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Passive Remote Sensing of Artificial Relativistic 
, Electron Beams iti the Middle Atmosphere 

L. Habash Kra&e, T. Neubert, and B. E. Gilchrist 

ABSTRACT 

Two methods of passive remote sensing of mildly 
(E 5 MeV) relativistic electron beams as they prop- 
agate through the Earth’s upper and middle atmo- 
sphere are presented. Utilization of bremsstrahlung 
emissions as a diagnostic indicator of beam charac- 
teristic energy and particle flux is compared and con- 
trasted with that of the optical emission technique. A 
new MeV aurora1 electron model has been developed 
to compute line emission rates of O(lD) -+ O(3P) 
(X = 630.0-636.4 nm doublet), O(rS) + O(iD) (X = 
557.7 nm), Nz(B3C,f) 3 N~(X2C~) (A = 391.4 nm 
and 427.8 nm from the N.$(lN) band), and Ns(C311,) 
4 Nz(B3111,) (X = 337.1 nm from the Nz(2P) band). 
The 427.8 nm, .391.4 nm, and 337.1 nm lines are 
strong in intensity,.with production rates several or- 
ders of magnitude greater in than those of the 0 lines 
examined here. It is shown that the production of 
337.1 nm is insensitive to compositional change and 
has a quenching height lower in altitude than the 
propagation depth of a 5 MeV electron beam, and 
thus the signature may be suitable as an indicator of 
electron flux for beams of comparable energy. The 
ratio of 427.8 nm to 391.4 nm emissions was found 
to be relatively ‘insensitive to compositional changes, 
and the ratio varies with altitude at lower altitudes, 
suggesting that it may suitable for inference of char- 
acteristic beam energy for MeV electron beams. Ad- 
vantages and disadvantages associated with both the 
bremsstrahlung and the optical techniques are pre- 
sented. 
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Nomenclature 

Ad = absolute area of planar detector, cm2 
E = primary electron energy, eV 
& = loss rate, ith state, /cm3/s 
f = density scaling relative 

to MSIS-E-90, unitless 
nk = atmospheric neutral number density, 

Icth species, /cm3 
pi = production rate, ith state, /cm3/s 
p” e = elastic backscatter coefficient, 

lath species, /s 
4 = electron impact ionization rate, /cm3/s/eV 
q+ = electron cascade /cm3/s/eV 
xd = detector-source horizontal displacement, km 
W = secondary electron energy, eV 
Zb& = altitude corresponding to beam 

penetration depth, km 
zinj = altitude, beam injection, km 
zsat = altitude, LEO diagnostic satellite, km 
4 = hemispherical electron flux, /cm2/s/eV 
X = emission wavelength, nm 
(p) = electron flux average pitch angle, rad 
ck a = inelastic absorption cross section, 

Icth species, cm2 
uk e = elastic scattering cross section, 

kth species, cm2 
a = excitation production cross section, cm2 
ed = detector view angle from the vertical, rad 
AR = solid angle subtended by effective detector 

area, sterad 
E = cross section empirical parameter, unitless 

INTRODUCTION AND BACKGROUND 

With the technology on the horizon to potentially 
launch a relativistic (E N 5 MeV) electron beam from 
an orbiting spacecraft or suborbital sounding rocket 
[l] comes the challenge of determining the appropri- 
ate diagnostic method by which investigators may 
characterize the propagation of such a beam dur- 
ing an active experiment in space. There are several 
candidate methods under consideration, including in 
situ beam electron flux measurements, active remote 
sensing of beam-induced ionization of the atmosphere 
(e.g., with incoherent scatter radar), and passive re- 
mote sensing of radiative emissions associated with 
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the particle precipitation in the atmosphere. We ex- 
amine here the feasibility of using the passive remote 
sensing technique as a viable diagnostic for Relativis- 
tic Electron Beam (REB) propagation in the Earth’s 
middle atmosphere. 

Spaceborne electron beams provide a two-fold util- 
ity to space science experimentalists: they may 
be used to simulate physical processes involving 
energetic electrons in space and the upper atmo- 
sphere/ionosphere, and they may be used to probe 
distant regions of the near-Earth space environment 
that are generally inaccessible to in situ measure- 
ments. For almost three decades, electron beams in- 
jected from sounding rockets and Low Earth Orbit 
(LEO) spacecraft have been helpful in the investiga- 
tions of numerous topics, including sounding of mag- 
netic field-aligned potential drops in aurora1 regions 
[2], magnetic field 1 ine tracing within the Earth’s in- 
ner magnetosphere [3], and generation of artificial au- 
rora [4]. These experiments have incorporated beam 
accelerators with energies and currents that vary over 
a broad range. To date, the 40 keV electron beam 
launched during the ECHO 7 flight [5] represents 
the electron beam of the highest energy successfully 
flown, and the 18 A, 2 1eVelectron beam from the 
EXCEDE III flight [6] represents the experiment with 
the highest propagating beam current. The success- 
ful injection and propagation of a 5 MeV electron 
beam would establish the heritage of a spaceborne 
electron beam that is fully two orders of magnitude 
greater in energy than any demonstrated flown hard- 
ware at the time of this study. 

It is postulated that a 5 MeV electron beam 
could be used to instigate certain space physical pro- 
cesses under controlled conditions. For example, di- 
rectsimulation of Highly Relativistic Electron events 
(HREs) would be possible by injection parallel to the 
Earth’s magnetic field and downward into the atmo- 
sphere. Controlled experiments of this type would 
lend tremendous insight into the role of HREs in 
modification of atmospheric electrodynamics [7] and 
chemical composition [8]. Other, more esoteric pro- 
cesses such as the triggering of upper atmospheric 
electrical discharges may be possible if the conduc- 
tivity modification between a charged thundercloud 
and the ionosphere is sufficiently large [9]. Alter- 
natively, there is the possibility that seed electrons 
in the 10’s or 100’s of keV energy range could be 
generated in regions of strong electric fields following 
cloud-to-ground discharges. These electrons may be 
accelerated to runaway avalanche condition resulting 
in an upper atmospheric electrical discharge [lo]. 

To assess the feasibility of using MeV electron 
beams for the applications described above, it is 
important to establish a viable method by which 
we can determine the propagating beam character- 
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istics under a variety of conditions. Beam parame- 
ters of interest include total electron energy flux and 
beam characteristic energy. To this end, this study 
presents two alternative passive remote sensing meth- 
ods, bremsstrahlung and optical imaging, which may 
be used as a diagnostic for a 5 MeV electron beam 
injected into the Earth’s middle atmosphere. 

BREMSSTRAHLUNG EMISSIONS 

Of the many radiative emissions associated with 
the slowing down of a mildly relativistic (E N MeV) 
electron beam by the neutral atmosphere, transi- 
tional and bremsstrahlung radiation are the most 
prominent [ll]. Even though the bremsstrahlung 
conversion efficiency during inelastic collisions with 
the neutral atmosphere is only a few percent for a 5 
MeV electron beam propagating in air [ll], in spite 
of this low percentage, bremsstrahlung continues to 
provide a reliable diagnostic for precipitating ener- 
getic electrons due to the penetrating ability of the 
x-rays 1121. 

A detailed treatment of the model that simu- 
lates bremsstrahlung production and detection can 
be found in [ll], [13], but a brief, qualitative review 
of the physics is included here. Consider the injection 
of a 5 MeV electron beam from a sounding rocket at 
an altitude of 240 km. Injection is toward the Earth 
and parallel to the Earth’s magnetic field, approxi- 
mated by that of a constant strength of 0.4 G and 
a dip angle of 90”. The model atmosphere is taken 
from MSIS-E-90, chosen for its applicability over a 
wide range of altitudes. As the beam interacts with 
the atmosphere, the electrons slow down and emit ra- 
diation known as bremsstrahlung (literally “braking 
radiation” in German). The model computes emis- 
sions generated from the beam column that propa- 
gate through the atmosphere to a planar detector of 
arbitrary position and orientation in space. 

The cross sections illustrated in Figure 1 demon- 
strate that the probability of photon production de- 
creases with increasing photon energy. However, 
propagation through the atmosphere results in signif- 
icant attenuation of photons, especially below 50 keV 
[14]. Essentially, both the bremsstrahlung produc- 
tion and the photo-absorption cross section decrease- 
with increasing photon energy, so there is a local peak 
in the x-ray radiation measured at the detector. Pro- 
cesses relevant to high energy photon transport in air, 
including Compton scattering, the photoelectric ef- 
fect, Rayleigh scattering, electron-positron pair pro- 
duction, and photonuclear interaction, were consid- 
ered when computing atmospheric attenuation. 

It is noted here that there is a significant amount 
of high-energy secondary electrons (W > 50 keV) 
resulting from the ionization of the background 
gas by the primary beam. These fast secondaries 
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Fig. 1. Sauter cross section, differential in photon energy and 
emission angle, for a 5 MeV electron beam braking in air. 

Fig. 2. Schematic of bremsstrahlung flux detection geometry, 
detection from LEO. 

are capable of producing a significant amount of 
bremsstrahlung emissions, but the vast majority of 
the photons are of energies less than the 50 keV local 
peak and are generated at low altitudes [ll]. Thus, 
they are mostly lost to Compton scattering and other 
processes, so they do not contribute significantly to 
bremsstrahlung spectra incident on detectors in the 
configurations examined here. Therefore, we limit 
our analysis to detection of bremsstrahlung gener- 
ated ,by the primary beam only. 

First, we examine the case where the detector is 
aboard a satellite in Low Earth Orbit (LEO). The 
geometry of the system is given in Figure 2. The 
bremsstrahlung production column extends from the 
beam injection altitude (.zinj) down to the altitude of 
maximum penetration depth attainable by the beam 
(Zbot). 

Bremsstrahlung production is computed as a func- 
tion of altitude and emission angle using the differen- 
tial form of the Sauter-Elwert cross section and the 
results from the paraxial ray analysis of a 5 MeV 
beam propagating in a model atmosphere [ll]. The 
beam is injected downwards from an altitude of 240 
km, and the satellite altitude is 300 km. Then, the 
flux incident on the detector is integrated over the 
entire propagation length of the beam for four cases 
of horizontal displacement of the satellite from the 
beam source: xd E [l, 10, 30, and 601 km. Since it is 
expected that the photons of energy less than 1 keV 

‘will be severely attenuated by the atmosphere, they 
were not considered in these computations. The re- 
sulting fluxes, normalized to the beam electron flux, 
differential in photon energy, appear in Figure 3. It 
is evident from this figure that larger amounts of flux 

do 
Integrated bremsstmhlung flux at LEO attitudes, with attenuation 

‘, I “b “I ” 

d=30km 

.-.-.. d=,Ok,,, 

--- d=lkm 

lO-2 -1 

Photon :“:rgy (MEN) 

Fig. 3. Integrated bremsstrahlung flux per unit beam electron 
flux, LEO altitude. 

are observed when the detector has a greater horizon- 
tal displacement from the radiation source. This is 
due to the preferential emission of bremsstrahlung in 
the forward direction. When the detector approaches 
the horizontal position almost directly overhead the 
beam source (Xd = 1 km), the bremsstrahlung inten- 
sity is at a local minimum. As the detector moves far- 
ther away from the overhead position, the intensity 
increases by almost two orders of magnitude when 
the detector is 60 km away. 

Similar computations are completed for the sec- 
ond case in which the detector is now on a balloon 
at an altitude of 39 km, and the detector is oriented 
so that it is perpendicular to the Earth’s surface and 
faces the base of the propagating beam. As in the 
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Fig. 4. Integrated bremsstrahlung flux per unit beam electron 
flux, balloon altitude. 

LEO case, integrated bremsstrahlung was computed 
for four horizontal detector displacements. Since the 
detector is now at the base of the propagation, reduc- 
ing the horizontal displacement results in increased 
measured bremsstrahlung flux compared with larger 
displacements (Figure 4). Note that for the cases 
examined here, the measured bremsstrahlung flux is 
significantly greater at the balloon detectors than it 
is at the satellite detectors. 

OPTICAL EMISSIONS 

The technique of interpreting optical aurora1 data 
to determine the characteristic energy and total en- 
ergy flux of precipitating electrons is well estab- 
lished. For example, since the 427.8 nm from the 
N~(lN)(O,l) band is an allowed transition, there is 
a one-to-one correspondence between total precipi- 
tating electron energy flux and the photon flux inte- 
grated along the line of sight between the emission 
column and the imager. Ratios of line intensities can 
be useful for determination of characteristic electron 
energy if one of the emissions is from a metastable 
state. For example, consider the 630.0-636.4 nm dou- 
blet which originates from the 0 (ID) state. O(‘D) is 
a metastable state with a lifetime of 110 s. Quenching 
is a major loss process for O(rD), becoming partic- 
ularly significant as the precipitating electrons reach 
lower altitudes where quenching constituents become 
increasingly abundant. So, there is a one-to-one cor- 
respondence between the depth of penetration of the 
electron beam with the ratio of 630-36 nm emission 
to 427.8 nm: the larger the ratio, the higher in al- 
titude the beam was stopped (signifying lower beam 
energy). Note however that the accuracy of this tech- 
nique depends on the that of the neutral atmospheric 
density model [15]. 

AIAA-99-4532 
Until now, this technique has been successfully 

demonstrated for electrons up to 10’s of keV in en- 
ergy. We propose that the method would be equally 
suitable for MeV electron beams. The justification 
is thus: the bulk of the energy lost due to inelastic 
collisions in air goes to ionization of the background 
gas. These secondaries are extremely energetic, with 
e-folding energies of approximately 50 keV. There- 
fore, they can be considered as incremental sources 
of aurora along the track of the ionization trail cre- 
ated by the beam. 

The transitional radiation emission model begins 
with the computations of energetic secondaries from 
the initial beam-atmosphere interaction and the re- 
sulting production rates of excited atomic and molec- 
ular states. Electron cascading in energy is modeled 
by the solution of the coupled two stream equations, 
expressed here in the local approximation: 

-1 
(2) 

where #+(-) represents the zenith (nadir) directed 
hemispherical electron fluxes differential in energy 
and as a function of altitude. The bracketed terms 
from left to right represent the contribution to the 
hemispherical flux due to elastic backscatter from the 
opposing hemisphere, production by electron-impact 
ionization of ambient neutral constituents, and cas- 
cading from higher energies. The denominator repre- 
sents reduction in flux due to inelastic absorption and 
elastic basckscatter into the opposing hemisphere. 

These electron fluxes are incorporated into a chem- 
istry model to compute time dependent emission 
rates resulting from the steady pumping of fast elec- 
trons into the atmosphere. The lines of interest and 
their corresponding transitions appear in Table I. 
These forbidden transitions of 0 and allowed transi- 
tions of Ng(lN) (427.8 nm and 391.4 nm) and Nz(2P) 
(337.1 nm) were selected for comparison with estab- 
lished aurora1 observational techniques. Chemical re- 
actions contributing to the production and loss of the 
excited state densities are listed with the appropriate 
rate coefficients in Table II. 

The chemistry model requires the solution of the 
set of continuity equations representing the evolution 
of the densities of chemical species over time. Fol- 
lowing Strickland et al. [15], we: 1) neglect ion and 
neutral transport in the E and lower F regions, and 
2) begin with a model atmosphere for major neutral 
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Type 
EI 
EI 
EI 
EI 
EI 
EI 
DR 
DR 
EI 
CE 
CE 
CE 

: 

: 

: 
EI 
ET 
ET 
CE 
DR 

: 
Q 
CE 
SE 
SE 
SE 
SE 
SE N(zD) --) N(4S) + hv 

Reaction 
ef+02 --+ O,f+ef+e 
if+0 4 O(lD)i-ef 
ef+0 4 O(lS) +ef 
ef+O -+ O++ef+e 

ef + N2 --+ Nzf(B2C,+) + ef + e 
ef + IV2 + Nz+(C3111,) + ef 

eth+O$ 3 O+O(lD) 
eth+@ + o+o(ls) 

ef+N2 --+ N++N+ef+e 
N; + 02 --f 0,’ + N2 
0++02 -+ o,++o 

N++O2 + O;+N 
O(‘D)+Nz -+ O+N2 
0(9)+02 -+ O-1-02 

O(lD)+NO t O+NO 
-N$(B2C;) + 02 + N2+ +02 

O( S)-kO --+ o-i-0 
o(1s)+02 -+ o-k02 

N(4S) + ef t N(2D) 
N(2D) -t-O2 --+ NO+O(lD) 

NO+N(*S) -+ N2+0 
N2+ + 0 4 N(2D) + NO+ 

NO++eth -+ N(2D) +0 
N(2D) +02 4 N(4S)+02 

N(2D) $0 --t N(4S)+0 
N(2D)+N0 -+ N(4S)+N0 

NO+O,+ t NO+$02 
O(‘D) -+ O+hv 
ws> 4 0 +hlJ 

Nz+(B2C$) --t N;+ hu 
N2(C311,) ----) N2+hv 

Rate Coefficient 

AIAA-99-4532 

k5 = 2.2(-7) x (300/Te)1/2 
it& = O.lk5 

k7 =5.1(-11)x (&/300)-4’5 
ks =2.0(-11)x (?-th/300)-4’5 
kg = 6.0(-10) 
lqo = 2.7(-U) 
kll = 3.6(-11) 
lcl2 = 3.5(-11) 
k13 = 4.0(-10) 
k14 = 7.5(-12) 
k15 = 3.0(-13) 

k16a = 6.0(-13) 

A5 = l.l(-5) 

ICI7 = 2.2(-H) 
kls = .25 x 1.4(-10) 
klg = .5 x 6.1(-7) x (300/Te)g/5 
k20 = 6.0(-12) 
k2l = 5.0(-13) 
k22 = 6.3(-11) 
k23 = 4.4(-10) 
A1 = 9.1(-3) 
A2 = 1.22 
A3 = 1.4(7) 
A4 = 2.0(7) 

TABLE II 
CHEMICALREACTIONS INCLUDED IN THEMODEL. REACTION TYPES INCLUDE DIRECT FAST ELECTRON IMPACT (EI), DISSOCIATIVE 

RECOMBINATION (DR), CHARGEEXCHANGE( CE) ,QUENCHING (Q),ENERGYTRANSFER(ET), AND SPONTANEOUS (TRANSITIONAL) 
EMISSION (SE). SHORTHAND NOTATION OF REACTION RATE COEFFICIENTS: 2.2(-7) IS EQUIVALENT TO 2.2 x 10m7. UNITS: /c 

VALUES IN CM~S-~; A VALUES IN s-l. ELECTRON IMPACTREACTIONS DO NOT REQUIRERATECOEFFICIENTS. 

constituents (0, 02, and Ns), and apply ad hoc scal- 
ing factors, ranging from 0.7 to 1.5, to account for 
compositional changes of 0 and 02 densities rela- 
tive to that of Ns. Then, we have a system of ordi- 
nary differential equations that represent the change 
in species density with time. The continuity equa- 
tions are of the form: 

dno(lD) 
- = ~o(lD)-~o,lD, dt 

Here, pi = @i(.z, t) represents the production of the 
ith excited state due to impact on ambient neu- 
trals by all fast electrons (the dense secondaries 
from the initial beam-atmosphere interaction) and 

the relevant chemistry from Table II; Ci = Ci(z, t) is 
the chemical loss term (quenching, charge exchange, 
etc.). The set is completed with the addition of the 
continuity equations for O(lS), O+, Oil, N, N(2D), 
N+, N$, N$(B2C$), Ns(C3~II,), NO, and NO+. 

The cross sections for the excited state production 
are of the semi-empirical form employed by Green 
and Stolarski: 

ax(E) = z!$ (1 - (!qb (Z)” (4) 

where cl-4 are unitless empirically derived quanti- 
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State Production by Fast Electron Impact 
Transition Transition x (4 x (4 250 

O( 1 O( 1 9 -+ O( 3 PI 9 -+ O( 3 PI 630.0-636.4 630.0-636.4 
(doublet) (doublet) 

O(%) --+ O(lD) O(%) --+ O(lD) 557.7 557.7 PdOi 

Nzf(B2C,+, 21’ = 0) Nzf(B2C,+, 21’ = 0) 
Nzf(B2C,+, v’ = 0) Nzf(B2C,+, v’ = 0) 

t iV,+(X2C;, w” = 1) 427.8 t iV,+(X2C;, w” = 1) 427.8 
--f N,+(X2C,+, 21” = 0) 391.4 --f N,+(X2C,+, 21” = 0) 391.4 ,150- 

N2(C3rI,, 21' = 0) 4 iv2(B3rIg, 21” = 0) N2(C3rI,, 21’ = 0) 4 iv2(B3rIg, 21” = 0) 337.1 337.1 

TABLE I 
OPTICAL EMISSION LINES OF INTEREST. 

AIAA-99-4532 

N2 State W (eV) & G G c4 
Cd&L 11.03 0.28 3 1.5 3 

0 State W (eV> G G 6 54 
ID 1.96 0.01 1.0 2.0 1.0 

4.18 4.2e-3 0.5 1.0 1.0 

TABLE III 
SEMI-EMPIRICAL EXCITATION CROSS SECTION PARAMETERS 

ties and are listed in Table III for atomic oxygen and 
neutral molecular nitrogen. Widely accepted branch- 
ing ratios are used with molecular nitrogen ionization 
rates to compute the production of N$ by electron 
impact ionization of Nz: 76% of Nz ionization events 
result in Nz production, and of these events, 11% re- 
sult in the N~(B”C~) state. State densities are mul- 
tiplied by the appropriate spontaneous transition co- 
efficient, yielding time-dependent line emission rates 
as a function of altitude. 

We now consider the emission of red (630.0-636.4 
nm), green (557.7 nm), blue (427.8 nm), UVl (337.1 
nm), and UV2 (391.4 nm) lines integrated over a one 
second time interval. The electron source is a 5 MeV, 
1.0 A, 1.0 ,CLS pulse with a square shape (instanta, 
neous rise and fall time). The viewing integration 
time is 0.5 seconds. Similar to the computations in 
the previous section, the beam is injected downward 
from an altitude of 240 km parallel to the Earth’s 
magnetic field, which is approximated as having a 
90” dip angIe and a constant strength of 0.4 G. Hemi- 
spherical electron fluxes are first computed as a func- 

. tion of altitude. The resulting excited state produc- 
tion densities solely from electron impact of ambient 
neutrals appear in Figure 5. 

Production rates of O(‘D) and O(rS) excited 
states peak at 90 km and fall off rapidly as lower al- 
titudes are reached, following the density reduction 
of ambient 0. The molecular nitrogen states follow 
the energy deposition profile of the beam, increasing 
rapidly until the beam loses all of its energy at the al- 
titude corresponding to the beam penetration depth, 

lo-* 

Fig. 5. Excited state production rates for O(lD) (solid), O(S) 
(dash-dot), N2(C311U) (dash), and N$(B3C$) (dot). 
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Fig. 6. Emission yields for red (solid) and green (dash-dot) 
lines, 1 ps source, 0.5 second integration time. 

approximately 43 km for the 5 MeV beam. 
Red and green line emission rates appear in Fig- 

ure 6. Both emissions have strong peaks at roughly 
95 km in altitude, but they fall off rapidly due to 
a decrease in ambient 0 density and an increase in 
quenching effects. The overall emission rate is weak, 
signifying that red and green would be poor diag- 
nostic indicators for MeV electron beams. This is 
not surprising considering that nadir-directed MeV 
beams lose relatively little energy above 75 km in 
altitude [13] 1 

Blue, UVl, and UV2 line emissions appear in Fig- 
ure 7. Here we see that the signatures are strong, 
reaching values of over 1000 photons/cm3. Toward 
the end of the propagation, between the altitudes 
of 80 and 40 km, the emission yields appear to be 
constant or even decreasing with propagation depth. 
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Fig. 7. Emission yields for blue, UVl, and UV2 lines, 1 ps 
source 0.5 second integration time. 
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Fig. 8. Blue and UV2 line emission yield dependence on f02, 
1 ,M source 0.5 second integration time. 

This is because although the beam is converting more 
total energy to optical emissions as it propagates 
deeper in the atmosphere, it is radially expanding 
rapidly in this particular region [ll]. This dilutes 
the density of photon emissions as the total number 
increases, an effect which manifests itself as an emis- 
sion rate approximately constant with altitude. 

We now examine the effect of compositional scaling 
on emission yields of the blue, UVl, and UV2 lines. 
From Figure 8, it is apparent that scaling the 02 den- 
sity by f02 = 0.7 and 1.5 makes a significant impact 
on the blue and UV2 signatures in the lower altitudes 
(z below 80 km, roughly); 02 scaling between 0.7 and 
1.5 resulted in a change of UVl emission rate of less 
than 1%. The model demonstrated that scaling by 
f0 = 0.7 through 1.5 did not significantly affect any 
of the blue, UVl, or UV2 emission rates. 
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Fig. 9. Ratios of blue, UVl and UV2 line emission rates and 
their dependence on f02, 1 ,LJS source 0.5 second integra- 
tion time. 

Figure 9 illustrates the ratios of blue to UV2, UVl 
to UV2, and UVl to blue as a function of altitude. 
Also shown is the dependence on atmospheric com- 
position. We first note that UVl/UVZ and UVl/blue 
exhibit a strong dependence on altitude and compo- 
sition. Blue/UV2 is independent of altitude until the 
beam reaches the latter stages of propagation below 
70 km; this ratio is also fairly independent of compo- 
sitional change, similar to the aurora from keV elec- 
tron precipitation [17]. Recall that blue and UV2 
originate from the N.$(B3Cz) state, and UVl origi- 
nates from the N2(C311,) state. Quenching by 0 is 
negligible to. both of these states, so it is little sur- 
prise that the emissions from the N$(lN) and Nz(2P) 
bands are insensitive to the f0 scaling. Quenching by 
02, however, was considered to be significant to both 
bands, although the quenching height of Nz(lN) is 
higher in altitude than that of Ns(2P): 48 km ver- 
sus 36 km [18]. For this reason, UVl is not signifi- 
cantly affected by the 02 mixing ratio, whereas blue 
and UV2 do exhibit sensitivity to the composition. 
For MeV electron aurora, the UVl line provides a 
direct one-to-one relationship with particle flux inde- 
pendent of oxygen concentration. 

If is shown that blue/UV2 is sensitive to beam 
characteristic energy, it would be a viable diagnos- 
tic for MeV electrons due to its independence of at- 
mospheric composition. It has been demonstrated 
previously that this ratio is not a viable diagnostic 
for keV electrons, but that may be due to the fact 
that the aurora1 production occurs at altitudes where 
quenching is not a significant source of N$(lN) loss. 
Noting that an increase in quenching as the beam 
propagates to lower altitudes is enough to modify 
blue/UV2 at those altitudes, there is hope that this 
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ratio is sensitive to penetration depth, and therefore, 
characteristic beam energy. 

DISCUSSION 

The advantages of using the bremsstrahlung tech- 
nique are that the method is well-established, the 
emissions propagate to balloon altitudes, and that a 
detailed neutral atmospheric model- is not necessary 
for accurate results. The principal disadvantage is 
the weak intensity of the signature, especially when 
viewed from behind the propagating beam. That is, 
preferable viewing geometry should be planned to in- 
tercept emissions within the forward hemisphere of 
the propagating beam. During the experiment, this 
may or may not be practical. It is not always pre- 
dictable where the beam will precipitate, especially 
when one considers interhemispherical propagation. 
Conversely, viewing in the nadir direction from a 
satellite does offer the advantage of a’wide footprint 
since increasing horizontal displacement increases the 
amount observed flux until a maximum. 

The optical technique is well-established for pre- 
cipitating electrons with energies of 10’s of keV, and 
the extension to MeV electrons can be verified exper- 
imentally with companion measurements using other 
techniques, both of passive (e.g., bremsstrahlung) 
and active (e.g., incoherent scatter radar) in nature. 
Since the atmosphere is optically transparent to the 
lines considered in this study, viewing from ground, 
balloon, and satellite is possible. The principle dis- 
advantage to the optical technique is that an accu- 
rate neutral atmospheric model, one which correctly 
predicts the density of Op, may be necessary when 
certain lines are considered (e.g., blue and UK?). 

Once a reliable technique of diagnosinb REB de- 
position in the atmosphere is established, we can 
investigate the efficiency of the conjugate magnetic 
mirroring effect as a method of reflecting MeV, par- 
ticles. The ability to image the precipitating elec- 
tron spectra following a bounce off of the conjugate 
magnetic mirror would be helpful for the investiga- 
tion of the physics associated with this process, one 
which is of fundamental importance to those inves- 
tigating MeV electrons trapped in the Earth’s mag- 
netosphere. Also, space-based injection of MeV elec- 
tron beams has a promising application as a tool of 
active remote sensing of the neutral atmosphere in ar- 
eas that are difficult to reach by in situ methods. For 
example, with a beam of known characteristic energy 
and particle flux, we can inject the beam into a region 
of-the atmosphere, and by recording the intensity of 
various line emissions of interest, we can determine 
the density scaling factors of the neutral constituent 
relative to a model atmosphere. This technique has 
been utilized passively with naturally occurring au- 
rora [19], so the extension to artificial probes is fea- 

AIAA-99-4532 
sible and yet another exciting application of active 
space experiments with relativistic electron beams. 
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