experiment are oriented perpendicular to the
plasma flow and mounted on a 2D insulated scanning boom
allowing radial and axial scanning of the plume. The smaller
Langmuir triple probe is located on the chamber centerline
at the far upstream end of the diagnostics boom. The array
of larger triple probes consists of six sets of triple probes
arrayed vertically with the following y-coordinates:
y= �0.064, �0.191, and �0.317 m. A battery string pro-
vides a �44 V bias for the double probe part of the triple
probe. Ion saturation current is measured across a 10 �
sensing resistor, and electron temperature is measured by the
potential difference between the floating potential and the
positive bias potential of the double probe. Ion saturation
current for supersonic plasma flow is assumed to follow
Isat=Spniqvz, where Sp is the frontal projected area of the
cylindrical probe. All probes in this experiment are sized to
collect ion current in the thin-sheath �rp�20 	D� regime.
All probe measurements are optically isolated from chamber
ground via an optical link and digitally recorded in a data
acquisition system.

A guarded Faraday probe biased into ion saturation was
also mounted at the end of the diagnostics boom. The
Faraday probe is a circular planar collector surrounded by an
annular guard ring biased to the same potential. Ion current is
only measured at the center collector where the plasma
sheath structure is uniform. The tungsten center collector has
a diameter of 2.34 mm, and the surrounding stainless steel
guard has inner and outer diameters of 5 and 6.35 mm, re-
spectively. Isolation between the two pieces is maintained by
an alumina ceramic tube. Ion current is collected by a �20 V
bias and recorded over a 10 � sensing resistor.

Microwave interferometer systems at two axial locations
provide spatial and temporal electron density measurements.
A polychromatic quadrature interferometer is used that oper-
ates simultaneously at 70, 90, and 110 GHz.18 This instru-
ment is positioned near the nozzle entrance, 0.33 m down-
stream from the choke magnet. The spatial resolution for this
interferometer is 0.015 m, with a minimum sensitivity of
1016 m−3 over the 1 m path length. This interferometer can
be translated vertically, providing different chord measure-
ments over several plasma shots.

A second interferometer system is mounted inside
the vacuum chamber at z=1.85 m. This 15 GHz quadrature
interferometer19 provides a minimum sensitivity of
ne=1015 m−3 for line-integrated measurements along the
1.7 m path length. Its two independent interferometer chords
have one chord on the axial centerline and one positioned
below it, at y=−0.3 m. This two-chord configuration allows
a limited two-point density profile measurement for every
plasma shot. Calibration of all interferometer systems was
conducted daily, providing estimates of random and system-
atic error due to beam reflection and detector voltage drift.18

Interferometer density measurements are performed in
two ways. Independent density profiles are obtained by ver-
tical translation of the polychromatic interferometer over
several plasma shots. An Abel inversion20,21 is performed to
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FIG. 2. Axial magnetic field on the experiment centerline for the coil cur-
rents listed in Table I.
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transform the several line integral density measurements into
a vertical electron density profile at the interferometer’s axial
position. A second density measurement method compares
an interferometer’s output with flux probe measurements per-
formed along the interferometer chord. Assuming a radially
uniform velocity profile, a high accuracy density profile is
obtained over multiple shots.22 Density profiles obtained
with these two different methods compared favorably.

Triple-probe measurements15 of electron temperature
gave Te=1.2 eV�20% in hydrogen and Te=1.4�20%
in helium with no evidence of spatial or temporal variation,
as is shown in Fig. 3. Electron temperature is assumed
here to follow standard triple-probe Te analysis15 where
Te�eV�=V12 / ln 2 and V12 is the voltage difference between
floating potential and the potential of the positive side of a
floating double probe. When used to measure a flowing
plasma with Mach number of �1, the standard triple-probe
analysis is known to overestimate electron temperature.23,24

Numerical simulations were conducted to address this
issue,25 with the result that simulated Te error for these par-
ticular conditions is less than 15%, which is within measure-
ment error bars. Plasma flow effects on triple-probe Te mea-
surements can thus be neglected here.

Plasma flow velocity is estimated with a variety of tech-
niques: Mach probe, flux probe, and time of flight measure-
ments. The Mach probe used in this experiment has one up-
stream facing pin and one downstream facing pin, each with
diameter of 1 mm, separated by a dielectric barrier. It is
positioned in the chamber at z=0.33 m near the axial cen-
terline, r=0. The ratio of upstream/downstream ion currents
was reduced to a Mach number following the work by
Gunn.26 The Mach number in the plume was measured to be
M =1.1�15%, where

M =
v
cs

= v� kTe + kTi

mi
�−1/2

. �2�

We have no measurements of ion temperature and assume
that it is equal to the electron temperature because of the
Coulomb collisions in the plasma source. These assumptions
contribute to uncertainty in the final Mach probe velocity
measurement.

A second estimate of plasma velocity depends on two
photomultiplier tubes �PMTs� separated by 
z=0.3 m and

centered at z=0.48 m. The time delay between similar fea-
tures on the PMT signals provides a flow velocity measure-
ment averaged over 0.3 m. These devices are located outside
the vacuum chamber and equipped with focusing optics to
limit the view in the axial direction to 5 mm. This approach
has been considered before for ion velocity measurements of
an arcjet thruster.27 The uncertainty for this method is ex-
pected to be around �40% due to the velocity of the plasma
flow relative to the feature size of the optical measurements.
A similar time-of flight measurement was conducted by
looking at the response from two axially separated Langmuir
probes. The two probes were separated by 
z=0.47 m and
were scanned axially on the 2D translation stage.

The third measurement of plasma flow velocity comes
from the comparison of ion flux with interferometer electron
density. Saturation current to a planar probe for directed ion
flow in the thin-sheath limit is Ii

sat=Spniqvz and therefore
knowledge of ne=ni directly leads to an estimate of ion ve-
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FIG. 3. Electron temperature measurements as a function of axial distance
on the centerline.
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locity. Sources of error in this method include an assumption
of Gaussian radial density distribution, quasineutrality, and
uniform velocity radial distribution. Measurements of plasma
velocity are estimated to have error of the order of 30%. In
general, the three velocity measurements were in good agree-
ment in this experiment.

III. EXPERIMENTAL RESULTS

The plasma source is operated with either H2 or He as a
feed gas and with the magnetic nozzle in one of the configu-
rations “1”–“6.” A typical trace of plasma gun current and
interferometer output for a plasma shot using H2 feed gas
and nozzle configuration 2 is shown in Fig. 4. Probe and
interferometer scans are conducted over multiple plasma
pulses to provide radial and axial profiles of plasma flux, Te,
vz, and ne. These scans allow measurements to be made for
plasma beta: 0.1��k�10.

A. Magnet configuration 2

In magnet configuration 2 �Fig. 2� the diverging vacuum
magnetic field lines were nearly straight in the magnetic
nozzle section using both hydrogen and helium gases.

1. Flux profiles

Axial scans of ion flux Ji are measured on the experi-
ment centerline with the guarded Faraday probe and Lang-
muir triple-probe array. The probe array provides a radial
distribution of ion flux due to the six radially separated
probes at axial positions between z=0.90 m and z=2.4 m.
All ion flux profiles approximately followed a Gaussian
distribution:

Ji�r,z� = vzenmax�z�e−�r2/R�z�2�ln 2, �3�

where the plume width is the radius at half maximum, R�z�.
The total ion current Ii through a measurement plane is ob-
tained by a 2D integral of ion flux. Centerline ion flux, plume
width, and total ion current for hydrogen gas averaged over
the shot are plotted in Figs. 5–7. We also plot the ion flux Ji

and plume width R assuming the ions are tied to the vacuum
magnetic field lines. That is,

R�z�/R0 = �Bz,0/Bz�z� �4�

and

Ji�z�/J0 = Bz�z�/Bz,0, �5�

where subscript “0” denotes conditions at the farthest up-
stream probe measurement z=0.43. Also plotted in Figs. 5
and 6 are estimates of locations where �k=1 on the experi-
ment centerline, based on local velocity and density mea-
surements and vacuum magnetic field. In the MHD detach-
ment scenario, �k=1 is the approximate position where the
plume separates from applied magnetic field lines. This con-
dition is consistent with the data. Trend lines shown in Figs.
5 and 6 are least-squares fit to experiment data. In the case of
plume width data in Fig. 6 the best fit is linear, while Fig. 5
has a least-squares fit of the form y=C1x−C2, where C2=2.0.
Note that the plasma flow is tied to the magnetic field lines
from our first measurements at z=0.43 to the �k=1 point on
the centerline. After the �k=1 point, the flow deviates from
the magnetic field scaling reference curve.

A similar experiment was conducted using magnetic
configuration 2 with helium feed gas instead of hydrogen.
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Only the guarded Faraday probe was available to provide
centerline ion flux, so plume width and total ion current mea-
surements are not available. Figure 8 shows results of the
Faraday probe axial scan along with a reference curve for
frozen flow scaling �Eq. �5�� and the estimated position of
�k�1 detachment on the experiment centerline. A least-
squares fit of the form y=C1x−C2 is plotted with the data
where C2=2.37. The same characteristics as noted for a hy-
drogen plume are visible. On the centerline the flux is tied to
the applied magnetic field until the plasma �k is greater than
1. After the transition the flow is no longer tied to the applied
magnetic field and expands at a lower rate than the magnetic
field expansion.

2. Density profiles

Radial profiles of electron density in the hydrogen
plumes were obtained with a vertical scan of the polychro-
matic microwave interferometer at z=0.33 m in 13 mm
steps. After Abel inversion, the radius of the Gaussian den-
sity profile was found to be 48�6 mm, in agreement with
the width measured from the flux profile to within error bars.
The peak of the Gaussian density profile at z=0.33 m was
1�1019 m−3�13%. At the downstream two-channel inter-
ferometer �z=1.85 m�, the two interferometer line averaged
chord densities were consistent with a Gaussian density pro-
file with width of R=0.45 m and a peak plasma density of
ne=1�1017 m−3�20%. Flux probe scans at the same posi-
tion yielded results consistent with this plume width.

3. Velocity

Hydrogen ion velocity is measured by three independent
methods, as shown in Fig. 9. Mach probe measurements at
z=0.33 m give an ion Mach number of M =1.1�0.2, which
for Te=Ti=1.2�0.2 eV yields vz=12–19 km /s. Assuming
an ion temperature of Ti�0 yields the lower end of the vz

estimate, while a Ti=Te assumption yields the upper end of
the velocity estimate. The high collisionality in the source
leads us to prefer the higher flow velocity. Time of flight
analysis between two photomultipliers at z=0.33 m and
z=0.63 m suggests an average vz=15�5 km /s between the
two PMTs. Due to the nature of this diagnostic, the measure-

ment is an average velocity between the two stationary de-
tectors. A third measurement at the interferometer locations,
z=0.43 m and 1.85 m, comes from flux measurements
using probes and the electron density from the probe mea-
surement. The centerline ion flux combined with the ne pro-
file from the interferometers results in a flow velocity of
vz=17�5 km /s. All three velocity techniques combine to
suggest a constant hydrogen velocity of 16�5 km /s
throughout the experiment. We do not observe flow accelera-
tion by the ambipolar electric field

E =
Te

e

�

�z
ln n

despite the decrease in electron density by roughly a factor of
100. The constant flow velocity could be due to charge ex-
change collisions slowing down the flow. It should also be
noted that the widths of the Gaussian profiles of density and
ion flux were the same within error limits, suggesting that
flow velocity was constant in radius.

Helium velocity measurements were measured using a
time of flight technique and measurements of plasma flux
and electron density profiles, as shown in Fig. 9. An addi-
tional time of flight axial scan was also performed with he-
lium shots using the relative response of two axially sepa-
rated Langmuir probes. The two probes maintained a fixed
separation �0.3 m�, while the entire apparatus was adjusted
axially giving an axial scan of velocity. This axial scan
shows a slight increase in velocity with axial position, but
well within measurement error bars. Therefore, any defini-
tive measurement of flow acceleration or deceleration within
the experiment for H2 or He shots is obscured by measure-
ment uncertainties.

Velocity measurements in helium gave a constant veloc-
ity of 15�5 km /s, somewhat faster than might be expected
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by comparing with hydrogen at the same Mach number. Any
acceleration or deceleration of the flow is obscured by mea-
surement uncertainties.

B. Plasma flow in different magnetic configurations
with He feed gas

Multiple nozzle coil configurations were tested to deter-
mine the nozzle’s effect on plume width and detachment.
Plume width was measured by the Langmuir triple-probe
array at z=0.9 m under five different magnetic nozzle con-
ditions using identical shots with helium input gas. The
plasma source was operated in a lower power discharge
mode for these helium discharges. A 0.4 � power limiting
resistor was placed in line with the discharge capacitor re-
ducing the peak current to 350 A, which increased the dis-
charge time to 15 ms.

Nozzle coil currents were adjusted from the high-field
configuration 1 to the negative, cusp configuration 6, result-
ing in a centerline magnetic field between Bz=12 G and
Bz=−5.7 G at the z=0.90 m measurement location. It
should be noted that in the case of negative centerline mag-
netic fields, lines of constant magnetic flux that pass through
the plasma source do not pass through the downstream mea-
surement region. This separation of the two magnetic zones
is due to the magnetic cusp from the reversed nozzle coil
currents. If plasma density were to exclusively follow the
cusp magnetic field lines, there would be no ion current re-
corded at these downstream positions.

Measured plume widths R and total ion current Ii for five
magnetic nozzle configurations are shown in Fig. 10. Ex-
pected plume widths based on the magnetic field scaling of
Eq. �4� is also shown using the measured condition of nozzle
configuration “3”as a reference. The total ion current in-
creases slightly with applied field, and plume width ceases to
follow magnetic field scaling as Bz becomes negative. Mea-
surements of �k for the five different configurations shows
that centerline �k�1 at z=0.9 m only for the two most
negative field configurations, “5” and 6, while �k�1 for

configurations 1, 3, and “4.” We conclude from the multiple
nozzle configurations that a significant negative magnetic
field in the region of magnetic detachment had little effect on
the plasma flow, while an increase in magnetic nozzle field
strength resulted in a narrower plume at this measurement
location.

We compared two shots with very different nozzle
configurations—zero nozzle current 3 and cusp configuration
6, as shown in Fig. 2. Configuration 3 has Bz=3 G at
z=0.90 m, while configuration 6 has axial magnetic field
Bz=−5.7 G at the same location. We measured line-
integrated electron density at two locations, z=0.33 and 1.85
m. Line-integral electron density was measured with the
15 GHz interferometer at z=1.85 m, and the plume width
R was estimated by comparing the centerline interferometer
measurement with a second vertically offset interferometer
measurement at y=−0.3 m. Velocity measurements for these
two shots remained the same within experimental
uncertainty—around 15 km/s. Despite the markedly different
magnetic field profiles of configurations 3 and 6, the down-
stream plume diameters and densities remain the same, as is
shown in Fig. 11, within measurement uncertainty that indi-
cating the plasma flow is detached from the applied magnetic
field at the downstream position.

IV. DISCUSSION

Axial scans of flux profiles �Figs. 5–8� clearly show that
the plume flow is attached to the applied magnetic field until
�k=1 position on centerline, and after the �k=1 position, the
flow exhibits a ballistic trajectory. The ballistic trajectory
would be expected from a plume that is no longer influenced
by the applied magnetic fields. The observed ion flow veloc-
ity is constant to within error limits, and the total ion current
is conserved over the length of the experiment. With a large
number of charge exchange collisions, the flow velocity
would have decreased leading to an increase in electron den-
sity. Recombination of electrons and ions at these densities is
a slow process and cannot be important since the ion current
remains constant. We conclude that the plasma has clearly
detached from the applied magnetic field and that the plasma
detachment takes place around the point where �k=1.

Further evidence for plasma detachment comes from the
comparison of two very different magnetic field conditions in
Fig. 11. If the plasma flow had been confined by the applied
fields in the reversed field configuration, a very low plasma
density would have been seen at the downstream interferom-
eter �z=1.85 m�. The fact that nearly the same density was
seen with the cusp field as in a similar discharge with gradu-
ally decreasing magnetic field confirms that the bulk of
plasma plume is detached from the applied field.

Although detachment of the plume appears to be consis-
tent with MHD theory, we should also consider whether
detachment can occur when the ion cyclotron orbits
rci=�kTimi /eB become larger than the plasma radius R�z�, as
suggested in Ref. 5. For the experiments discussed earlier in
hydrogen, the position where the ion cyclotron radius and the
plume radius are nearly the same is at z=0.81 m. This posi-
tion is close to the position where �k=1. However electrons

−50510
0

0.1

0.2

0.3

0.4

0.5

0.6

B
z

at z = 0.9 m [Gauss]

P
lu

m
e

ra
d
iu

s
R

[m
]

β
k

= 1

Measured ion current / 400 [A]

FIG. 10. �Color online� Plume width measurements at z=0.9 m for adjusted
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should still be attached to the applied field and ions would be
confined by electrostatic fields from electrons over the De-
bye length. For the plasma conditions around the detachment
point, the Debye length is about 10 �m, which is much
smaller than plasma dimensions. For the experiments in he-
lium, the location where the ion cyclotron radius is equal to
the plume radius is at z=0.54 m. The flux measurements in
Fig. 7 do not show any deviation from frozen flow until
z	0.8 m, indicating a flow along the magnetic field where
the magnetized electrons continued to confine the ions. Thus,
the flux data in Fig. 7 are consistent with a detachment at
�k=1 rather than a detachment due to ion orbit effects.

We have also compared our measurements with a nu-
merical MHD plasma detachment model for steady-state
flow.28 This code assumes a steady-state collisionless plasma,
and ions with directed energy �=mivz

2 /2. The initial condi-
tions for the model input were the experimentally determined
hydrogen density profile and velocity at z=0.33 m. The
magnetic field of configuration 2 is chosen as an initial
vacuum magnetic field. The Vlasov–Maxwell equations are

then iteratively solved, seeking equilibrium magnetic fields
resulting from the superposition of externally applied mag-
netic nozzle currents and self-consistent plasma currents. In
Fig. 12 we compare the experimentally determined plasma
density at z=1.85 with the simulated plasma density at the
same location. The experimental electron density profile was
reduced from Langmuir probe flux measurements normal-
ized with a line averaged density from the interferometer at
that location. Within the experimental accuracy there is
agreement between simulations and experiment.

V. SUMMARY

This experiment provided detailed measurements of a
magnetized plasma plume exiting a magnetic nozzle and de-
taching from the magnetic field. That is, the vacuum mag-
netic field has decreased by a factor of 100 over the range of
our measurements and the plume continued with a nearly
constant ion current. All measurements exhibited a constant
flow velocity. Measured flux profiles were consistent with
magnetically guided flow in the sub-Alfvenic part of the
plume ��k�1� and they deviated from the applied magnetic
field lines in the super-Alfvenic part ��k�1�. A reversed
field configuration was also tested, showing negligible
change in plasma flux compared with a control configuration,
highlighting the detachment of the plume from applied mag-
netic fields. We have demonstrated the detachment of a flow-
ing magnetized plasma from the magnetic field. Numerical
MHD simulations were also conducted showing good agree-
ment with experimentally determined density profiles, in
agreement with MHD detachment theory.3
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