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I INTRODUCTION

This report suminarizes the resuits of a three-year investigation
conducted by SRI International on the generation and reflective/absorptive
properties of man—-made atmospheric pressure plasma. The initial thrust was
to understand plasma generation in the earth's atmosphere from sea level to
300,000 ft. SRI thus investigated plasma lifetime; or more exactly the
deicnization solution for a tenuous plasma. That investigation resulted in an
air chemistry code specifically set up for the earih's atmosphere and later
extended to noble gases [1,2].* Most significantly SRI derived an estimate of
plasma lifetime as a function of gas composition, pressure, and electron number
density. Lifetime is important because the power required to sustain a
man-made tenuous is inversely proportional to lifetime. if the lifetime is long
enough the the power required is low and plasma generation becomes feasible.

Motivation for this research was twofold. Man-made plasma in the
earth’'s atmosphere could be used to (1) reflect electromagnetic waves, i.e., an
artificial ionospheric mirror [3,4], or (2) absorb electromagnetic waves [5-7).
The cold collisional plasma model [8,9] and theory for reflection from an
Epstein profile [10-13] provided a tractable and computationally feasible model
for estimating electromagnetic effects. Estimates of the reflection coefficient at
270,000 ft [14; copy attached] quantified the importance of a sharp transition
from free space to plasma for the ionospheric mirror application.

The power reflection coefficient for backscatter from a plasma was
computed and found to be significantly lower than that for commercially
available absorber [15]. The concept of a cloaking device, i.e., a means to
reduce el.ctromagnetic backscatter, using a collisional plasma has a relevancy
to radar cross section (RCS) measurements and signature control [16,17]. A
plasma absorber would operate near the ambient atmospheric pressure (760
torr), be broadband from VHF through X-band, and have a greater theoretical
absorption coefficient than any commercially produced carbon-based absorber.

* References appear at the end of this report.




An important part of this cloaking concept is estimating the power
required to generate a plasma gradient. The basic science that affects the
practicality of a cloaking device includes (1) an efficient means of ionization,
which determines the energy required to ionize a plasma, wnd (2) the
deionization solution based on gas kinetics, which determines plasma lifetime

and power.

The major thrust of this research has been to establish a model for
deionization in air and noble gas plasmas. Minimization of the power required
to sustain a plasma is directly related to the gas kinetics; specifically, the
momentum-transfer collision rate [18] and the deionization time constant for
the specific gas mixture used. The air chemistry code developed as a central
part of this research quantifies the plasma lifetime in air and in noble gases
with trace impurities of air. The net result has been the identification of
helium, neon, and argon with impurities kept below 100 ppm as a good (but
not minimum) gas mixture for generating a cloaking—device plasma. When
that research was nearly complete, attention was focused on practical means of

innization.

Initial interest was on an electron-beam source with an energy of 100 to
300 keV, which could generate the required piasma through the mechanism of
impact ionization. Although such a scheme works, has a high input—to—output
efficiency, and has been verified experimentally by other researchers, it has
some shortcomings. A high-energy electron—beam source is heavy and bulky,
has a low duty ratio, and produces X-ray emissions [19].

As an alternative, SRI has identified a simple, safe, compact means of
ionization. It is based on ultraviolet (UV) photoionization of an organic vapor
and a confinement membrane that is both electrically transparent and
chemically compatible with the organic vapor. This ionization method and
confinement membrane complete a system for geverating a cloaking—device
plasma that is inexpensive to construct and suitable for experimental validation
studies.

Sumnmary descriptions of the technical issues associated with air
chemistry, broadband absorption, and plasma generation are provided in this
report, along with supporting documentation.




II TECHNICAL ISSUES

This investigation has spanned nearly five years. Work on theery for
reflections and broadband absorption was completed last year. The air
chemistry code was completed this year, as was the investigation of an organi~
vapor suitable for photoicnization and a confinement membrane.

A. Air Chemistry

The predictions of plasma lifetime in air and in noble gases with
impurities build on an existing data base [20-25]. The range of electron
densities investigated was chosen to span the applications of an artificial
ionospheric mirror and a clozking device. Identification of the limiting
processes in practical noble gas plasmas [14] provides a theoretical model for
prediction of attenuation and attenuation bandwidth as a function of noble gas
species and applied power.

1. Additional Reactions. The previously reported 263 chemical reactions
among 43 gas species [2] have been increased to 340 reactions among 44
species. The addition of He(3S;) provides a better mode! for a helium plasma.
The additional two— and three-body reactions provide model He and He(35;)
reactions in plasmas in which their number densities are appreciable. The new
reactions (A123-134, B60-75, C26-33, D27-29, and F32-62) are included in
Appendix A, which is a complete tabulation of the reactions in the air
cheriistry code. These reactions permit modeling of plasmas in which helium
is the dominant species and air is an impurity. The air chemistry code can
(1) model the composition of the earth's atmosphere from sea level to an
altitude of 3G0,000 ft, or {2) model a helium plasma with air as an impurity.

2. Plasma Lifetime. The air chemistry program has been run te
determine the 1/e lifetime of a plasma in the earth's atmosphere as a function
cf both electron number density and alti ude. A plot of these dzia is in
Reference 14 (copy attached). A complete listing appears in Appendix B,
which is a database for validating the air chemistry code on a new machine.

3. Source Code. An air chermistry code was developed on an IBM AT
computer equipped with a math coprocessor chip. A copy of the source code
is attached, and the code is briefly described in Appendix C.
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B. Broadband Absorption

The prior research on plasma abscrption and backscatter from plasma
gradients [10-12] provided a solid theoretical base. 'The theoretical model of a
cold collisional piasma [8,9] is sufficient to predict ciectromagnetic effects of
tenuous atmospheric plasmas. The predictions of absorption and reflection
based on an Epstein profile provide an estimate of electrical characteristics.

1. Exact Modeling. The value of the Epstein profile gradient scale factor
to use for electron beam impact ionization or photoionization is approximate.
The method suggested is to plot the anticipated electron distribution and fit
an Epstein profile to it. Cleariy, this approximate method should be improved
by analytically or numerically computing electrical absorption and scattering
for the exact electron number density distribution. Modeling the electrical
characteristics is tractable. Knowing the exact distribution is a tough
problem, because it requires knowing the air chemistry.

For example, a plasma generated in helium by a photoionization pulse
has a 1/r? distribution and will deionize at a rate that depends on the
electron concentration. The data in Appendix B for a helium plasma with an
electron concentration suitable for a cloaking device (1¢% cm™3 to
5 x 1011 ¢cm3) indicate that the plasma lifetime is a function of electron
number density. Conseqguently, the high-electron-density portion of the initial
1/r? distribution decreases in density more quickly than the tail. And, the
Epstein profile gradient scale factor flattens out (becomes larger) as a function
of time. Clearly, the response of a long electromagnetic pulse will, in turn,
become time -dependent.

2. Bandwidth. The Epstein profile gradient scale factor [14] determines
the low-frequency limit, and the electron momentum-transfer collision rate
determines the high—frequency limit. The low—frequency cutoff is inversely
proportional to the plasma gradient scale factor. A plasma that varies from a
density of n, to no/ 10 in a distance of 2 m has a low—frequency cutoff of 150
MHz. Lower or higher cutoff frequencies can be set by altering the means of
ionization to produce the required scale factor.




Helium at atmospheric pressure (14.7 psi) has a momentum-transfer
collision rate of 253 x 109 s-1 [18], which produces a high-frequency cutoff of
20 GHz. Argon and neon have a momentum-transfer collision rate that is an
order of magnitude lower and so yields a 2-GHz cutoff.

For a space-based cloaking device to have an appreciable high—frequency
cutoff, it must have a confinement membrane capable of ccntaining an internal
pressure of a few psi. An internal pressure of 14.7 psi of heliuin would have
a high—frequency cutoff of 20 GHz, but 14.7 psi will rupture a thin membrane
several meters in diameter [26]. By reducing the internal pressure by a factor
of 20 to 0.75 psi, a high—frequency bandwiath of 1 GHz could be realized.
Consequently, the thin-sheli confinement vessel described by Watters and
Vidmar [26, copy attached] would be suitable for space experimentation at
frequencies below 1 GHz.

C. Plasina Generation

Two means of ionization, among numerous promising techniques, have
been investigated in detail. High-energy electron hcam impact ionization and
photoionization were investigated because toth can readily generate a plasma
with a gradient from a single source. A suitable membrane material to
confine the plasma without introducing impurities or acting as an electro-
magnetic scatterer is also necessary. Significant results on these aspects of
plasma generation follow.

1. Impact lonization. Electron impact ionization is a well-developed
means of generating a plasma in a gas. The production rates for ionization
products and metastables in air due to electron bombardment are known. A
produciion rate table that approximates the generation cf ionization by-
products has been incorporated in subroutine XRAY (in AIR1.FOR).
Metastable species and other ionizatior by-products are important in modeling
conductivity in the late afterglow of an impulsively generated plasma.

As a practical means of rowering a cloaking device, impact ionization is
an efficient process. But, it has some detracting features. First, the electron
must have an energy over 100 keV to peretrate a meter or s into a gas.
This potential is sufficient (o generate X-rays [19] that constitute (or are
perceived by cautious individuals to constitute) an unacceptable health risk.
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Second, a small, lightweight, inexpensive, aigh-repetition-rate X-ray source is
not commercially availeble. A CW source is more desirable but has profound
transmission window heating problems that limits the time of CW operation.

Thus, a simpler ionization technique was investigated as described below.

2. Photoionization. UV vhoton sources, 4 -- 400 nm, are commercially
available [27], and 10% efficiency at 172 nm (7.22 eV) is possible [28].
Consequently, a substance with an iomnization potential up to 6 eV could be
ionized with a UV flash lamp using a quartz or magnesium fluoride
transmission windcw. Anderson [29] found that the organic molecule
tetrakis(dimethylamino)ethylene (TMAE) is one of many substances that can
be used as a seed gas for nhotoionization with a UV flash lamp.

Rewick et al. [30] have investigated the material compatibility of TMAE
with common plastics and found that Kapton, Mylar, and polyethylene can be
used to contain TMAE vapor. The vapor pressure and cross section for
photoicnization of TMAE [29,31] are sufficient for generating plasma with
dimensions from a few centimeters to many meters. Electromagnetic validation
measurements could be conducted using this means of ionization if a suitable
confinement membrane could be consiructed.

3. Confinement Membrane. Two common materials, Kapton and Mylar,
are candidates for the confinement membrane for a cloaking device. Kapton
and Mylar have high tensile strength and a low dielectric constant, which
makes their backscatter reflection coefficients low. Watters and Vidmar [26]
demnonstrated that 2-mil Mylar can be used as a stressed—skin conical structure
(32-in. diameter, 96—in. height, 0.75-psi relative pressure) to support targets
and antennas during electrical measurements. This structure is ideal for
plasma—absorber containment because of its low backscatter and 1-m3 volume.

For a cloaking device, a 0.25-mil membrane of Kapton or Mylar is
adequate for an internal pressure of 0.1 psi. Polyethylene would have to be
2-mil thick and would increase backscatter from the skin by 18 dB compared
with Mylar. A thin Mylar membrane becomes an inconsequential electro—
magnetic scatterer below S-band, where 80 dB of plasma absorption is
predicted before reflections from the confinement membrane or plasma gradient
become a backscatier issue.




III CONCLUSIONS

After researching the air chemistry, electromagnetic properties, and
plasma generation mechanisms, SRI concludes that a plasma cloaking device
will work and is feasible. Additional basic research issues remain to be
resolved on the cloaking device concept suggested in this report. Researchers
in the future could:

¢ Refine the air chemistry model

¢ Discover better seed gas mixtures

Develop more efficient ionization techniques

Quantify time— and source—dependent electron density profiles
Model scattering from time-dependent density profiles
Develop better confinement membranes

Discover ways to circumvent or slow rapid deionization in air
Measure scattering and piasma absorption coefficients.

In addition, it is altogether possible that additional cloaking device
concepts based on different physical principles exist and are simpler.

The cloaking device concept advanced in this report could be constructed
usipg helium or argon, seeded with TMAE, photoionized with a UV flash
lamp, and confined by a Mylar membrane. Scattering and absorption
experiments could then be conducted using plane-wave illumination with
free—space to plasma boundary conditions. This confinement membrane
provides a way to generate a large volume of plasma and is easy to fabricate.
A cylindrical or conical confinement membrane could also be used to generate
a plasma antenna [32].

Applications of plasma absorber are those for which carbon-based
absorber is currently used. For applications in which the reflection from the
tines of pyramid or wedge absorber is detrimental or the net absorption is
insufficient, a plasma absorber offers an alternative with as much as a 40—dB
improvement. The absorption per wavelength of a plasma absorber is superior
to that of a carbon-based absorber and so offers a compact, lightweight
alternative.




In addition to affording excellent reflection and absorption properties, a
plasma absorber is switchable. This opens up the possibility for its use as a
high—power absorber in transmission lines and antenna feeds to suppress ringing
and reverberation in high-pewer pulsed radars and sounders. The scattering,
diffraction, and radiation lobe characteristics of antennas could be altered by
appropriate application of nlasma absorber. These and other potential
applications, such as an ionospheric mirror and plasma antenna, provided the
basic motivation for this research contract.




Appendix A
ATMCSPHERIC REACTION RATES

The numeration system for the reactions in this Appendix continues the
system adopted in previous SRI documentation for this project [1,2]. The
reactions have been reorganized to group sequentially all the reactions relating
to a single species. The index number preceding a reaction (such as All or
F22) corresponds to the vari.ble name All and F22 ir the air chemistry code.
Because the reactions were added sequentially withou ¢gard for species and
then reorganized, the numeration in the following lisis is not sequential. The
340 reactions below relate to the 44 species in Table A-1. All reaction rates
were extracted from Bortner and Bauer [21] except for the ones followed by
BA, which were extracted from Baulch et al. [33]. Reactions that have not
vet been measured have been assigned a typical value extracted fromn Bortner
and Bauer [21]. The units for two-body and three-body reactions are cm3/s
and cm®/s, respectively.

Table A-1
SPECIES IN SIMULATION CODE

Neutral and Metastable Positive Negative
H, He, N, O N*, N3, N7 e
+ At ot R
N,, O,, NO, OH | 0%,03, 07 | 07,0, 03 0
+ ot -
03 He ", He2 O2°H20
A} + + - -
C0,, Hy0, N,0, NO, H,07, H,0 €03, CO;

3 + - -
He("S,) NO CO5°H,0, CO;*H,0
o(ls), o(!p) 0% H,0
N(2P%), N(*DO) H,0"eH,0

1 1
O,(aA,), Oy(b z‘g) H,07eOH




A. NEGATIVE-ION REACTIONS

Reaction
Al. e+ 0, + 0 + O
A2. e+ 04+ 0 + 0,
A3. e+ 0, + Oy~ 0y + Oy
Ad. e+ Oy + Ny -+ Oy + N,
A5. e+02+H20—»O§+H20
A6. e + 0, + COy ~ O, + CO,
AT. e+02+He—oO§+He
A132. e + He(s) - He + e
A8. O"+O-’02+e
A9. O + NaNO + e
A10. O—+O2-»O3+e
All. O™ + oz(alag) + 0y 4 e
A12. O + 02(a1Ag) 405+ 0
A13. O—+O3~O§+ 0]
Al4. O + N;? - N20 + e
Al5. O + NO -+ NO, + e
Al6. O”+02+02-»O§+ 0,
Al7. 0" + 0y + CO, = CO4 + O,
Al18. O + O, + He - Og + He
A64. O + Oz(blzg) 0 +0,+e
AT6. 0"+ O(D)~ 0 + O +e
A89. 0" + N?D%) -0 + N +e

10

Rate

1.0E(-16)

9.0E(~i2)
1.4E(~29) (300/T,) exp(~600/T,)

1.0E(-31)

1.4E(-29)

3.3E(-30)

1.0E(-31)
7.0E(~10)(T,,/300) /2

2.0E(-10)
2.0E(-10)
5.0E(~15)
3.0E(~10)
1.0E(~10)
5.3E(~10)
1.0E(-14)
2.5E(-10) (300/T,)""
1.0E(-30)
3.1E(-28) (300/T,)
1.0E(~30)
1.6E(-10)
1.0E(-10)
1.0E(-13)
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A105.
Al122.
A123.

A1l9.
A20.
A21.
A22.

A23.
Al124.
A24.
A25.

A26.
A27.
A28.

A29.

A63.

AT5.

ASS.

A104.

A120.

A121.

0,
0,

o
(M
+ + + 4+

© © © o
NN N
+ + + 4+

cENeRNe
NN N

@)

c o O
(SN S O

[

+ + o+ 4+ o+ o+ o+

o
S

o O
ST 8§

+ NPP%) -0 +N+e
+0(08)-0 +0+e
+ He(’s)) » O + He + e

)
-

+

0—’0'+02
N—0NO2+e
N -0 + NO
02—002+02+e

02(a1Ag) » 0y + 0, +e

He(’s,) ~ 0, + He + ¢

02+0240Z+02
0, + H,0 - O?HQO +
O2+0024COZ+02
02+He-+OZ+He

1
0,(b z‘g) 40y + 0y + e

o('D) -0, +0 +e
NED) + 0, + N 4+
NP 4 0, + N +e
olsy-0"+0 +0
0('s) ~ 0, + 0 +e

11

1.0E(-10)
1.0E(--10)
3.0E(-—10)

1.5E(~10)
3.0E(~10)
1.0E(~-10)

2.7B(~10) (T -/300)%-°
2

x exp(-5590/ TOé)

2.0E(~19)
3.0E(~10)
4.0E(-10)

1.9E(-12) (Toé/aoo)l'5

x exp(—4990/T05)

3.5E(-31) (300/T,; )
3.0E(-28) (300/T,;, )
4.TE(-29) (300/T,; )
3.5E(-31) (300/T,, )
1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(~10)

1.0E(-10)




A30. Oy + 00y + 0y + e 1.0E(~11)
A3l. O3 + 0 -0, + 0O, 3.2E(-10)
A32. O + CO, - COj + O, 5.5E(-10) (300/Ty,)™4?
AS4. OF + 02(b12'g) + 07 + 0y + 0, 1.0E(-10)
A65. O3 + O('D) ~ 0" + 0, + O 1.0E(~10)
ATI. 07 + N(*D%) 4 07 + 0y + N 1.0E(~10)
A78. 07 + N(*D%) - 04 + N + e 1.0E(-10)
A%. 03 + N(*P%) - 07 + 0, + N 1.0E(~10)
A9, O3 + N(*P%) - 0;+ 0 + N 1.0E(~10)
A92. 0 + N(°P%) - 05 + N + e 1.0E(~10)
A106. O + O(!S) ~ 07 + 0, + O 1.0E(~10)
A107. O3 + O('8) » 07 + 0 + O 1.0E(-10)
AL08. OF + O('S) = 05 + O + e 1.0E(-10)
A125. OF + He(S;} » Oy + O + He + e 3.0E(~10)
A33. OF + O - 03 + 0, 4.0E(~10)
A34. O, + 0y + Oy + 0, + O, 2.7TE(-14)
A35. Oy + Og 4+ O3 + 0, + O, 3.0E(-10)
A36. 0 + CO, » CO + O, 4.3E(~10)
A37. O} + H,0 - OyeH,0 + O, 1.4E(-9)
Ad9. O + 02(a1Ag) + 05 + 0, + 0, 1.0E(-10)
A59. OF + 02(b12fg) + 0, + 0, + 0, 1.0E(-10)
AB0. O + 02(b12;) 40, + 0y + 0y +e 1.0E(~10)
ATI. 0f + O('D) ~ 0 + 0, + O 1.0E(~10)
A12. 07+ O('D) 2 0, + 0, + O +e 1.0E(-16)




AB4.
A85.
A99.
A100.
Al15.
Al1l6.
A126.

A3s.
A39.
A51.
AB5S.
AS56.
A66.
A8T.
A79.
Aso.
A93.
A%4.
A109.
Al10.
A127.

A40.
A4l.
A133.

)

S & O ©O
L S R

i

o
LS
+ + + + + + o+

i

O
"

O'Z"H2O

<+

0201120 +

0,°H,0
03°H,0
05*H,0
05¢H,0
0,°H,0
C5*H,0
0,¢H,0
0,°H,0
0,°H,
0,°H,0

0,°H,0

o+ o+ o+ o+ o+ 4+

+ 4+ o+

N(*D% -+ 07 + O, + N

N(D%) = 0y + Oy + N + e

N(%P°) - 0, + 0, + N

N(*P%) » 0y + 0, + N +e
1 v

o('s) » 05 + 0, + O

0('s) + 0y + 0, + 0 +e

He(3SI) - 05+ Oy + He + &

03—+O§+02+H20

CO, -+ CO; + Hy0

0y(a’A)) + 05 + E,0 + 0,
02(b12;) - 05 + HO + 0,
0,

o('D) - 0 + H,0 + O
O('D) ~ Oy + HyO + O + ¢
N(*D°) - 05 + H)0 + N
N(*D%) + 0y + HyO + N +e
N(’P°) - 05 + H,0 + N
NP ~ Cy + Hy0 + N +e
0(!8) + 05 + Hy,0 + O

[N

+0(18) + 0y + HO + 0 +e

020H20 +

He(’s;) + 0, + H,0 + He + e

CO§+ O—»O’z'-f CO2
CO; + O2 + HZO - 0030H20 + O2
C()3 + He + HzO - CO3°H2O + He

13

Toby .
bIET) + 0y + HyO + O + ¢

1.0E(-10)
1.0E{~10)
1.0E(~10)
1.0E(-10)
1.0E(~10)
1.0E(-10)
3.0E(~10)

2.3E(-10)
5.8E(~10)
1.0E(-10)
1.0E{~10)
1.0E(~10)
1.0E(--10)
1.0E(~10)
1.0E(-10)
1.0E(-10)
1.0E(~10)
1.0E(-10)
1.GE(-10)
1.0E(-10)
3.0E(~10)

1.1E(~10)

1.0E(-28) (300/T
1.0E(-28) (300/T,; )

air)




A68.
A81.
A95.
A96.
Alll.
Al12.
A128.

CO4

co;
COZ
CO;
coj
coj
Co,
o

+ + + + + + + o+ 4+ + + + F o+ 4+ o+ 4+

o+ o+ o+ 4+ 4+

1

o('D) ~ 07 + CO, + O
N(D% - 07 + €O, + N
N(*P° - 0™ + CO, + N
N(P®) ~ O + COy + N + e
o's) - 07 + €O, + O
0(!s} » 0 + CO, + O + e
He(3SI) - CO0y+ O + He+e

0 - CO; + O,
0, - 04' + CO,
0, ~ 03 + CO, + O,
N, + Hy,0 - COJ*H,0 + N,
He + H,0 = COZ‘H2O + He
H,0 -+ 0;#H,0 + CO,
0,(a'a) + 05 + COy + 0,
02(b12;) ~+ 05 + CO, + O,
Oy(b'E}) = 0y + €O, + 0, +
o('D) - 0, + CO, + O
o('D) ~ 0, + CO, + O + e
N(D°) - 05 + CO, + N
N(°D% + 0, + CO, + N +e
N(*P°) - 05 + CO, + N
(*P%) 4 0, + COy + N +e
) » 05 + COy + O

N
o(s
0('s) + 0, + CO, + O + e

- He(3SI) + COy + O, + He + e

14

1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
3.0E(-1C)

1.5E(~10)
2.0E(-14)
1.3E(-10)

5.0E(~29) (300/T
5.0E(~29) (300/T; )

2.0E(-10)
1.0E(~10)
1.0E(-10)
1.0E(~10)
1.0E(-10)
1.0E(-10)
1.0E(~10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
1.0E(~10)
1.0E(-10)
3.0E(~10)

al

¢




A4T.
A52.
A61.
AT3.
AS86.
A101.
A102.

Al17.
Al18.

A130.

A48.
A53.
A62.
A74.
A8T.
A103.
Al16.
A131.

CO3°H20l

CO;OHQO
CO§° H,0
CO:;OHQO
CO;OHQO
COE’H?O
COE;OHzO

CO4*H,0

+ + + + + + 4+

+

CO3°H20 +

CO3°H20

COZ‘H2O
COZGHzO
COZ‘H20
COZ‘HQO
COZ‘H2O
COZ’H2O
COZ’HzO
COZ'HQO

+ + 4+ 4+ + + o+ o+

Ny - cog + Hy0 + N,
oz(alag) - €Oy + Hy0 + O,
02(b13‘g*) - €0 + Hy0 + 0,
o('D) -+ CO3 + HyO + O
N(*D°) - CO3 + HyO + N
N(*P%) -+ CO3 + H)0 + N
N(*P%) - CO, + Hy0 + N

+ 0 +e
o('s) » coz + Hy0 + O
o('s) » co, + H)0 + O

+ 0 + e
He(®s,) - CCy + O + H,0

+ He + e

N, = COZ + H,0 + N,
02(a1Ag) -~ COy + Hy0 + 0,
oz(blx;) -+ €Oy + Hy0 + O,
o('p) - coj + H,0 + 0
N(°D%) ~ COj + HyO + N
N(°P%) - CO; + H,0 + N
o(!s) - CO; + H,0 + O
He(’S)) + CO, + 0, + H,0
+ He + e

15

3.0E(~14)
1.0E(~10)
1.0E(-10)
1.0E(~10)
1.0E(~10)
1.0E(~10)
1.0E(-10)

1.0E(~10)
1.0E(~10)

3.0E(-10)

1.0E(-14)
1.0E(-10)
1.0E(~10)
1.0E(~10)
1.0E(-10)
1.0E(-10)
1.0E(-10)
3.0E(-10)




B. POSITIVE-ION REACTIONS

Reaction
Bl. N + 0,+ N+ 0F
B2. N* + 0,- NOV + 0
B3. N* + H,0- H,0" +N
B4 N3 + 0+ NOY 4+ N
B5. N3 + Ny + Ny Nj + N,
B6. NI + N, + He + N} + He
B64. N§ + He(,) - Nt + N + He
Bl. NJ + 0y~ OF + Ny + N,
B33. N} + 02(a1Ag) - NT + N, + 0,
B37. N} + 02(b127g) + N + N, + 0,
B42. N} + 0o('D) - N} + N, + O
B47. N3 + N(*D% - N} + Ny + N
Bsz. N} + N(’P%) -+ N} + N, + N
B57. N} + 0('s)~ N} + N, + 0
B63. N} + He(®s)) + N* + N + N, + He
BS. 07 +0,-0% +0
BS. 07 + Hy0 -+ HO' + 0
BI0. 0 + N, + Ny » No* + N + N,
B73. 07 + N, + He » NO¥ + N + He

16

Rate

3.0E(~10)
2.8E(~10)
2.6E(-9)

1.3E(-10) (300/T,,
5.0E(~29)
5.0E(~29)

1.0E(~10)

0.46
o)

4.0E(-10)
1.0E(-10)
1.0E(~10)
1.0E(~10)
1.0E(~10)
1.0E(-10)
1.0E(~10)
1.0E(~10)
2.0E(-11) (300;T,; )"
2.33E(-9)
6.0E(~29) (300/T,; )
6.0E(-29) (300/T,; )*




B11.
Bl2.
B13.
Bi4.
B62.
B74.

B15.
B16.
B17.

B18.
B39.
B44.
B49.
B54.
B59.
B61.

B19.
B20.
B21.
B22.
B23.

+ + + o+ o+ o+

N - NOt + O

+
0, + 0, ~ OF + 0,
0, + He » OF + He

+
He(%s;) - 0% + 0 + He
H,O + He - OTeH.O + He
2 9 *Hg

+
—i-O—~02~l~O3
1 +
+
+N2-+02+02+N2

+ + + + o+ + o+

H,0 + 07¢H,0 + O,
02(b1)3'g) 203 + 0, + 0,
o('p) » 0} + 0, + 0
N(D%) - 0F + 0y + N
N(’P%) - 0% + 0, + N
o('s)» 0 + 0, + 0
He(’s)) - O% + O + O, + He

He' + N, ~ NT + N + He
He™ + Ny - N3 + He
He' + 0y + 0" + O + He
He++02-»()'§+He
He++He+He—+He'§+He

17

1.2E{-10)
2.8F(-30)
2.8E(~30)
2.8E(-28) (300/T ;)
1.0E(-10)

2.8E(-28) (300/T; )

2

2

3.0E(-10)
1.0E(-10)
2.6E(-5) (300/T; )*2
« exp(~5400/T,; )

1.5E(~9)

1.0E(~10)
1.0E(-10)
1.0E(-10}
1.0E(~10)
1.0E(-10)
1.OE(~10)

6.0E(—10)
6.0E(-10)
6.0E(-10)
6.0E(-10)
1.1E{-31)




B24. Hed + Ny~ N3 4+ He + He 1.2E(-9)

2
B60. Hef + O, ~ OF + He + He 1.2E(-9)
B65. Hel + He(’S)) - Het + He + He 1.0E(-10)
B68. NOT + He('s;,) ~ N* 4+ O + He 5.0E(-11)
B71. NOt + He(®s)) - 0% + N + He 5.0E{-11)
B25. OYeH,0 + 0, - 0 + H,0 9.4E(-14)
2 °Hy Ig = Oy + Hy AR
1
B26. OFoH,0 + O,(a A,) - 03 + Hy,0 + 0, 1.0E(~10)
B27. OFeH,0 + NO - NOV + H,0 + O, 1.0E(~10)
B28. O3 *H,0 + H,0 - H,07e0H + 0, 1.0E(-9)
1o+
B38. OF¢H,0 + O,(b'E 3) ~ 03 + H,0 + 0, 1.0E(-10)
B43. O3%H,0 + O('D) - 0} + H,0 + 0 1.0E(-10)
B48. 0FeH,0 + N(°D®) -+ 0% + H,0 + N 1.0E(-10)
B53. OF¢H,0 + N(*P%) - 0F + H,0 + N 1.0E(~10)
B58. O}*H,0 + 0('S) » 0} + H,0 + 0 1.0E(-10)
B62 O3 %H,0 + He(®s)) + O + 0 + Hy,0 + He  10E(-10)

B29. H,07 + 0,4 0% + H,0 2.0E(-10)
B30. H,0T + H,0 - H,0" + OH 1.8E(-9)
B66. H,0" + He®S;) - 01 + 2H + He 1.0E(-10)
+ +
B3l. H;0" + Hy0 + N, = H,0TeH,0 + N, 3.4E(-27)
B67. H,0% + He(®s) - 0% + 3H + He 1.0E(~10)
+ 2
B75. HaC" + Hy0 + He - H0ToH,0 + He 3.4E(-27) (300/T,;, )

18




B32. H,07eOH + H,0 - Hi0"B,0 + OH 1.0E(-9)

B34. H,0"eOH + oz(ala_g) ~+ Hi0" + OH + 0, 1.0E(~10)
B36. H,0%e0n + 02(blz§) + H,0" + OH + 0,  1.0E(-10)
B4). Hy07e0H + 0('D) » HyO0" + OH + © 1.0E(-10)
B45. H,0"e0H + N(%p°) - H,0" + OH + N 1.0E(~10)
Bsl. HyOT¢OH + N(*P%) - H,0% + OH + N 1.0E(-10)
Bs6. Hy0TeOH + 0('s) + H,0" + OH + 0 1.0E(~10)
B72. Hi0TeOH + He(®S)) -~ 0" + 3H + OH + He  1.0E(-10)

+ Hlet + v
B35. HzOTsH,0 + Oy(b'ST) ~ Hy0" + H,0 + 0, 1.0E(-10)

B40. H;07eH,0 + O('D) -+ H,0" + H,0 + O 1.0E(-10)
B4s. Hy0"eH,0 + N(*D°) - H,0% + Hy0 + N 1.0E(-10)
B50. Hy0TsH 0 -+ N(°P%) - Hs0T + H0 + N 1.CE(-10)
B55. Hy0"eH,0 + 0('s) - .07 + H,0 + O 1.0E(-10)

B70. Ha0TsH 0 + 1te(%s,) » OF + 30 4+ H,0 + He 1.0E(-10)

C. NEUTRAL-SPECIES REAC1IONS

Reaction Raie
C3l. N+ N + He - N, + He 7.8E(-34) exp(500/Tajr)
C2. 0+ 0+ Ny~ 0, + N, 3.0E(-33) (300/T,; )>9
C32. O + G + He - O, + He 3.0E(~33) (300/Tw)29
Ci3. O + O, + He - O3 + He 5.5E(-34) {300/T )

19




0% + 0yb'5F) + 0, + 0, + 0
0 + o('p) - 0, + 0,

0® + o('D) ~ 0, + 0+ 0
0® + N®D% 4 0, + N + 0
0® + N?%) -~ 0, + N + 0
0* + ols)~0,+0+0

NyO + 0('D) + Ny + 0 + O
N,0 + 0('D) - 2NO

N,O + N(*D% = N, + N + 0
NyO + N(P%) « N, + N + 0
NyO + 0('S) + Ny + 0 + 0

NO, + N(*P° + NO + 0 + N
NO, + 0('$) - NO + 0 + 0

02(a1Ag

Oz(alAg
1

0y(a'8,) + Hy0 = 0y + H,0

)+02—~02+02
)+N2-402+N2

1+

Og(b'S}) + Ny = 0, + N,
1+

Og(b'E}) + 0y = Oy + O,

J
Oy(b ) + Hy0 + 0, + H,y0

20

2.2E(-11)
1.2E(-10)
1.2E(-10)
1.0E(~10)
1.0E(-10)
1.0E(-10)

1.0E(-10)
6.6E(-11)
1.0E(-10)
1.6E(-10)
1.0E(-10)

1.0E(~10)
1.0E(-10)

2.4E(-18)
1.1E(-19)
1.5E(-17)

2.0E(-15)
4.0E{-17)
4.0E(-12)

BA
BA
BA

BA

BA
BA
BA




C23.
C24.
C25.

C26.
C27.
C28.
C29.
C3o0.

o('D) + Ny~ 0 + N,
o('p) + 0, + 0 + 0,
o('D) + H,O ~ 20H

He(’s;) + He(’s)) - He} + e
He(3SI) + He(381) + Het + He + e
He(®S;) + Ny » N* + N + He + e
He(’s;, + 0y - OF + O + He + e
He(°s;) + HyO - Hy0" + He + e

1.8E(-11) exp(107/Tajr) BA
3.2E(~11) exD(67/Tair) BA
2.3E(-10)  BA

2.0E(-9)
2.0E(-9)
1.0E(-10)
1.0E(~10)
1.0E(~10)

D. POSITIVE-ION ELECTRON RECOMBINATION

Reaction

D1.
D2.
D28.

D3.
D4.

D24.
D5.

D6.
D7.
D29.

N++e+e-'N+e
+

N* + e+ Nyo N+ N,
Nt + e + He - N + He

N++e+e~N2+e
N++e—+N+N

+
Ny +e+e-Ny+ Ny +e

+
N +e-»N2+N2
O++e+e-40+e

0" + e+ 0,0+ 0,
Ot 4+ ¢ + He = O + He

21

Rate

7.0E(~20) (300/T)*°
6.0E(~27) (300/T,)%°
6.0E(-27) (300/T >

7.0E(-20) (300/T)*°
2.7E(-7) (300/T )%

7.0E(-20) (300/T,)*°
2.0E(-6)

7.0E(~20) (300/T)*®
6.0E(-27) (300/T,)%°
6.0E(~27) (300/T )%



D8.
D9.

D25.
D10.

D11.
D27.

D23.

D12.

D13.

D14.
D15.

D16.
D17.

D26.
D18.

D19.

D20.

0§+e+e-002+e
O;+e-o0+0

OF +e+e=0,+0y+e
+
0t +¢-+0+0+0,

He++e+e—»He+e
He++e+e-»He(3SI)+e

He;+e+e-»He+He+e
He} + e -+ He + He
He;+e+He—»3He

NOt +e+e-NO + e
NOT 4+ ea N+ 0O

H30++e+e-»H20+H+e
+

0‘2*-}120 +e+ e 0,)+ HO + e
+
03eH,0 + e = 0, + H,0

H30+-0H + e+ e~ Hy0 + OH

+ H + e
}130+-0H + e - Hy,0 + OH + H

22

7.0E(-20) (300/T,)*
2.1E(-7) (300/T >

7.0E(-20) (300/T,)*®
2.0E(-6)

1.0E(-19)
3.0E(-20) (300/T,)*®

7.0E(-20) (300/T,)*°
1.0E(-8)

2.0E(-27)

7.0E(-20) (300/T )*°
4.0E(-7) (300/T)"*

7.0E(-20) (300/T,)*°
1.3E(-6) (300/T,)"?

7.0E(-20) (300/T)*®
1.5E(-6) (300/T,)2

7.0E(-20) (300/T )*°

2.0E(-6) (300,T,)"2




D21. HyOTeH,0 + e+ e-2H,0 + H +e  T.0E(-20) (300/T )"
D22. Hy0T*H,0 + e~ 2H,0 + H 2.8E(-6) (300/T,)"15

E. TWO-BODY POSITIVE-IO!N NEGATIVE-IOCN RECOMBINATION

Reaction Rate
El. NF+ 0 -N+0 2.6F(-7) (300/T,; )"
E2. NI + 05N, + 0 1.6E(-7) (300/T., )03
g 0y Ny + 0, - air/
E3. OV +0°-0+0 2.7E(-7) (300/T ;)"
E4. 0L 407 -0, + 0 1.0E(-7) (300/T,; )0
- 2 i 2 ) - / a-ir)
3. + - s / 0"
E5. OF + 05 =0, + 0, 4.2E(-7) (300/T,;)""
E6. NOT + 07~ NO + O 4.9E(-7) (300/Tair)°'5

+ - :
E7. NO% + 05 + NO + 0O, 6.0E(-7) (300/T,; )"




F. THREE-BODY CLUSTER-ICN RECOMBINATION

cluster-ion recombination rate is 1.0E(-25) (BOO/Tair)W where the third body
is N.2 or the dominant gas species. Because little information is availabie for

individual reactions, the reaction rate for all the following reactions is assumed

The estimate cited by Bortner and Bauer [21] for the three-body

to be the same.

Reaction

Fl.
F2.
F3.
F4.
F3.

F32.
F33.
F34.
F35.
F36.

F6.
F1.
F8.
F9.

+ + o+ 4+ o+ 4+

..l.A

+ + +

Og + Ny - 20, + O + N,

04 + Ny - 30, + N,
CO§+N2—002+COQ+O+N2
CO; + N, » 20, + CO, + N,
0,°H,0 + N, » 20, + H,0 + N,

O§+- He-»202+O+He

OZ + He - 302 + He
CO3+He—¢02+CO.2+O+He
O?HZO + He - 202 + f120 + He

~+ Ny~ 20, + O + N,

0 2

0, + N, = 30, + N,
05+N2-o202+03+t\2
0, + N, = 4u, + N,

24




F40.

F10.
F11.
F12.
F13.
Fl4.
F15.
F16.

F41.
F42.
F43.
F44.
F45.
F46.
F47.

Not
No*
No*
No*
NOY
NOT

Not

+ + + + + o+ o+

+

"+He-+202+0+He
"+He-»302+He
"+He-»202+03+He

07 + O] + He » 40, + He

0:;-+-N2-o1\70+02+0+I*T2
OZ+N2~NO+202+PJ2
CO§+N2~NO+CO.2+O+N2
COZ+N2-»NO+C()2+02+N2

0,*H,0 + Ng = NO + H,0 + O + N,
CO49H,0 + Ny - NO + H,0 + TO, + O + N,
CO,*H,0 + Ny - NO + Hy0 + CO, + O, + N,

OE+He~N0+O2+O+He

OZ«I—He—»NO -+ 2O2+He
CO§+He-»NO+COz+ O + He
CO4+He~»N0+002+{)2+He

050H20 + He =+ NO + HZO + QO + He
COSOH2O + He - NO + H20 + (JO2 + O + He
CO4OH20 + He - NO + }i20 + 002 + O2 4+ He

25




F17.
F18.
F19.
F20.
F21.
F22.

F48.
F49.
F50.
F51.
F52.
F53.

oten 0
07 *H,0
03 *H,0
03¢H,0
0F*H,0
03 eH,0

0}eH,0
0}en,0
0}eH,0
0'FeH,0
0feH,0
07 °H,0

0~‘+N2-+02-;-H20+0+N2

Og + N2 - 202 + HZO + N2

05 + Ny = Oy + Oq + Hy0 + N,

CO4 + Ny =15 + 0 + H,0 + CO, + N,
COy + N, - 20, + Hy0 + CO, + N,
OZ,OH2O + N2 - 202 + 2H20 + N2

+ + + + o+ 4+

O“+He-02+H20+O+He

0, -+ He » 20, + H,0 + He
Og+He-»02+03+H20+He
CO§+He~02+O+H2O+C()2+He
CO4“+He~202+H20+C()2+He

+ O'2"H20 + He = 202 + 2H20 + He

+ + + + o+
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F23.
F24.
F25.
F28.
F27.
F28.
F29.
F30.
F31.

H,0"eH,0
Ha0 " eH,0
H,073H,0
H,0™" *H,0
H,0"eH,0

+ + + 4+

.+.
H,0VeH,0 +
H30+0H20 +

H,0 ™" eH,0
+,
H,09H,0

H,07sH,0
+
Hi07eH,0
H,0"eH,0
ELO*‘-»HQO

Iy
Hy0 oH,0
‘At
H,0 " eH,0
qu*‘-ﬂgo
+
HyO"eH,0
+ ‘
H,0 "oH,0

+ + 4+ + + +

+

+

-+

0" + N, -+ 2H,0 + OH + N,

0, + Ny - 2H,0 + OH + O + N,

0'3'+N » 2H,0 + OH + 0, + N,

Oy + Ny - 2H,0 + CH + 05 + N,

CO3 + N, » 2H,0 + OH + COy + N,

COy + Ny = 21,0 + OH + CO, + @ + N,
050H20 + Ny + 3Hy0 + OH + O + Ny
CO:;OH?O + Ny - 31-120 + OH + 002 + N2
COZOHzO + N“2 - 3H20 + OH + 002 + 0 + N,

2

0™ + He -+ 2H,0 + OH + He

0, + He » 2H,0 + CH + O + He
0; + He - 20,0 + OH + O, + He
04 + He » 2H,0 + OH + O3 + He

CO, + He - 2H,0 + OH + CO, + He

CO4 + He » 2H,0 + OH + CO, + O + He
0,%H,0 + He ~» 3H,0 + OH + O + He
005'1120 + He - BHQO + OH + CO, + He
CO;OH.ZO + He - 3H20 + OH + (3’02 + O + He

27
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Appendix B

PLASMA LIFETIME DATA

The data in Tables B-1 through B—4 correspord to the plasma lifetime
of helium with air as an impurity and of air from sea level to 300,000 ft.
These data are plotted in Figures 2 — 5 of Reference 14 (copy attached). The
numerical values in these tables provide backup and constitute a database to
validate the installation of AIR.EXE.

Table B-1
PLASMA LIFETIME IN HELIUM WITH 100 ppm AIR

P(ressn;re Lifetime versus Electron Number Density
torr
1015/cc 1014 1013 1012 1011
1000 617 ps | 39.8 ns 736 ns 74 us | 25.1 us
760 614 ps | 39.8 ns 926 ns 9.3 uws | 29.3 us
500 613 ps | 34.1 mns 1.2 ps | 126 us | 36.9 pus
200 611 ps | 29.3 ns 2.5 pws | 23.3 us | 68.1
100 611 ps | 27.1 ns 2.5 s | 369 us 117 ps
50 - 27.1 ns 29 s | 584 us 200 us
20 - 27.1 ns 3.2 us 108 us 369 us
10 - 27.1 ns 3.2 us 159 pus 631 us
P(ressu)re Lifetime versus Electron Number Density
torr
1010/cc 109 108 107 106
1000 117 us 342 ps 584 us 631 us 631 us
760 136 us 464 pus 926 us 1.1 ms 1.1 ms
500 159 us 736 us 1.8 us 25 ms| 2.5 ms
200 251 ps 1.3 ms 54 pe | 126 ms | 15.8 ms
100 398 us 1.7 ms | 10.0 us | 31.6 ms | 58.4 ms
50 631 us 25 ms| 13.6 us | 68.1 ms 171 ms
20 1.1 ms| 50 ms| 20.0 us 126 ms | 541 ms
10 1.6 ms{ 79 ms| 31.6 us 156 ms | 926 ms

Note: A dash denotes heating in excess of 50°C.
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Table B--2
PLASMA LIFETIME IN HELIUM WITH 10 ppmn AIR

P(ressu)re Lifetime versus Electron Number Density
torr
1615/cc 1014 1013 1012 101
1060 616 ps | 42.3 ns 1.8 us 8.6 us | 73.6 us
760 614 ps | 33.3 ns 2.1 us | 10.8 us | 92.6 pus
500 612 ps | 33.9 ns 26 ps | 14.6 s 126 us
200 611 ps | 29.0 ns | 3.4 ps | 26.1 s | 230 us
100 611 ps | 28.7 ns 3.9 ps | 39.2 us 313 us
50 - 28.6 ns 36 us | 61.5 ps 271 us
20 - 28.7 ns 3.4 us 113 s 365 us
10 - 286.7 ns 3.3 us 178 us 627 us
P(ressu)re Lifetime versus Electron Number Density
torr
1010/¢cc 109 108 107 106
1000 251 ps 1.2 ms| 3.4 ms 5.8 ms 6.3 ms
760 293 us 14 ms| 46 ms| 93 ms| 10.8 ms
500 369 us 16 ms| 74 ms| 185 ms | 25.1 ms
200 681 us 23 ms| 12.6 ms| 541 ms| 126 ms
100 12 ms| 3.7 ms{ 158 ms | 92.6 ms | 316 ms
50 1.9 ms| 64 ms| 23.3 ms 126 ms 631 ms
20 34 ms| 10.8 ms | 50.1 ms 171 ms 1.1 s
10 54 ms | 154 ms | 80.8 ms 316 ms 14 s

Note: A dash denotes heating in excess of 50°C.
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Table B-3
PLASMA LIFETIME IN HELIUM WITH 1 ppm AIR

P(ressu)re Lifetime versus Electron Number Density
torr
1915/cc 1014 1013 1012 101
1000 616 ps | 42.3 ns 29 w ' 270 ps | 89.3 pus
760 614 ps | 39.3 ns 3.1 pus | 33.4 ps 112 us
500 612 ps | 33.9 ns 3.6 ps | 45.1 pus 152 us
200 611 ps | 29.0 ns 4.2 ps | 82.5 us 267 us
100 611 ps | 28.7 ns 4.2 us 116 us 414 us
50 - 28.6 ns 3.7 s 152 us 655 us
20 - 28.7 ns 34 us 184 us 1.2 ms
10 - 28.6 ns 3.3 us 226 us 1.8 ms
P(ressu)re Lifetime versus Electron Number Density
torr
1010/cc 108 108 107 106
1000 760 us 25 ms| 11.3 ms| 342 ms | 58.4 ms
760 917 us 29 ms| 13.2 ms | 473 ms { 92.6 ms
500 1.3 ms|{ 3.6 ms| 158 ms| 71.0 ms | 175 ms
200 23 ms| 69 ms| 23.7 ms| 124 ms | 540 ms
100 29 ms{ 11.6 ms | 37.50 ms 158 ms 923 ms
50 25 ms)| 184 ms)| 63.8 ms| 229 ms| 13 s
20 3.1 ms| 32.9 ms 107 ms | 498 ms 1.8 s
10 4.6 ms | 46.3 ms 152 ms 809 ms 3.1 8

Note: A dash denotes heating in excess of 50°C.
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Tahle B4
PLASMA LIFETIME IN AIR

A]Eitfu?e Lifetime versus Electron Number Density
kft

1015/cc 1014 1013 1012 101

0 613 ps 4.3 ns 8.6 ns 9.3 s 9.3 ns
10 651 ps 74 ns | 171 ns | 200 ns | 20.0 ns
20 662 ps | 11.7 ns | 31.6 ns | 39.8 ns | 43.0 ns
30 668 ps | 17.1 ns | 63.1 ns | 794 ns | 858 ns
40 679 ps | 21.5 ws 117 ns 171 ns 200 ns
50 693 ps | 23.3 ns 215 ns 398 nu 501 ns
60 702 ps | 23.3 ns 369 ns 858 ns 1.3 18
70 - 23.3 us 501 ns 1.7 18 29 us
80 - 25.1 ns 631 ns 3.2 ps 6.8 pus
90 - 27.1 ns 681 ns 54 us | 13.6 pus
100 - 29.3 ns 631 ns T4 ps | 2581 8
110 - 29.3 ns 631 ns 86 us | 43.0 us
120 - - 631 ns 86 ps | 63.1 s
130 - - 681 ns 86 us | 73.6 us
140 - - 736 ns 7.9 us | 858 us
150 - - 736 ns 79 s | 858 us
160 - - 736 ns 7.9 us | 858 s
170 - - 794 ns 79 us | 858 us
180 - - - 7.9 us | 794 ps
190 - - - 86 ps | 794 /s
200 - - - 86 us | 794 us
210 - - - 93 us | 794 8
220 - - - 93 us | 858 us
230 - - - 93 us | 85.8 us
240 - - - - 85.8 us
250 - ~ - - 85.8 us
260 - - - - 82.6 us
270 - - - - 92.6 us
280 - - - - -
290 - - - - -
300 | - - - - -

Note: A dash denotes heating in excess of 50°C.
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Table B4 (Concluded)

Altitude Lifetime versus Electron Number Density
kft
() 10%9/cc 109 108 107 106
0 9.3 ns 03 ns 9.3 ns3 9.3 ns 9.3 ns
10 200 ns | 200 ns | 200 ns | 20.0 ns | 20.0 ms
20 43.0 ns | 43.0 ns | 430 ns | 43.0 ns | 43.0 ns
30 85.8 ns | 85.8 ns [ 858 ns | 858 ns | 85.8 ns
40 200 ns 200 os 200 ns 200 ns 200 ns
50 501 ns 501 bs 501 ns 501 ns 501 ns
60 1.4 us 14 pus 14 8 14 us 14 s
70 3.4 us 3.4 ps 3.4 s 3.4 us 3.4 us
80 8.6 pus 8.3 us 9.3 us 9.3 us 9.3 pus
90 215 s 1233 ws | 233 pws | 233 ws | 23.3 s
100 464 ps | 584 pus | 63.1 ps | 63.1 us | 63.1 us
110 92.6 us 147 us 159 ps 159 ps 159 us
120 171 ps 316 us 398 us 398 s 398 us
130 271 ps 541 s 858 i 1.0 ms 1.0 ms
140 369 us 858 us 1.7 ms 2.3 ms 2.3 ms
150 464 us 13 ms| 3.2 ms 5.0 ins 5.4 ms
160 584 us 1.7 ms| 46 ms| 9.3 ms| 11.7 ms
170 736 pus ¢ 2.7 ms| 74 ms| 17.1 ms; 233 ms
1806 826 s 54 ms | :3.6 ms | 31.6 ms | 464 s
190 926 us 79 ms| 271 ms | 584 m3 | 100 ms
2060 838 us 93 g | 464 s 108 ms 184 ms
210 794 ps 9.3 ms | 68.1 ms| 200 ins | 341 ms
220 794 us ! 9.3 m3 ( 858 ms | 342 ms | 681 ms
230 794 ps 86 ms| 100 ms| 584 ms 1.5 ¢
240 194 ps 8.6 ms 190 ms 794 ms | 2.5 8
250 794 18 79 ms | 92.¢ ras | 926 ms| 4.6 s
260 858 us 7.9 ms | 85.8 ms 1.0 s 79 s
27 858 us 79 ms | 794 ms 1.0 8 8.6 s
280 858 us 79 me| 794 ms | 926 ms | 100 s
290 858 us 79 ms | 794 ms | 858 ms | 10.0 s
300 858 us 7.9 ms| 79.4 1ns 794 s 9.9 8
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Appendix C
AIR CHEMISTRY CODE ORCANIZATION

The air chemistry code has been developed to run on an IBM AT
computer equipped with a math coprocessor chip. The source code was
developed using IBM FORTRAN, Ryan-McFarland Corp. version 1.22. The
software provided as an attachment to this report includes source code, EXE
files, and auxilary programs. It is on & high-density, 54-in., 96-TPI, 1.2-MB
diskette and requires a 1.2-MB high-density disk drive.

The source code is provided to other researchers via AFOSR/NP on an
as—is basis; that is, no guarantee, no warranty, no software support, and no
hardware/installation support.

It other equipment is used or if another FORTRAN compiler is used
some source code changes will be necessary. For example, Ryan-McFarland
Corp. version 1.00 (1984) had several integer and real*4 to real*8 conversicn
bugs that severely affected results from the air chemistry code for altitudes
above 200,000 ft. The difficulty was not in overflow (+++++) or underflow
(-—--- ) but in not-a-number (NAN) generation (?7777). Version 1.22 and
better source code programing have eliminated this problem. The data in
Appendix B for helium and air should be duplicated before any modifications
to the source code are attempted.

Variable names were chosen to allow easy interpretation of the source
code. Commeats are included to help simplify code modification. Table C-1
is a succinct guide to how the program was organized and manipulated into
64~kB blocks. ('hree common blocks were coded (as include files) to simplify
the exchange of data between subroutines. Coding these common blocks as a
matrix and passing them as an explicit variable was initially attempted. This
approach eventually produces an error related to the number of variable names
in a subroutine call. The large common blocks elininated that difficulty.

The function and its Jacobian had another subroutine limitation: the number
of instructions. "this was overcome by breaking large subroutines into smaller
ones, and then calling them sequentially.
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Table C-1
PROGRAM ORGANIZATION

DOS File Name Subroutine Common Blocks
AIRA.FOR — include - /AIR$MOL/
AIRB.FOR - include — /RATES/
AIRC.FOR — include - JEXTENT/
AIR.FOR Main program — none -
TABLES$A /blank common/,/AIREMOL/
ENG - none -
AIR1.FOR PHOTO J/AIRSMOL/
AIR$"OMP J/AIR$MOL/
XRA . JAIRSMOL/
MOMENTUM /AIRSMCL/
FSRATE - none —
SETSRATE - none — (ENTRY in F$RATE)
AIR2.FOR ASRATES /AIR$MOL/,/RATES/
AIR3.FOR AIR$CHEM /blank common/,/AIRSMOL/
AIR4.FOR F§ODE /AIRSMOCL/,/RATES/,/JEXTENT/
F$YDOT /AIRSMOL/,/EXTENT/
AIR5.FOR JSODE /AIRSMOL/,/RATES/
JEA /AIR$MOL/,/RATES/
JSB J/AIRSMOL/,/RATES/
J§C /AIRSMOL/,/RATES/
AIR6.FOR JSNEG /AIR$MOL/,/RATES/
JSPOS /AIRSMOL/,/RATES/
CBALANCE ~ none—
ODE1.FOR ~ include - /AIR§MOL/
ODE2.FOR - include - /RATES/
ODE3.FOR - include - JEXTENT/
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Source code for the air chemistry program is divided into the 13 files
described in Table C-1. The description of each program element in Table
C-2 will help in any code modification. Modification of this code is complex,
even after the operation of LSODE is understood. Addition or reduction of a
species involves a change in the number of unknowns, which affects the
dimensioning of y, ydot, and pd; subroutines CBALANCE and TABLES$A;
the output data matrix; and the AIRSMOL, RATES, and EXTENT common
blocks. Adding to or reducing the number of reactions is much simpler,
because only y, ydot, pd, ASRATES, and the EXTENT common block are

affected.

Programming can be profoundly simplified by using the numerical
Jacobian internal to LSODE; however, the execution time of a simulation
increases significantly. This possibility is only suggested for operation on a
machine that is at least an order of magnitude faster than an early model
IBM AT. The explicit Jacobian coding was necessary to reduce the execution
time for a simulation by a factor of 50. The data in Appendix B took
approximately 5 min per data point.

Auxiliary software on the diskette is noted in Table C-3. The
differential equation solver used in this program is LSODE, developed by
Hindmarsh [34]. A copy of the support documentation for the Hindmarsh code
is provided in ODEO.TXT. The program JACOBIAN checks the coding of the
explicit Jacobian. If any changes are made to the number of reactions or the
number of species, JACOBIAN should be run to verify complete coding.

JACOBIAN was developed because some simulation data did not seem to
make sense. A number of species were continually assuming negative values
when there was no physical reason for it. The difficulty was traced back to
eight coding errors in 1500 lines of the Jacobian and a common block that
was coded differently in one subroutine. The include statements were adopted
to eliminate the latter difficulty. LINK$JAC.BAT is an example of how to
link all the required subroutines of JACOBIAN.

Because the program contains many lines of code, each of 13 files can be
compiled separately to save time. LINKSAIR.BAT is an example of how to
link these separate segments into an EXE file.
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Table C-2
PROGRAM ELEMENTS

Program Element

Description

Main program

Output FORT70

Output FORT71

Sequentially calls subroutines to define gas
coruposition, initial conditions, and
differential equation solver LSODE

Written to default disk drive, contains
tabular output of simulation identical to the
output directed to the screen

Written to default disk drive, contains
numerical simulation data saved in the format
of I, AIR§SDATA(60) described in AIRSCHEM

JAIRSMOL/ Common block: concertration of gas species
/RATES/ Common block: reaction rates keyed to numbering
system in Appendix A
JEXTENT/ Common block: extent of reaction with numbering
keyed to reactions in Appendix A
TABLES$A Subroutine: Output data matrix to screen and to
printer via the output file FORT70
ENG Converts Real*4 numbers to engineering notation
PHOTO Photoionization data for atmospheric ions and
a xenon flashlamp (incomplete)
AIR$COMP Initializes neutral gas densities for earth's
atmosphere, synthetic air, and helivm
XRAY Initializes ionization by product densities
data extracted from various references
MOMENTUM Momentum-transfer collision rate based on gas
composition and temperature, Itakawa [18?
FSRATE Sets parameters that define an ionization pulse:
ionization rate, duration, waveform, etc.
SET$RATE ENTRY in FSRATE for pulsed ionization
ASRATES Defines reaction rates
AIR$CHEM Defines Y and AIRSDA T'A matrices

Selects simulation parameters
CALL to LSODE solver
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Table C-2 (Concluded)

Program Element Description

F$ODE Subroutine: contains the extent of reaction
and a CALL to F§YDOT that defines the
derivatives of the function that LSODE solves
F$ODE is defined as an EXTERNAL
The name FSODE is passed in a CALL to LSODE
in subroutine AIR§CHEM (AIR3.FOR)
FSODE is passed t¢c LSODE in subroutine
AIR$CHEM in AIR3.FOR
Y is the species concentraticn matrix
YDOT is the differential equation matrix

F$YDOT YDOT derivatives related to extert of reaction

JSODE Jacobian call by LSODE: method flag 21

User-supplied full Jacobian

JSODE is defined as an EXTERNAL

The name JSODE is passed in a CALL to LSODE
in cubroutine AIRSCHEM (AIR3.FOR)

JSODE counsists of seven segments

J$ODE contains part of the neutral species

JSA Part of JSODE, neutral species 4

J§B Part of JSODE, neuiral species

J3C Part of J$NODE, neutral species

r JSNEG Part of JSODE, negative species

J§POS Part of J$ODE, positive species

CBALANCE Part of JSODE, modifies values of Y matrix
to maintain charge equilibrium

ODEl Lawrence Livermore: ordinary differential
equation solver (Hindmarsh); documentation,
control codes, and error codes on file
ODEO.TXT, first of three segments

ODE2 LSODE: second of three segments

ODE3 LSODE: third of three segments




Table C-3
AUXILIARY SOFTWAF™

| DCS File Name Description

ODEO.TXT Document>tion for LSODE: control codes, error
codes, example program

LINKSAIR.BAT BAT file to link individual program segmen‘s
into AIR EXE

AIR.EXE EXE file for air—chemistr code

JACOBIAN.FOR | An explicit Jacobiar checker to check accuracy

LINKS$JAC.BAT BAT file to link individual program segments
into JACOBIAN.EXE

JACOBIAN.EXE EXE file for JACOBIAN

CCDR.FOR Cold—~Collisional-Dispersion relation versus
frequency versus electron density versus
collision frequency

| CCDR.EXE EXE file for CCDR

EPSTEIN.FOR Scattering and absorption by an Epstein profile

Generates ASCII file FORT70: reflection
coefficient or total return [14] versus
frequency

EPSTEIN.EXE EXE file tor EPSTEIN

CCDR is provided as a means of evaluating the cold-collisional-
dispersion relation for any frequency, collision rate, and electror number
density. It is easy to run and provides tabular listings in file FORT70 of the
complex wave number as a function cf the above quantities. This program
can be run for a single frequency and collision rate with the number density
set to vary. The resulting variation in wave number as a function of number
densiiy can be interpreted as the effect on wave number of a plane wave
incident on an Epstein profile. If Re(k) remains close to its free-space value,
the backscatter reflection coefficient is small. If Im(k) increases, the plasma
will exhibit some attenuation.
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EPSTEIN is a program that computes the reflection or round-trip
absorption of & plane wave on an Epstein profile as a function of frequency.
It is an implementation of the reflection coefficient and total reduction
described in Section IV of Reference 14 (copy attached). This program
prompts for reflection or total reduction, collision rate, frequency range,
electron number density, and the Epstein profile gradient scale factor. Up to
four sets of electron densities and gradient scale factors can be described each
time this program is run. The output of EPSTEIN is ASCII file FORT70,
which is in a format suitable for most plotting packages.

41




[1]

2l

Bl

[4]
(5]
l6]

(7]

]
9
[10]
]

[12]

REFERENCES

R. J. Vidmar, "Generation ¢f Tenuous Plasma Clouds in the Earth's
Atmosphere," Annual Report for AFOSR/NP Contract F49620-85-K-
0013, SRI International, Menlo Park, CA, pp. 43, 1987.

R. J. Vidmar, "Generation and Properties of Tenuous Plasma Bodies at
Atmospheric Pressure," Annual Report for AFOSR/NP Contract F49620-
85~K-0013, SRI Internatiocnal, Menio Park, CA, pp. 35, 1988.

N. D. Borisov and A. V. Gurevich, "High—F:equency Pulsed Air

Breakdown in Intersecting Radio Beains," Geomagnetism and Aeronomy,
vol. 20, pp. 587-591, 1980.

A. V. Gurevich, "An Ionized Layer in a Gas (in the Atmosphere)." “~y.
Phys. Usp., vol. 23, pp. 862-865, 1980.

N. C. Gerson, Radio Wave Absorption in the Ionosphere, New York:

Pergamon Press, 1962.

M. Gurar and R. Menrella, "Signature Studies for a Re-Entry System,"

Proceedings of the Second Space Congress-——New Dimengions in_Space
Technology, Canaveral Council of Technical Societies, pp- 515-548, 1965.

S. Glasstone and P. J. Dolan, The Effects of Nuciear Weapons,
Washington: United States Department of Defense and Energy Prcearch

and Development Adiministration, pp. 461-513, 1977.

M. Mitckner and C. Kruger, Partially Ionized Gases, New York: Wiley
and Sons, pp. 47-53, 155-162, 1973.

B. Tanenbaum, Plasma Phusics, New York: McGraw-Hill, pp. 62-85,
1967.

P. S. Epstein, "Reflection of Waves in an Inhomogeneous Absorbing

Medium," Proc. Nat. Acad. Sci., Wash, vol. 16, pp. 627-637, 1930.

K. G. Budden, The Propagation of Radio Waves, Cambridge (Great
Britain): Cambridge University Press, pp. 470475, 550-582, 1985.

W. G. Chesnut, "Radar Reflection Coefficients From a Plasma Gradient
With Coilisions," Special Report 10, prepared for DASA, Contract
DA—49-146-XZ~-184, Stanford Research Institute, Menlo Park, CA,
October 1968.

C. Lanczos, "A Precision Approximation of the Gamma Function,"

1. SIAM_ Numerical Aralysis, Ser. B, vol. 1, pp. 86-96, 1964.
43



[14]

[18]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]
[25]

[26]

[27]

R. 1. Vidmar, "On the Use of Atmospheric Pressure Piasmas as
Electromagnetic Reflectors and Absorbers," submitted to JEEE Plasma
Science (copy of subunissior in attachments), 1990.

Product information bulletins for pyramid and wedge absorbers:
Advanced Electromagnetics Inc, Santee, CA; Emerson & Cummings Inc,
Gardena, CA; and Rantec Division, Emerson Electric Co., Canoga Park,
CA, 1989.

G. T. Ruck et al., Radar Cross Section Handbook, Volumes 1 and 2,
New York: Plenum Press, 1970.

E. F. Knott, J. F. Shaeffer, and M. T. Tuley, Radar Cross Section,
Dedham, MA: Artech House, 1985.

Y. Itikawa, "Effective Collision Frequency of Electrons in Gases,"
The Physics of Fluids, vol. 16, pp. 831-835, 1973. (Note: typo in Tabie
II, 10718 should be 108 sec-lcm3.)

F. R. Attix, Introdyction to Radiological Physics and Radiation
Dogimetry, New York: Wiley, pp. 160-187, 1986.

R. Deloche, R. P. Monchicourt, M. Cheret, and F. Lambert,
"High-Pressure Helium Afterglow at Room Temperature," Physical
Review_A, vol. i3, pp. 1140-1176, 1976.

M. H. Bortne: and T. Bauer, MW@QL@M
Hapdbook, 2rd Ed., Santa Barbara, CA: DASIAC, 1972.

M. N. Spencer, J. S. Dickinson, and D. J. Eckstrom, "Afterglow
Conductivity Measurements cf Air and N2 Following Intense Electron-

Beam Excitation," J. Phys. D: Appi. Phys., vol. 20, pp. 923-932, 1987.

L. M. Biberman, V.S. Vorob'ev, and I. 7. Yakubov, Kinetics of

Nonequilibrium Low-Temperature Plasmas, New York: Consultants
Bureau, 1987.

B. E. Cherrington, Gaseous Electronics and Gas Lasers, Oxford, England:

Pergamon Press, 1979.

B. M. Smirnov, Phygics of Weakly Ionized Gases, Moscow, USSR: Mir
Publishers, 1981.

D. Watters and R. Vidmar, "Inflatable Target Support for RCS
Measurement," AMTA Proceedings, 11th Annual Meeting and

ium, Monterev, CA, pp. 12-15 to 12-19 ;copy in attachments),
9--13 October, 1989.

Preduct information builetins for UV sources: '"Short—Arc Xenon
Flashlamps and Power Supplies," publication F1022B-1, EG&G Electro-
Optics, Salem, MA, 1988; "Mew UV Sources," Fublication CE—-CRB 2001
88-E, ASEA Brown Boveri, CH-5405 Baden, Switzerland, 1988.

44




28

[29]

[30]

[31]

[32]

(33]

[34]

B. Eliasson and U. Kogelschatz, "UV Excimer Radiation from Dielectric
Barrier Discharges," Appl. Phys. B, vol. 46, pp. 299-303, 1988.

D. F. Anderson, "A Photoionization Detector for the Detection of Xenon

Light," IEEE Transactions on Nuclear Sciences, vol. NS-28, pp. 842848,
1981.

R. T. Rewick, M. L. Schumacher, S. L. Shapiro, T. B. Weber, and M.
Cavalli-Sforza, "Tetrakis(dimethylamino)ethylene: Identification of
Impurities and Compatibility with Common Metal, Polymer, and Ceramic
Laboratory Materials," Analytical Chemistry, vol. 60, pp. 2095-2099,
1988.

R. A. Holroyd, J. M. Preses, C. L. Woody, and R. A. Johnson,
"Measurement of the Absorption Length and Absolute Quantum
Efficiency of TMAE and TEA from Threshold to 120 nm," Nuci.

Instrum. Methods Phys. Res. A (Netherlands), vol. A261, pp. 440—444,
1987,

T. J. Dwyer, J. R. Greig, D. P. Murphy, J. M. Perin, R. E. Pechacek,
and M. Raleigh, "On the Feasibility of Using an Atmospheric Discharge
Plasma as an RF Antenna," IEEE Antennas and Propagation, vol.
AP-32, no. 2, pp. 141-146, 1984.

D. L. Baulch, R. A. Cox, P. J. Crutzen, R. F. Hampson Jr., J. A. Kerr,
J. Troe, and R. T. Watson, "Evaluated Kinetic and Photoc* - Mata

for Atmospheric Chemistry: Supplement 1" J. Phys. Chem. he.. . 4ua,
vol. 11, no. 2, pp. 327409, 1982,

A. C. Hindmarsh, "LSODE and LSODI, Two New Initial Value Ordirary

Differential Equation Solvers," ACM-Signum Newsletter, vol. 15, no. 4,
pp. 10-11, 1980.

45




ATTACHMENT

REFERENCE 14

R. J. Vidmar, "On the Use of Atmospheric Pressure Plasmas as
Electromagnetic Reflectors and Absorbers," submitted to IEEE Plasma
Science, 1990.




ON THE USE OF ATMOSPHERIC PRESSURE PLASMAS
AS ELECTROMAGNETIC REFLECTORS AND ABSORBERS
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SRI International
Menlo Park, CA 94025

Abstract — Tenuous plasmas in the earth's atmosphere from sea level to
100 km can be modeled as a cold coilisional plasma. If an iomzation process
results in an electron density profile, such as an Epstein profile, that decreases
from a maximum as a function of distance, then the plasma can either refiect
or ahsorb electromagnetic waves, depending on the plasma characteristics. A
high reflection coefficient requires a grazing angle of incidence, a low
momentum-transfer collision rate, a high plasma density, and a short free-
space to plasma transition relative tc a wavelength. High absorpticn from
VHF through X-band requires a high coliision rate, a low plasma density, and
a plasma transition of approximately one wavelength. Both extremes are
discussed. Typical collision rates and plasma lifetimes at atmospheric pressure
are quantified. Power required to sustain a plasma in air is high because of a
short plasma lifetime, but a noble gas contained within a membrane has a
longer plasma liteiime and a lower power requirement. Two means of
ionization are discussed: high-energy electron—beam impact and UV

photoionization of an organic vapor.
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[. INTRODUCTION

The electromagnetic properties of a plasma at atmospheric pressure is an
interdisciplinary topic that combines plasma physics, radio wave propagation,
and air chemistry. In chis paper, the atmosphere extends from sea level to
100 km (300,000 ft), and the plasma body exists in free space. Prior research
on naturally occurring and man-made atmospheric plasma bodies quantifies
radio wave effects. Gerson [1] describes D-layer absorption, Gunar and
Mennella {2] note fluctuations in radar backscatter as well as the
communication blackout of reentry vehicles, and Glasstone and Dolan (3]
describe the effects of a nuclear weapo. generated plasma on radio and radar
signals.

Figure 1 depicts two uses of man-made plasmas. Borisov and Gurevich
[4] and Gurevich [5] suggested that crossed high-power electromagnetic pulses
could break down air below the D-ayer and so formn a plasma layer. This
layer could be used to reflect signals to & great range, and the highest
frequency for reflection would depend on the electron number depsity in the
slab. A plasma could also be used as an absorber, as illustrated in Fig. 1(b).
The absorption, power required, and bandwidth are described in this paper.

These man-made plesmas each use an ionizaiion source to generate a
tenuous plasma, resuiting in an electron number density, Do that is high near
the source and diminishes with distance from the source. After the source
shuts off, n, decreases as a function of time as electrons recombine with
positive ions or attach 1o form negative icns. Section Il describes the
electromagnetic properties that are essential to an understanding of these

man-made plasmas. The theory model for scattering parameters is derived

from the work of Epstein [6] as presented by Budden [7] in the context of




scattering from plasma gradients in the ionosphere. Electromagnetic properties,
such as wave number, power reflection coefficient, and absorption coefficient,
are a function of the host gas and plasma.

Section III presents gas and plasma characteristics, such as momentum-—
transfer coliision rate, plasma lifetime, recombination kinetics, and the effect of
noble gases. For example, a noble gas, used instead of air as a host gas,
extends the plasma lifetime by reducing negative—ion formation. Several tables
and figures quantify a wide range of values used to estimate the performance
and power required to sustain a plasma.

Applications for a plasma with a gradient, discussed in “~~*-
include (a) a high-altitude plasma that can reflect or absorb from HF to
VHF, and (b) a broadband atmospheric pressure absorber. A novel
characteristic of plasma used as an abscrber is its bandwidth that extends
from VHF through X-band at atmospheric pressure.

Section V describes the generation and use of plasma, including electron
impact icnization with a high-energy electron-beam source and UV
photoionization of an alkali vapor or an organic vapor, such as
tetrakis(dimethylamino)ethylene, TMAE, [8]-{10]. The power required tc
sustain a piasma is quantified, and properties such as maximum absorption
and baudwidtL are discussed. Trade-offs among maximum absorption,
absorptiun bandwidth, duty ratio, and applied power permit optimization of

absorption primarily at VHF.




II. ELECTROMAGNETIC CHARACTZERISTICS

A. Cold Collisional Plesma

In an atmnspheric pressure plasma, electrons undergo numerous vcllisions
with atoms and molecules ir the reutral background gas. Collisions damp
electron motion and so convert electromagnetic energy coupled into electron
motion dirertly to heat. Electrons produced by an ionization source cool
rapidly in collisions with the background gas. The host gas (air or a nobie
gas confined by a membrane) is at the ambient atmoopheric temperature and
under many circumstances has sufficient heat capacity to cool electrons with
little change in temperature.

If the ionization process maintains an eleciron temperature above 1 eV,
then a multi-specie full-kinetic model is necessary because of electronic
excitation, dissociation, ionization, an 8o on. Wuenever host gas heating due
to generation of a tenuous plasma body is negligible, then the election
temperature is near the ambient temperatw. After hot electrons cool to a
fraction of an eV, plasma characteristics can be approximated via a cold
collisional plasma medel [11j, |12].

The dispersion relation for a cold collisional plasma withk a constau.

momentum-transfer collisior rate, v, is

2 1
|

o-thot
Aw — iv)
where k is a complex wave number, w is angular frequency, i = {-1I, and ¢ is
the speed of light. The plasma angular frequency is w, = (nee2/mec0)1/ 2,

where e and m, are the electron charge and mass, By is the electron number

density, and % is the free-space permittivity.




The wave number is k = k.- ik, where k. = Re(k) and k= Im(k).
Wave motion is proportional to exp[+i( wt—-kr:z)} exp(+kz), where z is
nropagation distance and ki is the attenuation constant. A lossless plasma
(v = 0) exhibits a wave propagation cutoff for w < w_. A collisional plasma
with n, = 2 x 1011 ¢m™ and » = 300 ~ 10g 571 has wy = 25 x 10° s-l, a
conductivity similar to sea water, and a wave number that remains finite for

w < w. The value of k at 1 GHz is k, = 20.96 m ™" and k, = -3.475 m ™"

Fir w< vand w< wg/v, k. and k; simplify to k. ~ w/c and
k. = -—wg/(2uc). Absorption to first order is broadband in nature and
independent of frequency below “’;2)/"" But, the transition from free space to
plasma produces a reflection that is frequency dependent. The magnitude of
the reflection depends on the spatial distribution of plasma in the transition

region.

B. Epstein Profile Model

An Epstein profile provides an analytical model for estimating scattering
coefficients from plasmas thai have a smooth electron density gradient (6], 7).
An Epstein clectror nimber—density profile is

n

afz} = ° (2)
1 + exp(-z/o)

where n o is the electron density at z = +o, s is a gradient scale factor, and
v is independent of z. A plane wave propagating from z = -» t0 z = +
encounters an increasing electron number density that results in a reflection

determined by the gradient scale factor, o, and n

o




C. Power Reflection and Transmission Coefficients

The power reflection and transmission coefficients for a wave incident at

angle # on an Epstein profile are described by Budden (7, Chapter 11]

_ C —q|2 |1 + iko(q + C)]|4 )
C +q| |1 + iko(g — C)]
|Cqi r201 + ike(q + C))
|C + q|? |T[1 +2ikeq]T[1 + 21kaC]| expl+2im{q)z] “
2
¢ =c?- __fp__ (5)
Aw ~ iv)

where k is the free-space wave number, C = cos(#), and q is a solution of the
Booker quartic described in [7].

The second term of q2 in (5) has a magnitude much less than unity at
high frequency, w > ey and w > v, but is large and primarily complex for
w < and w < v. Before resorting to the machine calculations of (3) and
(4) in Section IV, consider three limiting cases.

For o - 0, an Epstein profile approximates a slab discontinuity at
z = 0. The arguments of the gamma functions in (3) and (4) equal unity,
and the values of R and T reduce to the Fresnel reflection formulas (7).

The second case is for grazing angle illumination, § - 90° so that C - 0.
The arguments of the gamma functions in (3) and (4) then approach unity for
any o and v. The reflection coefficient approaches unity, and the transmission

coefficient approaches zero. This suggests the use of a tenuous plasma as a

reflector at a grazing angle.




The third case is for § = 0, the backscatter reflection coefficient. In (3)
the argument of the gamma function in the numerator is + 2ikeo larger than
tkat in the denominator. Using Euler's formula, the absolute value for the

ratio of gamma functions is

4 4

Z 4

(z+iy)

{z + 2iko)"* (z+1)

- _ lim
r(z o ™%

(z+n)

(z+ 1 y+n)

'6)

(z+1y+1)

where y = 2ko and z = 1 + iko(q-1). For w < W and w < v, the value of
q reduces to q ~ C - iws/(zumC) orq-1= —iwﬁ/(2w) for § = 0. For any
value of ¢ > 0, z is real and y is imaginary. Therefore each term in the
infinite product maintains |(z+n)/(z+iy+n)|4 < 1 and the value of (6) is less
than one.

Because R is the product of the Fresnel reflection coefficiert ana (6),
reflection from an Epstein profile varies with frequency and slab thickness.
For w ¢ “’;2>/(4")’ the wavelength is much longer than the slab dimension,
z » y, the value of (6) is approximately one, and the reflection coefficient
reduces to the Fresnel term. For w = wﬁ/(@) and ¢ = A/(47), y =1, z = 2,
and the first few terms are propo.tional to (4/5)2. At a higher frequency such
that w = wg/u and 0 = A4,y = 7,2 =1 + =x/4, and the first few terms
are proportional to ~(1/4)2. Hence, the reflection coefficient for backscatter

can become small. A small reflection coefficient results from incoherent

backscatter from the plasma gradient rather than a coherent reflection at a

slab discontinuity.



D. Attenustion Coefficient

In addition to scattering frc. the plasma, a sigual that propagates into
an Epstein gradient and then reflects from a geod conductor will have its field
quantities reduced by exp(—zjkidz), where the integral is from z = ~=® to the
surface of the conductor at +2z. The factor of 2 in the exponential denotes a
round trip. For a tenuous plasma, k.

1

space. The integral of an Epstein profiie from 2, 10 +2, i8 Bz The

round-trip attenuation in dB for a plasma with w < v and w < wg/u is

is proportionai to Ng integrated over all

A(dB) = 4.343 [e%} FE] (7)

leomec v

where b (=2z,) is the total thickness of the plasma and n, is in m™3. The
5% and 95% values of n(z) for an Epstein profile correspond to 2, = 2.9440,
respectively. For an Epstein profile spanning the 5% to 95% range, h is
5.8880, and attenuaiion is A(dB) = 2.71 x 1074 nea/u.

E. Numerical Evaluation

To evaluate the reflection and transmission coefficients in (3) and (4),
the ga.uma function I'(z) for complex arguments in the right-half complex
plane must be evaluated. Lanczos [13] developed an asymptotic expansion
correct to better tha 0.1% for the right-half complex plane. His formaula is

Pz+1) = (z + 2)EHY2) 242 o1 [o.909779 + L:084635] (g
z + 1

Because the magnitude of z can become large in {3) and (4), computing

In[I'(z+1)] prevents an overflow condition and retains accuracy.




1. PLASMA CHARACTERISTICS

A. Momentum— Trensfer Collision Rate

The electron momentum-—transfer collision rate, », is a function of
temperature and gas species and sets the value of ki that determines
eleciromegnetic absorption. Itikawa [14] discusses effective values of v for
atmospheric gases and noble gases over the electron temperature range of
100°K to 5000°K; the data in Table I spans 300°K to 1000°K. In air, 20,000
collisions vill reduce the electron energy by a factor of 40 [11]. . pressure
of 760 torr (sea level) this process requires 50 ns, based on the 1000° K rate.
If thermalization is faster than or comparable to a plasma lifetime, then an
effective electron temperature during the afterglow is near the ambient

termnerature of the host gas.

TABLE I
MOMENTUM-TRANSFER COLLISION RATE

vIN [10"8 cm3s_l]

Gas Species T, = 300'K 500° K 1000° K
Ny 0.594 0.959 1.77
0, 0.286 0.437 0.804

CO, 10.05 9.68 7.48
H,0 77.90 56.25 34.6
He 0.763 1.01 1.50
Ne 0.076 0.118 0.217
Ar 0.220 0.145 0.094
Kr 1.775 1.315 0.713
Xe 5.29 3.81 1.90

Dry Air 0.529 0.845 1.550

Data: N is gas density in cm3




At a pressure of 760 torr and an electron temperature of 500° K, the

collision rates fer dry air and helium are 212 x 10% 571 and 253 » 10° 571

1

Water vapor strongly influences the collision rate at low altitudes. For

example, 50% relative humidity increases the sea-level dry-air collision rate

from 212 « 107 st to 417 = 10° s~

The values of v in Table II include

the variation of air composition with altitude from sea level to 300,000 ft

(91.5 km).
TABLE II
COLLISION RATE IN AIR
Momentum Transfer, Collisions per sec
Altitude Pressure
(kf+ (torr) T, = 300°K 500° K 1000° K
0 760 166 x 100 417 x 107 425 = 10°
113 500 103 121 180
328 200 23.6 37.6 72.0
475 100 12.1 19.3 37.1
62.0 50 5.07 9.70 18.6
81.4 20 2.38 3.80 7.27
96.4 10 1.18 1.87 3.57
111.6 5 0.584 0.914 1.73
133.4 2 0.272 0.382 0.672
150.5 i 0.215 0.248 0.365
169.1 500 x 103 122 x 10° 134 x 10° 189 = 10°
1924 200 26.7 37.8 67.1
209.8 00 11.8 18. 34.4
295.5 50 5.92 9.42 18.0
945.1 20 2.49 3.98 7.64
253.7 10 127 2.03 3.89
974.1 5 0.662 1.06 2.03
291 1 2 0.257 0.411 0.789
300.0 1.32 0.161 0.258 0.494

i0




B. Plasma Lifetime

The plasma lifetime, 7. is the time required for s plasma of initial
density n, to decrease in concentration by a factor of i/e. It is useful in
estirnating the power required lto sustain & plasmea. Estimates of r have been
computed with an air chemistry code developed to mode! the deionization
process [15), [16]. This code takes into account the raajor atmospheric gases
plus H2~O as a function of altitude. The same code has an option to treat
helium as the major species with air as an impurity.

The Earth’s Aimosphere: The plasma lifetime in ai1 exhibits a
dependence on electron number density and on pressure (altitude) as shown in
-3

Fig. 1. Forn, < 16! ¢m

deionization process. The slope of the diagonal line in Fig. 2 is due to the

, three-body attachment to oxygen dominates the

decrease in oxygen concentration as a fanction of altitude. Because the
three-body attachment is proportiona! to the square of the oxygen
concentration, plasma lifetime increases by two orders of magnitude for each
factor of 10 decrease in atmospheric pressure.

As the conceniration of oxygen diminishes with increasing altitude, two—
body attachment and recom*ination processes begin to dominate three-body
attachment to oxygen. These processes include dissociative attachment with
oxygen and ozone, and dissociative recornhination with positive ions. Because
attachmen' cevends on the concentration of oxygen and ozone but
recombination does not, reco.nbination with positive ions is the dominant loss
mechanism at high altitude. Consequently, the plasma lifetime eventually
becomes height independent, which results in the horizontal curves in Fig 1.
12 .

For ng > 10

ions and then three-body electron—eleciron attachment to positive ions

m“3, dissociative attachment of electrons with positive

dominate the deicnization process. The nearly horizontal curves in Fig. 2 and




the progressively larger separation between curves indicaie that three-body

2 14 -3
o e.>1() cm C.

The curves 1in Fig. 2 were truncated at an altitude {or which the energy

attachment (proportional to n?) is starting to dominate for n
required for ionization would increase the ambiert air temperature by 50°K.
For 5, ¢ 1012 cm™ the amount of ieating below 200,000 ft is negligible.

Noble Guses: Significantly longer lifetimes are possible with helium.
Helium does not form uwegaiive ions, 30 a major electron attachment
mechanism is minimized. Becavse high purity helium is expensive and
impurities alwaye leak into a large vessel, helium with trace amounts of air is
the most likely gas mixture. Nitrogen and oxygen impurities rapidly form
posiiive ions in charge trapsfer collisions with helium jons and in turn
reccmbine with elecirons and so deionize the helium plasma.

Sirmulations of plasma lifetime in helium with 1-ppm, 19-ppm, and
100-ppm air demonstra‘e lifetimes orders of magnitude longer than air plasma
lifetimes, as shown in Figs. 3, 4, and 5, respeciively. For o, 1011 cm'3
and impurity concentrations below 100 ppm, the lifetime in helium is ~10%
times longer than an air plasma at sea level. At an altitude of 1(.0,000 ft
(30.5 km, 8.5 torr), air and helium plasmas have similar lifetimes. For a
high-purity helium plasma, Deloche [17] observed plasma lifetimes ionger than
those estimated in Fig. 3.

An engineering estimate for r in a noole gas is obtained by examining
the recombination kinetics to determine if there is a limiting reaction. For

3 in a noble gas with a trace of air, two-body dissociative

n < 10“ ¢
e

recoinbinzation is likely to characterize the overall recombination rate, and the
plasma lifetime reduces to r = l/(kne), where k is a two—-body rate constant.

Becruse dimer formation and charge transfer are fast compared to dissociative

recombinatica, the dominant ion for recombination depends on the punty of




the noble gas. Charge transfer resulting in N;' and O; will increase the rate
of recombination by a factor of 10 compared to-Hel. Two~-body rate

constants for noble gases and air [18] are shown in Table III

TABLE Iil
DISSOCIATIVE RECOMBINATION

Reaction Rate constant (cm3/s)
He] + e - He + He 1.0 x 1078
Ne; + e - Ne + Ne 1.8 x 1077
ArY + e+ Ar + Ar 9.1 x 107
Kr} + e~ Kr + Kr 1.6 x 1079
Xe;+e-»Xe+Xe 2.7 x 10"6
N} +e~N+N 3.5 x 1077
05 +e-0+0 1.9 x 1077

Data: Temperature = 300°K, 1 cm3/s = 1070 m3/s

IV. APPLICATIONS

Figure 1 sketches the use of plasma as a reflector (artificial ionospheric
mirror) and as an absorber. If the high-power pulses of [4] and [5] result in
the formation of a plasma patch, wili the patch reflect or transmit RF? If
RF breakdown results in a plasma with a rapid transition from free space to
plasma, ¢/A € 1, the plasma will reflect. Or, if the transition is diffuse, the

plasma will reflect at a grazing angle. If the plasma gradient is too long, that

is, ¢ > A/(4x), then it will transmit more RF than it reflects.




As an example of an ionospheric mirror, consider a plasma at an altitude

of 230,000 ft (70.1 km), a pressure of 40 mtorr; an incident angle of 75

degrees off broadside, and v = 7.4 x 10% 5. The curves in Fig. 6 quantify

the dependence of the reflection coefficient on o, the plasma to free—space

transition, and on frequency. The value of n, = 107 cm'3

to achieve a high reflection coefficient at a sharp boundary for frequencies up

was chosen so as

to 100 MHz. Note the transition from a good reflector to a poor reflector as
the gradient varies from sharp, ¢ = 10 cm, to diffuse, 0 = 160 m. Increasing
n, increases the maximum frequency for high reflectivity. Lowering the
altitude increases absorption due to collisions, decreases plasma lifetime, and so
requires more power.

As an example of a broadband absorber, consider a plasma in air at sea

10 3

level with v = 417 x 109 s and no =6 x 10’0 cm™>m. These values

0
were selected to yield a maximum round-trip absorption of 40 dB in Fig. 7.
Round—-trip absorption refers to the sum of reflection from the gradient (3)
plus absorption (8) due to propagating (h = 5.8880) into the plasma and
reflecting. Doubling n, will double absorption (7).

Absorption bandwidth deperds on the collision rate and the plasma
gradient. The high—frequency cutoff is set by v and has a value of ~v/5.
The variation of absorption with ¢ in Fig. 7 indicates that high absorption at
a low frequency requires a free-space transition of 40 >~ A, that is, one or two
wavelengths. The low—frequency cutoff is ~c/(40).

A plasma with ¢ > A/(47) and sufficient electron number density has
the characteristics of a broadband absorber. This plasma absorber is
lightweight, exhibits high attenuation per wavelength, has a broad bandwidth,

and can be switched on and off. These characteristics provide a means to

control electromagnetic scattering. A plasma at atmospheric pressure could be




used as an absorber for antenna pattern and backscatter measurements; modify
the radiation pattern of an antenna; act as a high—-power waveguide switch or
crowbar; and reduce edge diffraction. Although these applications are
predicted and experimental evidence exists to verify the reflective/absorptive
characteristics of a collisional plasma, an efficient means of generating a

collisional plasma is still evolving.

IV. PRODUCTION AND USE OF PLASMA

A. Plasma Generation

Two requirements of plasrna generation for an absorber are that (1) n, is
sufficiently high near the source, and (2) n, diminishes as a function of
distance away from the source. A variety of sources fulfill these recuirements.
Electron--beam impact ionization and photoionization of a seed melecule are
two of many laboratory techriques.

A high-energy (160 keV to 600 keV) pulsed electron beam can generate
a plasma in air or noble gases. As electrons emerge from a source, they
diverge and interact with matter. The spatial distributicn is complex [19] and
invoives electron backscatter, secondary electron generation, and multiple
shallow-angle scattering. These effects provide a mechanism for electrons to
curve around and fill in regions not directly illuminated by the beam.

Electron density from a point source falls off as l/r2, and electrons have
a maximum range due to their interactions with matter. Because of this

continual interaction, electron erergy decreases with range. Below 20 keV, the

rate of energy deposition increases significantly. This increase results in a




small increase in D, near its maximum range. High-energy electron-beam
sources are commercially available and have been used in laboratory
experiments.

Another ionization technique is photoionization of a seed gas such as an
alkali or organic vapor. For efficient photoionization, the medium must be
optically thick. To achizve the required alkali vapor density for a 1— to
4-meter optical thickness, it must be heated and contained in a membrane not
affected by the heat or vapor. An alternative is to use a readily ionized
organic vnpor with a high vapor pressure such as TMAE. Rewick [10] has
identified a number of common materials that could contain TMAE vapor.
There sre several commercial UV flash lamps, rich below 200 nm, that could
readily photoionize TMAE vapor. A plasms generated via photoionization

would have a 1/r2 distribution that is aleo attenuated because of the optical

range of the medium.

B. Power Estimation

An approximation for the power per unit volume required to sustain a
plasma is P/V = (neEi)/ 7, where P is the continuous-wave (CW} power
(deposived in the plasma), V is the plasma volume, R is the eiectron-plasma
density, Ei is the energy to generate au electron—ion pair, and r is the plasma
lifetime (Section III B). For a plasma generated by electron-beam impact, the
value of Ei in 41.5 eV fur He, 36.2 eV for Ne, 26.2 eV for Ar, 24.3 eV for
Kr, 21.9 eV for Xe, 34.6 €V for Nz, 3.8 eV for 02, and 33.7 eV for dry air.
It photoionization of a seed molecule like TM.AE i3 the means of ionization,

then E, is approximately 7 eV.
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Consider twc examples in air: & plasma absorber at sea level and an

1 -3

ionospheric wiirror. For a plasma with n_ = 107" cm “ at 760 torr, the

e
plasma lifetime is 10 ns, and P/V is 54 MW,/’m3 for impact ionization. An
ionospheric mirror at 236,000 ft {70.1 km) with n, = 10" em™ and
r = 800 ms has a power requirement of 68 ,uW/mS delivered tv the plasma.
Plasma lifetimes in a nohble gas at 760 torr are orders of magnitude longe:
than ir air, which significantly reciuces the power requiremert.

The power per unit volume for a noble-gas plasma dominated by

two~body recombination reduces to

F ko E (9)

The rate constants for npoble gases are shown in Table III. The rate constant
for dissociative recombipation of organic vapor ions lik= TMAE™ have not
been measured but are estimated to be of the order of Xe}i’ in Table IiI.
The power estirnates in Table iV are for impast icnization of helism
(E;, ~ 42 eV } and photoionization of organic vapours (Ei ~ 7 eV).
C. Use as Absoroer

Even though none of the ioniration sources meniicned above gencrates an
Epstein profile, tne ¢ parameter ia () caa be adjusted tc approximate other
distributicns. The value of o is set to match the 5% and 95% values of
clectron density produced by the ionization source. By making this
adjustment, an Epsiein profile can be used to estirnate electromagnetic effects.
The slternative is to use the exact electron distribution and a computational

mnodel for scattering from a plssma gradiert [7]. An Epstein profile provides a

simple first, estiirate.




TABLE 1V
POWER REQUIRED TO SUSTAIN A PLASMA

Power ner Unit Volume (W/ma)

Plasma
Density k = 1078 cms/s 1077 cm3/s 1079 cms/'s
(cm_s)‘ E, =42eV T eV 7 eV
108 0 x 107 100 x 1072 1 x 1079
10 7 x 1079 10 x 1075 120 x 1079
108 700 x 1079 1 x 1073 10 x 107
10? 70 x 1070 106 x 1073 1
1010 7 10 100
1ot 700 1 x 10° 10 x 103
1017 70 x 10° 100 x 10° 1 x 108

The data in Table IV has been recast in Table V to provide an estimate
of power per unit area as a function of absorption, bandwidth, and gas
cornposition. Bandwidth was deduced frorn several piots like Fig. 8, tor which
the collision rate was reduced from that of air at sea level to that of helium
and aeon/argon at 760 torr. Parameters that yield predictions of attenuation
up to 100 dB are noted in Fig. 8. For values of absorption beyond 100 dB.
backscatter from local inhomogeneities in the piasma gradient adds to
round-trip absorption at low frequencies. Predictions of round—trip absorption

it. excess of 100 dB must take these lo~al inhomogeneities into account.




TABLE V
POWER REQUIRED FOR VHF TO S~-BAND ABSORPTION

Power! (W/m?) Bandwidth {MHz)
Absorption
(dB) Helium Neon/Argon Helium Neon/Argon
40 13,500 180 80 ~ 10,000 70 - 1,500
50 30,400 420 100 - 9,009 100 - 1,400
89 94,000 780 120 - 6,000 126 — 1,000
100 77,780 1,058 150 - 6,000 150 — 900

t Power refers to CW power per square meter, for a plasma with a 4-m
thick plasma that approximates an Epstein profile.

Note the trade—off in Table V hetween power and bandwidth for a neon/

argon-based plasma compared to helium. The high-frequency cutoff is

proportional to v; power is proporticnal to ng;

proportional to (n,e/u). Because the value of v in neon/argon is approximately

and absorption (7) is

a factor of 10 less than helium, the value of n, in neon/argon is a factor of
10 less than in helium for the same absorpiion,. This reduces bandwidth by a
factor of 10, bat power decreases by a factor of 100.

The power in Tables IV wnd V is the vower deposited in the plasma and
s¢ doas noi .vcount for source efficiency. Cenerating plasma intermittently
with a low wuiv rauio is cne way to produce a large volume of plasma
abscorber with simple squipment. Other more efficient means of ionization
culd increase ibe duty ratio or permit the use of gases that demonstrate a

broader handwidth.
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V. CONCLUSION

The theory, experimental evidence, and calculations support use of
plasmas at atmospheric pressure as reflective/absorptive media.

Electromagnetic characteristics were evaluated with an Epstein profile model
that can be used to approximate the electron distributions generated by an
ionization source. Although the modeling of the source distribution function is
approximate, the Epstein profile model provides a simple estimate of
riectromagnetic absorption and scatterir 2.

Plasma generated in air or heliur: at atmospheric pressure has the novel
property of being an excellent broadbwnd absorber from VHF to X-band. The
power required to sustain a plasma i1 a 1oble gas like helium is orders of
magnitide less than in air, because a0b!: gases do not form negative ions. A
neo:i/srgon plasma has the property of aigh absorption from VHF to S-band
53 guiros less power to sust in thar a helium plasma, because its
momentum—transfer collision rste .3 lorver.

These characteristics sugzest that plasmas at atmospheric pressure have
the potential of becoming a vseful engineering material from VHF to X-band.
Tue gap in knowledge to this practical end involves a better understanding of
scattering parameters, ioni.:.on and recombination gas kineticc, and efficient

ionization techniques.
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FIGURE CAFTIONS

Plasma at atmosepheric pressure used (a) as a reflector and

(b) as an absorber.

Plasma lifetime of air versus altitude.

Plasma lifetime of helium with 1 ppm air.

Piasma lifetime of helium with 10 ppm air.

Plasma lifetime of helium with 100 ppm air.

Reflection from an Epstein profile at 230,000 ft (70.1 km).

Abserption pius reflection from an Epstein profile in air at 760 torr.

Absorpiion plus reflection from an Epstein profile in helium and

neon/argon at 760 torr.




270,000 ¢
ALTITUDE

L
T EARTH R

(@) SIGNAL REFLECTS FROM PLASMA WITH STEEP GRADIENY
AT GRAZING ANGLE

MEMBRANE CONFINES GAS MIXTURE

/ INCIDENT
" PLANE WAVE
IOMIZATION 7 I
SOURCE~ //”
‘ ? ]
E: ey —
-~ \
REFLECTIVE \\
(\
SURFACE —

() SOURCE IONIZES NOBLE GAS SEED-GAS MIXTURE AND
GENERATES PLASMA GRADIENT

RiL 302-8556-7

FIGURE 1 PLASMA AT ATMOSPHERIC PRESSURE USED
(8) AS A REFLECTOR AND (b) AS AN ABSORBER




ALTITUDE — kit
120 150 200 250 300

101

102

103

104

PLASMA LIFETIME — s

103

108
107 |
108 & -

109 |

RLE | BT N T R T
760 88.9 8.48 1.03 0.149 0.0151 0.00:32

PRESSURE — torr
RML 382-8856- 1

FWGURE 2 PLASMA LIFCTIME OF AIR VERSUS ALTITUDE




10 g

n‘-10yaﬂ'3 yn6
1
- 7
101
102 &
T 103
w
=
= ,
t_ll._" 104 |
-
<
=
\2 =
g 105
13
106 |
107 |
'
108
oo gty g 1 1 baesss 5 g ]
1000 100 10
PRESSURE — torr
RML 362-8655-2

FIGURE 3 PLASMA LIFETIME OF HELIUM WITH 1 ppm AIR




PLASMA LIFETIME —s

1 Ng = W0y Cﬂ'\'s y=6
/ 7
10°1 '
: 8
102 . ' | 9
10 .
102 |
- 11 =
104 ' 12
10°5
13
106 |y
107 &
14
108 |
oo LLLLLL D 11 TI R _
1000 100 10
PRESSURE —torr
RML 262-8856-3

FIGURE 4 PLASMA LIFETIME OF HELIUM WITH
10 ppm AIR




PLASMA LIFETIME — s

10 oy

107! |

1 0'2 '.: g

3 :.' //
109 -

10,4 v e /
10.5 . /
106 o
107 |
14
108 K
100 LLLLAL & L 1 lsrii0 1 ;
1000 100 10
PRESSURE — torr
RML 552-8656-4

FIGURE 5 PLASMA LIFETIME OF HELIUM WITH
100 ppm AIR




T TN g = 107 o3
i

%f A0k .

! Sat0m ~ A

?; ;] \\ ‘\ \

> .20 \

v “ ‘ \\o “m

& o N

o - N\

0o - g AN

i \
i I Tat N

_4@ l | R WS W N | s ¥ A, ) I L‘\J

102 1

FREQUENGCY -~ Gl

FIGURE 6 REFLECTION FROM AN EPETEIN PRC FILE AT
230 kit {70 km)




f"@i
® " &y 400 omd
V; 40 b= gelm - e -
H . \/ - 7‘\\\
6 ! Mg = / / \
U o /S:x 10" a‘n:} T ngm X\
b - /
§ / ° om ;bx m‘%m':’/ \
‘ k . A}
W 20 - / \ 5x m‘zw\{” ceimm \\
% 10 / y o e \)/ \
< v
9 Z/ - é’ "‘( / \\
R ey ;& "s’.e.u‘uﬂ_ I ST ki
ks 107 1 10 102 103
FREQUENCY --GiHz
RML S82-06886-8

FIGURE 7 ABSORFTION PLUS REFLECTION FROM AN
EPSTEIN PROFILE AT SEA LEVEL




20 e m———

J - TN 12110V am?
L v .253x10% e N
T"S(yfk / ’ 10x 10" ew¥ \
20 prooe U-'FJOM- /"'—"_-_ T T e ~—~—— X
/ >\
% o) ' awtad N \
s ~N
é " / ng=b x t0¥am?d \\\\
4 \
It |\

0 i 1 llllld 1 llJJlllL 1 1 lllli]_l A1 1 1811
162 0! i W 102
FREQUENCY — GHz

AL gt 88002 2
(8) HELIUM
‘w e ——
A —
: : 142100gy3
| v=20.6x10% -~ ~
T-SW‘K / ‘_2.'000’"-3 \
8 b= Te750mM - - T, \ \

&
I

) 28x100am3
—
/
;

.'n,.s 10%an?d N \\

s

L

TOTAL REDUCTION — dB
T
/
—~
-

0 ol sl
hE 10! 1 10 108
FREQUENCY — GH2

(b) NEONARGON

FIGURE S ABSORPTION PLUS REFLECTION FROM A}.
EPSTEIN PROFILE IN HELIUM AND
NECN/ARGON AT 760 TORR




ATTACHMENT

REFERENCE 26

D, “Watters and R. Vndmar, "Inﬂatable Taxget Support for RCS
Measwurement, " ﬁ__MIA_ roceedings §% 1yal M in
Sympogium, Monterey, CA, pp. 12-15 to 12-19 9-13 October, 1989.

N ol YA RS AA N k



AMTA Proceedings, 11th Anrual Meeting and Symposium
Monterey, CA, pp. 12-15 to 12-19, 9-13 October 1989.

N

INFLATABLE TARGET SUPPORT FOR RC . MEASUREMENTS

D. Watters

and R. Vidmar

SRI International
333 Ravenswood Avenue
Manlio Park, California 94025

ABSTRACT

A streszed-skin inflatable target support
provides an improvement over a foam coluan
for radar cross section (RCS) measuraments
in an anechoic chamber. Theoretical
analysis indicates that backscatter from
the support is minimizd because its mass
is reduced below that of a foam column-and
is distributed c¢o faveor incohersnt
scattering. Comparsd with a foam column,
2 pressurized thin shell has superior
mechanical stability under both axial and
transverse loads. Experimsntal
observations using Mylar--a low dielactric
constant, high tensile strength film--
confirm these results. Spurious
reflections from rotational machinery
located below an inflatable column are
raduced by a layar of absorber within the
bage of the inflatable support.

Keywords: RCS Measuremsnt, Target Support,
Stressad Skin, Inflatable Column, Clutter
Peduction

1. INTRODUCTION

Anechoic chambar clutter limits both
pracision and noise floor, making it
difficult for RCS sngineers to wake
accurate, low-ievel RCS measurepants. A
principal sourca of clutter is the target
support column. A ftarget support column
must meet both eliectromagnetic and
sechanical requiremants. It must have low
RCS over a briad bandwidth and stably
support a prescribed weight. For accurate
meas ramont of vector guantities, it is
important that the target support be able
to return to a reference position a‘ter
movemnsnt.

Trad.tional target support methods include
foam columns, ove! sad strings, and metal
pylons [1). A foi. column has difficulty
supporting a heavy load while maintaining
a lew backscatter, and viscoelastic
properties affact its positional accuracy.
A string support system is difficult to
control and requirss an attachment point
to the target. Metal ogival pedestals can
suppart hsavy leoads; but have & larger KRCS
than other support rethods.

An inflatable column cffers both low RCS
and heavy 1ift capacity. An inflatable
column wvas designed at RATSCAT in 1964 [2)
using nylon-coatad necprene. The column,
designed to support 200 1b in a 40-knot
wind, was inflated to 0.2 psi and wvas
stable enough to pecmit vector
measurements. Parformance of the RATSCAT
column vas comparable to that of foaa.
Current. advances in material science have
given us the ability to fabricate
inflavable structures with properties that
are superior to foam construction.

An inflatable column has sevaral
advantages over a foar column of identical
shape. First, an inflatable column has a
lower RCS than a foam column. Second, an
inflatable column made of & membrane
material that is significantiy less
viascoelastic than foam cen have superior
mechanical proparties, which rasults in
the 2bility to conduct angular
measurements in a more stable manner and
to support heavier loads. Finally,
ground-related clutter can be reduced ovar
a broad bandwidth by filling the base of
the column with broadband absorker.

Section 2 addrasses dasiyn parameters for
an inflatable columan, including both
electrical and mechanical considerations.
Section 3 dascribes fabricstion datails
that rssulted in a prototype structure.
Sectlon 4 discusses anechoic chambar
weasuruments, jcomparing the scattering
from a square plate mounted at 45° on a
toam column with scattering from the same
plate mounted atop ths inflatable coluan.

12-15% .
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o, DASIGN CONSIDZERAYIGNS

Toa W) princiszal ragquirements fiur a
wepport celuny erd ninjmuem PCS over a
specified frequency range and sttble
pecnanicel supsort up to a spenilied
waitht. DNesign parsmetdrs Loy foum and
inflatab.ic colvpns inciude:
alvctromssetin yeattering, awial loading,
Yracsrearse Loadling. and torsionai
rigidicy. &a iatlaktable celuwn can be
deaignyd with minimum DRCS a2nd the samas or
superi-n masrenical performance conpaxed
withs 2 foam enlamn.

2.). Ele:.romsgi-tic Propexties

The slectrosn<ynetlis scattering from a
colums —an e =stinatisd by cowidaring tha
cwo-dimenaiony’ scyithering from & class of
intinive cylindsres {27. A model for
scattariixy from & feen coluwmn is a sxolid
dleiecrric rylindur whose permittivity is
nearly unity. The scatbaring cross
secilca per it Ieagth ia:

1 u;
o w

vi v ve » Tkea(e. - 1733 (2ka)

wWhere & 1% the padiun of e oviinder,
Ko i the Ures ¢pace vave nunbsy, and

€ iz the rwiative parxititividty ot the
cyl.nder. The rezpo<ss @ the samy for
eithar paraliel . parpondicula:
pelarizuticon.

For 'n infiatable «olwan, similar
expressions can be derived, whers the
model is now ) oy indxical shell. The
scatter‘ng cruse sectim per unit, length
is:

g,

«‘i - '(kua)l(c" - 1)2(g)-

)

- . 2
A i Yk PN
al(=1 In' K.a o S J. (kga |
5‘ (-1) i ¢ e Xy e ¢ ( ) i 'n

where ¢, = 1 whan n = 0 and ., = 2 whsh

n > 0, and d is the shell thicknesa.
Slightly different values ars obtuainwd Yor
parallel and psrpendicular polariration.

RELATIVE AMPLITUDE — dB

Figure 1 is a plot of scattaring per unit
length as a function of frequency for a
12-in. diameter foam cylinder of -
permittivity 1.04 (dashed curve) and a 12-
in. dismeter Mylar shell of thickness
0.002 in. and permittivity 2.8 (soclid
curve). At low frequencias, scattaring
from the inflatabls structure is
considerably reduced compared with that
from a fcam column. At sufficiently high
frequencies, this inflatable column would
exhibit a high RCS because tha tilm
thickness approaches a significant
fraction of a wavelength.
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Fig. 1. Normalkzed Rackscatier Cross Section paf Unit Lenggh trom
infinstely Long Cysnasrs

Cona-shaping of either column can be used
to further reduce the direct backscatter.

2.2 Machanical Propertias

T™he modal for comparison cf mechanical
properties is a column that is fixed at
one end and free to move at the other.
The maximua buckling load, W, for a foam
cclumn is given ky (4):

W - 2a
161

whare a Ju rhe radius of the column, L is
the helight, and E is the alastic modulus.
e wsximum losd for an inflatable coluan
is determined by the cross-sectional area
at the top and the pressure in the coluan.




The prvessure, P, in the column is limited
by the maximum hoop sgtress, S = Pas/d,
(which occurs at maxiwmum radius). The
maxinum load is: W = wadS, where d is the
file thickness. For taller columns, it is
appropriate to consider failure due to
buckling:

W = T2ME
a?

A 10-ft foam column of 6-in., radius and
elastic modulus of 1000 psi is capable of
suppor ~ing 43 ins, with a safaty factor of
4. A 10-ft air Coiumn of 6-in. radius
would nead to be inflated to 0.7% psi to
support 2 similar load. For a cylindricai
column, this pressure would exert a 4.5
lb/in. hoop strass (5d) at the basa. A
safety factor of twe would require the
cylinder to withstand ¢ 1lh/in. For u
conical columna with a busa radius of 16
in., ths stress at the base would require
a design of 12 lb/in. This zan ke
accomplighed using 2-mil Mylar. (For
comparison, about 20 nils of polysthylena
film would be nsedad t> mest the sume
stress requirement.)

The deflecticn of a column under
transverse loading can be determined to
first order using small daflection theory.
For a conical fozm column, the maximum
deflection is:

aFL’
351,{1 + %E:l]

YMI

where &r = 1, - r,, ry is the radiuvs

at the top, r, is the radic: »t the base,
I. = ¥xxr“‘4 for a solid circ.e, ard F ig
the tr. . v "1@ force.

For an inflatable column, the dsflection

is:
s -

R Ar

[?J“‘(l * !T]
I 2 1+ 38
Yoer ™ ET, m[_ri\ R ir,
Ar ) [, Ariﬁ
L)

where [ = »1*d for a thin annulus.

A compariscon of a Zoam and inflatable
construction using the above dimensions
indicates that a 10-lbL transverss loud
applied to a 87-in. column will produce a

0.112-in. deflection cf a fcam coluen and
1 0.332~-in. deflsction of an inflatable
zolumn, (Tha elastic modulus of Mylar i

500,00, psi)
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Although the foam and inflatable columns
exhibit similar characteristics, foam iz
much more viscos.iastic thsn Mylar.
Consaquantly, a full comparison betwacn
foam and inflatable congtruction must
treat how the elastic modulus varies &s a
function of time, tamperature, and stress.
For example, the elastic modulus ray
decrease by a factor of 10 in 1 hour while
a high strass is applied. This variation
in E with time results in a time-depsndent
deflection. Foam may exhibit an
additional deflection of 10%, while Mylar
creep ig an order of magnitude less.

Under severe loading, a foam column may
never return to its rsterance position
aftar the transverse load is recoved.

The r¢-ponse of a cylindrical column under
torsion can he analyzed using the
following equation {5]:

on TRLE V)

where 8 is the angular displacement, T

is the applied torgue, I ia the moment of
inertia for a body of revolution (I, and
I,), snd v is Poisson’s ratio. A
comparigon of the two columns indicates
that the foam column exhibits an angular
displacement of 0.0016°/ft~1b; whilae

the inflatable column changas
0.0024°/£¢t-1b.

Although the deflactions and angular
diaplacements of this vexrsion of the
inflatable column are slightly higher than
those of a foam column, the influatable
returns to its referencs position,
reliably. The reliability of return opens
up the poesibility of high accuracy
measurements involving vector subtraction.

3. CONSTRUCTION

The conse-shaped column in Figure 2 was
constructed using 2-mil Myler film.
column is inflatad to 0.7%5 pai, using
nitregen gas, and can support a load of 50
lb. The vertical bag smams are double lap
joints uaing an adhesive tape on both the
inside and outside. Stress testing
indicates that the material will fail
bafore the adiiesive joint. A heat-
shrinkable film ias applied to a foam plug
and insertead at vhe top of the column.

The internal pressvre of ths bag forces
the tapered foam plug to seal the top cof
the bag. Tha base is constructed using an
aluminum~foar sandwich, ~ith the foam
cantilevarad bayond the sluminum plates.
This arrangsment pa.» '%s absorber, placed
inside the column, to cover the aludinum
plate. A ring of flat laminate absorbar
is placed around the ouiside of the coluan
to complete the RF seal to ths base. The
Mylar baq is attached to the bas® using a
speclal achesive technigus.

The
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Fig. 2. Stresssd-Skin Intlatable Struciure

Two prototype coluxrns have besn
constructed and infiated tec the design
pressure of 0.75 pxi. Thay have operated
reliably for three months and ara
continuing to opaerata at the time of this
submission. Design lifetime is ons year
or xore.

4. PERFORMANCE

Preliminary msasurements on the cone-
shaped inflatable column have been made in
our anechoic chambar (6] using an HP-85%510
autoaatic network analyz 'r. A comparison
is made betwaen the foam column and the
inflatable column.

A 45° plate, 14 in. on a4 side is mounted
on the celumn, in a way to cast a direct
reflection tcward tha base. Figure 3 is a
range domain plot of the foam column and
inflatable coluan responses. Tha
horizontal axis represents range in
centimeters, the vertical axis is relative
amplitude in dB, and the frequency of
cperation is 600~4600 MHz. The
measursment was sade using the bare column
as a reference and then subtracting this
reference from the measurement obtained
with the plate on ton of the column.

Both curves display three ma.in scattering
peaks. Proceeding downrange rom the
illuminating horns. the first peakx
represants the scattering from the plate.
The fine structurs is scattering fromw the
tip, corners, and tail. Small differuncas
beatween the two curvae i3 attributed to
placement of the 45' plate.

(T T T T T Y e T T T YT T R T T AT
40 F INFLATARLE

~ COLIMM

" .
GOE

RELATIVE AMPFLITUDE — @2
o

120

Fig. 3. Scattenng From a 45° Plate

The second pesak is a triangular path
represanting scattering from the plate to
the base of the column and back to the
horn (or vice versa.) The rsaponse occurs
earlier in time for the inflatable coiumn
baecauge its base igs higher than the base
of the foam column. The amplitude of the
response for the inflatable column is ‘
reduced by 20 dB over the foam column
nassuresant. This reduction is dus to the
abaorber in the base of thes air column.

The third paak is determined by scattaring
from the plate to the base of the coluan,
back to the plate, and then returning to
the receive horn. For the foaw column,
this doubie bounce path is the dominant
scattersr. For the inflatable column, the
double~bounce response occurs sarlior in
tine and is 35 45 below the foamr column
result. Additional attenuation of this
deuble bounce can be obtained by using
better (taller) abssrber.

Looking further downrange, muitlple
reflections froz the base of the foam
coliumn persist for soke time. This is not
apperent when the inflatable column is
uned, resulting in a reduction of about 10
dB in ground-related clutter.

Although an inflatable column offers a
weans tc raduce scatter from its base,
backscatter from the tcp plug dominataes
backecsatter from the column. Bscause ths
foam dansity and dielectric corstant of
the plug of the irflatable column are
similar to thoge of a good quelity foam
column, rackscattier per unit length from
the plug is the same &as thaz from a foam
column.




Total backscattaer from the inflatable
coluan may be significantly less than or
equal to backscattar frcm a foam celumn,
dspending on how much of the ccluan is
illuminatad. If ali of the inflatable
column is illuminated, backscattar froa
the plug will dominate scatter from the
Mylar skin. However, the length of the
plug is typically less than 10% of the
total langth of a foam column. Hancae,
backscatter from a complstely illuminated
inflatable column would be at lsast 10 dS
lass than that from a feoam column.

At soma facilities onily a portion of the
support column iz illuminated. For
exampls, the pralizinary measuresments
reported in this papsr were cbtained in an
anachoic chawbar with high-gain hormns
pointed toward a spot 2 ft above the
support column. Test bodies are elevated
to this spot with fcam fixtures that mount
to the support column. Backscatter vas
primarily from ths test body, its foax
mount, and foam from the top of tha
support column. Because cof this meounting
arxangesent, the aamount of foam
illuminated is nearly ths same for the
inflarable and foam columns. Measuved
backscutter from the two columns vas
roughly equal. An improved versicn of the
inflatable column described above would
include a piug cuntrived to minimize
backscatter without compromising
structural integrity.

Bacause the top plug i3 the major source
of backscattar, it is the current focus ot
research. Tecniguss to reduce its
backscattar are under consideration and
several candidate dasigns have baen
developed. A second area of interest is
development of an inflatable support of
greater lnad rating which is optimized for
trangverse and torsional rigidity.

5. SUMMARY

An inflatable supporxrt has been con: ructed
and tested. Becsuse this support is
hollow, the inside of ite base can be
covered with broadband absorber to reduce
reflections. Uss of foam has besn
a.nimized to a short plug at the top of
the column. Thig plug is the dominant
source cf backscattar. An (nflatable
suppeort has attractive sechanical
features. DBecausa ths plug is short
roRrpared to the length of tha inflacable

column, the trangverse and toraional
rigidity of the column ix baged on the
machanical propsztiss of 4 pressurizaed
thin-ahell Mylar cone. Mylar ig auch less
vigcowlastic than *ypical fosmm, X0
variations in elastic mcduius with time,
temperatura, and applisd load are less for
Mylar. Bacause transverss and toralonal
deflacticis are inversaely proportionsl to
the elastic wodulum, th Ceferencs
pesition of sn inflatable coluwen is better
defined sn? can bs recovaerad aftes
transverss or torslonsl daflections.

These electr’ 11 and mechanicel benefits
suggest that .nflatable supports are
teneficiai to high-scguracy vector
BAABLULBMEONTS .
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