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Abstract the atomic mass of the propellant; lighter atoms were
observed to yield less canting (the measured angles
The propagation speed and canting angle of curréanged from approximately 2dor deuterium to 70
sheets in a pulsed electromagnetic accelerator wiexenon). Hydrogen, deuterium, and methane were
measured using three different techniques: higieund to exhibit the peculiar, and possibly beneficial,
speed photography, magnetic field probes, and laggpperty of having reduced current sheet canting at
interferometry. Current sheet canting may have dgigher pressures.
verse effects on accelerator performance. The goal
of the present work is to provide a database of cant- .
ing angles under a variety of experimental condi- Introduction
tions. Eight different propellants (hydrogen, deu-
terium, helium, neon, argon, krypton, xenon, arfdulsed electromagnetic accelerators are devices
methane) were tested in a rectangular-geometry wihich use intense bursts of electrical CUI‘I‘eI’l'[4€|.O
celerator, at pressures ranging from 50-400 mTok® A) to create high speed (140> m/s) jets of
The photographic, magnetic, and interferometric dasma. They find application as plasma sources in
agnostics were used to infer the spatial configur@any basic plasma science experiments[1] as well as
tion of the current sheet by measuring the its opti a specific genre of electric space propulsion device
cal emission, current density, and electron densigglled the pulsed plasma thruster (PPT)[2].
respectively. The three techniques gave qualitativePPTs have the potential of fulfilling the attitude
agreement; the magnetic and interferometric mezontrol requirements on a satellite at greatly reduced
surements gave general guantitative agreementm&ss and cost. They are also being considered for
well. The canting angle was found to depend @onstellation maintenance for missions such as inter-
ferometric imaging of the Earth from space or deep
“Current address: NASA MSFC, Huntsville, AL 35802space from an Earth orbit. The benefits of PPTs are
Member AIAA. their very small impulse bits< 10~* N-s) for pre-
"Chief Scientist at EPPDyL. Assistant Professor, Appliegise control of satellite motion, reliability, and high
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gas-fed variety has the advantages of a “clean” ersearchers[6] shows that our understanding of the
haust plume and high specific impulse. The ablatieeceleration mechanism in PPTs is deficient in sev-
version of the PPT uses a solid propellant, such exal areas. Our current research aims to clear up one
Teflon, to provide further advantages such as cosuch area of ambiguity — current sheet canting.
pactness and overall ease of system integration; how-
ever, plume contamination and lower specific irrz
pulse may limit the application of APPTs for some

MISSIONS. The phenomenon of current sheet canting is the de-
From about 1960 to 1968 PPT research focusggrture of the current sheet from perpendicular at-
on the gas-fed varient. The GFPPT was envisionggthment to the electrodes to a skew, or tipped at-
as a potential “primary” propulsion system, whereiachment. This effect is best illustrated by an ex-
the GFPPT would process large amounts of powghple. Figure 1 shows a series of photographs ac-
(>100 kW), and provide enough average thrusl ( quired in our previous study[7]. The figure shows
N) to perform largeAv maneuvers, such as intefhe eyolution of a discharge near the breech of a
planetary missions. By the late sixties it was reglactangular-geometry pulsed electromagnetic accel-
ized that a steady-flow electromagnetic acceleratgfator; outlines of the electrodes (the cathode is the
the MPD thruster(3], was better suited for this type @fottom electrode) have been added for clarity. Ide-
mission. A “secondary” propulsion niche, i.e., smay|ly we would like the current sheet to initiate at the
Av attitude control maneuvers, still existed for thgreech, perpendicular to the electrodes, and remains
GFPPT. However, at about the same time, the ablgy a5 it propagates axially. In the figure, as expected,
tive variety of PPT was gaining favor, mainly dughe current sheet is seen to initiate at the breech; how-
to its mechanical simplicity. The GFPPT requiresyer, as time progresses, the current sheet is seen to
the storage of gaseous propellant under high pressgi@erely tilt, or cant, as it propagates. It is important
and a fast-acting valve to meter puffs of propellagy gevelop an understanding of why the current sheet
into the discharge chamber. Further, the propellais a5 it does because it may have adverse implica-
feed system in the GFPPT is required to operatetjgns on PPT performance; canting may create off-
a leak-free manner for many-(10°) shots. A qual- axis components of thrust, which constitute a profile
ified system capable of performing this demandinggs.
task was not available at the time and, hence, onlye gre, by no means, the first group to observe
APPTs were flown[4]. current sheet canting. The literature from the early
This state-of-affairs remained until the mid-90'SGFPPT researchers (see, for example, [8]-[16]) indi-
when the negative issues related to propellant feegtes that the phenomenon was ubiquitous — occur-
ing in the GFPPT were ameliorated by the availing in a variety of different electrode geometries and
ability of flight-qualified valves and the developmenéxperimental conditions. However, detailed treat-
of high-speed solid-state electrical switching technent of the subject is limited, with most references
nology. The former development addressed the tgthe phenomenon being qualitative in nature.
liability issue, while the latter showed promise for The photographs shown in figure 1 were some of
substantially increasing the propellant utilization efne earliest observations[7] in an experiment we de-
ficiency. These technologies were implemented diyned to understand the basic macroscopic stability
the thrusters of Ziemest al[5]. of current sheets under a variety of experimental con-
With the renewed interest in GFPPTs it is fitditions. The observed severity of the current sheet
ting and natural that there is a revitalized interesanting warranted further investigation; the present
in understanding the physical principles which urstudy, which we call the Current Sheet Canting Ex-
derlie PPT operation, in order to improve their peperiment (CSCX), aims to accurately quantify the
formance. Careful review of the work of earliedegree of tilting under a variety of experimental con-

Review of the problem



MARKUSIC, CHOUEIRI: MEASUREMENTS OF CURRENT SHEET CANTING 3

6
e Vacuum pump system
Tables
m Accelerator
{ / \ \g Transmission line
’
t=4{[us] l [ \ j \
| /
/ v Pulse forming network
Vacuum /
tank
Windows
t 6 Optics table
=6 [us] -

Figure 2: Top-view schematic of the general experi-
t =8 [us] mental layout.

‘ ’ experimental apparatus and diagnostics. Next, the

g experimental results are presented. The last section
summarizes and compares the various results, and
t=10 [ps] discusses trends which are evident in the data.

3 Apparatus

An experimental pulsed electromagnetic accelerator

has been constructed. The accelerator was not de-
) ] ] signed to be a practical thruster but, rather, a device
Figure 1: Series of photographs showing the evoligry,hich current sheets could be generated and easily
tion of the discharge near the breech[7](p=100 MTQff,saryed. The details of this accelerator and the as-
(Argon), V=5 kV). sociated experimental facilities are described in the

sections which follow.

t=12 [us]

ditions (e.g., using dif!‘erent propellants 'c_lnd Preg1  General experimental layout

sures), develop theoretical models to explain the phe-

nomenon and, ultimately, provide prescriptions fdrhe basic components of the CSCX experimental ap-
how to reduce the effect and, in turn, enable the dearatus are the accelerator, pulse forming network,
sign of higher performance pulsed plasma thrusteasid vacuum facility. The layout of these components
The present work summarizes our experimental find-illustrated in Fig. 2.

ings. Its main purpose is to provide a database ofThe tables inside the vacuum chamber support the
canting angles for a variety of different experimentalccelerator and provide mounting surfaces for optics
conditions. By using this data in ongoing and fuend diagnostic probes. A #’'6’ optics table, posi-
ture theoretical work, we hope to identify the phygioned next to the tank, was used to lay out optical
ical mechanisms which drive current sheet cantingiagnostics. Glass windows on the sides of the vac-
The two sections which follow give details about theum chamber provided optical access to the acceler-
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ator discharge. 1
The overriding design rationale was to creatg
an experimental configuration which provides con

venient access to optical and probe diagnostics: ]
Secondarily, it was desired that the configuration TOPVIEW

would be amenable to analytic modelling (e.g., one-

dimensional electromagnetic fields, constant current, 60cm

etc.). |

3.2 CSCX Accelerator SIDEVIEW

The CSCX Accelerator is a parallel plate pulsed ~—150m—=,— copper
plasma accelerator with glass sidewalls (a schematic 50m¢ [ j R
illustration with relevant dimensions is shown in A\

Fig. 3). The dimensions of the discharge cham- FRONT VIEW

ber were chosen to be similar to those found to
“work” by earlier researchers (see, for example,
Eckbreth[17]). The electrodes are made of copp
and the sidewalls are made of Pyrex. The sidewa
reduce the region accessible to the discharge to
cm (width), whereas the electrodes themselves g
15 cm wide. The motivation for using Pyrex side-
walls is several-fold: first, they provide an excellerigigure 3: Schematic and photographs of the CSCX
optical view of the discharge, second, they isolate thecelerator.
current sheet to a well defined spatial region, third,
they isolate the discharge from electric field singular-
ities which are associated with the sharp edges of gresponds to the time it takes the current sheet to
electrodes, and last, they isolate the discharge fréi@verse the length of the accelerator. Each stage
the rapidly fringing magnetic field at the edges of tHé composed of a 1QF capacitor in series with a
electrodes. The two latter benefits tend to make the0 nH inductor. The maximum bank voltage was
discharge environment more conducive to the form#0 KV, yielding a total discharge energy of 5 kJ. The
tion of spatially uniform current sheets. PFN was switched into the accelerator using an ig-
Propellant loading was accomplished using t#éron. The peak current was approximately 80 kA,
ambient fill technique. After the vacuum tank wa4ith an initial rise rate on the order ¢b'" A/s. The
pumped down to its base pressutex( 10=5 Torr), duration of each pulse was about 25, which was
the entire tank was brought to the desired operf@llowed by one cycle of damped ringing. A typi-
ing pressure with the chosen propellant (hydrogé?,ﬁl current trace is shown in Fig. 4. In the present
deuterium, helium, neon, argon, krypton, xenon, afidy, all experiments were conducted with 9 kV ini-
methane were used in the present study). This H&l bank voltage.
sulted in a uniform gas distribution within the accel- In general, the apparatus performed very well; cur-
erator prior to discharge initiation. rent sheets were generated in the expected manner
The accelerator is powered by a ten-stage pulée., formation at the breech and propagation to the
forming network (PFN). The values of the electriexit) and the experiments were very repeatable. Pho-
cal components at each stage were chosen to dgivgraphs taken of different discharges (with the same
a nearly flat current profile with a pulse width thahitial conditions and same camera time delay) were
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Figure 4: Typical current waveform (propellant: he- G Comens
lium (p=75 mTorr) , voltage: 9 kV). ’ '
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practically indistinguishable.
Figure 5: Schematic of high speed photography ex-
3.3 Vacuum facility perimental layout.

The vacuum facility used in this experiment is de-

scribed in detail by Jahn [18]. The vacuum vessel ighe exposure time for each image was 400 ns. This
1 mdiameter, 2 m long cylindrical tank made entirelgamera was useful for creating movies which show
of Plexiglass (which has been shown to eliminat®w the discharge evolves spatially during the entire
the electromagnetic interactions sometimes foundphlse.

metallic vessels), with glass optical access windows.The layout of the photography experiment is
Gases are introduced into the tank using a regulagktwn in figure 5. The camera was placed at one of
feed-through. The tank uses a diffusion pump witlwvo positions. Position 1 was used to photograph the
a freon-cooled trap to achieve a base pressurebofech section of the accelerator; position 2 was used
1 x 1075 Torr. Sub-milliTorr pressures are measured photograph the mid-section. In order to more eas-
with a CVC cold cathode gauge. All pressures aboilg visualize the spatial position of the current sheets
one mTorr are monitored using a MKS Baratron vaend to estimate the size and orientation of current
uum gauge. sheet features, a black screen with white gridding (1
cm spacing) was placed on the outside of one side of
the accelerator. The propagation speed of the current
sheet was estimated by comparing successive frames

This section gives detailed descriptions of the diaiI‘T aeS(;Z?\Lienzhg:]éﬁtazgoeggr::];?égraggiﬁi?;Isell?s)?r)lg

nostics which were applied to obtain measuremer&t:s; hotoaraphs. by drawing two lines. one narallel
of the current sheet propagation speed and cant] P grapns, by 9 ' P

tBQhe cathode and one parallel to the luminous front
angle in the CSCX accelerator. . P ’
and measuring the angle between them.

4 Diagnostics

4.1 High-speed photography
o 4.2 Magnetic field probes
The camera used in this study, a Hadland Photon-

ics Imacon 792LC, is capable of taking pictures Magnetic field probes were used to determine the
a rate of up to 20 MHz and provides up to sixteeturrent sheet canting angle by monitoring the re-
images printed on Polaroid film. In the experimentponse of two probes at different spatial locations
presented here, the framing rate was set to 500 kldmd inferring the spatial configuration of the current
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sheet through a time-of-flight analysis. a)

The magnetic field probes used in this study wert Epoxy  Twslodd26 Formiar  QuarzTube  Epoxy SBLMOON
magnetic induction coils, commonly referred to as l N Coste v
b-dot probes. These probes are simply linear coll
of wire that generate an emf proportional to the
time varia_tion of the magnetic _qux through the coiI._ S—— S\ 55 srddng Tone Lot s
So, experimentally, we determine the local magnetic e shild conneciea 277 mm (0:1090D 1.5 mm (0.0587) ia
field by evaluating the expression

v b)
B(f') = / c(w)Vdt ®
0
where V' is the measured probe voltage ao@) =9
is a (frequency dependent) parameter determine [l
through calibration. Configuration 1 (top view)
The particular probes used in our study were ac
quired from an earlier experiment[19] (the details ¢)
of the probe construction are shown in Fig. 6.)
The probes were calibrated by placing them in the | H
uniform-field region of a Helmholtz coil; pulses of
known current and frequency were driven througt.

the Helmholtz coil and the probe response was

recorded. The probes’ frequency response is &9ure 6: Magnetic field probe schematics: a)
pected to be linear idB/dt [i.e., ¢(w) = ¢, a con- probe construction details[19], b) probe placement

stant] throughw < 100 MHz, due to the probes’ |0Wforspeed determination, c) probe placement for cant-

inductance; however, we verified the linearity onl{?d 2ngle determination.
up to approximately 2 MHz, which was sufficient for
our purposes. No analog integration was used; v, we can determine the axial displacement of the
stead, the probe voltage was measured directly afiffrent channel4z = vAt,) and, hence, the cur-
integrated numerically to determirig(t'). rent sheet canting angleap 0 = Az/Ay) relative
Two probes were used in two different configurag the electrode normal.
tions, as illustrated in Fig. 6. In configuration 1,
the probes were placed inside the accelerator in W%
same horizontal plane (separated by approximately
2.5 cm), and separated axially by approximat&hy; A two-chord heterodyne laser interferometer with
= 20 cm. During a discharge the two probe relectronic quadrature phase detection was con-
sponses were simultaneously monitored. By dividtructed; the system is very similar to the single-
ing the known axial probe separation by the diffechord system implemented by Spanjetsal[20] in
ence in the arrival time of the current sheet to eagtiPPT research. A schematic of the experiment lay-
probe (At,), the average current sheet propagati@ut is shown in Fig. 7. In a manner similar to the pre-
speed ¢ = Az, /At;) was determined, In configu-viously described magnetic field diagnostic, the in-
ration 2 the probes were placed at the same axial peferometer was used to determine the current sheet
sition, but vertically displaced by approximatelyy speed and canting angle by monitoring the phase
=3 cm. By measuring the time delay between the amriations of two laser beams at different spatial loca-
rival times of the current sheet to each prokde), tions within the accelerator and inferring the spatial
and multiplying by the previously determined valueonfiguration of the current sheet through a time-of-

Configuration 2 (side view)

Laser interferometry
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radiation frequency. Additionally, ifs, < w, the
number density of electrons in terms of the measured
phase shift is approximated by

2cn,

Ag 3)

where cis the speed of light in vacuurhis the phys-
ical length of the plasma through which the beam

Ne

o wl

N

@i P 9 ? ? propagates, and, is the so-called cutoff density,
e s i : above which the beam is reflected out of the plasma:
g o /@ D\® ne = w2m860/62 . (4)
\‘(;;7”” 1 ]
ol N o In our particular implementation, equation 3 reduces

to
ne = 2.78 x 10° A¢p [em ™3] . (5)

Two problems arise in the interpretation of data
flight analysis. obtained with a conventional Mach-Zehnder interfer-

The system consists of two interferometers gmeter: amplitude variations in the detected signal
the Mach-Zehnder configuration. This type of invhich arise from attenga_tion or refractive bending i_n
terferometer detects phase differences between {}@ Plasma must be distinguished from phase varia-
"scene” and “reference” beams. When these niigns, and in general it is not possible to determine
beams are recombined at the detector, any phase fii§-direction of the phase change (i.e., positive phase
matches between the beams causes amplitude v4ranges cannot be distinguished from negative ones.)
tions in the detector output due to constructive or d'ghese_ problems can be eliminated by using a h'etero-
structive interference. In our experiment, phase dffYne light source and quadrature phase detection. In
ferences between the two paths arise when the ¢y1eterodyne system, either the scene or reference
rent sheet plasma passes through the scene beamP®@" iS phase modulated at the source; when the
plasma index of refractiomn] is different than that beams are recor_nblned_at th(—_:‘ detector the ampll_tude
of free spacer(.) and, hence, the scene beam opticﬁi the detected signal will osu!late at the modulation
path changes as the current sheet passes by. By if§quency; the task of detecting the phase changes
suring the phase change of the scene beam we @4 t0 the plasma becomes measuring the phase of
determine the change in optical path length and,tf?le oscn_latlon at the detector relative to the drlvmg
turn, the effective index of refraction of the plasmanedulation at the source. The technology for this
Finally, through a suitable theoretical model of th/P€ of measurement, which is essentially one of ho-
interaction of the laser beam’s electromagnetic wai?dyne detection, has been well developed by the
with the plasma, the electron density of the plasnfadio reception community. Drawing on this knowl-
can be determined. edge, we have developed a two-channel quadrature

The simplest model of the plasma-EM wave intephase detector. Each channel uses two double bal-

action assumes a weak magnetic field and isotrofffac€d mixers to produce output signals proportional
plasma, in which case it can be shown that[21] to th_e sine and cosine of the phase and, hence, un-
ambiguously determines the quadrant of the phase

angle. A schematic of one channel of the phase de-

; (2) tection circuitry is shown in Fig. 8.
The specific components used in the interferome-
where,w, is the plasma frequency andis the laser ter were as follows. The light source was a Coherent

Figure 7: Schematic of laser interferometry layout.

n =
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Quadrature phase detector

fluctuations alone reduce the useful time scale of the
+  device to experiments which last less than 1B@ec.
It is unclear how one would introduce an object of
known optical path length into the scene beam on
such a short time scale. We have, however, based

A4 simply on signal to noise considerations, estimated
the minimal resolvable variation in electron density
40 Mhz 3 signal levels are 1 H —
o | vt s R in our device to be on the order of 1104 cm 3.
su losses.

The spatial resolution, which was limited by the laser

Figure 8: Schematic of one channel of the interfetrJ-eam diameter, was about 3 mm.

ometer quadrature phase detection circuitry.
5 Experimental Results

modgl 31-2108 17 mW HeNe laser. The beam Spu,lthree diagnostics (high-speed photography, mag-
ting into the scene and reference beam, along Witllic field probes, and laser interferometry) were
modulation of the reference beam, was accomplishgdh 15 estimate the current sheet propagation speed
using an IntraAction model AOM-405 acousto-opliG,y canting angle. The results of these measure-

cell driven by a 40 Mhz, 5 W RF power SOUrC&y,ans are presented below. In each section, a single,
Two Thor Labs model PDALS55 photo detectors Wefg, o santative data set will be graphically illustrated

. pu 4 -
used. These amplified (¥10° V/A) Si detectors ¢q)1,ved by a complete tabulation of the resulting
have a 50 Mhz bandwidth. It was found that, b%—ata base and associated errors.

cause of the large amount of electromagnetic noise
created by the firing of the accelerator, all electron- iah doh h
ics, including the laser, had to be housed in a Fa%—1 High-speed photography

day cage. Standard optical component (aluminizeghotographs were taken of the mid-section of the ac-
mirrors, dielectric beam splitters, and anti-reflectioge|erator, with the camera in position 2 (see Fig. 5.)
windows) were used to steer the beams. Seven different propellants were used at either 2 or
The current sheet propagation speed and and capressure levels (75, 200, and 400 mTorr.) Higher
ing angle were determined in a completely analogog®mic mass propellants (e.g. xenon) were not pho-
manner to that used in the analysis of the magnetigraphed at 400 mTorr because the current pulse
field waveforms. The response from two horizontallyas not of sufficient duration to drive the discharge
separated beams (approximately 10 cm axial sepdrae the viewing region for higher mass loadings.
tion) were used to determine the propagation speedrhe goal of the high-speed photography experi-
(the orientation of the optics for this experiment isient was to get a rough idea of the current sheet
illustrated in Fig. 7.) The beams were retro-reflectgtopagation speed and canting angle. The diagnos-
back through the plasma to give twice the phase shif is not well suited for precise measurements be-
of a single pass. For canting angle determinatiatause interpretation of the photographs relies on the
two beams at the same axial location but verticalyssumption that the luminosity patterns correspond
separated by about 3.5 cm were used. to the spatial location of the current. This assumption
No direct calibration of the instrument was camay not be valid if the luminous regions are caused
ried out (i.e., the response of the system to a knowy other phenomena, such as shock waves.
change in optical path length was not attempted.) ItFigure 9 shows examples of the photographs ob-
is difficult to conceive of how such a procedure couléined in the study. For clarity, the position of the
be accomplished. The phase variations measurecelgctrodes (anode on top) have been added using im-
the detector due to room vibrations and atmosphesage processing software. Also, the gridded back-
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a)

Table 1: Current sheet propagation speed and canting
angle from photographic data.

pressure speed canting angle
species [mTorr] [cmisec] [degrees]

hydrogen 752 - 27

hydrogen 200Gt 2 - 22

hydrogen 400t 2 5.5 16

deuterium 75k 2 - 25

deuterium 200Gt 2 6 26

b) deuterium 400Gt 2 4.5 24

helium 75+ 2 6.0 38

helium 200+ 2 5.0 40

helium 400+ 2 4.5 41

] ] neon 75k 2 5.5 62

Figure 9: High-speed photographs of current sheets neon 200+ 2 4.0 60

in the midsection of the CSCX accelerator: a) Ex- neon 400+ 2 4.0 59
ample of photographs used in the determination of

propagation speed (helium (400 mTomt = 2 usec argon 75t 2 4.5 63

between frames), b) Example of a photograph used &9on 2002 3.0 61

to determine canting angle (xenon (75 mTorr)). krypton 754 2 45 67

krypton 200+ 2 2.5 65

ground outside of the accelerator is visible (the grid ,.0n 75+ 2 25 68

spacing was 1 cm.) In the pictures the current sheet yenon 200+ 2
is moving from left to right. The right-most visi-
ble feature, which spans the entire gap between the
electrodes, is assumed to be the current sheet. Also,

a luminous cloud is seen to trail behind the current

sheet; we assume that this is not part of the curr@en current sheets caused the images to be blurred);
conduction zone but, rather, gas that has been hedtexse cases are indicated by dashes in the table. No
by the current sheet. Figure 9a shows two imageeaningful error analysis can be carried out on the
from a helium discharge, taken j2sec apart. By given values because of the small number of samples
measuring the change in spatial position of the sh@stwell as the inherent subjectivity in the interpreta-
between the two frames, the propagation speed wias of the luminosity patterns.

estimated. Figure 9b shows a Single frame from ajn any event, some qua”tative trends can be
xenon discharge. By measuring the slope of the lgteaned from the results. First, the higher atomic
minous front, the canting angle was estimated. Takl{@ight propellant cases had slower moving current
1 summarizes the measurements obtained from alkgkets, which is what one would expect from mass
the photographs. loading considerations. Second, it is apparent that
Each entry in table 1 was distilled from two phothe higher atomic mass propellants had a higher de-
tographs. In some cases the images were difficultgiiee of current sheet canting — with xenon having
interpret (for example, the high speed of the hydraimost40° more of a tilt than hydrogen. Hydrogen

- 64
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a)

0.15 —

Table 2: Current sheet propagation speed and canting
angle from magnetic probe data. Indicated error is
for a 90% confidence interval.

upstream probe
----- downstream probe
0.10 —

B [Tesla]

0.05 —

~7 pe— pressure speed canting angle
species [mTorr] [cmisec] [degrees]

time [sec]

hydrogen 752 6.5+1.2 39+ 8
hydrogen 20Gt2 5.6+1.0 44+ 7
hydrogen 40Gt2 4.6+0.8 20+ 8

0.15 —

anode probe
----- cathode probe:
0.10 —

B [Tesla]

0.05 —

deuterium 752 6.8+0.9 52+ 7
. —— B — —— deuterium 20Gt2 5.5+0.9 46+ 6
e deuterium 400t2 3.9+0.8 27+ 6

Figure 10: Magnetic field measurements using b-dot helium 752 6.9+ 1.3 49+ 9
probes for time-of-flight canting angle analysis, in a) Ee:!um iggi ; i-gi 82 igi 6
configuration 1 and b) configuration 2 (Hydrogen (75 elium 9+ 0. +5

mTorr).) neon  75:2 52408 5546
neon 2002 42+07 5845

at high pressure exhibited the lowest canting angle. ~ "€on 4002 3.0£0.7 56+ 5

o argon 752 5.0+0.9 62+ 5
5.2 Magnetic field probes argon  20Qt2 3.2+ 0.7 57+ 4

In order to obtain a more accuraf[e measurement of krypton 7542 4.4+ 1.4 71+ 8
the current sheet speed and canting angle, two mag-krypton ~ 200+2 2.3+ 0.7 63+ 4
netic field probes were introduced into the acceler-
ator channel as illustrated in Fig. 6. The same pro- xenon 752 3.6+0.6 67+ 4
pellants and pressures used in the photographic study xenon ~ 200:2 1.8+ 0.6 56+ 4
were tested.

Figure 10 shows a typical set of data with hydro-
gen as a propellant. In Fig. 10a the b-dot probes were
aligned according to configuration 1 (see Fig. 6.) In
this orientation, the probes were axially separated the b-dot probes were aligned in configuration 2. In
21 cm. We see that, as the current sheet approadhés orientation, the probes were vertically spaced 3
the probe, the magnetic field in front of the sheet ¢sn. By measuring the time delay between the arrival
gradually detected; then, as the probe enters the dime of the current sheet to each probe and, knowing
rent channel, the magnetic field quickly reverses dire propagation speed of the current sheet, the cant-
rection. When the current sheet has passed the prabg,angle can be estimated. Table 2 summarizes all
the magnetic field reaches its peak value and remadfigthe speed and canting angle measurements using
fairly constant until the current reverses. Data sutiie magnetic field probes and time-of-flight analy-
as that shown in Fig. 10a can be used to estimais. Each entry in table 2 represents the average of
(using the time-of-flight technique) the current shetto experimental measurements. The error associ-
propagation speed by measuring the time delay laded with having only two samples is large, and is
tween a common feature on each waveform (e.geflected in the large error bars in the tabulated val-
the point of field reversal.) Similarly, in Fig. 10bues.
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@) 35x10” i i
20- 5 Table 3: Current sheet propagation speed and canting
P | aocebean PN angle measurements from laser interferometer. Indi-
- P e T cated error is for a 90% confidence interval.
Z‘ _/_,/\ PR pressure speed canting angle
e species  [mTorr] [cmisec] [degrees]
time [sec]
D) s0x10%®
hydrogen 752 7.7+£0.5 48+ 4
i | hydrogen 206:2 5.9+0.2 47+ 5
T o - hydrogen 406:2 4.44+0.2 31+ 4
* i et deuterium 752 6.9+ 0.3 49+ 5
O R e = ) deuterium 20G:2 4.94+0.2 41+ 3
! ’ ° imesen " deuterium 4002 3.6+ 0.1 20+ 4
Figure 11: Electron density measurements using helium — 75+2  6.7+0.2 40+ 5

helium 2002 55+0.1 50+ 4

laser interferometer for time-of-flight canting angle )
helium 400+ 2 4.4+0.3 52+ 3

analysis(configuration 2): a) helium (75 mTorr), b)

argon (75 mTorr). neon 752 53+£02 5042
neon 2002 4.0+02  57+4

The trends found in the photographic data are also  "€on 4002 2.9+£0.1 60+ 4

evident in the magnetic fle!d qlata: the speed of th.e argon 7502 41404 564 4
current sheet decreases with increased mass loading argon 200t 2 2.9+ 0.2 50+ 3
and, in general, the current sheet canting is more se-

vere for the higher atomic mass propellants. Com- krypton  75+2 3.9+0.1 65+ 3
parison of the numerical values in both tables shows krypton = 200+2 2.4+0.1 64+ 3
general agreement with one major exception: the

magnetic field data shows that the canting angle of Xenon — 75£2  3.5£0.1 67+3
the hydrogen and deuterium current sheets is much xenon 2002 1.9+0.1 59+5
Ia_Lrger than inspection of the photographs would in- methane 502  5.64 0.4 48+ 3
dicate. However, the markedly lower (compared 10 ethane 752 5.2+ 05 57+ 4
all other propellant-pressure combinations) canting methane 202 2.7+0.3 20+ 5
angle in high pressure hydrogen and deuterium is ob-

served in both the photographic and magnetic data.

53 Laser interferometry used to measure the current sheet speed (see Fig. 7)

The final diagnostic implemented to measure tla@d two vertically separated beams (configuration 2)
current sheet speed and canting angle was a twere used to measure the canting angle.

chord laser interferometer (see Fig. 7.) In addition Figure 11 shows examples of electron den-

to the propellant-pressure combinations describedsity measurements acquired with the interferometer
the preceding sections, methane was tested at &@yned in configuration 2 (4 cm vertical beam sepa-

75, and 200 mTorr. The interferometry experimenation.) In both plots we see, in agreement with our

was carried out in a manner completely analogopsevious observations, that the current sheet arrives
to the magnetic field measurement experiment: tficst at the anode beam location. Also, it is clear that

axially separated laser beams (configuration 1) wehe cathode current sheet attachment in helium, while
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lagging behind the anode attachment, arrives earlibe lower atomic mass propellants. Evidently, some
than in the case of argon, indicating less cantingf. the luminous regions in the photographs are not
Another readily apparent feature, common to bo#ones of current flow but originate from other pro-
gases, is the large disparity in electron density nemsses.
the cathode as compared to near the anode. Also, thalthough the goal of the study represented in this
cathode traces indicate that a layer of plasma pgeper is to provide an experimental database of cant-
sists along the cathode long after the current shggj angles for use in ongoing and future theoretical
has passed by. studies, we wish to make a few preliminary com-
Table 3 summarizes the speed and canting @fents on some of the features apparent in the data.
gle measurements from the interferometric diagnos-Referring to the electron density data in Fig. 11,
tic and time-of-flight analysis. Each entry is the rege see that the electron density on the anode side
sult of five experimental measurements and, hengemych lower than that on the cathode side (note:
has a smaller error bar than in the magnetic field §fth beams are about 1 cm away from each electrode
periment. — well outside the electrode Debye sheath regions.)
Comparison of the data in tables 2 and 3 showghjs density imbalance may suggest that the effect of
within the bounds of the given error bars, that all efanting is to force the plasma entrained by the current
the major trends discussed in the interpretation of t§&eet into the cathode where it stagnates and is then
magnetic field data are also borne out by the interfggf; pehind. This picture is supported by the cathode
ometric data. Also, methane (which is largely conjaser beam electron density traces, that show a sig-
posed of hydrogen) exhibits the same peculiar teificant plasma density which persists after the cur-
dency as hydrogen and deuterium — reduced cantggt sheet has passed. Also, the photographs in Fig.

at higher pressures. 9 show a long luminous layer of plasma behind the
current sheet. These data indicate that, in addition
6 Discussion and Conclusions to causing an off-axis component of thrust, current

sheet canting may undermine the effective sweeping

The propagation speed and canting angle of curréitof propellant as the current sheet propagates. In-
sheets in a pulsed electromagnetic accelerator wé@gd, canted current sheets may act like real "snow-
measured using three different techniques: higblows” — never accumulating but, rather, throwing
speed photography, magnetic field probes, and lawir load to the side as they pass by. We empha-
interferometry. Eight different propellants (hydrosize that this is only one of many possible interpre-
gen, deuterium, helium, neon, argon, krypton, xendﬁ!ﬁiOl’lS of the data; other explanations, such as elec-
and methane) were tested in a rectangular-geomédtgde erosion or the liberation of adsorbed gas may
accelerator, at pressures ranging from 50-400 mTdfrfact be the cause of the measured anode-cathode
The canting angle was found to be dependent on &lectron density disparity.
atomic mass of the propellant; lighter atoms were The data in all of the experiments indicate that
observed to yield less canting(the measured angtesrent sheet canting is reduced when lighter atomic
ranged from approximately 2@or deuterium to ap- mass propellants are used. Furthermore hydrogen
proximately 70 for xenon). Hydrogen, deuteriumand deuterium showed markedly lower canting at
and methane were found to exhibit the peculiar, ahdjher pressures. However, hydrogen is not an ideal
possibly beneficial, property of having reduced cuPPT propellant, due to the difficulty of handling
rent sheet canting at higher pressures. cryogenic propellants on a spacecraft. To practi-

The magnetic field and interferometry diagnostiazlly exploit the benefits of low current sheet canting
gave, in general, quantitative agreement. The analyhich results from the use of hydrogen at high pres-
sis of the photographic data, however, gave signi#ftire, we sought alternative propellants which contain
icantly different estimates of the canting angle fa significant amount of hydrogen in their molecular
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structure. Alkanes, with theil€'y Hon o Structure,
seemed like a natural choice. Methane was tested
as part of the interferometric study and was found to

have the same reduced canting behavior (at high
pressures) as hydrogen. Further tests are needed on

longer-chain hydrocarbons. If butane, for example,

is found to exhibit similar behavior, it will be an ap-

pealing GFPPT propellant on two levels. In addi-
tion to the aforementioned canting benefits, butane
can be stored as a liquid under relatively low pres-
sure at room temperature; therefore, a butane propel-
lant system will have a much smaller specific voluni&0]
(smaller fuel tank and feed system) than a high pres-
sure gas system.
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