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MASS SPECTROMETER MEASUREMENTS OF THE
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E-REGIONS OF THE IONOSPHERE
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Abstract—On 14 December 1971, during the maximum of the Geminid Meteor Shower, the positive
ion composition was measured in the D- and E-regions above Sardinia. The payload was launched
at 12:11 UT, and measurements were made between 68-5and 152km altitude. A magnetic
sector type mass spectrometer with dual collector and a liquid helium cryopump was used.” The
insgument covered the mass range from 11 to 73 AMU and had a resolution at the 19 level of
MIAM = 60,

In the E-region two distinct metal fon layers were observed, centred at 95 and 119 km, respectively.
In the lower layer Fe* and Mg* were the most abundant metal ions, and in the upper layer Si+ was
dominant. Si* ions were conspicuously absent in the lower layer (Sit/Mg* < 2 x 103, 'This
particular behaviour of 8i could be due to the inability of atomic oxygen to reduce 8i0, whereas in
the upper layer Sitions might be formed directly by the charge rearrangement reaction SiQ + O+ —
Si* + Oy, In addition, Na*, Al*, K+, Ca*, Ti*, Cr*, Ni* and Co* were also identified. The metal
oxide ions AlQ+ and 8i0* were detected, and probably also MzO™* and SiOH*. The concentrations of
NO* and O, shaw a deep minimum at the maximum of the lower metal ion layer. A very high néutral
metal density of 6 x 107 cm™ would be required to explain this feature as resulting from charge
transfer reactions between the molecular and metal ions. Such a high metal density is in contradiction
to direct measurements and o cosmic dust influx rates. The isotopic ratios of Mg*, Si*, and of the
major isotopes of Fe* and Ni* were measured, some of them with an accuracy of a few per cent
(BMpH#MgF = 0124 £ 0-006;  *Mg+/*Mg* = 0-139 + 0-008;  MSi*/#§i* = 0-050 £ 0-004;
HMFetSFet = 0-069 £ 0-005; SFe*/"Fet == 0-029 4 0-004; *Nit/®Ni* = 0-31 & 0-12). The iso-
topic ratios agree within the experimental errors with the corresponding terrestrial ratios, thus giving
evidence that these elements have the same isotopic composition in the Geminid meteors as in the
Earth’s crust, in chrondrites, and in lunar material.

In the D-region the ions NatH,0, Nat(H,0);, NaO+ and NaOH* were tentatively identified,
Below 95 km altitude the relative abundances of the ions 32+, 33+ and 34+ deviate from the values
expected for molecular oxygen isotopes. Their abundances can not be explained by the presernce of
S-ions only, and we conclude that HO,* and H,0,* are present,

The ion density profiles of the major D-region constituents show some rernarkable deviations from
typical D-region conditions. These deviations are related to the winter anomaly in ionospheric
absorption observed over Spain during the launch day, and our data represent the first ion composi-
tion measurements during such conditions. In particular, H+(H,0), is the major jon only up to 77 km,
and at 80 km altitude the NO* concentration exceeds the total water cluster ion density by almost
two orders of magnitude. An increase of the mesospheric NO, O; and O concentrations as well as of
the O/H,O ratio could explain the observed ion profiles. The low NO*/O,* ratios of approximately
unity measured in the E-region are in agreement with a strong downward transport of NO and/or O
into the mesosphere during the launch day. A simple four-ion model was used to interpret our D-
region data. The calculated neutral NO concentration increases from about 2 x 107 cm™® at 85 km
to 5 x 107 cm~® at 80 km. In addition, evidence for an increased Q,* production rate above 83 km
was found, probably due to an enhanced O, concentration. We conclude that our data strongly
support vertical transport of minor neutral consituents as cause of the winter anomaly.

1. INTRODUCTION

lass spectrometers for the study of the ion com-
Huition of the lower ionosphere have been widely
#ed during the last ten years (cf. Istomin and
$khunkov, 1963; Narcisi and Bailey, 1965;

4 * On lesve of absence from the University of Zaragoza,
wiltad de Ciencias, Departamento de Fisica Funda-
“ntal, Zaragoza, Spain.

Krankowsky ef al., 1972a; Goldberg and Blumle,
1970). These experiments have shown the presence
of a great variety of ions and the existence of abrupt
changes in their concentrations. In many cases
accurate isotopic composition measurements are
required for the identification of the jons. The high
speed of the rocket makes the study of regions with
thin layers and other structures with high gradients
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very difficult. Obviously a better understanding of
the lower ionosphere can be obtained using instru-
ments having an improved mass and altitude
resolution. Our mass spectrometer was specially
designed to fulfil these requirements.

The present paper reports the results obtained in
the first launch of this instrument. The objective
of the experiment was to study the ion composition
of the midlatitude lower ionosphere and, in partic-
ular, the metal ion composition at the time of a
meteor shower. The launch day was also a day of
high ionospheric absorption. Thus, our results
represent the first measurements of the ion composi-
tion in the D-region during a winter anomalous day.

2. INSTRUMENTATION

The instrument conmsists of a single focussing
magnetic mass spectrometer, a cryopump working
with liquid helium, a small sputter-ion pump, and
the electronic circuitry. Figure 1 shows a cross
section of the mass spectrometer and the cryopump.
The mass spectrometer is a modification of a
previously flown dual mode instrument (Balsiger
et al., 1971).

The ambient ions are attracted by the front
electrode bias of —5 V and enter, together with the
neutral gas, through a 2mm dia. orifice into the
cryopump. The cylinders and plates of the inlet
optics accelerate and focus the ions on to the entrance
slit {(0-12 mm) of the mass separator. The neutral
gas diffuses through the wire mesh cylinders and is
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condensed on the cold surfaces of the crycpump,

Momentum separation is achieved in a 90° sector
field of 4500 G. The mass spectrurn between 11 and
73 AMU is scanned in I-1s by exponentiaily decreas.
ing the acceleration voltage. The mass spectro-
meter has two exit slits (-4 mm} in the focal plane,
and thus two different masses are sampled simult
nepusty. The radii of curvature of the ion trajectories
corresponding to the two slits are 48 and 522 mm
The rmass ratio between the inner and the outer
ion trajectory is 0-83. The ion detectors behind
the two exit slits thus record the same mass with 2
time delay of approx. 100 msec (see Figs. 3 and 4).
This doubie collector feature gives an improved
altitude resolution. The 17 mass tesolution of the
analyzer is approx. 60. This resolution is superior
by more than a factor of 2 to any other D-region
mass spectrometer flown so far.

The ion current of each beam is ampiified by 2
10 stage electron multiplier (RCA C 70128 D) and
measured by operational amplifiers (Analog Devices
301) with feedback resistors of 50 and 10MO,
respectively. The electrometers are followed by
linear amplifiers with automatic range selectors
(8 ranges, dynamic range approx. 4 decades,
Baldinger and Nissen, 1967). The cryopump has
a pumping speed of about 10001s™? at internal
pressures below 107 Torr. At 3 x 107 Tom the
speed increases to 3000 Is™1. Without gas load one
filling of liquid heliom 121, holds for S0min
With a pressure of I Torr in front of the 2 mm inle!
orifice the helium consumption is increased by
60%. Under laboratory conditions the pumping
speed remains practicatly unaltered until 80-30% of
the helium is evaporated. Before launch, the helium
fill line is sealed, and during flight an absolute
pressure valve in the exhaust line keeps the helim
pressure in the reservoir at 1-1 at. A 0-4 Is™t sputier-
ion pump is attached to the collector region of the
mass spectrometer. For high ambient gas densities
this pump produces a pressure drop between cryo-
pump and mass analyzer of approximately a factor
of 10, The sputter-ion pump is also used as 2
pressure monitor,

The gold plated aluminium cap covering the inlet
orifice is opened in flight with a device similar to the
one described by Thorness and Nier (1962). This
ejectable cap (not shown in Fig. 1) contains a small
electron bombardment ion source which allows the
residual gas spectrum to be observed for control
purposes during preflight instrument checks.

The electronic circuitry and the mass spectrometer
are integrated in a pressurized magnesiumn housing
To reduce outgassing effects the mass spectrometer &
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mted on a gas tight bulkhead. The payload
flushed with dry nitrogen for several hours
are launch to minimize condensation of water
our on cold parts. The front electrode and the
t jon optics were gold plated whereas the cryo-
p housing is polished stainless steel.

d surfaces of the cryopum
: js achieved in a 90° sect
:ass spectrum between 17 gy
i*1s by exponentially decres
-oltage. The mass spectr
1 (0-4 mm) in the focal plan
masses are sampled simult
wvature of the fon trajectori
vo slits are 48 and 52-2 mm, | The effective transmission and mass discrimination
e the inner and the outeg e determined in a laboratory test chamber

The ion detectors behind minden, 1971). An electron bombardment source
"ecord the same mass with 4 ysymmetric design produces two identical, opposite
00 msec (see Figs. 3 and% beams of low energy {approx. 2¢V). The ion

3. LABORATORY CALIBRATIONS

feature gives an improved mms have a diameter of several centimeters. The
2 175 mass resolution of the 1 current is monitored with a planar Langmuir
This resolution is superiog wbe mounted symmetrically to the spectrometer,
of 2 to any other D-reg ibrations were made with Ne, N,, Ar and Kr at
n so far. chamber pressures ranging from 1075 to 0-5 Torr.
ach beam is amplified by &) simulate the expected jon densities during
slier (RCA C 70129 D) and it ion currents covering a range of 3 decades
{ amplifiers (Analog Deviceg «e used. The focussing properties of the inlet
sistors of 50 and 10 MO: 4 optics depend somewhat on the external pressure.
irometers are followed by Jferent voltage settings would be required to give
awatic range selectors: wimal sensitivity at low and high ambient pressure.
a approx. 4 decades; 7 ion optics was adjusted to give somewhat
1967). The cryopump hes xiter performance at lower than at higher altitudes.
bout 10001s~! at intema!?j' e two collectors were set at different sensitivities
arr. At 3 x 1074 Torr the ensitivity ratio approx. 4} to increase the dynamic
is7L. Without gas load one’ uge to 10°. The detection limit obtained during
121 holds for 90 min.
r in front of the 2 mm inlet SRS RAREN &
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5. 2. E¥FECTIVE TRANSMISSION OF THE COLLECTOR
sysTeEM 1 FOR DIFFERENT TEST-CHAMBER PRESSURES.

The effective transmission is defined as the ratio between
¢ multiplier current and the saturation current to the
aference Langmuir electrode, normalized to the surface
fthe inlet orifice. Thus, the effective transmission in-
‘des the gain of the multiplier which is also mass
pendent and in our case of the order of 10°. The
alyes are averaged over 3 current decades, and the bars
dicate the standard errors (for the lowest curve, only
one current was measured).
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flight depends on altitude and ion mass. At 110km
it varied from 2 jons cm® to 30 ions cm™® from the
lower to the upper end of the mass scale.

Figure2 shows the effective transmissions measured
in the iaboratory. For the evaluation of the flight
data the transmission was approximated by an
analytical expression of the form

T = Am—tebtm, (1)

where T is the transmission, m the mass to charge
ratio and A, « and £ three pressure dependent
parameters.

4. PAYLOAD COMPOSITION AND
FLIGHT PERFORMANCE

The mass spectrometer was part of the ESRO
payload $-82. The other experiments in this payload
were a set of microphone detectors to measure the
micrometeorite particle flux {(Lindblad er al., 1972},
a double probe electric field detector giving iono-
spheric density and temperature {Pedersen ez al.,
1972), and an e¢jectable parachute package with a
blunt ion density probe for a total ion density
measurement in the D-region (Berkeljon et al,, 1970).
The payload was launched by a boosted Skylark
rocket on 14 December 1971, near the maximum
of the Geminid meteor shower and during the
occurrence of a sporadic E-fayer. The main flight
parameters are given in Table 1.

The spectrometer entrance was opened at an
altitude of 67-6 km. The current of the sputter-ion
pump showed that the pressure in the mass analyzer

TapLE !, LAUNCH CONDITIONS AND FLIGHT PARAMETERS
ofF ESRO payLoaD 5-82

Range Salto & Quirra, Sardinia

Geographic coordinates 39936 N, 90261 &

Daie of launch December 34, 1971

Time of launch 12,11 0T
Solar venith angle 64°
K _ index 1

P
122 x 10722 w P gt

sx107% erg em™? :“i

Fro.7

Solar X-ray {1-8 £ flue
Apogee 152 ¥m

Trzjectory azimuth 82" {measured from north to east}

Impact ground range 177 ¥m
Spin frequency 1.8 xpe
Precession frequency 1.5 Tpm
Half angle of precession cone 4.9°
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FIG. 3. MASS SPECTRUM RECORDED IN THE D-reGION,
The traces labelled current I and current II are the jon currents measured by the two ion detector
systems. The sensitivity of the jon current amplifiers is monitored by the traces range I and range iI.
Each step of approx. 250 mV of the range indicator corresponds to a factor 2-5 change in the gain of

the ion current amplifier. In order to increase the

dynamic range channel 1 was made approximately

& factor 4 more sensitive than channel TI.
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F1G. 4. MASS SPECTRUM RECORDED IN THE E-REGION.
For details see caption of Fig. 3.

remained below 10~* Torr from the opening to a
downleg altitude of 40km. The first ion recorded
was 197 at 685 km (between 67-6 and 685 km the
mass spectrometer was scanning mass regions devoid
of any ions). On the downleg, flipover occurred
at 75 km. The rocket was very unstable afterwards,
and only limited information on the attitude is
available for this part of the flight. Ions were detected
down to 61 k.

Typical examples of mass spectra recorded during
the flight are shown in Figs. 3 and 4.

5. DATA REDUCTION

To determine the ion density from the recorded
flight data, the measured ion currents must be cor-

rected for the variable effective transmission (se¢
Fig. 2). This transmission depends on the mass
number and also on the pressure. In the lower
part of the investigated altitude region a shock
wave forms, and the ambient gas is compressed in
front of the spectrometer. Thus the question arises,
what pressure should be used for choosing the
effective transmission.

To solve the problem for the continuum flow
regime, flow patterns and gas fluxes through the
inlet orifice for different flight altitudes and for
laboratory conditions were numerically computed
(Zbinden, 1971). An iteration method adapted from
Bohachevsky and Rubin (1966) was used. The
terms for heat conduction and for the ordinary
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d butk viscosity were included in order to extend
validity of the hydrodynamical equations to
aws with relatively large mean free paths (see
probstein and Kemp, 1960). The gas flux measured
g the laboratory agreed within 23% with the
pmputations. The calculations showed that the
a5 flux into the instrument during flight is about
wice the geometric gas column swept up by the
wmifice, and nearly equal to the influx under labora-
ory conditions if the test chamber pressure is equal
o the stagnation pressure. It was assumed that the

L gectrometer transmission is only dependent on the
. gs influx, and therefore the calculated stagnation
. pressures were used for determining the effective

ransmission in the continuum flow regime.

At altitades where the mean free path is compar-
sle to or greater than the cryopump dimensions
ke continuum model is no longer valid. Thus,

- yior the region above 95km the effective pressure
*fetermining the transmission was estimated assu-

ming molecular flow. Although this procedure is
somewhat arbitrary, it will not introduce an ap-
preciable error as the transmission remains constant
it pressures below 1078 Torr (equivalent to altitudes
kigher than 100 km).

Preliminary ion densities were obtained by
dividing the measured multiplier currents by the
sppropriate effective transmission and using the
planar approximation (Parker and Whipple, 1970).
At high Mach numbers the planar approximation
gives jon currents nearly equal to the ion column
swept out by the inlet orifice. This procedure, also
applied by other experimenters {(see, .8 Marcisi,
1971), is known to involve several uncertainties.
In the free molecular flow region the major un-
crtainty is due to the non-zero potential of the
rocket and the front electrode. In the transition and
continuum flow region the problems are still more
complex because, in addition to the electric field
effects, the movement of the ions is strongly in-
fluenced by the neutral gas flow.

In order to reduce all the above mentioned
uncertainties the preliminary mass spectrometer ion
densities were normalized to electron and ion
profiles measured independently by three other
experiments: the ionosonde, the double plasma

jon density probe. Ionograms were taken from the
station at Capo San Lorenzo (39°30'N, 9°38'E) in
short time intervals before and after the jaunch.
This station is approximately 20km from the

 launch tower and 14 km south of the ground pro-
; jection of the rocket trajectory. The ionograms

n and for the ordinary . were evaluated by W. Becker of the Max Planck
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FiG. 5. TOTAL ELECTRON AND ION PROFILES,

The ionosonde profile is the average of several ionograms

evaluated by Becker 1972). The double plasma probe

and the parachute blunt probe were flown and evaluated

by Jaeschke and Pedersen (1972). For the mass spectrom-
eter profiles see text.

Institute for Aeronomy in Lindau, F.R.G. {Becker,
1972). The average profile obtained from several
ionograms taken during the half hours immediately
before and after lannch is shown in Fig. 5. Also
shown in Fig. 5 are the electron densities measured
by the double plasma probe and the positive jon
densities obtained from the parachute blunt probe
(Jaeschke and Pedersen, 1972). The lower part of
the double plasma probe profile agrees quite well
with the ionosonde profile. At higher altitudes the
double plasma probe gave systematically higher
densities than the ionosonde.

The following procedure was used for adjusting
the mass spectrometer data to these electron and
ion profiles and to derive absolute ion densities.
First, the preliminary ion densities obtained with the
planar approximation were parabolically interpolated
for each species to the start of every mass spectram,
Then they were summed up to give preliminary
total ion density profiles for each of the two collectors.
Above 110 km the ion densities were then normal-
ized to the ionosonde profile by multiplying the
preliminary ion densities with a factor smoothly
varying from 027 at 110km to 0-48 at apogee.
The altitude dependence of the normalization factor



1626

in this region is probably mainly due to the decrease
in spectrometer transmission with increasing angle
of attack. The total ion density profile of the mass
spectrometer shows a wave structure at higher
altitudes (see Fig. 5). This structure is anti-correlated
with the angle of attack and thus is probably an
artifact due to the precession modulation and not
a true feature of the ionosphere. In the lower
£-region the ionosonde profile is based on a model
approximation and has probably limited physical
significance (Becker, 1972). Thus, in the region
from 110 to 92km the spectrometer data were
normalized to the profiles determined by Jaeschke
and Pedersen (1972), This was done by smoothly
increasing the normalization factor to 0-33 at 92 km.

In the D-region no densities are given by Jaeschke

and Pedersen (1972) between 76 and 86 km. In a
preliminary evaluation of our data presented at the
1973 COSPAR meeting we used a constant normal-
ization factor of 0-33 below 92 km altitude (Zbinden
et al., 1974). The resulting total ion density profile
obtained from the mass spectrometer data showed
a considerable bulge in the 80 km region (see Fig. 5).
The blunt parachute probe data gives no indication of
this density bulge. As there is a gap in the data from
the blunt probe, it cannot be completely excluded
that a small bulge, associated with the winter
anomaly present on the launch day, could exist
(see also discussion of downleg datz). However, the
planar approximation as well as the laboratory
calibrations of the mass spectrometer tiight not be
applicable in this transition region between molecular
and viscous flow.

In view of these problems we decided to normalize
the spectrometer data for the final evaluation also
in this region to the parachute blunt probe profile.
We assumed that the ion density varies monotonically
in the 76 to 86 km altitude region where no data
from the parachute blunt probe are available. The
resulting normalization factors are between 0-044
and I'5. From this discussion it is obvious that the
data reduction in the D-region includes uncertainties,
and thus the true ion densities may differ from the
shown profiles. Relative abundances of different jon
species and isotopic ratios are not affected by these
problems and are much more accurate (see discussion
of isotopic and elemental abundances).

On Fig. 5 a downleg total ion profile is also plotted.
As the planar approximation is unreliable at great
angles of attack, only the transmission correction
was made, and the curve refers to an arbitrary
current scale. For the altitude region from apogee
to about 77 km the rocket flew almost backwards,
and the reference pressure for the transmission

P. A, Zampen, M. A, Hmaico, P. EBERHARDT and J. Gerss

correction was set equal to the ambient pressure for
this part of the downleg. Below this altitude the
stagnation pressure was used (with 2 smoothed
transition). The profile also shows a bulge at 80 km
in spite of the different sampling conditions apd
transmission corrections than on the upleg,

According to the ionograms a sporadic Eayer
with blanketing and top frequencies of 3-2 and
3 MHz, respectively, was present at approximately
}10km (Becker, 1972) whereas on the muass spectrom-
eter ion profile no particular feature appears at
this altitude (see Fig. 5). This may be explained by
the fact that the sporadic E was only partially
bianketing, and that the horizontal distance from
the jonosonde to the corresponding trajectory
point was about 30 km,

6. ION COMPOSITON AND STRUCTURE OF
THE E-REGION

Figures 6 and 7 show smoothed upleg density
profiles for the major ions. The following metal
jons were identified: Na?®, Mg, Mg, Mg®,
AP, S, S, K%, Caf0, K4 Ca¥, Ti®, C®,
Fe™, Mn®, Fe®, Fe¥, Fe%, Ni%, Co®, Ni®?, Nitt,
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Fii. 6. UPLEG DENSITY PROFILES OF THE MAJOR POSITIVE
E-REGION IONS.

The ions shown are N+, O+, O,* and NO+. The total

metal jon and the total ion densities are also give.

Above 122 km the totz] metal ion density shown must

be taken as upper limit only (see Figs. 7, 10 and text).
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" #Cat and *Fe* (not over whole altitude range, see text).
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{Nis2), (Ni®), Zn%. The identification of ions in

= parentheses is somewhat ambiguous.
¢ At certain altitudes non metallic ions with the
“same mass to charge ratio as some of the above
 fisted metals were also present. These points wiil
: be discussed in a later section.
. The metal ions occur in two distinct layers with
~ maxima at 95 and 119km. On the downleg the
;. jon currents measured in the lower E-region were
- about two orders of magnitude lower than on the
- tpleg, and only the major metal ions were detected.
¢ They have maxima at 96 and 119km altitude.
4= Henee, the two major metal ion layers have horizontal
= txtensions of at least 110 and 80 km, respectively.
~ In the upper layer the density maxima of the
- heavier metal ions are at somewhat higher altitudes
than those of the lighter ones (see Fig. 7). The
s shift between Mg®* and Fe®™* is approx. 1-2 km,
< which is more than the altitude resolution of the
. double collector system and thus a true ionospheric
feature.

The observed metal ion profiles could be explained
by the wind-shear theory of the formation of
sporadic E-layers, which predicts that the layers of
the long living ions follow the nodes of the pravity
or tidal waves down to about 95 km and are then

NSITY (em™3)

ILES OF THE MAJOR POSITIVE '
4 JONS.
. and NO*. The total
1 ities are also given. |
al 300 density shown must .
{see Figs. 7, 10 and text)
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dumped below this altitude (see Chimonas and
Axford, 1968). According to this model, the layers
appear at the altitude where the ion drift velocity
is approximately equal to the vertical component
of the phase velocity of the wind wave. The vertical
component of the ion drift velocity varies proportion-
aliy to R;/(1 + Rj?) (see Equation 5 of Chimonas
and Axford, 1968) where R, is the ratio between the
ion-neutral collision frequency and the gyrofrequency
of the jons. The latter is inversely proportional to
the ion mass m,, and the former is proportional
10 (1 + B2V (- my)mam, (m,: mass of
neutral collision partner; r; and r,: effective
collision radius of ion and neutral, respectively, see
Chapman, 1956). The R, for Fe’** is approximately
a factor 2 greater than for Mg+, and we may expect
that these two ions follow the node of the gravity
wave with a different shift. R, increases monotoni-
cally with decreasing altitude. At the altitude of
the upper layer R; is close to 1. For R; = 1 the
drift velocity has a maximum, and in first order is
not mass dependent. An estimate based on a
sinusoidal wind profile shows that the observed
shift could be caused by a gravity wave, provided
that R, for Mg* was larger than 1 in the altitude
region of the upper metal layer. The same mechan-
ism could also explain the mass dependent shift of
the upper edge of the lower layer and the fine
structure at intermediate altitudes (107 km). Thus,
the observed metal ion structure could result from
a gravity wave with downward directed phase
velocity transportiog the recently ablated ions
downwards into the broad metal ion belt, which
according to Narcisi (1972) is a permanent global
feature of the ionosphere.

However, the metal ion profiles might be influ-
enced by other causes. The double plasma probe
flown on the same payload measured an electric
field with a component perpendicular to the rocket
axis {Jaeschke and Pedersen, 1972). This field of
several mV/m might produce a mass dependent
shift (Kato ef al., 1968).

7. DISCUSSION OF THE NO* AND
O, +-MINIMA

The molecular ion density shows a sharp minimum
at the altitude of the lower metal ion layer (95 km,
sec Figs. 6 and 8). Similar profiles were observed
during the Leonids and also in the absence of
meteor showers (Narcisi, 1968, 1971). These minima
are supposed to originate mainly from charge
transfer reactions of O;7, NO*, and their precursor
ions with the metal atoms,
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For 30+ and 32+ all measurements from the two cellectors

are plotted individually. These density profiles show the

good altitude resolution obtainable” with our double
coliector mass spectrometer.

7.1 NO™ minimum
Following Narcisi (1968) the NO* production
rate g, in the absence of metals can be estimated by
setting:
go(NO¥) = a(NOHINO",leTh 2

The index “o” refers to values in the absence of
metals. From Fig. 8 we estimate that, if no metals
were present, the following densities would exist
at 945km: [NO%) =9 x 10%em™®; [Og') =
1 x 108em3; [¢]y =1 x 10fem™. For a tem-
perature of 200 K (CIRA, 1965) the recombination
coefficient «(NO%) is 74 x 1077cm®s™t (Biondi,
1969). We then obtain ¢(NO™) = 67 e gL
If the presence of metals is taken into account, a
charge transfer term has to be introduced into the
production-loss balance equation:

g(NO*) = a(NOH[NO){e™] + A(NOT — M)
x [NOT][M], 3

with [M] the density of the neutral metal atoms
and k{NO* — M) the coefficient for the charge
transfer from NO* to the metal atoms. The observed
densities at 94-Skm, the altitude of the NO*
minimum, are [NO*] =8 x 10fcm™®; [0y] =
2 x 10%2cm™3; [e7] = 16 x 10*cm™®  Assuming
that the production rate g(NO*) is equal to g(NO™),
then the product k(NO+ — M)[M]becomes approxi-
mately 0-07 §~1, whereas Narcisi (1968) had found
0-02 5! (recalculated with the «(NO+) used in the
present paper).

Rutherford ef al. (1971, 1972a, b} measured the

. A. HipaLco, P. Eperuarpt and J. GEss

rate coefficients for the charge tramsfer reactions
from NO* to Mg, Ca and Fe at 300 K to e
81 x 100 emdsE, 40 x 107%emPs™, and 92
x 10~¥em? 571, respectively. Withanaveragech
transfer rate of A(NOFT — M) = 10-%cm’st 3
density of the neutral metal atoms of M} =17x
107 co? would be required to explain the NO-
minimum.

We have so far neglected that at 95km a sub
stantial fraction of the NO* production is due 1o
charge transfer from O;* (Ratnasiri, 1972; Danilos,
1972). In the presence of metal atoms this iraction
of the NO' production is reduced proportionally
to the ratio [0,11/{0;7),. We may assume a neutral
NO density of 4 x 107 em—® (Barth, 1966, sec also
our discussion of D-region resuits) and a charge
transfer rate k(O;% — NO) = 63 x 107 cm®s™
(Fehsenfelderal., 1970). The NO* productionbythe
charge transfer from O,F is then golOg" — NO) =
25cm S 51, Hence, the NO™ production in the
presence of metals is

g(NO™)
= gy(NO*) + go(057 — NO)([0:1)/[0:*), -1
= 47 ern~3 572 @)

and the metal atom density
g(NO*) — «(NOT)}NO*e]
o (NO+ — M)NO™]
=5 x 107 cm™. 5]

M] =

According to this calculation only a small fraction
of the metal atoms are ionized.

7.2 O;% minimum

The production of O,* is probably not seriousls
altered by the presence of metals and can be estimated
from

Q(02+) = 9’0(02+)
= [0;*1o{2(O5M) e, + k(O — NO)[NOJ
{6
with (0,") = 35 x 107 cm®s1at 200K (Biondi,
1969). Using the same densities as before, (07} =
28 cor3 5% results. Including charge transfer to

metals as an additional loss mechanism and solving
the equation for the neutral metal density we obtait:

M] =
q(O;‘) — [0,1} {a(O: MY e ] + kOt — NONOR
k(077 — M)O;7] )

M

The rate coeflicients for the charge transfer reactions
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from OgF to Mg, Ca and Feat 300 K are 1-2 x 10~°
mist: 148 x 10%cmPs™; and 11 x 10 %em?
i1, respectively (Rutherford er al., 1971, 1972a, b).
y. Withanaveragecharge | With an average charge transfer rate k(O;F — M) =

— M) =10%cm®s? 3715 x I0-®cm3¢t a neutral metal density [M] =
al atoms of [M] =7 x 7 x 107 coo® results from equation (7). The metal
red to explain the NO* som densities estimated from the minima in the
NOT and O, densities agree surprisingly well.

The neutral metal atom density of approx.
Ot production is due to  § x 107 cro™® required to explain the NO* and Og"
tatnasiri, 1972; Danilov, : minima by charge transfer is hardly consistent with
metal atoms this fraction . the measured neutral Na densities and also with the
; reduced proportionally i observed dust influx rates. Hake er ol (1572)
¥e may assume a neutral ;s measured the nighttime atomic Na abundance
-3 (Barth, 1966, see also = sbove Menlo Park (California) during the night
n results) and a charge  immediatelypriortothe launchof ourmassspectrom-
) = 63 x 107%Wcm3s? . gter. They used a tunable dye-laser. During the
ae NO* productionbythe  iransit of the radiant of the Geminid meteor shower,
is then go{O," ~ NO) =  the maximum Na density, observed at an altitude
NO* production in the of 92 km, increased from 1-5 x 10° em™ to 5 x

10% o3, Assuming for the Geminid a ratioNa/total

. metal of 2% (Cameron, 1968), the maximum

- phserved neutral Na density would correspond to a

- NOX[O,*V/[O3* ]y —1)  (otal neutral metal density of 2-5 x 10% cr—3. This
{4} - value is more than two orders of magnitude lower

’ . “han the concentration deduced from the NO¥

" ind O,* minima.
(NOH[NO*[e~] : :

:harge transfer reactions
nd Fe at 300 X to be
1072 emB st and 92

>d that at 95km a sub-

. The average width (half height) of the 95km
“ metal ion layer and the NO™ and O," minima is

— MI[NOT
3 JINO™ ® spproximately 3 km. The column density of the
) . metal atoms required to explain the NO¥ and
on only a small fraction . - 0;7 minima is thus approximately 2 x 10" atoms
ized. + em2, The most recent estimates and measurements

of the daily cosmic dust influx on the Earth are of

' the order of 10*kgd~' (Hughes, 1973; Fechtig,

s probably not seriously 1974; Bibron et al,, 1974). Assuming chondritic

stalsand can be estimated  composition (Urey, 1964) for the cosmic dust, this

- global influx rate would correspond to a daily metal

~atom jnflux of 1-5 > 10% atoms e ?dh A

N % residence time of the order of 10° d would thus be

o + £(0;7 — NO)[NOE . required to explain the high neutral metal density

(6) . derived from the NO* and O, minima.

:m® s~ at 200 K (Biondi . Neither direct measurements during the Geminid

i + _ o shower, nor estimates from the global micrometeor-
sities as before, g(0g7) = = ™. ) "

: : ite influx rates, support the high metal atom density

ding charge transfer to . n . .

s mechanism and solving - erived from the NO' and O," minima. Either, the

metal density we obtain: @tﬂ constants for charge transﬁ?r from moiec.ular

ons o neutral metal atoms used in our calculations

re not appropriate, or other channels, e.g. involving

+ k(O,F — NO)[NO} . metal oxides, are also operational.
. & Alternate explanations for the NOt and OgF

i -+
o minima must also be considered. A thin layer

7
. ) @ width approximately 200 m) with a peak electron
¢ transfer reactions . jengity of the order of 3 x 10° cm™* moving down-
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ward with a velocity of approx. 50 ms™1 would lead
to an NOT and O, minimum of the observed magni-
tude. However, the mass spectrometer data shows
no indication of such a layer. Charge exchange on
dust particles (Parthasarathy and Ray, 1966} is
also five orders of magnitude too slow to explain
the minimum. Thus, we have at present no satis-
factory explanation for the observed NO™ and O,
structure at 95 km altitude.

8. ISOTOPIC RATIOS OF METALLIC JONS

One of the main aims of the present experiment
was the measurement of the isotopic and elemental
abundances of the metal ions during a meteor
shower. Therefore, the rocket was launched some
hours after the maximum activity of the Geminids.
The Geminid meteor shower is one of the most
intense showers, reaching its peak activity in the
night of 13-14 December. During this time, the
shower meteors are at least as frequent as sporadic
meteors (Millman and MacIntosh 1964), This is
supported by the 3-fold increase of neutral Na
observed in the might of 13-14 December, 1571
(Hake et al., 1972). A sizable fraction of the metal
ions observed by our spectrometer should have
originated from the Geminid shower and hence
presumably represent cometary material.

The measured isotopic ratios of metallic ions are
listed in Table 2. The metal ion region was divided
into four altitude intervals: the region below the
major metal layer, the major metal layer, the
intermediate region, and the upper metal layer (see
Figs. 6 and 7). The weighted averages over the four
intervals are listed, too. In addition, the ratios
measured by Krankowsky er al. (1972a) on 26
November 1969 above Andoya and the terrestrial
ratios are shown.

For magnesium, silicon, iron and the main
isotopes of nickel most of the measured isotopic
ratios agree within the experimental error limits with
the terrestrial values. Since a substantial fraction of
the observed metal ions probably originated from
the Geminid meteors (Hake er al, 1972), we
conclude that isotopic compositions in the Geminid
parent comet were similar to those in ordinary
chondrites and in the Earth’s crust. Recently, rare
phases in carbonaceous chondrites have been dis-
covered containing O, Ne and Mg with isotopic
compositions different from terrestrial material
(Clayton et al, 1973; Black, 1972; Eberhardt,
1974; Lee and Papanastassiou, 1974). The solar
system is thus not necessarily well mixed throughout,
and especially comets might contain such non
equilibrated material. Our results show no variations.
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-3 spect.‘f the altitude interval

ratio measured in 117 - 122 km layer

L 4

mass 58 corrected for contribution from ¥e. Identification of masges (2

dengity of numerator isotope very small and measnred only in 1

as Ni isotopes is doubtful, see text,

+

and D4

d}
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vs is not in contradiction with the observations
carbonaceous chondrites, as the observed
wcts were small and limited to special meteorite

gauses.

The ratios for Nif?* and Ni*** are also listed in
:» table, but for these ions the interpretation as
ikel is rather doubtful as they were only detected
single spectra and did not appear in the interval
‘the major metal layer. Also, the ratios are
sher than they should be for nickel. The ion 62+
wd possibly be identified as NOQ, or Na O
4 the fon 647 as O;f, 8O0;%, Sit(H;0), or
0% (H05).
At the maximum of the lower metal jon layer
sall peaks of 417, 42* and 44 were detected in
Jdition to the larger peaks of 39% and 407. A
stailed evaluation of the isotopic ratios shows that
ddition to Ca” and K™ also MgO* was most
ly present, with 0002 < MgO*/Mg™ <001
also column densities given in Table 4).

9, ABUNDANCES OF METAL- AND
METAL COMPOUND-IONS

"+ To compare the abundances of the metal-ions we
Jeulated column densities for several altitude

servals. This procedure was chosen because the
wer maxima of the different metals are not at the

. ime altitude and because silicon has a particular
© srtical distribution. The column densities obtained
- ud their abundances relative to Mg are listed in

Tables 3 and 4 (NPT was corrected in all tables for

~ ie relatively small contribution from iron). Also

© npie 3. COLUMN DENSITY OF POSSIELE METAL- AND

GTAL COMPOUND-IONS IN THE ALTITUDE INTERVAL
FROM 72-3 TO 91-4 km

s 18 Column dentity Identification R_elativ abasdance
darge yatie s retative : :el:ui;’ei::sem
fone/em” | 0 Mg (Cameron 1368}
B 21x10" | 0.066 Na ©. 860
wizse2s | dzmm® |1 Mz 1
axie | 0,07 Al 0.081
3 2 6x10° | 0.001 s H
£ 222100 | 0,069 Nal (K} 9.0029 {K)
© 2ax10 | 6072 Ca, (NaOH) 0.070 (Ca)
1 n2x10’ | 0068 3,0
52 1.5x100 10047 cr 6,012
Hes6 457 | Bdx 1w® | 1Les Fe v.85
T s.6x100 | 0.123 5 NO. N 0,044 75}
HO.NO)
% soxte® | nooz2 Ta. (1,0, 0. 0022 {Ca)

listed in the tables are the solar system abundances
given by Cameron (1968). These are mainly based
on the chemical composition of carbonaceous

chondrites.

9.1 Region below major metal layer

The jon composition in the region below the major
metal layer is very complex and the identification
often ambiguous (see Table 3 and Fig. 9). Traces
of metallic ions (Mg" and Fet) were detected down
to 73 km altitude. The measured abundances of
Na+, Al* and Ca* relative to Mgt agree surprisingly
well with the solar system values. Fe' and Nit are
approximately a factor of two overabundant. Na't
has a rather different altitude distribution than
Mgt, and the agreement of its abundance with the
solar system value may be fortuitous. The ions 58%
and 607 could also have a contribution from NON,
and NO*NO or SiO;*, respectively. However, the
60+/58+ ratio agrees fairly well with the isotopic
abundances of Ni, and we conclude that a substantial
fraction of these ions, especially in the upper part of
the D-region, are metallic.

In the D-region the jons 41* and 59* are correlated
with H*(H;0); and NOTH;O (see Figs. 9 and 12).
Below 90 km the 417/397F ratio is distinctly higher
than the KY/K® ratio. At lower altitudes 417 is
even more abundant than 397. We thercfore
identify 41 as Na'H,O and 59+ as Nat(H,0),
(41" has been detected and identified before by
Narcisi, 1972).

The 39+/Mg* ratio is on the average approxi-
mately a factor of 20 higher than the corresponding
solar system value (see Table 3). Below an altitude
of 88 km the ion 39+ is more abundant than 237,
Tt seems very unlikely that this is due to a peculiar
chemical behaviour of K, and we identify 3% in
this altitude range as NaO*. The contribution of
H(H,0%H,0%) to 39+ is less than 15 7; for altitudes
above 76km. Below 84km the 40*/Mgh and
40%+/Fe' ratios are larger than at higher altitudes
(Fig. 7). This could be explained by the presence
of NaOH*. The occurrence of 40% in two spectra
at the maximum of the Na compound ions (altitude
79 km, see Fig. 9) tends to support this identification.
In the same two spectra 55% is also present and could
either be Ht(}H,0); or NaO," (see Figs. 9 and 12).

9.2 Major metal layers and E-region

The dominant metal jons are Fet and Mgf
in the lower layer and Si* in the upper layer (Table
4 and Fig. 7). The abundance of most metal ions
relative to Mg™ are within a factor of 2 identical with

am

nt o
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TaBLE 4. COLUMN DENSITIES OF METAL~ AND METAL OXYDE-IONS IN THE LOWER AND UPPER METAL ION LAYER

Mass to Column density Identification Relative abundance of
charge ratio lower layer upper layer metallic element in
(93.8-98.4 k) {116.7-121.9 km) solar system
relative relative {Cameraon, 1968)
io:m/v.:ma to Mg ions/cmz to Mg
22 23x108 fo.12 {3.8x10” | 027 Ha 0,060
24425 26| nox10° 1 Lax1o® | 1 Mg 3
27 6.8x10° {0,036 2.7x 106 0.9019 Al 0. 081
28 +29° 3.9x 10% o002 |s.5x10® ] 20 si 0.95
39 2.0x 107 § 0,01t g.5x 205 0,406 K, NaO 0.0029 {1}
40 5.7x 100 10,046 3.4=x 306 0. 024 Ca, {Mgﬂz‘io) 0. 070 {Ca)
41 1.0x 107 | 0.0005 K, Mgt 0
42 1.2x10° | 9.0006 ce. M0
23 6.0x10° | 0.0003 | 1.4x10° | 0.0%0 alo
4 saxt0® oot |nex1®) o0 Ce, SIO )
43 26x10% | 0,019 SiOH. {Sc) 3,0x 1077 {Se)
43 1.4 % 10° | 0. 0007 Ti 0. 0022
52 .1x107 | 0.016 3.6::105 8. 026 Cx o, 012
se+56+57 | zex10? {127 [1.3x10% | 093 Fe 9,85
58 + 60 7.1x107 | 0.037 |3.6x10° | 0.026 N 0. 044
59 s.0x10% | 0.0016 Co 0.0022
6 z.1% 10% | o.o01t Zn 0. 0014
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Fic. 9. UrLeG D-REGION PROFILES OF 23+, 30+, 40+,
41+, 48+ AND 59+,
Tons 23+ and 48+ are identified as Na* and NO+H,0
respectively, In the region above approximately 50 km,
39+ consists of a mixture of ¥*K+ and NaQO+, Ions 40+,
41+ and 59+ are predominantly *Ca*, #¥K* and *Co*,
Int the lower region these ions are assumed to be mainly
NaO+, NaOH*, NatH,0 and Nai(H,0)., respect-
ively.

In the lower layer 29+ is not 5i, and the column density given for this layer is for 28" only.

the solar system abundances., A notable exception
is silicom.

The abundance profile of silicon (28%) is distinctly
different from all other metal ions (Fig. 7). In the
lower layer Si* ions are virtually not present, and
it is also absent in the D-region (see Table 3). This
absence of 8i* in the 90 to 100 km metal layer has
also been observed in other rocket flights (Goldberg
and Blumle, 1970G; Narcisi, 1968), In the 119km
tayer 8it is clearly present and the Si*/Mg* ratio a
factor of 4 higher than the expected solar system
value. The identification of 28¥ as Si* in this layer
is substantiated by the observed 29+/28% ratio
(Table 2 and Fig. 10), The measured 29+/28* value
agrees within 2% with the terrestrial Si*¥/Si* ratio.

Basically, the difference in the profiles of 8i* and
those of metallic ions (Na*®, Mg®, Fe~, etc) is
probably due to the fact that the oxides of the
proper metals can be reduced by atomic oxygen,
whereas 8iQ cannot (cf. Swider, 1969). Thus,
siicon will be present in the upper atmosphere it
the oxidized state, and consequently the ions Si0”
and 8iOz" will be formed primarily. Their abund-
ances are, however, suppressed because of thelr
short lifetimes and high jonization potentials (Swider,
1969). While these considerations easily explain
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In some of the spectra 29+ falls in one or both collector
systems below the detection limit. Due to the logarithmic
scale these points cannot be shown on the plot. The
ratios shown for the different altitude intervals are

- averaged over all spectra including those with disappear-

ing 29+,

' (he absence of Si* in the lower layer, they do not

account for the high abundance of Si* in the upper
layer. The much higher abundance of O at the
altitude of the upper layer could perhaps play a role
in forming the atomic ion of silicon. In fact, the
charge Tearrangement reaction SiO + O — Si™+
0, would be exothermic, although the reaction
rate is probably quite smali.

Outside the upper layer the identification of 28*
as Si®® is questionable. Above 132km and below
100 km the measured 287/297 ratio can hardly be
reconciled with the terrestrial Si isotopic composition
(Fig. 10). Alternate interpretations for 28" would
be Ny~ and CO*. However, in this case 29 could
not be interpreted as an isotope of the 287 ion.

Above 125km the observed 287 densities agree
quite well with the theoretically predicted Ny*
concentrations (Hunt, 1973), except perhaps for
the small concentration bulge at 128 km (possibly an
additional small Si* layer). If 287 is indeed N;*,
then the ion 297 must be due to a different molecule.
The parallelism of the 28% and 20+ profiles, even
above 125 km, suggests a genetic link between 28~
and 29+, This link might be provided by the
reaction

Nyt + H0 — N,H* + OH 8
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(Shahin, 1966). In our laboratory calibrations of
the spectrometer with Ny we also observed a 29
peak in excess of the N*N® contribution, even if
the N, was dried at dry ice temperature [p(F,0)/
p(Ny) << ~107%). This excess on mass 29+ was
substantially reduced when the N, was dried at
liquid air temperature.

The indigenous water vapour pressure in the
E-region is certainly too small to sustain the reaction
(8) at the required high rate. However, condensation
of water and the formation of ice on the cold parts
of the liquid He exhaust line could not be completely
avoided during the countdown, amd substantial
H;O outgassing of the payload during flight has
certainly occurred. Water vapour ions OH™, H, Ot
and H,O* were indeed detected above 115 km alti-
tude. Especially the H,O" abundance was well
correlated with the OF density (18%/16% =~ 77%;
P76 0 1%5), and we believe that these water
vapour ions were products of charge exchange
reactions between Ot and water vapour desorbed
from the payload. The 29/28% ratio is similar to
the 18%/16" ratio and according to Howard er al.
{1970) the rate constants of reaction (8) and of the
charge exchange reaction between O" and H;0 are
nearly equal. As the recombination reactions of
H,0" and N,H' may have rate constants of similar
magnitude, this observation supports the identifica-
tion of the excess 29% as N,H™ resulting from the
reaction between No* and HyO originating from the
payload.

Below 100 km the ion 297 becomes mcre abun-
dant than 28+, forming a layerlike structure at 93 km.
This could be due to atmospheric HCO™ (Swider,
1970; Burke, 1972). The estimated contribution
of N,H* from the reaction Ny,© + H, - N,H* + H
{(Hierl et al., 1973) is too small to be of any import-
ance.

In the upper metal layer 457 was detected in a
few spectra (see Fig. 4). The identification of this
ion as ScT seems questionable as the resulting Sc*/
Mg* ratio would be three orders of magnitude
higher than the corresponding solar system abun-
dance ratio. Possible other identifications are
SiOHT, AITH,0, NH,*HCO and NOTCH,;. Gold-
berg and Aikin (1972a) observed similarly high 45*
abundances in the pJ-Taurids. Their preferred
explanation is an enhancement of Sc in cometary
material. We do not see any geochemical justifica-
tion in this assumption. Goldberg and Aikin
{19722} observed a fairly constant 457/28% ratio
of 0-005 in their laver and at lower altitudes, which
suggests a genetic relationship between 45 and 28+,
Also in our case the 45% correlates much better with
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28+ than with the major metal ions. We thus prefer
to identify 45+ as SiOH™.

As discussed in a preceding section, traces of 41+
and 427 were seen at the maximum of the lower
metal layer giving evidence for the presence of
MgO*. Also a contribution from NaO* to 397 is
most probable. In both metal layers the ions 43%
and 44 were detected (see also Fig. 4), In the lower
layer these ions are identified as AlO* and Ca¥’,
In the upper layer jon 44+ can not be Ca®™ as the
40+/44* ratio is much smaller than the Cal?/Ca¥
ratio. In this altitude range we tentatively identify 4+
as Si0O* and 43* again as AlO*. As stated above,
the observed metal jon abundances are remarkably
similar to the estimated average solar system abun-
dances of the elements (see Table 4). Any firm
cosmochemical interpretation beyond this general
observation would require additional knowledge
on neuiral-ion reactions of metals and an improved
understanding of the dynamics of ion layers. Never-
theless, some of the observed systematics are
suggestive, and we list them here without drawing
final conclusions concerning their significance:

. Within the limits of error ion abundances agree
with solar system abundances for elements with
similar chemical behaviour, e.g. Fe/Mg; Al/Ca/Ti.

2. The low abundances of the ions of S and Si
in the lower layer, are probably due to fundamental
differences between the ion chemistry of the metals
and these elernents,

3. Alkali ions are overabundant by a factor of
about 2. This is probably due to their low ionization
potentials and does not necessarily reflect a high
abundance of these elements in the parent material.

4. There is no indication for a large metal/silicate
fractionation in the parent comet,

5. The refractory elements Al, Ca, Ti (and
possibly, but to a lesser extent, the less refractory
Mpg) are underabundant by a factor of 2-3. This
could reflect a true cosmochemical abundance
difference, but we cannot exclude that this observed
underabundance is produced in the ionosphere.

10. IONS 32+, 33+ AND 34%

Figuare 11 shows the 32%, 33% and 34" profiles and
the 337/327 and 34+/32% ratios. The high resolution
of our mass spectrometer allowed for the first time
the measurement of the 33%/32* ratio (cf. Fig. 4).
Above 95 km the ratios agree excellently with the
values expected from the isotopic composition of
atmospheric O,. At lower altitudes both ratios
increase considerably. A high 34%/327 ratio in the
lower mesosphere has been found previously by other
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investigators and has been assigned to the presence
of S* ions (Narcisi et al., 1969). A detailed analysis
of our data in the 94-84 km interval reveals that the
simuitaneously measured 33%/32% and 347/32+
ratios can hardly be reconciled with the presence of
S$* and O," ions only. The 33%/32% reaches the
§%/5% value at a distinctly higher altitude than the
34+/32+ and $%/8% abundance ratic. Our data
could be explained by the presence of HO,*™ and
H,0," with a ratio H;O/H,0;" of approximately
unity, The existence of HyQ,* in the D-region has
recently been stipulated by Arnold and Krankowsky
(1974). Below 82-5 km the measured 33%/32% and
34+/327 ratios do not exclude the possible presence
of 8%, This could be fortuitous as indicated by the
increase in both ratios below 80 km.

11. D-REGION RESULTS

Ion profiles of the major constituents measured
during the upleg and downleg part of the rocket
flight are given in Figs. 12 and 13. Because of the
large angle of attack the planar approach cannot be
used for the downleg data. Only a correction for the
mass dependent instrument transmission was applied
and the data then normalized to the total jon
density profile given by Jaeschke and Pedersen
(1972). The ion compositions measured in the upleg
and downleg agree remarkably well,

On 14 December 1971, the transmitier-receiver
link (2-83 MHz) between Aranjuez and Balerma
in Spain (midpoint coordinates 38-38"N/3-24°W),
operated by the Max Planck Institute for Aeronomy,
Lindau, Germany, measured a high absorption with
Lyr =48 db (Rose et al., 1973). Prior studies made
with a radio link from Cape San Lorenzo (Sardinia)
to Marinella (Rome) showed a cross correlation
coefficient of 0-9 with the absorption measurements
over Spain (Widdel, 1973), We may thus assume
with great confidence that anomalous absorption
conditions were also present over Sardinia during the
launch day.

Prior to our experiment, the ion compesition of
the mesosphere during anomalous winter days was
unknown. The bulk of information on this phenom-
enon has been obtained by ground based radio
wave absorption studies (Dieminger et al., 1968;
Thomas, 1968). Only the total positive ion density
(Hale, 1973) and the total electron concentration
(Sechrist er al., 1969; Mechtly er al., 1973) were
measured in situ. These experiments demonstrated
that the winter anomaly is characterized by a large
enhancement of the electron density in the region
between 65 and 85 km. Electron concentrations 10
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to 50 times higher than on a normal winter day were
observed at an altitude of 82 km. It is evident that
the high ion densities measured on 14 December
reflects the presence of the anomaly over Sardinia at
launch time. Our measurements show that the high
electron concentration characteristic for the winter
anomaly is balanced below 77 km by an increased
water cluster fon density and above 77 km by an
enhanced NO* concentration.

Our data show indeed some important departures
from typical D-region ion profiles reflecting these
anomalous conditions. Under quiescent conditions
H(H,0), is dominant up to 83 km (Narcisi and
Bailey, 1965). As seen in Figs. 12 and 13, we
observed that water clusters are the main ions only
up to 77km. The NO* density increases sharply
at 76 km, and NO™ is the dominant ion above 77 km.
Mass 48" shows a similarly high gradient. This
close relationship suggests the identification of
48+as NOT(H,0). The densities of both 19F(HtH,0)
and 37F(HT(H,0),) decrease by a factor of 20
between 76 km and 78 km. Their concentrations
remain then approximately constant until 85 km.
The very good agreement of the upleg and downleg
profiles, with their different measuring conditions,
cleatly establishes the authenticity of these features
and excludes the possibility that they are artifacts
produced by the sampling conditions or the data
reduction,

12. THE WINTER ANOMALY

Two mechanisms might contribute to the enhance-
ment of the winter D-region electron density and the
associated increase in radio wave absorption (cf.
Sechrist, 1972b): (a) enhancement of the precipitat-
ing particle flux; (b} changes in the minor neutral
components of the atmosphere because of meteoro-
logical influences. As seen in Table 1, magnetic
activity during the 5-82 launch day was low (2K, =
5%). The magnetograms taken at the Ebro Observa-~
tory {Tortosa, Spain; 40°43'N; 0°30'E) showed
no deviation from quiet conditions (Cardis 1974).
Thus, an enhancement in the ion production due to
an increase in precipitated emergetic electrons as
proposed by Machlum (1967) can be excluded, at
least in our case. Before the launch day, the highest
disturbances observed were on 3 December with
2K, = 20 and on 13 December with ZK, = 22%
Thus, most likely storm after-effects (composition
changes at auroral latitudes and transport to middle
latitudes, cf. Belrose and Thomas, 1968) were not
involved in this anomalous winter day. We may
then conclude that the measurements reported here
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correspond to an anomalous day in which energetic
particle precipitation was not relevant.

In the undisturbed midlatitude daytime D-region,
chemical processes and transport determine the
electron density. Longlived minor neutral species,
such as NO, O and H,0, play a dominant rofe in the
production or loss processes either directly or
indirectly (Sechrist, 1972b; Thomas, 1971). Theo-
retical models predict that their altitude distribution
can be medified by transport in the mesosphere and
lower thermosphere (Shimazaki and Laird, 1970;
Bowman et al., 1970). It has been proposed that
the observed winter variability in electron densities
(the winter anomaly is an extreme case) could be
related to changes in the mesospheric composition
caused by dynamical effects, Two different processes
are thought to operate: variation in turbulent
mixing (Zimmerman and Narcisi, 1970; Hines,
1972) or vertical and horizontal advection on the
planetary wave scale (Geisler and Dickinson, 1968;
Gregory and Manson, 1969; Christie, 1970),
The relative importance of these processes for the
transport of minor neutral constituents during a
winter anomaly is still not knows. It is interesting to
note that the ionograms taken during the whole
launch day show the presence of gravity waves
(Becker, 1972). Instabilities due to these waves may
produce regions of enhanced turbulence (Hines,
1972

The above mentioned transport mechanisms
ought to affect the ion concentration not only in the
D-, but also in the E-region (Bowhill, 1969). During
daytime, O;" and N are the major initially formed
jons in the F-region, and the resulting NO7/0;"
ratio depends upon the O/O, ratio and the NO
copcentration. If the concentrations of these
neutral constituents are modified by the transport
processes operating during anomalous winter days,
then this should influence the NO*/O;F ratio in the
E-layer,

Different sets of daytime midlatitude NOY/0,"
ratios are compared in Table 5. Most of the
measurements were made during normal conditions.
The NO*/O,* ratio is then typically between 2 and 3
(see Monro and Bowhill, 1969; Danilov, 1972).
Only two measurements of the E-region during an
anomalous winter day are available, our own and
those of Narcisi (1973). Both give distinctiy lower
NOH/0, ratios. Thus, the available data strongly
suggest that the NO*/O,* ratio in the E-region is
altered by the processes leading to the anomalous
winter day conditions.

Our data can be compared with the theoretical
calculations of Keneshea ef o, (1970) (Fig. 14)
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Fig. 14. COMPARISON OF OUR NO*, OpF AND TOTAL
N DENSITY PROFILES WITH THE CONCENTRATIONS PRE-
DICTED 8Y KENESHEA ef al. (1970).

Their model is essentially based on the NO measure-
ments of Barth (1966), and, as noticed by Sechrist

a winter day of high absorption. As seen in Fig. 14,

ment with our measured NOT, O;F and electron
concentration. The theoretical NOT/O;7 ratios

. agree also very well with the values measured
*, during anomalous conditions (see Table 5). Other
“imodels, based on 2 to 6 times higher NO concentra-

ions above 95km altitude, give NOT/O;% ratios
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between 15 and 3 in the 110-130 km region {(Aikin
and Goldberg, 1973a, Hunt, 1973; see Table 3).

All three models mentioned in Table 5 assurne the
same O density profiles (CIRA 1963). A change in
the O concentration would, however, influence the
NQH/O,7 ratio in the E-ayer in a similar manner
as an NO variation, Thus, the depletion of NO
andjor O in the E-region resulting from the postu-
lated transport processes operating during anomal-
ous winter days could easily explain the observed
Jowering of the NO*/O;* ratio.

From the foregoing discussion it seems evident that
vertical transport was directly responsible for the
observed increase in the mesospheric ion density.
Enhanced transport will lead to an enhancement in
the mesospheric concentrations of NO, 03, O and
H,O (Shimazaki and Laird, 1970; Bowman et al.,
1970). An increase in NO and O; would increase
the ion production by UV radiation (NO + A» —
NO* +e7; Oy + fv > 0 + 0, (14g); 0,088) +
hv Oy + e7). The initially formed O, and
NO™ ions are intimately linked to the hydrated ions,
as they represent the starting point of the water
cluster production chains (cf. Thomas, 1972;
Sechrist, 1972a). In this sequence of reactions an
increase in the OfH,0 ratio will inhibit the forma-
tion of water cluster ions (0,70, + O - 0,7 + O,
Ferguson 1970, and probably NO'X + 0 —~NO,™ +
X with X = 0y, Ny, CO,; or H,0, Swider 1972),
thus reducing the electron loss. All these processes
increase the electron density, and the problem is to
ascertain the relative importance of each one in
preducing the winter anomaly (Geller and Sechrist,
i971).

From our measurements it is possible to calculate
the NO density as well as the Oy production rate.
In the 80 km altitude interval NO™ is the most
abundant ion (see Fig. 12}, The following equations
should represent a good approximation to the
NO* and 0,7 production and losses in this altitude
range (Thomas, 1972):

¢$[NO] + k(0,7 — NO)O, ][NO]

+ k(057 — N[O, ]IN,]
a(NODH[NO+H][e™] + a(NOTH,O)

% [NOYH,01[e"]

+ fa(HT (HO0))[HI(H0)][T],

«{0;H[0:M1e7] + (1 — £) a(HI(HLO))
x [HHHO)lle ] +

+ k(0,t — NOY[O,7I[NO]
+ k(05" — NIO; IIN:],

il

g(NO™)

i

g(0y") =

(10
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FROM S-82 DATA WITH DIRECT NO MEASUREMENTS (BARTH,

1966; MERA, 1971} AND THE PROFILE ADOPTED BY
KENESHEA et al. (1970) IN THEIR MODEL.

The uncertainty in the rate constant &(O;T — N;)
introduces only an error of less than 105 in our NO
density. The combination of the $-82 and the Keneshea
et al. (1970} profiles should represent a fair approximation
of the neutral NO density on an anomalous winter day.

with ¢ = 20 » 1038 cm? (Reid, 1970): effective
ionization cross section of NO at the wave fength of
Lyman «. ¢: flux of solar Lyman o radiation {Fig.
12 of Smith er al., 1965; renormalized to ¢ =~
3 x 10" photons cm2 571 (Weeks, 1967)). (O, —
N,) <3 % 107 ¢md gt (Narcisi et al., 1972): rate
constantfor Ot + N, = NOT -+ NO. a(NOTH,0) ~
10-% cm?® 57 (Goldberg and Aikin, 1971): rate con-
stant for recombinationof NOTH,0. «(H'(H,0),) =
3 x 10%cm®s* (Biondi er al, 1972): rate
constant for recombination of HI(H,0). §:
fraction of H'(H,0), produced through the NO*
chain. For definitions and values of other constants
see Section 7.

The equations assume that there is a fast link
between NO* and NOTH,0. The effectiveness of
the connection between NOTH,O and HY(H,0), is
not established (Niles e al., 1972; cf. also Weill,
1973), and we therefore assume 0 < § < 1. Losses
by electron-ion recombination of the intermediate
ions in both hydration sequences can be neglected,

Using Equation (%), the neutral NO number
density can be calculated from the measured ion
profiles (see Fig. 12). Below 83 km the measured
32+ densities represent upper limits for the OgF
concentration as we cannot exclude the possible
presence of 8. Above 83 km S*, if at all present,
contributes Iess than 20% to the ion mass 324,
The resulting uncertainty in the calculated NO
density is less than 20%;, The neutral NO densities
thus derived from the 3-82 ion profiles are shown
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in Fig. 15 together with the NO profiles measureq |

by Barth (1966) and Meira (1971) and the profile
used by Keneshea ef al. (1970). The S-82 density

of NO at lower altitudes is distinctly higher than |

the Meira profile. At approx. 90 km all profiles,

except Barth (1966}, give the same NO density within |,

+30%,. The previous discussion of the NO*/Q;t
ratio in the E-region has shown that the Keneshea
et al. (1970) model fits with the §-82 data in this
altitude range. We may conclude that the combina-
tion of the S-82 and the Keneshea ef al. profiles is a
fair approximation of the neutral NO density in the
80-130 km range on an anomalous winter day,
Figure 16 shows the Oyt production rate profile
calculated from the S-82 data using equation (10}
For comparison, the expected production rate fora
quiet day is given (Huffman et al., 1971; Sechrist,
1972a). The O," production on 14 December 197}
is approximately an order of magnitude higher than
the theoretical quict day production, During the
launch time, the 2-8 A X-ray flux and the magnetic
activity were fairly low (see Table 1), and an en-
hanced O,* production by X-rays or particles scems
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Fig. 16. CoMPaRriSON OF Oyt PRODUCTION RATE DERIVED
ACCORDING TO BEQUATION (10) FROM THE 5-82 DATA WITH
THE THEORETICAL PRODUCTION FOR QUIESCENT CONDITIONS
(HUFFMAN et al., 1971; Securist, 1972a).
The production from X.rays was adjusted to the flux
actually observed during the flight (cf. Table 1). Below
83 km only an upper limit for {O,*] and hence 4(0,")
can be given due to the possible presence of 5. Further-
more, B is not known, and only an upper limit for
Je{Oy+ — W) is available {see text). These uncertaintics
are represented by the shaded region.
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n the NO profiles measured
feira (1971} and the profile
L (1970). The 8-82 density
les is distinctly higher than
approx. 50km all profiles,
2 the same NO density within
discussion of the NO*/0*
:s shown that the Keneshea
. with the 8-82 data in this
conclude that the combina-
Keneshea ez al. profiles is a
¢ neutral NO density in the
anomalous winter day,
O,* production rate profile

slikely. The observed high g{0O;") could be due to
n increased O, concentration at these altitudes
0, + hy = O + 0,(2Ag); O,C42) + hw = O +
sec Hunt, 1973).
The observed enhanced vertical transport proces-
ws will also influence the concentration of other
sipor neutral constituents. As seen in Fig. 12,
o0 507 (0,7H,0) is detected at the level of maximum
ancentration of water cluster jons at 76km,
adicating that at this altitude the Oyt — hydrates
gquence was proceeding and the O/H;0 ratio not
ignificantly altered. Above 76 km—approx. 7 km
awer than during quiescent conditions—the density
X - A of water cluster ions decreases abruptly, and NO*
‘2 data using equation (10). ;. xcomes dorninant. This can be explained by an
pected production rate fora. . qcreased OfH,O ratio due to the enhancement in
‘man ef al., 1971; Sechrist, . wrtical transport. -
ction on 14 December 1971 The jon 467 (NOg*) appears at 76km and is
er of magnitude higherthan o5t abundant at the altitude where NO*H,O has
iy production. During the 4 maximum concentration. Under quiescent condi-
X-ray flux and the magnetic ;. jong at midlatitudes these ions are found only in
¢ (see Table 1), and an en-: ye yicinity of 90km, and their abundances are
oy X-rays or particles seems . yrrefated  (Aikin and Goldberg, 1973). The
raction NOTHLO + O — NO,T + H,0 has been
’ P T ] divoposed in order to explain these measurements
30M X-RAYS (2-BA)
iST 1872q)

Aikin and Goldberg 1973). Our observation of
- ©NOgT at considerably lower altitudes is consistent
: yith this process and reflects the increase of NO
.-ad Jor O in the mesosphere, The disappearance of
: O, above 775 km, where NOTH;C has still a
- wlatively high concentration, indicates that the
o :-raction NOg& + O —NO* + O, is the major loss
wocess for NO,* at the altitudes where atomic
7] ¢ mygen is abundant (Swider, 1972).

Cur jon composition measurements in the D-region
: furing the anomalous winter conditions can thus
- ¢ % explained in detail by the presence of increased
-sertical transport processes. In particular, enhance-
- c:ments of the NO density below 84 km, of the Oy
“.opeentration between 80 and 90km, and of the
2 0/H,0 ratio above 76 km are required to explain
our results.
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