AD-A285 852
PL-TR-94-2204 ACHIVEI o

ADVANCED DETECTOR DEVELOPMENT, LABORATORY
SIMULATIONS, DIAGNOSTIC DEVELOPMENT, AND DATA
ANALYSIS ON WAKE PHYSICS

John M. Talbot
Chung Chan

Northeastern University
Department of Electrical and Computer Engineering

Boston, MA 02115
June 30, 1994 =
Scientific Report No. 1 <=
VA
e /)/

Approved for public release; distribution unlimited.

4

:"

. v
s

PHILLIPS LABORATORY

Directorate of Geophysics

AIR FORCE MATERIEL COMMAND
HANSCOM AIR FORCE BASE, MA 01731-3010




"This technical report has been reviewed and is approved for publication”

nd

MICHAEL D. VIOLET. Capt, USAF Ty DAVID A HARDY/
Space Plasmas & Fields Branch v Space Plasmas-& Fields Branch
Space Physics Division Space Physics Division

WILLIAM §

Deputy
Space Physics Division

This report has been reviewed by the ESC Public Affairs Office (PA) and is releasable to the
National Technical Information Service (NTIS).

Qualified requestors may obtain additional copies from the Defense Technical Information
Center. All others should apply to the National Technical Information Service.

If your address has changed, or if you wish 10 be removed from the mailing list, or if the
addressee 1s no long=r employed by your organization, please notify PL/TSI, 29 Randolph Road,
Hanscom AFB, MA (Q1731-3010. This will assist us i maintaining a current mailing list.

Do not return copies of this report urless contractual obligations or notces on & specific
document requires that i be returned.




Form Approved
OMB No. 0704-0188

REPORT DOCUMEHMTATION PAGE

Public reporting Burden 10r this coltection of Nformation 3 «31iMated 10 average ' hour per 'e3p0ne including the t.me 107 reviewing instruclions. searchung exiating dats sources
Qathering and maintaining the data needed. and cOMPIeNng and reviewirq the (ollection of information  “end cOmments regarding thiy burden estimate or any other asoect of this
collection o iIntrmation, (nduding suggestions for reducing this Durden 10 Warhinqton Heasdguarters services D-revtorate for intormation Operations and Reports. 1215 jetfenson
Davis HiIghway. Suite 1204 Lrhington A 22202-4300 and 1C the OHice of Management and Budqe! Paperwerk Reductior Project (0704-0188) Wash.ngton OC (0803

2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
A June 15%4 Scientific No.
S. FUNDING NUMBERS

1. AGENCY USE ONLY (Leave blank)

4. TITLL ANO SUBTITLE
Advanced Detector Development, lLaboratory PE 63410F
Diagnostic Development, and Data Analysie PR 2822 TA 02 WU CH

. on Wake Physics
6 AUTHOR(S) Contract F19628-91-K-00 l‘jﬂ

John M. Talbot

Chung Chan

7 PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES)

Nor theastern University

Department of Electrical & Camputer Engineering
Boston, MA 02115

Simulations,

8 PERFORMING ORGANIZATION
REPORT NUMBER

10 SPONSORING ' MONITORING

9 SPONSORING MOMITORING AGENCY NAME(S) AND ADDRESS(ES)
AGENCY REPORT NUMBER

Phillips Laboratorv

29 Randolph Road

Hanscom AFB, MA 01731-3010

Contract Manager: Capt. Michael Violet /GPSG
11 SUPPLEMENTARY NOTES

PL-TR..94-2204

12a3. DISTRIBUTION - AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200 words)

We have developed a theoretical analysis of the cirrent scaling issues of a
negatively biased probe in a plasma wake, The theoretical assumptions have been
analyzed qualitatively and quantitatively by the use of the POLAR computer code.

For a plasma with a constant beam energy, the analysis shows that the I-V collection
characteristics are unaffected by Mach number variations for Mach numbers above

the value of two. For the same case, the current was found to scale with the 3/7

power of the density.

15. NUMBER OF PAGES
14
16. PRICE CODE

14. SUBJECT TERMS

Current scaling, Mach number, plasma wake, POLAR Computer code,
ion collection

1) SECURITY CLASSIFICATION
OF REPORT

Unclassified

18 SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
Of ABSTRACT

Unclassified

20. UMITATION OF ABSTRACT

SAR

NN PRS0 N B0 $500

—
Standard Form 298 (Rev 2-89)
Prmscribed by ANS! Std Z39-18
298.102



CONTENTS

! INTRODUCTION

2 THEORETICAL MODELS
2 1 Mach number and Plasma Temperature Vanations

2 2 Plasma Density Variations LT ey

-

EXPERIMENTAL RESULTS T

CONCLUSIONS

F-S

REFFRENCES

FIGURES

Al

ILLUSTRATIONS

1. POLAR Chamber Simulation Shadowing Body and Langmuir
Probe Configurat:ons

2. Current collected as a function of negative potential on the
Langmuir probe for varying axial positions [Enloe et. al.,
1993)

3. (Current collccted as a function of negative potential on the
Langmuir probe for varying axial positions from the POLAR
simulution.

4. POLAR simulation shadowing body and Langmuir probe
configurations used to limit effects of ion circulation

5. I-V collection characteristics as a function of plasma
temperature and related Mach number.

6. 1-V collection characteristics as a function of density




1. INTRODUCTION

The investigation of both theoretical effects and computer simulation models of the collection of
ion current by a Langmuir probe in the plasma wake of a shadowing body is the focus of this
repon. Results of such experimentation have been used in flight predictions [Cooke et. al., 1994]
of the WSF-CHAWS STS-60 spaceflight mission. It has been found that the coilection of ion-
current in a plasma wake is a space-charge-limited process with a heavy dependence upon an
angular-momentum mechanism. Previous attemptc [Enloe et. al., 1993; Cooke et. nl., 1994] have
been made to model effects of scaling plasma parameters and pose theoretical models to asses the
variations of current collection with the variations of plasma parameters. Although expected by
orbit-limited models of ion collection in the plasma wake, the magnitude of the collected current
is not a linear function of plasma temperature (T), plasma density (N), nor ion Mach number (M.

2. THEORETICAL MODELS

Given that the angular momentum of the particles is a dominant characteristic of particle
collection in the wake [Enloe er. al., 1993], we must speculate on the impact of the scaling of
particular plasma parameters for both orbit-limited and space-chargc-limited analytical
approaches For the scope of our study, we look at the first order irapact of the most dominant
plasma parameters plasma density, temperature, Mach number, and atomic mass number In any
plasma environment, we know that the ion thermal velocity is proportional to the square root of

the piasma temperature to mass (AMU) ratio, more conveniently wntten

vih = (kT / mpl/2 x  (T/AMU)I2 (210

For a moving object in a stationary plasma or a stationary object in streaming plasma, we know
that the relative plasma stream velocity (vq). ram current density (Jr31,). and the plasma beam

energy (E()) are related as

VO = M vih x M (T / AMU)!/2 (22
Jram e NM vy, x NM (T/AMU)/2 (23)
Eg - (1/2) m; v2 x MZT (2 4)

where M is the mach number of the streaming plasma relative to the object immersed in the
plasma From orbit-limited theory, we would expect that an increase in the ram current density by
a factor of two would be followed by an increase in current collection by a factor of two  From

space-charge-limited theory for a body, such as the WSF-CHAWS experiment, where the




dimensionless characteristic radius (r=R/Ap) is much greater than unity, the current collection of a
probe in a plasma is limited by the Debye shielding of the plasma sheath set up by the probe
potential [Langmuir and Blodgett, 1524]. Otherwise, we can assume that the current collection in
the wake of the WSF-CHAWS experiment is orbited limited when the dimensionless characteristic
radius is less than unity. Such a case can occur when the density is at a critical minimum, thus
making the influence of the Debye length more appreciable to the characteristic radius (R) of the
experiment. In the case of the WSF-CHAWS experiment, a ram density on the order of 104
becomes highly unlikely for a body in LEO . There.ore, we can assume that a simple scaling of
the ram flux density and the associated collected wake current,as in accordance with the previous

orbit-limited assumption, once again is inaccurate

2.1. Mach Number and Plasma Temperature Variations

Reverting to a more basic approach, we must first concentrate on known relations. In congruence
with the WSF-CHAWS spaceflight operation, we know that the orbital speed of the shuttle and
WSF is nearly constant. This constant velocity, for any given species of plasma, denotes that the
streaming velocity (beam energy) of the plasma also will be a constant, relating T and M

appropnately by Eqn. 2 4

M2 x 2 (25)
T

To model the physical effects of the vanations of these parameters, we look at the ram flux from
the origin of the plasma wake disturbance at the edge of the WSF-CHAWS shadowing body
Since the WSF-CHAWS experiment is traveling in the -Z direction at a constant velocity v, and

a transverse 10n txpansion into the wake with a mean velocity of v, ;. we have the corresponding

distribution function

»r[v‘lé{\"w\w):qvl vm)}}/\'m’ (26)

)J/Ze

f= N(Terz

Integrating this function with respect to each velocity component

F= N(m,mZ)' ‘/2[(n\'m2)|/2[‘.'j:e {v, v.‘.)‘/\,,,“dv\JL;ore-{\, "")‘/""“d\,}. 27

yields

[y _—
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which agrees with Parker [1980] Analysis of this resuit provides important information about the

effect of the plasma temperature (Mach number) on the ram current density For Mach numbers




above the value of two in Eqn. 2.8, the error function saturates to unity and the negative
exponential saturates to null, indicating that the flux distribution is unaffected by Mach numbers
above the value of two. In comparison to oxxygen ions in LEO, the WSF-CHAWS experiment
operates in a Mach number range above the value of seven. Therefore, the collection of current
due to oxygen ions on a probe in the WSF-CHAWS wake is invariant to perturbations in the
plasma temperature. For hydrogen ions in the same environment, the WSF-CHAWS experiment
operates in a Mach number range near the value of two, indicating that the rara density

characteristics may be dependent upon the plasma tempeiature.

2.2. Plasma Density Variations

Although variations in the plasma temperature (Mach number} have little effect on the I-V

char cteristics of the L.angmuir probe in the WSF-CHAWS wake, variations of the ambient ion
density of a LEO environment exist. As Eqn. 2 8 shows, the flux density is directly proportional
to the density of the plasma As stated before by tne orbit-limited theory, we can assume that the
current collection in the wake will be proportional to this density, but first we must look at the
effect of the density on the space-charge-limited collection of a Langmuir probe according to
_angmuir and Blodgett [1924] From the well-known Child-Langmuir law of space-charge-

limited current between charged concentric spheres, we have

4 [2e g JVI"?
=5VM 29)
where g is the permittivity of free space, V is the potential difference between the spheres, and D
is function of the radi of the spheres Using the three dimensional flux density to a surface (let J,

= eN[kT/2nM]1/2), Debye length, and dimensionless potential, Eqn 2 9 can be written

[ (AL
(cm\ !
D M\/ze el ; = (12,eM (2 10)
ACZA Y N -
l J

From the Park.:r [ 1980] tabulation of Table 11 of Langmuir and Blodgett [1924),

0 56H4 N T
R, (D D
o =) (2 11)
R, \R R

where R, 1s the charactenstic radius of the Langmuir probe and R is the sheath radius

0 (U

Incorporating Eqn 2 10into Eqn 2 11, vields




[l 4/7
RS=ROL—E"—J 7 (2.12)
0

Using 2.12 as the radius of the spherical sheath,

[ N 4/7
1=4nJ R2= 4700[110(;{2) o7 J . (2.13)
0

From the definition of the ion Debye length and the proportion of Eqn. 2.1, the current to the
Langmuir probe is proportionally related

J Yy
I=4nJ Rz NTV ( ~J (—) | - NP4 (2.4.14)
[\YNJ AT
Therefore, we see that for a non-flowing plasma, the space-charge-limited current varies with the
3/7 ths power of the variation of the plasma density. The 3/14 ths power variation associated
with the plasma temperature is considered ineffective via the derivation of Eqn. 2.8. To apply a
similar reasoning to the plasma stream that evolves about the edges of the shadowing body proves
to be rather difficult. We cannot assume a spherical sheath as in Eqn. 2.13, nor is the plasma
density in the wake uniformly distnbuted about a sphencal probe. What is important is the power
relation of the density to the Langmuir probe current. On the other hand, if we assume that the
collection potential of a Langmuir probe in a plasma wake is sufficiently high enough (V >> kT/e)
above some collection threshold, we can (for the moment) disregard the angular momentum
properties of ion trajectories in the sheath and use the Langmuir-Blodgett relation tor the current
scaling with density  Such a situation is physically unrealizable because the sheath edge is not
well defined and the initial velocities of the ion trajectonies into the sheath are highly dependent
upon the angular momentum of the ion particle. From this, we can conclude that the current

collection mechanmism in the plasma wake is neithei orbit-limited or space-charge-limited. Rather,

it is in a quasi-space-charge-orbit-limited regime where the current scaling via the density can be
descnbed mostly by the relation of Eqn 2 14 in the space charge sense, but the particles also

exhibit some behavior relevant to anguiar momentum concepts




3. EXPERIMENTAL RESULTS

We have used the POLAR [Lilley et. al., 1985] computer simulation to model the chamber
experimentation [Enloe er. al., 1993] and the WSF-CHAWS STS-60 mission [Cooke et. al.,
1993] with good results. The POLAR code was able to model the chamber experiment as shown
in Figure 1. The in situ results [Enloe et. al., 1993] and POLAR simulations are shown
respectively in Figures 2 and 3. The identification of the "sweet spot" of orbiting ions and
similarities in the magnitude of current collection provided a reasonable validation. A similar
geometry, shown in Figure 4, was used to model the parametric variations more closely by
removing the effects of the ion circulation about a Langmuir probe with quasi-radial symmetry.
The small effects of Mach number and plasma temperature variations are shown in Figure 5. The
effects of plasma density variations and the Langmuir-Blodgett scaling assumption is shown in
Figure 6. Similar relations of the plasma density variations are also present in the Cooke et. al.

[1994] data.

4. CONCLUSIONS

From the theoretical assumtions and predictions of the POLAR simulation models, we see that
varaitions in the Mach numbers and plasma temperature have little effect on the ion current
charactenstics of collection when the Mach number is greater than two. It was found that the
collection of ions to a Langmuir probe in the plasma wake of a shadowing body is a space charge
limited process that is heavily dependent on the angular momentum of the particles. The collected
ion current is expected to scale with variations in the plasma density to the 3/7 ths power.
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Figure 1. POLAR Chamber Simulation Shadowing Body and Langmuir Probe Configurations:
a.) side-view (x-z) of POLAR object, b.) three dimensional view.
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’ Figure 2. Current collected as a function of negative potential on the Langmuir probe for varying

axial positions. The change in the shape of the I-V curve for z = 3 cm is due to the effect of the
ions orbiting the sphere [Enloe er. al., 1993]
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Figure 3. Current collected as a function of negative potential on the Langmuir probe for varying
axial positions from the POLAR simulation.
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a)
Figure 4. POLAR simulation shadowing body and Langmuir probe configurations used to limit
effects of ton circulation a ) side-view (x-z) of POLAR object, b.) three dimensional view.
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Figure 5. 1-V collection characteristics as a function of plasma temperature and related Mach
number.
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a.) No density scaling.

b.) Langmuir-Blodgett density scaling.

Figure 6. I-V collection characteristics as a function of density. The single element [.angmuir
probe was replaced by an elongated probe extending from the shadowing body to prevent

trajectory orbits.




