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Abstract. A novel method for remote optical diagnostics of the atmosphere at heights 30-60 km 
is proposed. TI• method relies on exciting atoms and molecules of minority species by electron 
impact during and following an ionizing microwave pulse injected from a focused ground-based 
transmitter. Free electrons produced in the breakdown region are the exciting agents for the 
atmospheric target molecules. The mixing ratio of the minority species can then be measured 
by either detecting the direct emission from allowed transitions or by utilizing lidar techniques 
to measure the excitation level of metastable states. Computer simulations of the intensity of 
the expectexl emission, based on kinetic theory of air breakdown, are presented. It is shown that 
mixing ratios below particle per trillion can be detecte• using microwave heaters with state of the 
art effective radiation power and modern detection technology. 

1. Introduction 

Accurate, simultaneous, and continuous measurements 
of the atmospheric mixing ratios of active species are crit- 
ical in determining quantitative links of increased green- 
house gases and climate change. Despite significant effort 
the database on which predictions and assessments of cli- 
mate change are based is still insufficient. There are, in 
general, two types of data acquisition techniques: in situ 
and remote. The in situ measurements rely on rockets and 
stratospheric balloons. These are single-shot measurements 
that c0nnot be applied to study systematically the temporal 
dynamics of the concentration of the relevant species. Fur- 
thermore, they are hindered by altitude limitations and lo- 
cal contamination problems. The remote techniques rely on 
ground- or space-based lidars. Despite significant progress, 
propagation issues, signal to noise ratio limitations, and the 
high cost and calibration problems of space-based systems 
limit the extent of passive spectroscopy and lidar-based 
techniques. 

The objective of this paper is to propose a novel con- 
cept that allows for continuous monitoring of the strato- 
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sphere at altitudes of 25-60 kin. The concept utilizes 
ground-based assets, although it can be complemented by 
space-based platforms and satellites. It is uaique in that it 
can provide simultaneous determination of the relevant at- 
mospheric species over long periods of time. The technique 
is illustrated in Figure 1. It relies on atmospheric break- 
down [Borisov et al., 1986; Tsang et al., 1991] by using a 
ground-based, microwave source, whose pulse is focused 
at the desired altitude. The breakdown process creates a 
weakly (< 10 -7) ionized plasma and is thus nonperturbing. 
The relevant mixing ratios of the important species can 
be measured by passive or active spectroscopy, since the 
plasma electrons created during breakdown excite a mini- 
aurora display. The technique is unique sinc• it allows 
continuous and simultaneous determination of the relevant 

species. Mixing ratio profiles can be obtained by scanning 
the breakdown region in altitude. By synchronizing the 
detection with the ionizing pul•, extraneous noise sources 
can be eliminatext. Observations of the airglow can provide 
information on wind and turbulence. 

The main goal of the paper is to present the concept, 
indicate the technological requirements, and demonstrate 
its potential. Detailed engineering designs are beyond the 
scope of the presented article. The paper is organi7ed in 
two parts. The first part deals with a brief description of 
atmospheric breakdown, the resulting atomic and molecular 
excitation, and the associated emissions. The analysis is 
performed by using a Fokker-Planck code since the non- 
Maxwellian features of the electron distribution fuaction 

are important. The results of this part are a key input 
in deriving the required characteristics of the microwave 
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Figure 1. Schematic of the proposed concept. 

source. The second part presents a strawman diagnostic 
facility and discusses the techniques for measuring the 
relevant mixing ratios. Consistent with the objectives of 
the paper the analysis is based on two illustrative examples. 
The paper concludes with a summary and suggestions for 
future work and implementation. 

2. Atmospheric Breakdown and Airglow 
Production 

A microwave pulse focuse• at an altitude z with power 
density above the breakdown threshold generates an elec- 
tron density n(t) which is given by 

where rrjs presents the corresponding cross section and 
f(v, P, o:) is the stationary electron distribution function 
as a function of the microwave frequency and incident 
power density. From the above equations we find that 
the temporal evolution of M, during the microwave pulse 
is given by 

Njs(t,z) - kjsNs(z) n(t; = 0) , -q•;,) (4) 
-1 

• r•s-•js Njs 

For allowed states, with lifetimes much shorter than the 

microwave pulse length r, the number of photons •, 
emitted per unit volume, per pulse will be given by 

T 

1 / kjsNs (z)n(t - r) rjs njs(z) -- Tj-• Sis(t, z) dt - Yi rjs 
o 

(5) 
with 

.• - 4•N / v aa,(v)f(v, P, o:) dv (6) 
o 

where rri is the ionization cross section. For the species 
of interest (Table 1) we considered excitation of high 
electronic levels, so that allowed cascade transitions from 
higher states are not available; while the forbidden tran- 
sitions were selected so that they have long lifetime 
(r•_•j• >> rj• '" rj•). It is convenient to write equa- 
tion (5) as 

njs(z)- Ajsgsn(r) (7) 

n(t) -- n(t -- O)exp[vi t] (1) with ,•j• given by 

where /]i is the ionization rate. The ionization rate vi is a 
fimction of the microwave frequency w, the ambiem neutral 
density N(z), and the incident power density P [Short et 
al., 1990; Tsang et al., 1991]. The ionization process 
is accomp•eA by excitation of atoms and molecules by 
electron impact. The concentration Njs of an excited state 
j of species s is given by 

dNjs = kjsn(t)Ns - Njs + • N•__•.-•_j 3 (2) 
dt rj s • r•s-.j s 

where kj s is the excitation rate of the corresponding atom 
or molecule whose density is N•, and rj, is the effective 
lifetime of the excited electronic state. The last term in 

the right-hand side of equation (2) represents cascade from 
higher states. The coefficient of k•., is given by 

ky, - 4• / vaa•,(v)f(v, P,o:) dv 
o 

(3) 

f 
•js-- ø 

f 
o 

and the mixing ratio q• of the species s by 

(8) 

g•: (9) 
N 

n (r) is the total electron density createA by the pulse. On 
the basis of equation (7), assuming that over the ionizing 
volume V the conditions are uniform and neglecting ab- 
sorption and mattering of visible fight photons, the number 
of emitted photons Pj• associated with the j state of species 
s, receiv• by a telescope of area S locateA at a distance R 
from the breakdown, will be given by 

Pjs(r)- Ajsgs(n(r)V)$ 4•rR • 
S 

= (Ajsgs)N• 4•rR • 
(10) 
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Table. Emissions of Some Minor Atmospheric Species Stimulated by Electron Impact. 

Stimulated 

Transition Excited Excitation 

Species by Electron Impact Energy, eV Lifetime, ns Designation 

CI 33p3a • 52D3/2 11.80 22 52D•/2 • 42Dsa 

H 1251t2 • 32plt2.•t2 12.09 5.3 32p•/2•at2 • 2251t2 

N 24S•t2 .--• 4175/2.9/2 12.98 22 44F3/2.9t2.._•34Di/2.?i2 

O 23P2 ._• 33Po.1.2 10.99 36 3•Po.i.2 • 3•S• 

Transiton 

Wavelength, 
nm A (Atoms) 
Aoo(Molecules) 

808.67 

656.2 

1011.4 

844.6 

1 n 22p3t2 ._• 3251t2 14.68 26 32S•t2 ._• 32par2 

22pat2.-• 32Dat2,sa 14.59 47 32Daa • 32pro 
128 32Dsa • 32p3t.2 

C10 X2IIi • A2IIi 3.99 n.a. A • X 
3.92 

CO xly? • Bly:, + 10.78 24 B • A 
X m•+ • C • •+ 11.40 2 C • A 

731.1 

780.02 

755.47 

321 

323 

458 

374 

NO X2IIt • B '2 A i '7.48 75 B' • B 
X2IIt • F•-A 9.66 90 F • C 
X2IIt --. C2IIt 6.46 25 C • A 

700.5 

1,051 
1,243 

OH X2IIi.--• A25'1, + 4.02 690 A • X 310 

In equation (10), N• = n(r)V is the total number of elec- 
trons created by the microwave pulse. Notice that the factor 
()¾ • g•) corresponds to the number of photons per ioniza- 
tion. Equation (10) can be used to determine g, d the 
value of Ajs as a function of the heater parameters and the 
ambient neutral density is known. 

The physics of ionospheric breakdown and the rate and 
efficiency with which ionization occurs as a function of the 
incident power density and frequency has been discussed in 
two recent papers [Short et al., 1990; Tsang et al., 1991]. 
We briefly review some results pertinent to our problem 
and refer the interested reader to the original publications. 
We start by noting that for high-frequency ionization, in 
the sense of co >> //m, where //m is the maximum elastic 
collision frequency of the electrons with the neutrals given 
by 

v,• = 1.5 x 10-7N s -•, (11) 

the electron distribution f(v) is independent of the ambient 
neutral density and depends only on the value of 

1 e2E 2 
rn o (12) •- • m•w 2 

where Eo is the amplitude of the electric field and • is 
nothing more than the quiver energy of the electrons in the 
microwave field. It has been shown that f(v) is self-similar 

with respect to • [Gurevich, 1978]. Therefore ,X•, depends 
only on •, and crjdrro. 

As an example of the proposed diagnostics, we have 
used a Fokker-Planck code [Tsang et al., 1991] to deter- 
mine ,Xjs as a function of • for three important atmospheric 
species C1, H, and CO. The cross sections for the exci- 
tation of C1 and H atoms by electron impact were ob- 
tained using the generalized Born approximation [Sobel- 
man et al., 1981]. The cross section for the excitation of 

the CO(B•E +) electronic state was adopted from Chung 
and Lin [1974], and the branching ratio for the B•A tran- 
sition was taken as 0.32 [Dotchin et al., 1973]. The results 

of the calculation of ,Xj• are shown in Figure 2. We have 
also used the Fokker-Planck code to determine the value 

of the elastic electron neutral collision frequency v(•) as a 
function of • for use in later calculations. This is shown 

in Figure 3. 

It is convenient to express the photon flux Pj, at the 
detector as a function of the total energy E in the microwave 
pulse. This can be achieved by noting that for air the energy 
q per ionization pair is a function of • only. It is given by 
Figure 4d of Tsang et al. [1991]. In determining the value 
of ei in this reference, an initial value of n(t = 0) was 
required which was taken a 1 el/cm '3. However, as was 
noted there, under conditions of above threshold irradiation 
the effect of n(t = 0) on ei was logarithmically small, and 
to zero order the value of ei is independent of n(t = 0). 



10,390 PAPADOPOULOS ET AL.' REMOTE PHOTOMETRY USING MICROWAVE BREAKDOWN 

0.7 

0.5 

0.3 

0.1 

'H(P) 

I I I 

0.1 0.3 0.5 0.7 

•', eV 

Figure 2. The factor •i, - k•/k• • for three different 
species. From top to bottom are the • factors for the 
excitation of CO(B 1E+), H(2•S1/•) (reducexl 50 times), 
H(3'P•ø/,,,/,) (reducexl 10 times), and 

Furthermore, modeling and simple estimates indicate that 
focuse• microwaves above the breakdown threshold with 

the exception of the front of the pulse are totally absorbed 
[Milikh et al., 1993]. Under these conditions the total 
numar of electrons producext during the breakdown is 
N• = E/e•. Using practical units, equation (10) for 
the number of photons per square meter on the ground 
becomes 

(E) (30 km) 2 
- •i 

(3) (13) 

note that co •> v,• can be satisfied with a microwave 
frequency of 10 GHz. Figure 5 shows the power density 
as a function of altitude from a microwave facility with 
power 3 GW focused by a 34-m dish (J.T. Cha and P. 
Koert, private communication, 1993). In this case the 
quiver energy reaches 0.3 eV in a focal spot located at 35 
kin, which is close to the efficiency peak of the discussed 
diagnostics (see Figure 4). The required pulse length r 
was determined from the conditions that r be comparable 
to the lifetime rj• of the excited species and exce•s the 
mean ionization time (r >> v?•(•)) to result in effective 
microwave absorption. For the altitude range of interest it 
corresponds to r _• 100 ns, giving 300400 J/pulse. 

Two different techniques for determining the relevant 
mixing ratios are considered. The first utilizes passive 
ground-base• photomerry and applies to species having 
allowed transitions in the atmospheric window. A list of 
such species is shown in Table 1, with the main optical 
parameters taken from Huber and Herzberg [1979] and 
Radzig and Stairnov [1985]. The second utilizes active lidar 
spectroscopy and is applicable to species having roetastable 
states excited by electron impact. Relevant molecules are 
listed in Table 2 with the corresponding optical parameters 
taken from Radzig and Stairnov [1985]. 

3.1. Detection of Chlorine Concentration 

by Pmsive Photometry 

One of the most important active species is C1. Its 
mixing ratio is so low that only a few sporadic daytime 
measurements were success• [Anderson et al., 1977]. 
Brasseur and Solomon [1984] estimate the mixing ratio as 
varying between 5 x 10 -13 and 3 x 10 -11 between 30 and 
50 lcm during day with the concentration reducext by 2 
orders of magnitude during night [Turco, 1985]. We dis- 
cuss below the requirements for detecting C1 at both day 
and night conditions. We base our detection scheme on 
measurement of the 808.6-nm emission, which follows the 
excitation of the electron level Cl(52D3t2) by electron im- 
pact. 
A remote sensor operating under daylight conditions is sub- 

The energy per photon can be minimized by noting that the 
fimction Aj•(•) x 100eV/si(•) reaches its maximum at a 
quiver energy of • •_ 0.4 eV. This is seen from Figure 4, 
which shows the fimction A•(•) x 100eV/si(•) for some 
species along with the value of si (•) / 100 eV taken from 
Tsang et al., [1991], as a function of •. These results are 
used below as examples of chlorine and hydrogen detection 
using two different techniques. 

3. A Strawman Facility 
The potential and the technological requirements of 

a breakdown facility for atmospheric diagnostics can be 
best illustrated by referring to a concrete example. The 
particular example refers to diagnosing an altitude range 
30-50 kin. In selecting the microwave frequency, we 

1.0 

0.9 

0.8 

0.7 

0.1 0.3 0.5 0.7 

•, eV 

Figure 3. The ratio of v,/vm as a fimction of the quiver 
energy ½. 
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Figure 4. Curve 1 is adopted from Tsang et al. [1991]. 
It shows the microwave energy required per ionization ci 
normalized to 100 eV, as a function of the quiver energy 
•. Curves 24 show the function ,•sj x 100eV, for the 
excitation of allowed transition of C1 (curve 2), CO (curve 
3), and H (curve 4), reduce3 by a factor of 2. 

jected to background illumination. The number of back- 
ground photons received per microwave pulse in the 
effective spectral window is 

R• SA,Xo r 
P• - • (14) 

ht/o 

where Rb is the sky spectral radiance at ,•: ,•o, hvo is the 
photon energy, and • is solid angle deftned by the field of 
view of the receiving system. We assume that the telescope 
views the region of breakdown caused by microwaves of 
the intensity within 3 dB of the maximum. From Figure 5 
and for R = 35 lcm, we find that it corresponds to a value of 
• = 1.6 x 10 -s rad.. We also assume that by adjusting the 
microwave frequency, comparable field can be achieved at 
other heights so that • = const. 

To reduce the background intensity, the measuremeres 
cotfid be conducted by looking away from the Sun. In fact, 
we use the spectral radiance at sea level for a 45 ø view- 
ing angle under clear sky .conditions which is given by 
Rb(,• = 808.6 nm): 5 x i0 -3 W/m 2 1/nm sr [Karp et 
al., 1988]. We, further, assume that the bandwidth of the 
applied optical filter A,•o is of the order of 0.1 nm and the 
energy of the corresponding C1 photon is hvo = 1.5 eV. 
Figure 6 shows the restfit of calculations using equations 
(13) and (14). The shaded region in Figure 6 gives the 
number of C1 photons per microwave pulse measured by a 
1 m 2 telescope aperture area as a function of altitude, for 
a daytime mixing ratio of C1 varying between 5 x 10 -13 
and 3 x 10 -1• at 30-50 km [Brasseur and Solomon, 1984]. 
The pluses in Figure: 6 show the number of background 
photons intercepting the telescope for a 100-ns pulse. Mea- 
surements of low photon input can be performed by using, 
for example, the automatic guider system (AGS) [Currie, 
1977]. This system allows subtraction of the background 
emission, followed by the amplification of the input signal 
using photomultipliers. It has been designed as input in a 
star-tracking telescope. With an input of few photons pet 
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Figure 5. Power density from a microwave facility with power 3 GW focused by a 34-m dish at different 
heights for a 10 GI-Iz frequency. 
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Table 2. Optical Parameters of the Target Molecules 

Metastable Level Allowed Transition Matched to the Metastable Level 

Wavelength of 
Excitation Lifetime, Excitation Lifetime, the Stimulated 

Species Energy, eV ms Energy, eV ns Transition, nm 

CO a3IIr 6.01 8 b3E + 10.39 56 285 

NO B2IIr 5.6 0.0031 B'2Ai 7.43 110 689 

OH BaE + 8.48 0.002 CaE+ 10.94 4 512.2 

H 2S2Sla 10.2 long 3p•P•i2•3[ 2 12.09 5.3 656.2 

pulse requires 104 consecutive pulses using 1 m 2 mirror. 
It means that with a 1-kHz repetition rate the integration 
time is about 10 s. 

Additional difficulties in measuriag emission lines can 
be due to overlapping by strong lines emitted by majority 
species. For example, the 6-5 transition of the nitrogen 
first positive band (•o=847 nm) and the Ar I (•o=810 rim) 
can possibly affect detection of the C1(,X=808.7 nm) line. 
Such effects shotfid be studied using breakdown in small 
laboratory chambers, although, since both lines are due to 
forbidden transitions, we do not expect serious detection 
problems. 

Since the nighttime concentration of C1 is by 2 or- 
ders of magnitude smaller than the day, a correspondingly 
lower C1 photon flux is expected. A possible nighttime 
detection scheme utilizes coincidence measurements using 
two mirrors. Such a scheme operating at a 1-kHz repetition 
rate cotfid possibly detect mixing ratios below particle per 
billion (ppb) with an integration time of less than 1 s. 

10 4 - 

• 103 - 
•. 102 

• lO 
n'-- 

1 

I I I 

30 40 50 

z, km 

Figure 6. The number of C1 photons of ,X=808.6 nm 
expected at daytime per microwave pulse per m 2 of the 
telescope area. The shaded region is drawn using the 
expected daytime concentration of CI. The number of 
background photons is shown by pulses. 

3.2. Detection of Atomic Hydrogen by Active 
Spectroscopy 

Species lacking allowed transitions in the optical ronge 
can be measured by using excitation of metastable states 
by electron impact. The abundance of the metastables is 
measured by using two laser pulses with slightly different 
wavelengths and comparing their attenuation, which is 
called differential absorption lidar (DIAL) [Measures, 
1984]. The wavelength of the first laser is chosen to 
coincide with the strong absorption feature between the 
roetastable and the allowed transition located above the 

roetastable electronic level. The wavelength of the second 
laser is dettmed into the wing of the feature. To reduce the 
influence of collisional quenching on the concentration of 
metastables, the laser pulses should be sent at the end of the 
microwave pulse, and the width of the laser pulses should 
be short compared to the characteristic time of quenching. 

The population of the excited roetastable atoms/ 
molecules N• can be obtained from equation (4) since the 
lifetime of such state is long compared to the characteristic 
ionization time (7'is//i >> 1). In this case, 

N;z : ]cjsNzn(•')/•'i (15) 
Taking into account equations (8), (9), and (15), we can 
obtain that 

N;, = ,X•g,n(r) (16) 
The differential absorption of the two-laser return has the 
form 

E : cr•Aj• n(r)dl g• (17) 
where cr• is the resonant cross section for the transition of 
the metastable state to the allowed state, and the integration 
is along the direction of propagation of the laser signals. 
The value of the integral f n (r) dl can be evaluated as- 
suming that the depth of the ionized region is limited by 
the absorption length of the microwave AR, i.e., by the 
distance along which the microwave power is reduced e 2 
times 

/xR = 2 (18) 

where y,(•) is the frequency of the electrÙn-neutra• colli- 
sions, and o:• = v/3 x 10 • n(r)/cm -a is the plasma fre- 
quency. Using equations (17) and (18), we find 

AE c 

E = 2a•Aj•g,--n• (19) /•e 
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where r• is the critical plasma density for the frequency w. 
As an application of this technique we discuss the de- 

tection of the abundance of atmospheric atomic hydrogen 
based on the excitation of the metastable level H (2s 2 S1/2) 
by electron impact, followed by measurements with lidar 
wavelength of )•=656.2 nm. This corresponds to the excita- 

of the allowed transition H 2s2 S• / 2 • 3P 2 p•0 2 3 2 ß tion (/,/) 
The cross section of the resonant absorption has the follow- 
iag form [McGee and Mcllrath, 1984]' 

rr•(,•)- (ln2 ,,•4 1 g' 1 (20) 
where A •o and A•L are correspondingly the Doppler 
linewidth and the laser linewidth; g' and f' are the de- 
generacies of the upper and lower electronic states. The 
radiative lifetime is rj• - 5.3 ns. 

The motion of the hydrogen atom at T=200 K causes 
Doppler broadening A•D ___ 6 pro. For the value of the 
cross section quoted above and using equations (19) and 
(20), we find 

/XE O_s(f )2(#•(z))(lO•Zcm-a• E = 1.2 x 1 10 GHz 10 -ll N(z) (d) 
Equation (21) allows us to determine the number of pulses 
required for detection of the H mixing ratio g, as a function 
of the altitude (i.e., value of N) and of detection sensitivity 
AE/E. If, following Measures [1984], we assume that 
a detection sensitivity AE/E >• 10 -a equation (21) 
implies that the number of pulses r required by the facility 
at f = 10 GHz will be given by 

r • 10•(10••1)(N(z) ) (22) 1017 cm-• 

For N (z) m 2 x 1015cm-3 (50 km altitude), mixing ratios 
of 10 -ll would require 104 l0 s pulses, which at a 1-kHz 
repetition rate corresponds to integration times of 10-100 
S. 

4. Conclusions 

A novel remote diagnostic technique of the atmos- 
phere was presented. It is based on the atmospheric break- 
down by focused microwave pulses. The energetic electron 
flux generated during breakdown leads to impact excitation 
of the minority species. Two different methods for mon- 
itoring the abundance of the minority species following 
breakdown were proposed. The first is based on measuring 
the intensity of optical emissions. The sexond method relies 
on use of differential absorption lidar to detect metastable 
states excited by electron impact. It was shown that a 10- 
GHz microwave heater with 3 to 4-GW power, a lOOms 
pulse length, and 1-kHz repetition rate focused in the at- 
mosphere by a 34-m dish could possibly detect mixing ra- 
tios below parts per trillion (PP0 with integration times of 1 
s, using optical emission spectroscopy, and of the order of 

10 ppt with 10 to 100-s integration time using DIAL. The 
system discussed here presents far from optimized an ex- 
ample design. In addition to the techniques discussed here, 
diagnostics using high-altitude platforms and satellites can 
detect IR, UV, and other emissions. The facility discussed 
here will be an ideal facility for atmospheric chemistry 
studies involving heterogeneous chemistry particles in the 
polar regions. 
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