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Measurements of O(lD) Quenching Rates in the F-Region

Dwight P. Sipler and Manfred A. Biondi
Physics Dept.,'University of Pittsburgh
Pittsburgh, Pa. 15213

Abstract

In-situ determinations of the quenching of O(lD) atoms by N, and O, mole-

2 2

cules have been made from observations of 6300A nightglow intensity enhancements
produced by the Platteville 1.6 Mw transmitter. The heating of F-region

electrons near the point of reflection of the rf wave leads to electron impact
excitation of oxygen atoms to the O(lD) state. It is shown that the resulting
reéion of enhanced 6300A emission is localized to the region of electron eneréy
absorption for heating at the lower altitudes. At 225 km the measured time
constants for intensity buildup following transmitter tﬁrn—&h and for intensity
decay following turn-off are identical and equal to (13 + 1) sec. Time constants
varying from 30 - 80 sec are found for the altitude range 260-300 km. The inférred
%)
cms/sec at 950°K, in good agreement with laboratory data. The quenching

quenching coefficient for the whole altitude range, 225-300 km, is kq = (4.4 +
x 1074
frequency obtained at 225 km, when referred to the altitude 120 km, is equal to

(21 + 2) sec-l, in agreement with less direct lonospheric determinations



Introduction

The natural 1ifetime (110 sec) of the metastable O('D). state is expected
to be significantiyshortened by quenching coflisions"1H “tHe Earth's ionosphere
at altitudes Below & 350 km. This expectatiol 1s based upon a consideration of

laboratory measurementsbf.the relevant quenching coefficients, 'e.g. y kq(Nz) =

(5+2) x 107 ana ky(0p) = (6 + 2) x 107} em3/sec at 300°K [Clark and Noxon,

.-1'972; Noxon , 1970; Young et al., '1968] ,-.and the expected height distribution of
the ,qﬁenching molecules. However, there 1s very little direct information
concerning the O(lD) lifetime in the iotDéphei'e; one example is the measurements
of feterson and van Zandt [1969], ih’which changes in the 6300A (lD + 3P)

nightglow intensity wefe Acorrelated with F-region electron density and emitting
layer height changes to obtain an average of the O('D) lifetime over the emitting
region. ) |

The recent use of powerful gndurd—based transmitters to produce siguficz;nt
Ancreases in the energy of the electrons in the F reglon [Utlaut, 1970; Gordon ,
et-al., 1971] has providgd a means for carrying out experiments involving con-
trolled changes in the 13Qosphere. These changes can then be compared with
predictions derived from a\‘?\)mdél which includes those processes which are believed
to be significant in determ\iriing the ionospheric behavior. As an example,

observations of transient 6300A intensity changes were successfully correlated

with a model of the production of O(lD) atoms in the F-region [Biondi et al., 1970].
This model is based Jrft/l;é pfo‘duction of 0; ions by the OF + 0, charge transfer
reaction, followed by O(ID) production by the 0; + é dissoclative recombination
reaction. In this model, the O(lD.) lifetime and the dissocliative recombination
lifetime determine the shape of the intensity transient. Inasmuch as the 6300A

intensity transients produced to date have been very weak, no accurate determi-



nations of O(ID) lifetimes have been obtained from these measurements.
In later experiments performed in conjunction with the Platteville, Colo.

transmitter operating in a more efficient heating mode [Utlaut and Cohen,
1971] much stronger 63004 intensity changes have been produced,é.pparently as a
result of impact excitation of O(3P)' atoms byfas'c electrons. In this case

. the O(ID) state lifetime enter"s simply a.nd directly in the analysis, and hence
wé have been able to 'de_téxfhine the . 1ifetime with reasonable accuracy from our

observations of 6300A intensity cha'r)éefs.ESip]rer and Blondt, 1971].

The geometry of the'expéri‘_mentv is shown schematically in Figure 1. The
1.6.Mw c-w transmitter, capable of operating at frequencies between 5.3 and 10
Miz, 1s located at Platteville, Colo. (near Denver). Circularly polarized
waves are projected vertiéally from the antenna arfay and are bent by the
magneto-plasma (the ionosphere in the Barth's mgxetic field), the"ordinary"

_ circular polarization (O-mode) bending north until it is normal to the Earth's
magnetic field (dip angle, 68°) at the point of reflection. The "extraordinary" ‘
¢ircular polarization (X-mode) is bent southward until it parallels the magnetic

' fleld at the point of reflection. From the maps of electron temperature change
produced by the Arecibo heating transmitter [Gordon et al., 1971] it appears

trﬁt the heated electron region is sometimes rather localized t<3 the reflection
ﬁomt of the wave (within some tens of km), showing slight elon@.tioﬁ along the
magnetic field due to the higher electron conductivity along the field lines.
Trnus, the rediation from the O('D) atoms produced by electron impact excitation
of oxygen atoms may be sufficiently localiéed in altitude in these experiments
‘that a single lifetime can bé'used to characterize the emitting states. In this
case the a\na.lysis of the 6300A intensity changes produced by the rf transmitter

provides a direct measurement of the 0(1D) lifetime in the vicinity of the



reflection point of the rf wave.

In the next seotions, we discuss the’ processes leading to 6300A radiation
in these experiments, describe the photometer apparatus used to measure the
6300A intensity changes, glve examples @f the data obtained, and analyze the
data to infer the O('D) lifetine as a function of altitude. We then combine
these results with a mdel of the neutral atmosphere 8 composition to obtain
the ‘quenching coefﬁ,cient: by Nz'an;_i«oa molecules.

Pt'oceSSes Ieading to 6300A Radiation :

v cansider the product:ion and 1oss of 0(11)) atoms 1in a quiet, night-
time 1onosphere periodically m'adiated by a radio f‘requency wave which is
reflected (and partially absorbed) at‘. gsome point 1n the F, region. The effect .
of the rf waveiis to impart energy to the electrons in the F-region; the

o electrons reach a new quasi—statiorm'y energy distribution in the presence

-of the heating wave on a time scale which is usually short conpa.red to the
times of interest in our analysis [Meltz and Lelevier, 1970]. Thus, “the

B differential equation governing the concentration of 0(*D) atoms may be

R written in the rom.

aC'ny/at = % Qx - (m )(lD] 11k IZNZ][ 'p] + D, tlm, (1)

 where the [] brackets uxlicate_pa.rticle concentrations. The source term result-

- ‘ing from dissociative recombination between O; ions and electrons,

G = (D) n, [0,), @



depends on the et‘fective reconbi.nati.on coefficient, a(lD), for production of
the 1D states di.rectly and by cascading from higher lying states. Zipf [1970]
has shown that at 300 K~ l 0 (lD) states are produced per electron captured
by 02 . (A similar term my possi.bly be needed to account for 1 production by
recombination with NO ions but has not been included. ) As noted above, this
source term (2) appears to account for the 6300A radiacion from the nightglow
and its variation with rr heating observed i.n our earlier experiment [Biondi,
et al., 1970). R S

When a sufricient nunber of electrons receive energles exceeding ~ 2 eV
from the rf heating, 1npact excitation of anbient owgen atoms leads to sig-
nificant pmduction of the 1D states, this source term may be represented by

T q -'[o]n»e-fv (e g (e)v de ()
e o - :

where f(e) is the noxmal:lzed energy distribution of the electrons, ox(e) is

1p state from the 3P ground state by

the cross section for excitation of the
tmpact of electrons with energy e, and v 1s the electron velocity corresponding
to the energy:ec. |

'I‘he third term on the riglt: of (1) represents the natural decay of the 1

D
state by emission of the b3(lQ and 6364A wavelength transitions; . has been
calculated to be 110 sec '[Gla'r_s_t_'ﬂ;g r, 1951). The fourth term represents quenching
by collisions with anbient ml_ecules. Laboratory measurements of kq [Clark and
Noxon, 1972; Noxon, 1970; Young et al., 1968] indicate that N, and 0, are cam-
pe.mbly effective; thus eince‘[oal '\- 0.1 [N2] over the altitude range of interest,
- 220~300 km, we have si:rplit‘ied the analysis by lumping both processes into a

single tem, 1.1 k_ [N, (}D]. (Electron quenching of 0('D) with a coefficient



1.7 x 10‘9,m3/s§¢.'[_séﬁ§*igss] is negligibly slow at F—region electron
concentrations. ) o o " ' -

The final term on the'rig‘ht‘of (1) represents the diffusion of the
excited atoms with diffusion coefficient D and ‘can. be shown to be relatively
unimportant on the time scales, 10-90 sec, . of interest here. Thus , the 0(1D)
concentration 1s govemed by a. continuity equation consisting of two source
terms which are sensitive to. the electmn energy distribution produced by
the rf heating, and ¢ a voiume loss term which may. be written as (1/: ) [*p3,

where
(1_/3’4{.) ,-'}.'('.1'/*‘;,,>__}_gx‘;c_q» Wy)'s (/) @) ()
where D(z) is the so-called Stetm-Volner factor (see, for example Mitchell and

‘Zemansky, [1961])
The source ternn Qr and Qx change in opposite ways with electron heating.

The reconbination coefficient between 02 ions and electrons has been shown

(Mehr and Biondi, 1969] to vary approximately as T, -0.6 for the electron tem-

- peratures of interest leading to a decrease in Qr with increase in T . The

‘impact excitation of oxygen atom requires electrons with energies exceeding
2 eV 1 the electron energy distribution renains nearly Maxwellian during
'rf heating, this leads to a sharp electron temperature dependence for Qx An
, estinate of the expected .6300A surface -brightness from the F—region as a
function of electron temperature has been made by Carlson [1969] using the

1

calculated cross section for excitation to the "D state [Smith, et al., 1967;

Seaton, 1953]. He assumed tha_.t a layer 150 km thick and at a constant density

appropriate to 350 km altitude was excited by. electrons heated to a temperature



T,. In the present paper, .the surface brightness attributable to direct
excitation at an altitude of 300 km has been calculated from the expression
, . ‘
I= J Q,(z) D(z) dz, (5)
v 2z .

assuming that the electron energy distribution f(e) in (3) is characterized
by a constant elevated teﬁlpemttﬁ'e' T e over the heated volume between 'zl and
Zye Numerical integrations of (5), using an appproximate fit to the calculated
excltation cross section and a model atmosphere given in Table I

have been ca.rriéd out, with the results shown in Figure 2.
The téhickness of the uniformly heated layér is the parameter on these curves;
Carlson's estinla;te (which has no quenching or altitude dependent densities)
evidently overestimates the intensity ermé.ncement. '

This "intensify enhancement" produced by impact excitation is partly
offset by the "intensity suppréssion"- produced by the decreased dissociative
recombination rate. In the earliei' analysis of the intensity suppression sig-
‘nals [Biondl, et al., 1970] it was assumed that the whole of the nightglow

emitting layer within the field of view of the photometer was suppressed in-
inténsity in estimating the change of T produced by the heating transmitter.

However, both backscatter measurements [Gordon, et al., 1971] and our spatial

scans indicate that the heated region is sometimes rather restricted in altitude.
Thus the rise in Te required to produce the observed suppression signals may

. be significantly la.rger than originally estimated. Of more importance to the
present paper, restricting the affected region of the ionosphere to a small
fraction of the 6300A emitting layer leads to conditions such that the intensity

enhancement signa.lé should strongly outweigh' the suppression effect, thus



simplifying ﬁhe analysis. In the Discussion section we shall show why
diffusion of the heated electrons along the earth's magnetic field 1lines
leads to only a modest spreading in altitude of the enhanced emlssion zone.

" Appara ; tus

The instrument used in this v.:ork- is a two-channel spatial scanning
photometer with an automatic control and daéa recording system, as shown
Schematically in Figure 3.' Two 1dent1ca.1 photometers are used for simultaneous
observation at two wavelengt.'.hs.‘ A mirror driven about two axes 1is used to
effect a spatial scan. Pulses from the photottibe are counted and recorded
~ on 1/2-inch computer-compatible digital magnetic tape. |

Each of the photometers .consists of an interference filter, lens, and
photomultiplier detector with an aperture. to define the field of view (6° ).
Four interference 'filters of half width ~ 11A ard peak transmission ~ 65% are
provided, two for each photometer. One photometer employs either a 6300A
ar a 55521\ filter, while the other photometer employs either a 6333A or a
557TTA filter. This perinii:s obgervation of the red and green lines simultan-
eously, ‘or one of the lines and a nearby spectral region to be used as a
background intensity monitor.

'The lens is a 2-inch diameter 5 inch focal length achromat. Light coming
through the lens is focussed on the photocathode of an EMI 9558A phototube.
The 9558 tube is selected for low dark current and high red sensitivity. A
1/2-inch aperture is placeci Just before the photocathode, defining the i‘ield of
view of the photometer. In order to eliminate the electrons from the area of
the 2-inch photocathode outside the aperture, a cylindrical magnetic lens is

placed in front of the photocathode. The diverging magnetic field carries



electrons from the edge of the photocathode to the walls of the tube, avoiding
the multiplying surfaces. Thus the electrons in the center are the only
electrons to be multiplied and counted. The photomultiplier tube, aperture,
and magnet are contained within a PFR mooel iEJOZTS thermoelectric cooler, which
reaches a temperature of about -15°C close to the optimum temperature for the
phototubes (~20 °c). ' |

The scanning ; nﬂ:ztu'is held on a frame which is movable about an axis
~ in the plane of the ndrror_(y axis). The mirror frame is mounted on ball
bearings on a secondarybfrene'which ie.momable about the x axis (perpendicular
to the y axis and on the axis of the pnotometerS ). A‘stepping motor is used
" to drive each axis. The stepping motor for the y axis 1s placed as close as
possible to the X axis in order to minimize the moment of .inertia . about
“the X axis. The entire photometer and mirror system 1s mounted an an azimuth-
elevation mount, so that 1t- can be aimed at any point in the sky.

The spatial scan and~the oata acquisition intervels are controlled by a
100 KHz crystal clock. The mirror.position is changed, typically at 1 or 2
~ sec intervals, by a programmed series of pulses to each stepping motor to
achieve a pre-selected ‘scan step. A raster scan 1s used in which the mirror
aiie drives are programmed to provide a fepeated search pattern, typically
3x3 elements, with an element separation of ~ 8°. at eech mirror position
*. change, the photomultiplier;counte accumalated in the counters ere transferred
to the Kennedy Model 1600H incremental tape recorder and to a Brush Model 220
_chart.recorder intanalogue form. In addition to the two 18 bit counter words,
the time, filter-in-use, and scanning mirror position information are placed
on the tape. o

Absolute intensity calibration of the photometer is provided by a low

brightness phosphor source activated by radicactive Clu. This source has been



" calibrated by E. Marovich at NOAA.

" Measurements

The measurements were carried out in corijunction with fhe_ Institute for
Telecommnication Science's Platteville heating transmitter (130.18°N, 104.73°W)
located near Denver, Colorado. The optical photometer was located near Erie,

" Colo., approximately 26 km WSW of the transmitter (refer to Figure 1). An
fonosonde was operated by ITS at the Erie site, producing complete 1onograms
al;out every half minute, thus providing electron density vs altitude profiles
to correlate with the photameter observations.

: .41Vb§'t of the obthiom reported in the present paper were made with
. the transmitter's antenna propagating the O-mode polarization. Such propa-
gation evidently leads to sufficlently strong r—f fields at the absorption
'point n the F,, reglon to trigger strong plasm instabilities which in turn pro-
duce a strongly mn—Makwellian electron energy distribution [Perkins.and Kaw,

1971]. There is a sufficient number of energetic electrons (> 2 eV energy) to

_produce significant impact excitation of ‘the O atoms to the :

D state, leading
to cbservable 6300A intensity enhancements. |

: Examples of the nightglow enhancements observed during September and
October 1970 are given in Figures 4 and 5. The absolute intensities were
obtalned by substracting from the 6300A channel count rate the continuum
contribution determined from the 6333A background channel. (The 6333A channel
showed no variation in mtensitj with the turning on and off of the transmitter.)

‘Intensity enhancements of v 15-40% over the ordinary' 6300A nightglow values

were noted on these nights. Reference to Figure 2 indicates that, for a thin

emitting layer, an electron temperature of 2500°K or more 1s required to produce
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the observed effect. Such a la.rge temperature rise 13 not expected for ordinary
collisional heating of the electrons by the electromagnetic wave (deviative
absorption), lending support to the plasrra wave heating hypothesis. |
The data of Figure 4 represent intensities measured at the central scan

: position of a'3 X 3 scan pattern. With a dwell time of 2 sec. at each position,
the data'points are therefore spaced 18 sec. apart in time, leading to some
~uncertainties in the determinations of the lD quenching lifetimes -It 18 ’
interesting to-note that at .y 2132 MDT, when the critical f‘requency ks F2 |
- ‘_"dropped below the heating rrequency f an abrupt fall in intensity was observed
irxlicati.ng that the pnroduction of energetic electrons decreased sharply, with

a consequent decrease in excitation of oxygen atoms to the lD state At the

ekt transmitter’ turn oyt a 2142, MDT ng; intensity enhancement was ‘observed
_f(instead there was an ind'ication_of a weak intensity suppression) suggesting
that significant production of > 2 eV electrons had ceased 'I'he implications
‘of this appa.rent charge i.n the excitation or the electrons by the heating wave
will be discussed in a 1ater paper.', o f".’,.':“ . o

‘ 'I'he data of 3o October 1970 presented in Figure 5 v were obtained with the
photometer aimed at one point i.n the slq and a dwell time of l sec/point; thus
the- data appea.r dense on the time scale of the figure and provide a sufficient

1p lifetime accurately. 1In the 30 October

number of points to determine the
experiment, the sensitivity-» of the intensity enhancement to transmitter power
was being studied, as indicated by the power le\}els under each enhancement.
On the third cycle the transmitter failled shortly after turn-on.

.For completeness we indicate in Figure 6 the very different behavior
observed .on' 30 September 1970 when X-mode propagation was used at the same.

transmitter power levels. A 6 min. on - 6 min. off cycle was used, and instead
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of an enhancement of tens of Réyleighs, a transient decrééée of » 2 Ray.

was noted when the transmitter was turned on, with a comparable transient in-
crease when the transmitter was turned off. This behavior is cqnsistent

with our earlier observations and analysis of the X-mode heating effect
fBiondi, et al., 1970]. The data in Figure 6 were obtained by coherently

sumiing the points obtained during the four on-off cycles between 2100 and
2148 MDT. 'Phis procedure reduced slightly the statistical fluctuatlons in
the determination of the ~ 2 Ray. modulation of the 110 Ray. nightglow
intensity. | |

Discussion

The data of Figures "4- 5, and 6 may be used to determine effective 1life-
times of the 0( ) atoms at various heights in the F region. The most
accurate det;exmina_tions are obtained from the 1 sec. per point measurements
of Figure 5. The observations during the latter portion of this run (beyond
‘~ 1840 MST) were degraded by a thick cloud layer which drifted into the field
of view. '

. For the case of intensity enhancements produced by electron impact
excitation of oxygen atoms it is readily shown that if the heated electrons
reach a terminal energy in a time ‘short compared to the 0O( D) lifetime given
by (4), the 6300A intensity appmaches the new equilibrium value with a time
constant equal to this lifetime. Thus the data of Figure 5 have be‘eh analyzed
by taking differences between. the. observed intensity at each instant and the
equilibrium value it is approaching The results for the first turn-on |
and tum-orf of the transmitter are plotted in Figure 7. It will be seen that

t_‘.he data fall on exponential decay curves over an order of magnitude change of



12

intensity and that the two time constants are in good agreement. Similar inten-
sity difference curves for the secord on-off cycle (at 1.5 Mw power) of the
"'crahsmitter yield time constants of (11.3 + 1) and (12.0 + 1) sec. Much greater
scatter in the intensity difference points 1s noted during the later trans-
mitter on-off cycles (at 1.28 and 1.21 Mw) as a result of interference from
the buildup of clouds.. In spite of thié difficulty, a time constant of

'~ (13 + 4) sec. is obtained for these later transients, in satisfactory agree-
ment with the results from the earlier tranéients.

The observation of an exponential decay over an order of magnitude change
in intensity difference suggests that at most a small range of 0(1D) lifetimes
is associated with the 6300A enhanced emission layer. This in turn implies
that the enhanced emission layer is localized to an altitude range substan-

tially less than a scale height of the N, molecules (~ 27 km), since the ~ 13

2
sec lD lifetime must be almost completely determined by molecular quenching.
Let us now see if such localization is consistent with the expected diffusion
of the excliting electrons upward and downward along the magnetic field lines.

"The small group 6f,'i -2 eV electrons produced by the instability heating
wii_l.l lose energy by long range electron-electron interactions with the large
number of near-thermal electrons in the "body" of the energy distribution. At
an electron density of ‘3.5 x 105 em 3 (corresponding to plasma resonance

with the transmitter at £ = 5.3 MHz), the fast electrons lose appreclable energy

as a result of electron-electron interactions in less than 1 sec. [Swartz, et al.,

1971]. Collisions with ambient N. molecules at 225 km (the altitude of

2
transmitter energy absorption for these dat;a) lead to a comparable relaxation—

time [Frost and Phelps, 1962].

We assume that the spread of these fast electrons is governed by ambipolar

diffusion; that 1s, the positive ions must follow in order to maintain near-"‘-:“
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neutrality'. (Possible interchange at a free diffusion rate of fast electrons
at one altitude with slow electrons at another altitude is neglected.)

If we use a Spring/Fall model atmosphere with T_ = 950K [U.S. Standard
Atmosphere Supplements, 1966] to obtain the concentration of the various neu-
tral constituents ('cheée values are quite close to those given in Table I),
it is possible to estimate the ambipolaf diffusion coefficlent for the fast
electrons from the known ion mobilities of the various positive ion/neutral
molecule constituents, e.g. O' in N,. (The normalized mobilities are in the
range u_ v 2-3 em2/N-sec [McDaniel, 19647.) At 225 km, an ambipolar diffu-

10 om?/sec 1s obtained, with the

"sion coefficient for the electrons of < 10
result that the mean distance a fast eiectmn diffuses along the magnetié v
field before losing its energy, z ~ (2 D, 1_)1/2, is substantially less than

' The diffusion of the O(!D) ‘atoms a.way: from their point of creation can
also be shown to be small at the 225 km éltitude of enhancement. The diffusion
coefficlent for the excited atoms at this altitude may be estimated from
momentum transfer and excitation transfer cross section data for metastable
atoms (Massey, 1971], leading to a value D~ 10° cm2/sec. Consequently during
its ~ 13 sec lifetime before quenching, an O(lD) atom diffuses the order of
1 km from its point of creation.

Thus, unless the process which produces energetic electrons extends over

" an appreclable altitude range, the 6300A radiation origimating from electron

impact excitation of oxygen atams should be localized in altitude to consider-

* ‘ ' :
This value was chosen on the basis of a determination by G. Hernandez of a

6300A doppler temperature of (950 + 30)°K in interferometric observations from
Fritz Peak on the same evening.
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ably less than a scale height of the quenching molecules. This conclusion

is in harmorw with our finding of a single O(lD) lifetime associated wit:h the

enhanced emission reglon near 225 km. However at 300 km, where the diffusion "~

coefficients for the excited atomsand the electrons are almost an order of
magnitude larger and the O('D) lifetime against quenching is substantially

| longer, the enhanced emission layer may be spread in altitude, even if the
exciting electrbns are produced at a v_vell—defined altitude.

Average lifetimes of the O(ID) atoms have also been determined from the
6300A intensity change data of Figure 4. Here the decay of lonospheric elec~
tmnA density during the course of the observations resulted in an appreciable
chahge in the altitude of energy deposition by tﬁe 5.3 MHz heating wave (from
260~300 km). Since a given region of the ionosphere was under observation
only once every 18 secon;is during the 9 point spatial scan, the 1nferred
lifetimes exhibit rather large.uncertainties, especlally those at the lower
erd of the 30-90 sec range of the meesurements. Accordingly, lifetimes were
determined for each of the 9 points in the spatial scan which gave measurable
intensity changes. The results of the lifetime determinations are plotted
“1n Figure 8 for each of the eleven 6300A intensity changes produced during the
period between 2030 and 2132 MST. (Larger dlameter circles indicate more
conf:l_.cience in the inferred lifetimes as a result of less scatter in the intensity
difference curves.) The altitudes indicated on the figure are the heating wave .
reflection heights. (where f = f ) determined from ionograms taken at the
ﬁdice.ted times. It will be seen t;hat at a given time, rather different life-
times are inferred from the different observation points in the spa.t::Lall scan,
perhaps as a result of spreading of the enhanced emission layer along the
magnetic field lines in these higher altitude (v 280 km) observations.
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The data of Figures 7 and 8 may be used to infer an in-situ quenching
coefficient for O(lD) atoms by the ambient N, and O, molecules. From the model
atmosphere given in Table I (corrected to 95001(), at the heating wave reflection
height appropriate to the data of Figure 7, 1.e. 225 km, the N2 density 1is
1.6 x 10° om 3 and the 0, density 1.5 x 108 em ™3, Thus, the 13 sec 1ifetime
fourd in Figure 7 implies a quenching coefficient, kq =44 x 107 cm3/sec.

As a result of the scatter of the data in Figure 8, a different analysis
procedure was adopted. Using the reflection height data given in the figure

togethei' with the N, and :'02 densities from the model atmosphere of Table I

2
(corrected to T, o = 956°K), a family o'f-curves of'o(lD) lifetime as a function
of altitude (observation time) was constructed with kq as a parameter. These
curves are represented by the solid lines in Figure 8. It will be seen that,
for the more reliable lifet:!m;a detérminations, a quenching coefficient between
3 and 7 x 107 cmd/sec fits most of the data. These values, covering the
260~300 km region are in quite satisfactory agreement with the more accurately
determined value at 225 km.

Finally, the data points corresponding to tbe intensity suppression
transient given in Figure 6 have been analyzed following the procedure given

by -Biondi et al. [1970]. The solid line is the expected form of the transient

1f the 0(*D) lifetime 1s taken to be 40 sec and the dissociative recambination
lifetime 70 sec. The heating wave reflection height for these measurements

was determined from an ionogram to be 235 km. Using the appropriate densities
| -11

from the model (corrected to Tex

0 1030°K), one obtains a value kq v 2x10

cm3/sec, in acceptable agr'eément with the value 4.4 x 10711 cm3/sec determined
previously, considering the large scatter in the data assoclated with the

intensity suppression transients.
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Taken together the 6300A intenslty enhancement data yield a value kq =
(4.4 fi) %1071 cm3/sec at 9500}\', in agr‘eemenﬁ with the laboratory value

ky(Ny) = (54 2) x 10711 em3 at 300°K [Clark and Hoxon, 1972; Young et al., 19681.

Further, our result is consistent with the other, less direct in-situ deter-

mination of O(lD) quenching by Peterson and van Zandt [1969]. These authors

expressed thelr if'esults in terms of an 1nférred quenéhing frequency at a
reference height of 120 km. Using the value k = Uilpux: 1071 cm3/sec determined
from our best data at 225 km,. tOgetherawith the: molecular coneentrations at

120 km, [N,] = 4.0'x 10" em™3 ama [0,] = 0.8 x 10™ on™3 [U.S. Standard Atmos-

. phere Supplements, 1966], we obtain a quenching frequency at 120 km,
-1

v =k ([N, + [0,]) = 21 sec™, 1in excellent agreement with Peterson and van

-1

Zandt's value of 20 sec —, which they believed accurate only to a factor of two.

Conclusions

The present paper has presented some initial results obtained by the use
of powerful ground-based transmitters to produce controlled cﬁanges in the
lonosphere. The techni’due offers the possibility of studying a wide variety
of phenomena ranging from observations of plasma waves and their interaction
 with 10no§pher10 electrons to in-situ determinations of t;he nature and the
rates of the important lonospheric atomic collision processes.

In the present case the determination of the O(lD) quenching coefficient
to be (4.4 + f) x 10711 cm3/sec at ~ 950°K rests on the assumption that the
enhanced 6300A emission layer is localized to tie region where the heating
electromagnetic wave is strongly absorbed, in agreement with our present: under-
standing of the electron heating mechanism. However, if the exciting electrons

are produced at altitudes appreciably above tie point at which f = fp, the deter-
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mimation repr'esénts a lower bound on the quenching coefficient. 1In thls case,
the observatioﬁ of a single decay time for the 6300A intensity variation implies
that the acceieration mechanism results in production of the exciting electrons
over a rather limited altitude range. Future studies in collaboration with
J. C. Hazlett of NOAA will involve triangulation measurements to obtain more
information on the height distribution of the enhanced 63004 intensity ‘region.

| The authors are indebted to R. D. Hake for his contributions' to the
design and construction of the photometer, to J. C. Hazlett of NOAA for his
assistance with the field-site preparation and operation, and to W. Utlaut,
E. J . Violette and J. Carroll of ITS for their cooperation in the operation
of the Platteville trahsmitter. This research was .suppor'ted, in part, by the
Advanced Research Projects Agency, Depa'rtment of Defense, and was monitored
by the U. S. Army Research Office (Durham) under Contract No. DA-31-124-ARD-D-UAO.
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1 L
Table I Model Atmosphere Composj.t::lor;r and Predicted O(*D) Lifetiines

At [,)emd) - [0)en3)  [0)em™)  ng(en D) t(D)(sec)

180 7.86(9)"  9.39(9) 5.38(9)  7.74(3) 1.4
200 415(9)  4.55(8)  3.70(9) 3.90(4) 2.6
220 2.19(9) 2.20(9) . 2.55(9) . 1.08(5) | 4.8
dlio 1.16(9) 1.07(8) 1.75(9)  2.00(5) 8.8
260 %6.10(8) 5.17(7) 1.20(9) 2.83(5) 15.6
280 3.22(8)  2.51(7)  8.28(8)  3.34(5) 26.3
300 1.70(8) 1.21(7) 5.70(8) 3.50(5) i.0
20 89D 5.89(6)  3.928)  3.3B(5) 8.2
340 b.74(7) 2.85(6) - 2.70(8) 3.09¢5) 74.9
360 2.50(7) 1.38(6) 1.85(8)  2.72(5) 88.2

*Read as 7.86 x 10°

"Neutral densities are based on T_,_ = 1000°K in a Spring/Fall Model [U.S.
Starﬂard Atmosphere Supplements, 1966]. - Electron densitles have been ca1ch
lated using a Chapman layer [Chamberlain, 1961] with a peak concentration of
3.5 x 195 em 3 at 300 km and a scale heignt of 60 k.
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Figure 1
Figure 2

Figure 3

Figure b

Figure 6

Figgre 8

FIGURE CAPTIONS

Geometry of the Ionospheric Modification Experiment.
Calculated 6300A intensities as a function of electron

temperature. The solid curves refer to an emission altitude

of 300 km and various emitting'layer thicknesses (see

text for details).
Simplified diagram of the dual channel scanning photometer

apparatus.

1

6300A intensity enhancements produced by ordinary polarization

" waves on 25 September 1970. The critical frequency o Fo

decreased below the trahémitter ffequency at ~ 2132 MDT.

6300 intensity enh&ncements as a function of heating transmitter
power on 30 October 1970.

6300.intensity suppression trahsients‘produced by extraordinary
polarization waves on 30 September 1970. iThe data from four
transmitter on-off cycles have been coherently summed to
obtain‘the points shown in the figure.

Determination of'the.time constant for 0(1D) atom decay from
the intensity enhancement data of Figure S. The 6300A emission
height is 225 km (see text for details).

Decay time constants as a function of altitude deduced from

the date of 25 Septemﬁer 1970. The larger circles indicate

more accurate determinations.
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Figure 4
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Figure 6
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