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ABSTRACT

On January 14, 1977, the first field ionization neutral particle
mass spectrometer to operate in the upper atmosphere was launched by a
sounding rocket from the Poker Flat Research Range near Fairbanks,
Alaska. The mass spectrometer demonstrated the feasibility of employ-
ing field ionization techniques in rocket-borne devices, and collected
useful data concerning the nitrogen/oxygen density profile in the alti-
tude range 170 to 350 kilometers.

The spectrometer was launched during a period of auroral activ-
ity, and trénsmitted data indicating the presence of thermospheric
density or velocity disturbances in the region between 215 and 246 kilo-
meters. Three possible causes for the fluctuations are advanced:

(a) the neutral nitrogen/oxygen was partially depleted

through the ionization of these species by auroral
electrons,

(b) the atmosphere underwent a localized expansion through

Joule heating by the precipitating auroral particles, or

(c) the disturbances were caused by propagating atmospheric

gravity waves.

It is demonstrated that mechanism (c) best explains the data, while (a)
and (b) may have operated to create the gravity waves observed, which
had vertical wavelengths between 11 and 20 kilometers.

viii






would yield useful information relating to the penetration of neutral
hydrogen and helium into the solar system from the nearby interstellar
region, and also throw light on the possible existencg of.any neutral
component of the solar wind. A device having the capability of perform-
ing spectroscopic analysis of neutral particles would also be valuable
in investigating the composition of cometary halos, and measuring the
constituents of the outer atmospheres of planets on fly-by missions.

Given the variety of applications of such a detector system, it
became evident that a neutral particle mass spectrometer employing field
ibnization would enjoy a number of advantages as compared to electron-
-bombardment instruments:

(a) it could be made to have a single particle counting

capability in a high noise environment,
(b) the lifetime of the ionization source could be made
very long, and

(c) the ionization source would consume very little power.
The first advantage accrues as a result of the fact that field ions can
be made monoenergetic within narrow limits, while possessing sufficient
energy so that a single ion can trigger a detector system. If mono-
energetic ion sources are used in conjunction with energy sensitive de-
tectors (e.g., solid state detectors, such as were used in the rocket
instrument, or time-of-flight measuring systems, as have been used in
our laboratory), then signals produced by spurious ions or photons can
be strongly discriminated against. This is particularly important in
applications where the density of particles being sampled is extremely

low, but where there are numerous sources of noise. The longevity of



the ion source derives from the fact that it does not operate at high
temperatures, as does a filament. In the absence of elevated tempera-
tures, extreme field, or a corrosive environment, field ionization emit-
ters have been shown tb be extremely stable devices (Swanson, 1976). The
low power consumption of field ionization devices is a result of the fact
that they draw current only to the extent of electrons removed from the
ions they create, with additional small contributions from secondary elec-
trons generated by ion impacts on nearby surfaces. In a rarefied environ-
ment, such currents are small indeed. It was these considerations, then,
that provided the impetus for the development of our instrument.

The experimental package we flew consisted of four major sub-
assemblies: the spectrometer proper, a second box containing charge-
sensitive amplifiers and discriminator circuits, a third box containing
low voltage power supplies, and a cylindrical container which housed the
26 kV power supply for the field ionization needle tips. Figure 1 shows
an outline drawing of these components mounted on the rocket instrumenta-
tion section, and Figs. 2 and 3 are photographs of the completed assembly.

The spectrometer housing had major dimensions of approximately
20 x 10 x 8 cm. It contained a hatch-covered port which was opened to
the atmosphere at an altitude of 140 km. The normal to the entrance
port was parallel to the initial direction of the rockét's trajectory,
so that ram pressure increased the density of gas admitted to the spec-
trometer. during the first part of the flight. Beneath the entrance port
was a set of repelling grids biased at different potentials (-100 V and
+1 kV) to prevent charged particles from entering the spectrometer.

Neutral particles bassing through the repelling grid system reached a.
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Figure 1. Outline drawing of the spectrometer housing and electronics
boxes.









7
chamber containing the field ionization source, which was a 6.4 mm long
linearlarray of 25 needle tips initially having tip radii of ~ 100 mm.
These tips were charged to +26 kV, producing field strengths near their
surfaces of some tens of volts.per nanometer. Atoms or molecules pass-
ing through such fields would, with high probability, become slightly
ionized through loss of a valence electron. The newly produced ions
were then accelerated to ground potential, and some passed through a
pair of slit jaws to enter a magnetic analyzer.

The analyzer had a pair of ALNICO-9 pole pieces 2.5 cm in diam-
eter separated by a 2.5 mm gap, within which existed an 8 kilogauss
field. The magnetic field separated the 26 keV ions according to their
mass, yielding groups containing largely H+, H2+, He+, N2+/0+/02+, and
heaviers, respectively. These ions beams impinged upon six different
solid state detectors (two detectors were used for the nitrogen/oxygen
group), each of which subtended an angle of v 10~3 steradians with
respect to the needle tips. The detectors were cooled to -20°C by a
thermoelectric cooler, which reduced the system noise to less than 10
keV. The detector signals were then applied to the charge sensitive
amplifiers (CSA's). These CSA's incorporated upper and lower level dis-
criminators to further reduce spurious counts. As an aid in determining
the electronics noise background, the 26 kV needle tip power supply was
repeatedly cycled on and off during the flight, with a duty cycle of
35 seconds on to 25 seconds off.

All four subassemblies weighed 7 kg and consumed v 3 watts.
Data representing ion counts and various "housekeeping' parameters were

transmitted to the ground stations.
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The field ionization mass spectrometer was one of several instru-
ments included in a scientific payload which was launched at 1018:10 UT,
January 14, 1977. The launch vehicle, which was provided by NASA, was
launched from the Poker Flat Research Range of the Geophysical Institute,
University of Alaska. The payload was assembled under the direction of
D. S. Evans, NOAA project scientist, for the mission of evaluating possi-
ble low level accelerating mechanisms for auroral particles. To that
end, the other instruments were placed on board to provide data on pro-
ton and electron fluxes, AC and DC eiectric fields, and AC magnetic
fields. While our spectrometer was not intended to contribute to the
primary mission, it was included on the payload to provide information
about the neutral atmosphere within a region of auroral activity, and
to permit acquisition of technical data needed for the continued develop-
ment of the instrument type. |

Although the rocket was aloft for about eleven minutes, its
altitude and attitude were such as to permit accurate measurement of the
atmospheric density for less than two minutes. Outgassing within the
spectrometer prevented accurate measurements of the outside atmosphere
for the remainder of the flight. Useful data were accumulated for the
nitrogen/oxygen density profile between 170 and 360 kilometer, however,
and the instrument continued to function and provide test data through-
out the entire flight.

The nitrogen/oxygen density profile showed fluctuations which
are analyzed in Chapter 5. Three possible causes for these fluctuations

are discussed:



(a) the neutral atmosphere was partially depleted through
ionization by auroral electrons,

(b) the atmosphere underwent a localized expansion through
Joule heating by the precipitating auroral particles, or

(¢) the disturbances were caused by propagating atmospheric

gravity waves.

It is demonstrated that mechanism (c) best explains the data,
while (a) and (b) may have operated to create the gravity waves observed.
' These gravity waves appeared to have vertical wavelengths between 11 and

20 kilometers.



CHAPTER 2

INSTRUMENTATION

2.1. Spectrometer Proper

The basic design of the spectrometer was accomplished under the
direction of K. C. Hsieh in early 1974. Figure 4 shows an outline draw-
ing of the spectrometer housing and its contents. The housing was ir-
regularly shaped, and was 20 cm long in its longest dimension, 10 cm wide,
and 8 cm deep. It was machined from a single block of 6061 T6 aluminum
alloy, and contained cavities for the magnetic analyzer, the assembly of
solid state detectors, the entrance port and repelling gird assembly, and
the field ionization tips. The housing also contained two ports for the
mounting of a rough-pumping valve and a small Vac-Ion pump used to main-
tain the system vacuum for several days prior to launch. To make the
housing as strong as possible while minimizing its weight, extensive use
was made of external webbing and flanges to reinforce the chamber walls,
which were less then 2 mm thick in places. Figures 5 and 6 show the
housing before assembly was completed.

The entrance port, with the repelling grid assembly behind it,
can be seen in Fig. 7. (The large Bendix HV feedthrough shown in Fig.

7 was later replaced with a Ceramaseal feedthrough.) Directly beneath
the 23 mm diameter beveled entrance port was a parallel stack of 5 grids,
each constructed of 50 micron strands of nickel wire in a square mesh.

10
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Figure 4. Outline drawing of the spectrometer housing and contents.
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The interwire spacing was 1.27 mm, giving each grid a 96% transmission
factor. The grid nearest the entrance was grounded, as were the third
and fifth grids. The second was biased at +1 kV to repel low-energy
electrons, and the fourth grid was biased at -100 V to repel positive
ions. The inlet hole diameters of each grid section descreased stepwise,
from 19.1 mm at the grid nearest the entrance, to 12.7 mm at the furthest
grid. The grid holders were fabricated from machinable glass-ceramic,
and circular washers made from pure indium wire were used to compress
the grids betweeﬁ the holders, and to provide electrical contact between
the grids and the bias lines. A Ceramaseal 800 series high alumina cer-
amic feedthrough was epoxied to the aluminum entrance port plate, and
used to carry the 1 kV bias. A Sealectro feedthrough with a Viton O-ring
was used for the -100 V bias. The entrance port plate was secured to the
spectrometer housing by a number of machine screws, and an indium wire
O-ring provided a vacuum seal between the mating surfaces. The entrance
port was sealed by a spring-loaded hatch which was opened at an altitude
_of 140 kilometers by two explosive squibs.

The magnetic analyzer and a portion of its cradle are shown in
Fig. 8. The flange on the cradle which mated to the spectrometer hous-
ing had dimensions of 79 mm x 83 mm. The cradle was attached to the
spectrometer housing by machine screws located around the flange periph-
ery, and it, like all the other major demountable components, was
sealed to the housing with an indium wire O-ring. The exit slit of the
magnet can be seen in this view. Not shown is a bracket which surrounded
the magnet and to which were attached the entrance slit jaws on the other

side of the magnet. The entrance slit jaws were spaced 2 mm apart, and
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were fabricated from portions of a stainless steel razor bladg epoxied
to an: aluminum holder. The slit assembly was attached to the magnet
cradle after the latter had been inserted into the spectrometer housing.

The magnet was built to our specifications by the Permag Magnet-
ics Corporation. The yoke dimensions parallel to the pole piece faces
were 54 mm x 67 mm, and the yoke was 50 mm deep in the direction of the
B-field. The cylindrical ALNICO-9 pole pieces were 35 mm in diameter at
their points of attachment to the yoke, and were beveled to a diameter
of 25.4 mm at the gap faces. The magnet gap was 2.5 mm, and the nominal
field sfrength was 7.8 kilogauss. The pole pieces were epoxied to the
mild steel yoke, which was held together with machine screws. All sec-
tions of the yoke were chrome-plated. The yoke was attached to the alu-
minum cradle by means of two #10 brass screws. Figure 9 provides a cut
away view of the magnet, and Fig. 10 depicts the magnetic profile through
a gap, along a pole piece diameter. The field at nearby points outside
the magnet was less than 10 gauss.

Figure 11 is a photograph of the field ionization needle tip
holder assembly, which consisted of a 1.6 mm thick stainless steel plate,
40 mm x 69 mm, to which was soldered the 26 kV feedthrough. The feed-
through was a Ceramaseal 801B0666-29, 13 mm in diameter and 53 mm in
height above the steel plate. A stainless steel center conductor was
soldered into a hole drilled through the stud on the insulator cap, and
was supported by a small tripod brace wedged inside the insulator core
near its base. The 2.2 mm diameter center conductor was threaded at the
end which extended into the spectrometer housing, and to it was attached

the needle holder proper. This holder consisted of a pair of solid
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aluminum hemispheres which sandwiched the needle tip matrix. Assembled,
it formed a sphere 8 mm in diameter, which had a stud-like projection at
the point where the sphere was attached to the center conductor, and a
small flat surface whose normal was parallel to the projecting needle
tips.

The field ionization tips were manufactured by the Field Emission
and ionization Sources Company (FEICO). A set consisted of a linear
array of 25 needles spaced at equal intervals along a 5.7 mm wide copper
matrix. The matrix was 5.7 mm deep in the direction parallel to the
needle shanks, and 0.5 mm thick. The needles projected about 2 mm from
the matrix. The individual needles were formed from 25 micron diameter
tungsten wires which, after they were assembled to the matrix, were elec-
trochemically etched at the ends to form sharp tips. The fip radii were
typically less than 100 nm. Figure 12 shows a close-up view of a needle
array clamped in a holder used for lab testing.

The solid state detectors were fabricated for us by J. Gigante
and R. Lundgren at the University of Maryland. These were of the lithium-
drifted surface-barrier type, with active surface areas of 3 mm x 4 mm.
The detectors for H+, H2+, He+, and heavier ions were mounted in ceramic
holders 18 mm high by 12 mm wide. A triplet of closely spaced detectors
(of which only two were used) was mounted in a similar ceramic holder
18 mm square, and was used to intercept nitrogen/oxygen ions. All of the
detectors were biased at +30 volts, and were affixed to a rectangular
"cold plate" which was cooled to —20°C‘by a Cambion two-stage thermo-
electric cooler. The cooler, cold-plate, and detectors were all attached

to a demountable trapezoidal-shaped plate, shown in Fig. 13. . The plate
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contained eight Sealectro feedthroughs, of which six were associated
with the detectors, and two were used in conjunction with thermistors
monitoring the temperatures of the hot and cold sides of the thermo-
electric cooler. This plate also contained two 800 series Ceramaseal
feedthroughs which were epoxied to it, and used to bring power to the
thermoelectric cooler. The cooler required approximately 10.watts at
3 volts, which was supplied by an HR-5 battery which was part of the
rocket power supply system.

The spectrometer housing was rough pumped through a 2.5 cm diam-
eter butterfly valve which was locked closed before the flight by a cir-
cular cover. A miniature Vac-Ion pump maintained the spectrometer

housing at about 2 x 10~°® Torr prior to launch.

2.2. Electronics

Each detector output was applied to a charge sensitive amplifier
of a type designed by E. Tums at the University of Maryland. The six
CSA's and their associated window discriminators were installed within an
aluminum box of overall dimensions 21.1 cm x 10.5 cm x 6.8 cm, which was
mounted on a vertical bulkhead immediately below the spectrometer housing.
The upper and lower thresholds of each window discriminafor were indepen-
dently adjustable to accommodate the noise and signal characteristics of
the individual detector-amplifier combinations. The detector capacitance
averaged approximately 10 pf, and the input capacitances of the CSA's
were 1 pf. Protons with an incident energy of 26 keV generated approxi-
mately 1 millivolt signals at the CSA inputs; heavier ions produced

slightly smaller signals due to the greater losses incurred by these ions



25
in traversing the gold layers of the detectors, and because of the
"nucléér defects" associated with heavier ions. (Hsieh, 1976; Curtis and
Hsieh, 1977).

The 26 kV power supply was a Cockcroft-Walton type designed by
E. Tums of the University of Maryland. It was enclosed in a cylindrical
PVC container 27 cm long x 7.3 cm diameter, which was shielded by a
copper screen along its length, and sealed to remain at a pressure of
one atmosphere throughout the flight. The high voltage connector was
also designed to keep all cbnducting elements at one atmosphere through-
out the flight, to avoid any problems with arcing or corona which might
have resulted from outgassing.

All of the other electronic circuitry was designed by P. Mioduski
and A. Hudor of The University of Arizona, and housed in an aluminum box
17.6 x 11.4 x 7.1 cm, which was mounted on a horizontal bulkhead imme-
diately below the box containing the CSA's. Most of these circuits con-
verted the +28 Vdc delivered by the rocket's power supply to the voltages
required by our instrument, and they included the following:

(1) A 25 kHz oscillator and low voltage supply which provided a
range of voltages from -6 V to +17 V for the CSA's and window discrimi-
nators. The 25 kHz oscillator was synchronized with a master oscillator
that was part of the rocket power supply system. (One of the other
experiments aboard the rocket was a detector for external AC electric
fields. By synchronizing all the oscillators in all the power converters
aboard the rocket to a master oscillator, potential problems with low
frequency beats which might have interfered with this detector were

averted.)
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(2) A supply deliveriﬁg -100 V and +1 kV for the ;harged parti-
cle rejection grids at the spectrometer inlet, and supplying +30 V bias
fqr each solid state detector.

(3) A 3.6 kV supply for the miniature Vac-Ion pump used to sus-
tain the spectrometer vacuum prior to launch. The pump was shut down at
launch, but for convenience and safety in handling the high voltage re-
quired by the pump, this supply was placed aboard the rocket.

(4) Numerous filters and regulators external to the supplies
mentioned above. Filtering and shielding of the bias lines to the detec-
tors was found to be critically important, to prevent excessive back-
ground noise in the detector signal outputs.

(5) Circuitry for monitoring such functions aé the voltages
being delivered by the low voltage power supply, the on-off status of
the +26 kV field ionization needle tip supply, the temperature of the
hot and cold sides of the thermoelectric cooler, and the position (open/
closed) of the hatch sealing the spectrometer entrance port. A timer,
which switched the +26 kV supply on and off in cycles of 35 seconds on
to 25 seconds off, was also included. A circuit which detected the
current drawn by the Vac-Ion pump permitted us to monitor the pressure
in the spectrometer prior to launch.

A block diagram of all the electronics is given in Fig. 14.

2.3. Field Ionization Tips

A somewhat more detailed treatment of the field ionization tips
seems appropriate before explaining the calibration and flight perfor-
mance of the spectrometer. Since field ionization techniques do not yet

enjoy wide application, a brief review of the physics will be presented.
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A theoretical treatment of the ionization of a hydrogeﬁ atom
immersed in an electric field was givén by Oppenheimer (1928), in which
he showed that the electron could be removed from the atom in even very
weak fields. He used time-dependent perturbation theory to calculate
that the expected lifetime of a hydrogen atom in a one volt per centi-
meter field is 101010 seconds, while determining that observable effects
should occur at field strengths of the order of 10%® volts/cm, which did
not seem readily attainable at the time. Field ionization was probably
responsible for the quenching of certain Stark effect lines observed in
highly excited hydrogen atoms by Rausch von Traubenberg and Gebauer
(1929), and Lanczos (1931) invoked field‘ionizatipn to explain these
observations. E. W. Miuller, who developed the field emission microscope
in 1937, is credited with making the first laboratory observation of
field ionized hydrogen ions in 1951. Muller was later largely respon-
sible for the development of the field ionization microscope, which has
permitted high resolution photography of the crystalline structure of
field ijonization tip surfaces, and which has been an important tool in
the study of crystals and surface chemistry. Inghram and Gomer (1954)
first postulated that field ionization of neutral molecules in free space
could account for Miller's early observations, and they set forth the
present theory of field ionization near metal surfaces.

The process is understood as a quantum mechanical tunneling of
a valence electron from the altered potential well of an atom or mole-
cule. A simplified one-dimensional well representing a hydrogen atom
near a metal surface in the presence of a strong external field is

shown in Fig. 15. Following Miller and Tsong (1969), we can apply the
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The electron potential well for a hydrogen atom near a
metal surface at high potential.

® is the work function of the metal and u is the Fermi
energy.
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WKB method to the penetration of an electron through a potential barrier,

and write the tunneling probability as:

N X, %
D(E,V(x)) = eXP[-[ﬁz-) J [V(x) - E]° dx| , (1)
%

where E and V(x) are the electron's kinetic and potential energies, m is
the electron mass, h is Planck's constant divided by 27, and x; and x»
are the points on the potential barrier where V(x) = E. Equation (1) is
difficult to evaluate because of the imprecision with which the potential
V(x) is known. The form can be roughly approximated (e.g., Muller and

Tsong, 1969) by

2 2 e2

= . e e, e
Vix) = T;;:ET-+ eFx A% + xi+x s (2)

where the first term represents the potential well of the electron due
to the ion, the second term is due to the (assumed uniform) external
field F, and the third and fourth terms result from the image charges
of the electron and positive ion, respectively.

Although the width of the potential barrier of the atom decreases
as the atom moves closer to the metal surface, there is a critical dis-
tance less than which tunneling cannot occur. The condition to be met
is that the energy of the tunneling electron cannot be lower than the
Fermi level of the electrons within the conductor, since all energy
levels lower than the Fermi level are likely to be occupied. (They will
all be occupied at T=0.) This condition can be specified (Miller and

Tsong, 1969) by:
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eFxc = I-9¢ or Xc = (I~¢)/eF , (3)
where X, is the critical distance of the atom from the surface, and I
and ¢ are the ionization potential of the atom and the work function of
the metal, respectively. For F v 25 V/nm as in our instrument, xc Y
0.4 nm for a hydrogen atom.

Ions formed at the critical distance from the tip surface will
have a final kinetic energy less than that corresponding to the tip
potential, the deficit being eFxc. Though difficult to measure, Muller
and Bahadur (1955, 1956) confirmed its existence using a retarding poten-
ial detection system having the required sensitivity of a few eV. If
very strong fields exist at the emitter surface, the probability in-
creases that ionization occurs at distances from the surface which are
many times X The larger energy deficits, or energy defects, associated
with ionization at great distances from the tip were first observed by
Inghram and Gomer (1954), and manifested themselves as a broadening of
the spectral peaks of field ionized species observed with a mass spec-
trometer. The peak widths can be of the order of several hundred eV,
and are of practical importance in the design of mass spectrometers using
field ionization sources. At a distance Xy from the tip surface, Sakurai

and Miller (1973) showed that the energy defect AE is given by:

Xs
AE(V,,x;) = Jl eF(V,,x) dx , (4)
(o)

where Vi is the tip potential. They found the peak energy defect for Dz+
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ions from a small tungsten tip was 120 eV at a tip potentiél of 10.4 kv,
and 519 eV for a tip potential of 15 kV. |

Knowledge of the lifetime of an atom or molecule in the strong
field at the vicinity of the tip is necessary to calculate the emitter
sensitivity, or efficiency in producing ions. If the tunneling probabil-

ity D is known, the lifetime against ionization is given by:
T o= (V)T (5)

where D is an integrated form of D(E,V(x)) given above (the average over
a range of field strengths and atom-tip surface distances), and v is the
oscillation frequency of the electron in the atom, which averages 10'° -

10'% sec™!. These frequencies may be estimated (Gomer, 1961) from:
v = P/2mr, ) (§)

where Pe is the expectation value of the momentum of the confined elec-
tron, and m and re are the electron's mass and effective distance from
the nucleus.

Miller and Bahadur (1956) made a theoretical calculation of tip
sensitivity by assuming that all molecules having polarizability a (but
no permanent dipole moment) and lying within a distance T, of the tip
surface would be captured. The capture radius T, was determined by the
requirement that the attractive force of polarization would equal the
centrifugal force on a particle moving with a tangential velocity v

along a circular arc of radius r., Or:
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-oF(dF/dr) = mv"-/rc . (7

For the field F, they used a semi-empirical formula given by:
4
F(r) = 7.75 v;ro?‘"a/n:"3 ) (8)

where the field is measured at a distance r from the center of a tip
with radius L and where V is the potential of the tip with respect to
a distant negative electrode. With the capture radius thus defined, the
supply function Z, given by the number of atoms per unit time striking

the sphere of radius rc, became:
Z = 4z ? - p/(2mkT)? (9)

where P is the gas pressure at a large distance from the tip. The re-
sulting ion current should then have been just Ze. This was found to
give reasonably good results for high fields, where the ionization prob-
ability was unity in the volume in question, although the currents ob-
served were several times larger than predicted by (9).

Southon (1963) later gave an expression for the supply function

which can be approximated as:
: .
Z = [4ﬂrt2 p/(2nka)%] (mpo’-/zk'r)2 s (10)

where T, is the tip radius, P is the gas pressure at a large distance
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from the tip, a is the molecular polarizability, and F0 is the field
strength at the tip surface.

Southon and Brandon (1963) made careful measurements of the
helium field-ion current as a function of voltage, and found that, at
low temperatures, the I-V curve (ion current vs. applied voltage) had
a very steep slope at voltages just ab§ve the level at which field ioni-
zation was initiated, with a well-defined flattening of the curve at
higher voltages as shown in Fig. 16. The flatter section of the curve
was seen to represent operation of the tip at field strengths in which
field ionization occurred with near unit probability for all atoms near
the tip's surface. Southon and Bfandon took. steps to correct for the
effects of electrons emitted from the collector by ion bombardment, and
determined that the ion current varied approximately as the third power
of the tip voltage. They also found that the ion current varied linear-
ly with pressure (with no more than a 20% variation in the I/P ratio)
over a range of pressures covered three orders of magnitude. Of parti-
cular interest to those involved in field ionization spectrometry at room
temperature, they found that the I-V curves underwent a significant change
in character at elevated (i.e., noncryogenic) tip temperatures, and that
the knee in the I-V curve for He had vanished at 273°K (Fig. 17). Fur-
thermore, at the steady field of 45 V/nm, the ion current from a given
emitter dropped by a factor of two as the emitter temperature rose from
63°K to 273°K. Note also in Fig. 17 that the evaporation field (the
field at which metal atoms are ejected from the lattice structure of
the tip), represented by the upper ends of the curves, falls consider-

ably at higher temperatures.
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Figure 16. Current vs. voltage curve for field-ionized helium.

From Southon and Brandon (1963).
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A troublesome complication stems from the fact that, for any
real emitter, the I-V curves show a time dependence in a complex way.

At high fields, the emitter shape will vary more or less slowly as the
tip structure relaxes to accommodate itself to the high internal
stresses to which it is subjected. At high enough fields, the outer
layers of a tip will exfoliate, or field evaporate, producing W or
W++ ions in the case of tungsten (Sakuri and Muller, 1975). (It should
be noted here that tips made of metals other than refractory metals will
often field evaporate at field strengths less than that required to pro-
duce free space field ionization near their surfaces.) At lower fields,
it is possible for gas atoms which are adsorbed on the tip surface to
migrate about, causing local areas of strong fields which enhance field
ionization.

In the presence of certain gases, notably oxygen and water, a
rapid corrosion of the tip surface can occur. Cranstoun and Anderson
(1973) found that small amounts of hydrogen catalyzed the corrosion of
tungsten tips by oxygen, and postulated that the tip surface was attacked
by the diffusion of adsorbed gas molecules along the tip's shank. Swan-
son (1976) has reported the rapid deterioration of tungsten tips oper-
ated for 30 minutes in water vapor at 7 x 10~° torr. Irridium tips,
while having a lower evaporation field, were considerably less affected
by ''water etch' in Swanson's experiments. Our own experience has been
that the sensitivity of tungsten tips to He decreases markedly after
less than an hour's operation in an untrapped, unbaked, diffusion-pumped

vacuum system at room temperature.
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2.4. Instrument Calibration

Calibration of the neutral particle mass spectroﬁeter began with
the construction of two devices to evaluate field ionization tip sensi-
tivity and the downstream geometry of the ion beams. The first device
consisted of a single needle tip or tip array, a solid state detector,
and a mask to reduce the ion flux reaching the detector, thereby avoid-
ing saturation of the detector electrons by excessively high count rates.
This device served as a prototype for a field ionization neutral detec-
tor (FIND) which has been previously reported (Curtis et al., 1975).
Analysis of the data obtained in L. W. Swanson's laboratory and cited
in the reference above, convinced us that the rocket-borne mass spectrom-
eter would have adequate sensitivity, at least to the more abundant
components of the upper atmosphere.

The second laboratory device used in the flight instrument cali-
bration consisted of a 25 needle field ionization tip assembly, the
permanent magnet which was to be used in the flight instrument, and a
rotating arm on which was mounted a single detector, cooled thermo-
electrically, with a charge sensitive amplifier. The rotating arm per-
mitted measurement of the deflected ion beam widths for individual
species, and gave a check on the calculated positions for each beam.
These positions were established after mapping the field of the perma-
nent magnet, using a FW Bell model 620 Hall probe (see Fig. 10).

The gap field and fringing field were approximated by a histo-
gram of 12 concentric circular field regions of varying width and
intensity, the fields being uniform within each separate region. A

computer program then generated the exit angles for radially inward
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directed ions of different mass and energy. These calculated beam angles
are shown in Fig. 18, along with the measured beam angles taken from a
single experimental run in which helium at a partial pressure of 4 x
10~° torr was injected into the chamber. The chamber also contained
residual air and water at 2 x 10°° torr, and an undetermined (but pre-
sumably small) amount of hydrogen contamination. Well defined peaks for
air/H.0, He+, and H' were obtained, with each peak corresponding to ion
energies of 23 keV. Without a calibrated mass spectrometer to analyze
the composition of the residual gases in the chamber, the precise ratio
of Hy0/air could not be determined, but it was estimated that water vapor
made up less than half the residual gas at this pressure (e.g., Holke-
boer et al., 1967). This assumption was consistent with data acquired
during the rocket flight, as will be shown later.

During the course of many calibration runs, we determined that
the sensitivity of the tungsten needles varied with time when they were
operated in a hydrogen and/or water vapor environment at an elevated
pressure (e.g., 10-% torr) and at room temperature. The sensitivity to
He decreased sharply, but the sensitivity to air tended to increase with
time, at least initially, and the nitrogen/oxygen peak broadened so as
to spill over into the helium ''channel.'" The solid curve in Fig. 19
shows a second run with a different set of needle tips set slightly
closer to:the slit jaws, but all other parameters unchanged from the
set up which produced the peaks shown in Fig. 18. Note the greater ini-
tial sensitivity to both air and helium, as compared with the earlier
run, and the broadening of both these peaks. The dashed curve in Fig.

19 shows the results of a third run made 15 minutes later under the same
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conditions as the second run. Note the further elevation and broadening
of the air peak, and the complete disappearance of the helium peak, pre-
sumably due to needle blunting.

Taking Southon and Brandon's (1963) value of 45 V/nm as the
evaporation field strength for tungsten at room temperature, and using
F = V/kr with k v 5 to approximate the field strength near a tip surface,
we find that tips with initial radii of curvature of 100 nm or less will
be field evaporated, or blunted, until the tip radii are slightly in
excess of this size. Further blunting may be expected due to water or
oxygen etch, resulting in tips which are too large to have good sensitiv-
ity to helium at the potentials used. Helium, with its high first ioni-
zational potential, will disappear from spectra far more quickly than
nitrogen or oxygen with their lower ionization potentials, which permit
field ionization at lower field strengths. The enhancement of the
nitrogen/oxygen peak with blunted needle tips could be due to an in-
creased supply of these species to the central portion of the needle tip
through the mechanism of diffusion along the shank surface. At the
higher field strengths associated with the sharper tips, molecules dif-
fusing along the shank may be field ionized before reaching the central
portion of the tip surface, and thus be emitted in directions which pre-
clude their passage through the slit jaws at the entrance to the magnetic
analyzer.

Owing to the difficulties of making provision for operating the
needle tips at cryogenic temperatures during the rocket flight, and of
making a major reduction in the amount of water vapor contaminating our

instrument, we decided to concentrate our efforts upon the evaluation of
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the nitrogen/oxygen profile of the upper atmosphere, and proceeded with
a simple calibration of the instrument with that goal in mind. The
calibration was made difficult by the limited range of pressures to
which the field ionization mass spectrometer could be exposed in the
laboratory: Our vacuum system was incapable of provided a pressure
environment lower than about 10~% torr, and operation at pressures much
above this level gave unacceptably high count rates in the nitrogen/
oxygen detectors. Since numerous investigators (e.g., Miller and Tsong,
1969; Johnston and King, 1966) had established the linearity of the
response of field ionization devices in terms of ion current vs. pressure,
and since our work with the aforementioned FIND had demonstrated that the
sensitivity of that device (in terms of ion counts/torr-second) was near-
ly constant over almost a two decade pressure range, we relied upon the
use of a single calibration point obtained shortly before launch of our
instrument.

To minimize the effects of changes in needle tip shape due to
field evaporation and chemical etching of the tip's surfaces, the needle
array was operated at high voltage for several periods totaling about
fifteen minutes prior to launch, to 'precondition'" it and prevent rapid
changes in its configuration during the flight. The calibration point
was acquired by monitoring the count rates of the two nitrogen/oxygen
detector outputs under three different conditions: (a) with high voltage
applied to the needles, (b) with the high voltage turned off, and (c)
with the high voltage supply turned on but disconnected from the needles.
This permitted the signal to noise ratio to be established. Simulta-

neously, the pressure in the spectrometer housing (assumed to contain
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primarily nitrogen and oxygen) was monitored by the Vac-Ion pump, which
also operated as a total pressure gauge whose accuracy had been checked
against a Bayard-Alpert ionization gauge in our Tucson laboratory. All
such measurements were performed at room temperature. In this manner,
the spectrometer sensitivity to a nitrogen/oxygen mixture was found,
within an estimated factor of two. The sensitivities of the device to
He, Hy, and H were not obtained, although outputs from these detectors
were monitored before and during the flight.

Calibration of the other sensors associated with the instrument,
e.g., the housing and detector temperature sensors, the entrance hatch
position indicator, the HV supply on/off sensor, etc., was straight-
forward. No assumptions concerning sensor performance were necessary,

other than that it would be reproducible.

2.5. Instrument Testing

The mass spectrometer was subjected to continuous testing through-
out its development and construction. Each component was designed to be
sufficiently rugged to withstand the rigors of the rocket launch, and the
entire package was subjected to two shake tests prior to launch, in
accordance with NASA specificationms.

A major source of concern was leaks, since it was desired to
have as good a vacuum as possible within the spectrometer when the en-
trance port was opened at altitude, to minimize the effects of instru-
mental outgassing. The spectrometer housing had a total of 16 ports and
electrical feedthroughs sealed with vacuum epoxy or Viton O-rings, and’

four major subassemblies sealed to the spectrometer main body with indium
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wire seals. Many of the feedthroughs originally selected for the instru-
ment had to be replaced with different type units because of their
unacceptably high leak rates after thermal cycling. The entrance hatch
had to be slightly redesigned after it was discovered to leak occasion-
ally, and to not open reliably after having been sealed closed for
several weeks. Leak testing was accomplished in three ways: (1) by
attaching the spectrometer to a commercial leak tester which used helium
gas, (2) by applying acetone or hydrogen gas to suspect joints while the
spectrometer was being pumped by its own vacuum sustaining pump and look-
ing for a pressure rise, and (3) by placing the evacuated spectrometer
within a large vacuum chamber and observing the current drawn by its
vacuum sustaining pump while the pressure of the large chamber was in-

creased from 10~°

torr to 1 atmosphere.

The vacuum capabilities of the instrument were also of concern
for another reason: The vacuum sustaining pump had to be shut down while
the instrument was transported from Tucson to Fairbanks, Alaska, and shut
down again during various tests and during the arming of the rocket. Any
significant leaks would have overloaded the miniature Vac-Ion pump and
prevented its restarting after a shutdown of several hours.

Tests were also made of the performance of the cabling and con-
nectors which coupled the 25 kV supply to the field ionization needle
tips. To forestall the possibility of arcing and coronal discharge, the
cabling and specially designed connectors were hermetically sealed, and
operated at a pressure of one atmosphere throughout the flight. The

entire system was tested for electrical discharge problems in a large

vacuum chamber.
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The electronics associated with the instrument operated reliably
and well during initial testing, and most of the troubles experienced
. were related to electrical interference. Shielding and filtering devices
were added to components at several stéges during electrical tests in
Tucson. An electrical integration of all the instruments being flown
on the rocket was performed at Goddard Space Flight Center, and no
significant electrical problems were uncovered during these tests.
Shortly before the launch, some interference was discovered which was
believed to be due to oscillations in a system monitoring the 1 kV bias
voltage supply, and this monitor system was disabled before the rocket
flight.

The field ionization mass spectrometer combleted tests performed
during mechaﬂical and electrical integration at Goddard in December,
1975, and was certified at that time for the impending rocket flight,
originally scheduled for January, 1976 and later postponed until January,

1977.



CHAPTER 3
FLIGHT CONDITIONS

Terrier-Malemute 29.003 was launched from Poker Flat Research
Range at 1018:10 UT (or 0018:10 local time) on January 14, 1977. The
time and place of launch were established to meet the following condi-
tions:

(1) The rocket trajectory had to pass through a region of active
aurora.

(2) The rocket trajectory had to lie within the earth's shadow,
to prevent sunlight (or moonlight) from striking the light sensitive
particle detectors employed in several instruments.

Condition (1) required the rocket to be lgunched within the
northern or southern auroral ovals. Condition (2) then required that
the launch be conducted during the winter, to prevent the rocket from
"seeing' the sun over the earth's pole at apogee. These conditions were
both met by launching near midnight on a moonless night in the early
winter from the Poker Flat Range, at 65°N latitude in the northern

auroral oval.

3.1. Auroral and Magnetic Activity

Evans (1977) has provided a qualitative description of the visi-
ble aurora which occurred at the time of the rocket flight. A broad,
stable, auroral band lay to the north of the launch site, extending east

48
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and west at an elevation of about 40° above the horizon. The launch
count-down was started, and then held at t-2 minutes in the hope that
the auroral arc would retreat northward somewhat. This would permit
the instrumentation to be in operation for a brief period before en-
countering the aurora, and provide baseline data against which to com-
pare data acquired in the auroral region.

About two minutes before launch, the auroral band began to show
signs of breaking up, which normally presages northward motions of the
band (Heppner, 1954). The final count-down was then started. At the
time of launch, the band had moved somewhat poleward and fragmented into
a number of drifting arcs and patches, one of which the rocket passed
over during its flight.

Ground based magnetometers have provided a record of geomagnetic
activity which occurred at the time of the launch. A magnetogram taken
at Fort Yukon is shown in Fig. 20. A 100 y positive excursion in H,
which is the horizontal component of the geomagnetic field which lies in
the local magnetic meridian plane (Rostoker, 1972), is seen to occur at
the time of lift-off. Such excursions are almost always seen in connec-
tion with rapid changes in the position or character of auroral arcs
(e.g., Chamberlain, 1961; Heppner, 1954). Perturbations are also evi-
dent in the orthogonal horizontal geomagnetic component D, and the verti-

cal component Z.

3.2. Rocket Trajectory

It was necessary to know the rocket's position, velocity, and

attitude as a function of time, before a nitrogen/oxygen density profile



200y All Components

X
«\INN‘\-\\_______——"\ﬂf\_\_l/,,\\'vv/- [) )
Z +
— v
H +
Lift Off
| | | .
900 1000 - 1100 TIME UT
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at Ft. Yukon during the time of the rocket flight, January 14, 1977.
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could be deduced from our spectrometer's counting rates. Radar position
and velocity information was provided in tabular form by NASA, but to
automate the data reduction, the necessary trajectory parameters were
computer-generated from a set of initial conditions. The geopotential

altitude was determined from a Maclaurin series of the form:
h(t,) = h +vt, +ogt 2 +=p1t,3 + gt (11)
1 o o'l 2571 6 0! 24 ®o! ?

with higher order terms neglected. To minimize the effects of air re-
sistance, the initial conditions were chosen to be those at t =75 sec

after lift-off. For t, = t-75, the rocket altitude ho was 150910 m,

1

and the vertical (i.e., ra&ial) velocity v, was 2390 msec™ ", according

to NASA-supplied data. The U.S. Standard Atmosphere Supplements (1966)

gives the earth's radius R = 6.3697 x 10° m at 65°N latitude, with the

gravitational constant g = 9.8222 msec™? at the surface. Letting T, =
s - . - 2 5 -

R*-ho and writing gy = g(ro), we have: g, g(R/ro) -

R 2,2 _ 2 )
-ZgOVO/rO, and g, = 6govo /ro 2g0 /ro, so that (11) becomes:

h(t,) = 150910 + 2390 t, - 4.686 t,> + 0.001145 t,?
(12)
- 0.000000808 t,*
However, a closer empirical fit to the data was given by:
H(t,) = 150910 + 2391 t, - 4.669 t,* + 0.001004 t °
(13)

- 0.000000808 t,*
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which agrees with the NASA data to within 200 meters, for the period
t, =0 to t, =250 seconds. This expression was used in all computer
calculations requiring h as a function of t.

The radial component of the rocket's velocity, V., Was found

by differentiating (13) to give:

v.(t)) = 2391 - 9.328 t; + 0.003012 t,” - 0.000002528 t,® .
(14)
The aziumthal (i.e., horizontal) velocity component in the plane of the

trajectory was given by:
ve(r) = /r , (15)

where r = R+h, and £ was the rocket's angular momentum per unit mass.
The latter quantity was found by numerically integrating the velocity of
the suborbital point, given by 2R/r?, over the period t, =0 tot, =250
seconds. This integral was then equated to the curved-earth distance D
between the suborbital positions at the limits of the integral. This
gave

t1 =250

J (2R/T2) 8ty = D ,

t1=0

or
t1 =250
L = D/[RJ’ r-2 6t1] , (16)
t1=0 .

which was used in (15).
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In order to determine the flux of particles into the spectrometer
entrance port, it was necessary to calculate the ram veiocity, vr',
which was the velocity component in the direction of the payload's
longitudinal axis. (The normal to the entrance port was coincident with
the longitudinal axis.) Using o to denote the dihedral angle between
the trajectory plane and the vertical plane containing the payload's
longitudinal axis, the rocket's azimuthal velocity component in the
plane of the longitudinal axis was Vg cos 0. The total velocity in the
direction of the longitudinal axis was then found by making a coordinate

transformation of the form:

v' = v.cos ¢-vV

T r g Sin ¢ cos o s (17

where ¢ is the angle between the longitudinal axis and the radial direc-
tion. The angle ¢ obviously varies as a function of time, even in the
absence of spin axis precession, because the radial direction changes as
the rocket moves azimuthally. But because the variation over the period
of interest for data collection was less than 1°, ¢ was fixed at -12.5°,
which was its value at t=75 seconds. In the absence of information con-
cerning spin axis precession, o was set equal to zero, which was its
apparent value early in the launch. No spin modulation effects were

evident in the data.



CHAPTER 4

DATA REDUCTION AND ANALYSIS

An early step in the data reduction and analysis was to calcu-
late the spectrometer's sensitivity under flight conditions. This dif-
fered considerable from the laboratory sensitivity, as is shown in the

following section.

4.1. Calculated Instrument Sensitivity

Consider a neutral gas whose particles have a Maxwellian distri-
bution of velocities characterized by a temperature T. If we concentrate
our attention upon the particle velocities in any single positive or
negative direction, we find that the mean velocity component in, say the

+x direction is given (e.g., Reif, 1965) by:

1 3
(Vx) = (m/27kT)? Iw vV, exp (-mvx2/2kT) dvx = (kT/2mm)* . (18)
0
The mean velocity component in the -x direction has the same magnitude,
of course, so that the net mean velocity along the x axis is zero. If
the concentration of particles within the gas is n, then the flux of
L

particles in +x direction, given by +n(kT/2mm)?, is just balanced by the

flux of particles in the -x direction, which is -n(kT/Zﬂm)%.
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Now suppose the gas to have a bulk velocity vr' in the +x direc-
tion, as it would appear to have in the frame of the mass ‘'spectrometer
travelling through the gas at velocity -vr'. The fluxes of pérticles in
the +x and -x directions then no longer cancel. The velocity distribu-
tion function for the x velocity component becomes:

- -v 1?2
m(vx vr )

_ %
g(vx) dvx = n(m/21kT) © exp l KT

I dvx , (19

and the mean velocity in the +x direction is given by:

- -v 132
m(vx V. )

(vx) = (m/2’rrkT);5 Jw v, €xp

l dv . (20)
]

2kT X

As an aid in evaluating this expression, we define

voo= v/ ktmt (21)
so that
(v.) = w';fr 3 exp (-v_)? [(ZkT/m);i\) «;v '] dv_, (22)
x - (m/2kT)? V! x T x
or
(vx) = (kT/21rm);i exp (-mvr'z/ZkT) + %vr' + %vr' erf [vr'(m/2kT)%].

(23)

The temperature of the gas in the region of interest was set at

760°K (Hedin, 1977). For v,.' v 2000 msec™! and m v 30 amu, the value



56
of the error function in the last term of the right member of (23) is

N 0.99 (Bevington, 1969), so that (23) may be approximated as:
(v ) = (kT/zm);5 exp (—mvr’z/ZkT) v , (24)

and the flux into the spectrometer in the +x direction is just n(vx).
Apart from any flux due to instrument outgassing, the flux into the
spectrometer must have been equal to the flux out of the spectrometer,
as will be shown shortly.

It is necessary to know the temperature of the gas inside the
spectrometer, in order to determine its density within the ionization
chamber. The temperature of the spectrometer housing remained at about
300°K throughout all but the re-entry portion of the flight, owing to
its large mass in comparison to the total mass of the (hotter) gas with
which it came into contact. Further, since the solid angle of the en-
trance port with respect to the center of the inlet chamber was only
about 0.12 steradians, a gas molecule would make, on the average, a
hundred collisions with the chamber walls before leaving the chamber by
going back out the inlet port, assuming that it wasn't adsorbed, chemi-
cally combined with another molecule, or field-ionized in the meanwhile.
(We shall examine this assumption momentarily.) We must now ask whether
a hundred collisions would be sufficient, on the average, to bring the
gas molecules into thermal equilibrium with the chamber walls.

One treatment of this problém was made by Goodman (1965), who
considered a flat surface at temperature t moving at velocity w with

respect to a gas at temperature T. He represented the atoms in the solid
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surface by a collection of one-dimensional harmonic oscillators, and
examined the results of various types of interactions between an individ-
ual gas atom and an-individual surface atom, assuming that only the
normal component of the gas atom's velocity could bé changed as a result
of the interaction. This analysis yielded a highly complex expression
for the accommodétion coefficient aE, which is a measure of the extent
to which the gas temperature is changed as a result of its interaction
with the surface. The resultant gas temperature T* was given by T* =
aEt + (l-aE)T, where, as previously stated, t and T are the initial tem-
peratures of the surface and gas, respectively. Goodman found that, for
a special case in which the velocity of the surface (moving toward the
observer) was equal to the average thermal speed of the gas, and with
the mass of a gas atom equal to the mass of a surface atom, the accommo-

dation coefficient o, was approximately equal to .5, over a broad range

E

of gas/surface temperature ratios. It may seem that, even if ap were an
order of magnitude smaller than this value for the actual case being con-
sidered, a hundred collisions would more than suffice to cool the gas to
the temperature of the surface. Therefore, the gas temperature inside
the spectrometer housing was taken at 300°K.

Since the gas has a mean velocity component in any given (posi-

tive) direction of v = (kT/Zﬂm)%, equating the influx and outflux of gas

leads to:

ni(kTi/Z'nm);i [v,' + (KT /2m)% exp (-mv_'2/2kT )17, (25)

n
a

where n, and Ta refer to the ambient gas density and temperature outside

the spectrometer, and the i-subscripted variables refer to conditions



58

inside the spectrometer. If we substitute nkT = P into Eq. (10), we

have for the supply function:

;f
~ 2 2
Z = 21rrt n.m“°a F0 . (26)

The observed counting rate, less the noise background, is equal to the
supply function Z times a transmission loss factor, and so is directly
proportional to n after correcting for noise.” Knowing the counting rate
Co of our spectrometer at the calibration density n = Po/kTo’ we final-
ly arrive at the expression for the ambient particle density in terms of

the instantaneous counting rate C(t):

n(t) = [C(t)n /C_] (k'ri/:mmf2 [v, '+ (kTa/21rm);5 exp (—mvr'2/2kTa)]‘1.
(27)
We shall now examine our earlier statement that the incoming and
outgoing particle fluxes are equal, aside from any net outgassing which
can be accounted for separately. For this to be true, the characteristic
time T for a particle to escape from the ionization chamber must be short
enough so that only a negligibly small change in the ambient density is
seen by the rocket during the time interval T. To calculate T, we first
calculate the mean free path length of the particles. The highest den-
sity of nitrogen/oxygen within the chamber, occurring at the time the

entrance port was opened, was v 3 x 10'! cm™?

, or about 20 times the
ambient density. The mean free path length at this density, given by
L= (/2n 00)'1 with g v 1013 cm?, is roughly 20 meters, which is much

longer than any of the spectrometer dimensions. Thus, particle-particle
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collisions do not significantly inhibit the escape of particles from the
chamber, and we need only consider collisions with the wall,

The average number of collisions a particle makes in escaping a
chamber of volume V with a port of area A is v Vzé/A. Since the distance
traveled between collisions is v Vlh, a particle travelling at a mean
speed v would travel a total distance of V/A in a time T = V/AV before
escaping. Putting in numbers appropriate to our spectrometer, we find
that T v 1072 sec. Since the rocket traveled, at most, only 24 meters
vertically during a period 1T, the ambient density changes in this inter-
val were negligible. The spectrometer was therefore in equilibrium with
its environment, and the density of particles within the ionization
chamber was always near the value required for flux equilibrium. Any
excess density caused by instrumental outgassing can be accounted for
separately as is done in section 4.4.

It should also be noted that the probability of ionization of
the incoming particles is low compared to the probability of their ther-
malization and subsequent escape from the spectrometer. We see from
Eq. (10) that the cross section of the field ionization region is rough-

%

ly ﬂrtz, multiplied by an enhancement factor (T « F02/2kT) which becomes
large for particles with high polarizability and low thermal velocity.

For high fields, which cause an appreciable amount of field ionization

2

in regions some distance from the tip surface, we expect the factor L

to be increased by several times. 0, and N, have polarization energies
aF02/2 of a few electron-volts at the field strengths used, and this is
three or four times the kinetic energy associated with their bulk veloc-

ity when entering the ionization chamber, but about a hundred times their
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thermal energy at 300°K. If we take the cross section for ionization
for a single tip at high fields to be 100 times the area of the tip, the

total cross section for 25 tips is, at the most, 10°7 cm?.

(The actual
multiplication factor is less than 25, because of mutual electrostatic
shielding.) Assuming the inlet flux to be composed of a well-collimated
beam with a diameter of 1.2 cm, only about one particle in 10’ is field
ionized on the first pass. The cross section for ionization increases
as the particles lose kinetic energy, but even if the cross section were
ten times larger, the probability of ionization vis-a-vis escape for any
given particle would be only about one in a million. Thus, the field
ionization process does not interfere with the thermalization of parti-
cles. Further, since each particlé which is field ionized undergoes, on
the average, 50 wall collisions before ionization takes place, field ion-
ized particles are thermalized before ionization occurs.

Until this point in our discussion, we have considered the instru-
ment response only to N, and O, mixed in the same proportion as in air,
for which we have a calibration point. Equation (20) shows that the
supply function, and hence the instrument sensitivity, is proportional
to (oc/m);i for a given gas. Molecular nitrogen and oxygen have polariza-
bilities of 1.7 x 10"2* ecm® and 1.6 x 1072"% cm®, respectively; the ratio
of the sensitivities of N,/0, should therefore be approximately 1.1,
which is close to the ratio of 1.2 observed by Swanson (1976). The sen-
sitivity of the spectrometer to a mixture of N, and O, should be largely
independent of their relative concentrations. At the altitudes where
our spectrometer is performing measurements, however, we expect a large

concentration of atomic oxygen. At a height of 160 km, for example,
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the concentration of O is comparable to that of.Nz, while at 300 km the
concentration of 0 is about ten times that of N» (Johnson, 1961; Hedin;

- 1977). (The concentration of 0, is only about one tenth that of N2
throughout this range.) We do not know the sensitivity of our spectrom-
eter to 0, although this can be calculated from knowledge of the polar-
izability of O.

However, there is a high probability that O is converted to 0,
within our spectrometer before being detected. Observations on the part
of a number of observers (e.g., Schaeffer and Nichols, 1964; Meadows-Reed
and Smith, 1964; Hickman and Nier, 1972) have pointed up significant
differences between open and closed source mass spectrometers regarding
the concentrations of atomic oxygen detected. Since O is highly reactive,
it can combine with surface adsorbed atoms and molecules, and be emitted
in a number of combinations, including 0,, CO, CO,, and N,0 (Hedin,
Hinton, and Schmitt, 1973). We have assumed that O is converted to 0O;
primarily (Riley and Giese, 1970), so that, for oxygen, the right side
of Eq. (25) must be multiplied by two, and m réplaced by m, = 16 amu or

m, = 32 amu, as appropriate. This is discussed further in section 4.5.

4.2. The Data

Data from the instrument were tranémitted via the rocket tele-
metry system to receivers at Poker Flat, and recorded on magnetic tape.
Copies of these tapes were supplied to each experimenter by Goddard
Space Flight Center. Most of the computer programs necessary to analyze

the data were furnished by J. L'Heureux of The University of Arizona.
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The data from our experiment were of two types: nine analog

signals reporting a variety of "housekeeping'" information concerning the

instrument functioning, and six digital signals reporting the number of

events stored in the accumulators associated with each of the six detec-

tors. Figure 21 shows a section of the strip chart obtained immediately

after the flight, on which are traces representing all the data gener-

ated by our
netic tapes
The
(a)
(b)
(c)

(d)
(e)
(£
(g)
(h)
(1)

The

of 40 times

(1)

instrument. Detailed data analysis was done from the mag-
supplied later.

analog signals were as follows:

entrance hatch pdsition (open or closed];

detector temperature,

spectrometer housing temperature near hot side of thermo-
cooler, |

input current to +26 kV supply,

+12 V supply monitor,

+6 V supply monitor,

-6 V supply monitor,

-100 V grid bias monitor,

+1 kV grid bias monitor.

status of each of the above functions was sampled at a rate
per second. The following events were noted:

The hatch-position indication changed from closed to open

70 seconds following launch.

()

The input current to the +26 kV supply was switched on at

80 seconds following launch, and switched off 45 seconds later. It was
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DETECTOR TEMP
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+6V_MONITOR
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DETECTOR BIAS
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s
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Figure 21.

T
111177777/

180 |9.0
TIME SINCE LAUNCH (SEC)

Strip chart data represéntation..

Analog voltages were recorded in the upper nine horizontal
traces, while the 6 digitized detector rates are immediately
below. Closely spaced slashes indicate high counting rates.
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switched on again after a delay of 25 seconds, and remained on for 35
seconds. This duty cycle of 35 seconds on/25 seconds off was repeated
until the package re-entered the atmosphere, 630 seconds after lift-off.

The other parameters monitored remained virtually unchanged from
their values at launch. The housing temperature stayed at 300°K * 10°
throughout all but the re-entry portion of the flight, and the detector
temperatures stayed at 260°K * 10°. All the supply voltages twith the
exception of the cycled +26 kV supply) remained constant. The +1 kV
supply monitor was disconnected prior to launch, as previosly mentioned.

The six digital signals reported the counts generated by the
detector/amplifier circuitry for each of the following species: (a) H+,
(b) H2+, (o) He+, (d) N' to 02+, (e) N' to 02+, and (f) heavy ions.

Two detectors, (d) and (e) were used for the nitrogen/oxygen
group because of the width of the peak produced by these species. The
heavy ions detector was placed to detect ions which were virtually un-
deflected by the magnetic field, and gave a useful check on the general
noise background. The detector arrangement is shown in Fig. 4.

The output of each detector amplifier was supplied to an accumu-
lator whose contents were read 320 times per second for the Hz+ and He'
detectors, and 160 times per second for the remaining detectors. Each
accumulator reset to 11 after reaching 511 counts, which permitted count-

-1 without loss of data. The maximum

ing rates of at least 8 x 10" sec
counting rate produced by any detector was about 10" sec-!. Figure 22
shows the counting rate of one of the nitrogen/oxygen detectors as a

function of time, before any subtraction of background was performed.
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4.3. Electronics Noise

Determination of the electronics noise was facilitated by
switching the +26 kV supply to the needles on and off during the flight.
All counts which were accumulated during periods when the supply was
turned off was treated as noise, and an average background rate for each
detector/amplifier was thereby established. These rates were observed
to remain relatively constant for each detector throughout the flight,
and ranged from about 5 to 40 sec”!. The differences in these rates
were caused by variations in the inherent noise levels of the solid
state detectors.

Prior to launch, a test was made of the noise levels when the
+26 kV supply was turned on while disconnected from the needles. The
noise levels were not significantly higher than with the supply turned
off, so the +26 kV supply evidently made a negligible contribution to
the electronics noise.

The average counting rate due to electronics noise for each de-

tector, determined as above, was subtracted from the raw counting rate

before the data analysis proceeded.

4.4. Outgassing Contribution

Prior to launch, the spectrometer body was evacuated to a pres-
sure of about 2 x 10~% Torr, and maintained at that level by a miniature
Vac-Ion pump. When the éntrance hatch was opened 80 seconds after 1lift
off, the spectrometer pressure increased to a level in excess of the pre-
launch pressure. As the rocket continued to rise, the pressure in the

spectrometer dropped, but at a slower rate than was consistent with the
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known lapse rate of the atmosphere. The excess pressure in the spectrom-
eter, was, of course, caused by outgassing. The outgassing of various
species (assumed to be hydrogen, oxygen, nitrogen, and water, primarily)
placed severe limits on the measurement of the ambient concentrations of
these gases above certain altitudes. In the case of the nitrogen/oxygen
group, we have not attempted a density profile determination above 250
kilometers.

The contributions of outgassing to the total counting rates were
determined as follows. At the highest parts of the rocket trajectory,
and for most of the downward portion of the trajectory (where there was
no ram effect, because the entrance port continued to point upward), out-
gassing accounted for virtually all of the total particle density within
the spectrometer. Since the density due to outgassing decreases expo-
nentially with time, the counting rate curves from the last 400 seconds
of flight data were fitted to exponential decay curves of the form
C(t) = Co exp (-t/t). These outgassing counting rates were then extrapo-
lated through the initial period of data acquisition, and the rates then
subtracted from the count rates obtained previously after electronics
background subtraction. The resultant counting rates (for nitrogen/

oxygen) were then used to establish a density profile.

4.5. Nitrogen/Oxygen Density Profile

Figure 22 shows the total counts produced by one of the nitrogen/
oxygen detectors as a function of time. The periods when the +26 kV
supply were shut off may clearly be seen, and the average counting rates

observed during these periods gave us the measure of the electronics
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noise and background radiation. Figure 22 also shows a portion of the
extrapolated outgassing curve from which the outgassing correction was
made.

Figure 23 shows the nitrogen/oxygen density versus altitude
curves produced from the counting rate data of the two different nitro-
gen/oxygen detectors, after making corrections for electronics noise and
outgassing. The error bars associated with one of the curves are smaller
because of the better statistics (higher counting rates) produced by one
of the detectors. The curves are in good agreement, both in the shape
of the profiles and in the phases of fluctuations about the general
trend, although the amplitudes of these fluctuations appear larger in
the detector having the poorer statistics. The significance of these
fluctuationé is discussed in the next chapter. Both curves assume the
ambient gas to be O. |

Figure 24 contains density profiles from the nitrogen/oxygen
detector having the higher counting rates. The upper curve assumes the
ambient gas to be composed solely of O, while the lower curve assumes
the ambient gas to be entirely N,. A profile of the expected N,/02 + O
density, according to the model of Hedin (1977), is also given. The
Hedin profile has a somewhat steeper slope than the ones obtained from

our data.









CHAPTER 5

NITROGEN/OXYGEN DENSITY PROFILE ANALYSIS

In this chapter are discussed a number of other observations of
thermospheric density fluctuations, and several mechanisms which could

cause them.

5.1. Other Observations

The 10-15% fluctuations from a smooth profile that we observed
in the neutral density of the nitrogen/oxygen group at altitudes of 215
to 246 kilometers are not without precedent. Variations of the thermo-
spheric density have been reported by various workers using several dif-
ferent techniques.

Marcos and Champion (1972) observed large scale thermospheric
density fluctuations using accelerometer data from the polar-orbiting
Air Force OV1-15 satellite. The data were collected at altitudes of
155 to 250 kilometers, and gave evidence of density oscillations whose
half-amplitudes ranged as high as 30%. Horizontal half-wavelengths of
from 176 to 904 kilometers were inferred. Forbes and Marcos (1973),
analyzing data from OV1-15 and using the orbital decay data of satellite
1968-64A, found density enhancements that were correlated with increased
auroral electrojet currents. Newton, Pelz, and Volland (1969) made
direct measurements of the neutral particle density at altitudes in the

280 to 500 kilometer range, using the cold cathode magnetron gauges

71
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aboard the Explorer 32 satellite, and found density excursions of 10-20%
from a smoothed density profile. Such fluctuations occurred in approxi-
mately 10% of the data periods analyzed, and were attributed by them to
atmospheric gravity waves having apparent vertical half-wavelengths of
from v~ 2 to v 37 kilometers. Dyson, Newton, and Brace (1970) analyzed
much the same data, and interpreted the density fluctuations as evidence
of gravity waves having horizontal half-wavelengths of from 58 to > 540
kilometers, with values between 120 and 230 kilometers being most common.
These variations in neutral particle density were uéually accompanied by
somewhat larger variations in the electron density as well, although the
phase relationship between the two was not clear.

Reber, Hedin, and Pelz (1975), using data acquired from neutral
particle mass spectrometers aboard the AE-C satellite, found density
variations of from 5 to 15% in molecular nitrogen. More interestingly,
they found variations in the densities of other species, e.g., argon and
helium, that had different amplitudes and phases from that of the nitro-
gen. In particular, the He density fluctuations were only of the order
of 5%, and appeared to be about 180° out of phase with the N, and Ar
variations. Vertical structure sizes were not measured, but the extent
of the horizontal variations ranged from a few tens to several hundreds
of kilometers. Mayr and Volland (1976) later explained the phase differ-
ences between N and He in terms of diffusion processes. Two years of
similar data from AE-C are summarized by Potter, Kayser, and Mauers-
berger (1976).

Trinks and Mayr (1976) found N, density fluctuations of 5% and

15% in very large scale structures detected by the gas analyzer aboard
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ESRO 4. The structure had horizontal lengths of the order of 5000 kilo-

meters, and could be seen in consecutive passes of the satellite at
altitudes around 250 kilometers.

It may be noted that all the aforementioned measurements of den-
sity fluctuations have been made by instruments confined essentially to
horizontal planes, with the satellite's vertical velocity generally less
than 10% of its horizontal velocity. It has been difficult, therefore,
to use these data to infer the vertical structure of propagating gravity
waves or other transitory disturbances of the atmosphere. In situ data
on the vertical structure of transient fluctuations in the neutral atmo-
sphere are perhaps best collected by instruments aboard sounding rockets.
There is a paucity of such data, despite the large number of soundings
of the upper atmosphere by rocket-borne pressure gauges or mass spectrom-
eters. Among those rocket experiments reporting density fluctuations
are Mauersberger et al. (1968), who reported a density enhancement in
N,, 0,, and Ar seen near 135 kilometers that may have been the result of
an atmospheric wave. These data were collected by a quadrupole mass
spectrometer aboard a Centaure rocket. Von Zahn and Gross (1969) also
observed some wave-like structure in their measured densities of N, and
Ar at heights of from 120 to 140 kilometers, using data from a monopole
spectrometer carried aboard a Black Brant 3 rocket.

5.2. Possible Mechanisms for
Concentration Fluctuations

In the next three sections we shall examine three possible
causes for the observed small scale fluctuations in the neutral nitrogen/

oxygen concentration near 225 kilometers. These are:
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(1) neutral particle ionization by auroral particle percipitation,

(2) atmospheric expansion due to Joule heating, and

(3) the passage of low frequency atmospheric oscillations, or

gravity waves.

These phenomena are not completely independent, since gravity
waves and Joule heating may have their origins in auroral activity. In
thié case, we shall be distinguishing bethen the immediate and the de-
layed effects of the aurora upon the atmosphere. The immediate, more
direct effects of the aurora are easier to analyze, since we have more
knowledge of the character of the auroral activity during the time our
measurement was conducted than we do concerning the other phenomena.
Hence, we first consider the possibility that the observed dip in the
neutral concentration near 225 kilometers was due to a localized and
temporary increase in the production rate of nitrogen/oxygen ions,

through the action of auroral particles.

5.3. Neutral Particle Ionization

The charged particles precipitated into the earth's upper atmo-
sphere during an aurora consist almost exclusively of electrons and pro-
tons, with the presence of the latter being highly variable. The flux
of protons in an aurora may bé determined by direct measurement, or
estimated from measurements of characteristic hydrogen emission lines,
principally Ho and HB. In an aurora with an Ho emission of 10 kR,
(corresponding to a fairly bright 'proton aurora'), Chamberlain (1961)
estimates the proton flux to account for only about 10% of the total

energy flux of ionizing particles. Thus, in the order of magnitude
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calculations which follow; we do not go far wrong in limiting ourselves
just to a consideration of the ionizing effects of the auroral electrons.
Evans (1977) measured the electron spectra in the energy range
0.3 to 16 keV on the rocket flight which bore oﬁr instrument. A spectrum
obtained at an altitude of 269 kilometers is shown in Fig.25. The left
portion of the curve was obtained by a detector operating in the interval
0.3 to 3 keV, while the right part of the curve was taken by a detector
operating in the interval 1 to 16 keV. Since the data do not agree pre-
cisely in the overlap region between 1 and 3 keV, the higher indicated
fluxes were used in order to place an upper limit on the ionization rates.
The rate of ion pair production at any given altitude may be cal-
culated to a good degree of accuracy using a method described by Rees
(1963), which takes into account the electrons' initial energy, range,
the energy loss per ion pair formed, and atmospheric parameters. In the
interest of establishing an extreme upper limit to the ion pairs produced,
we shall assume that the entire flux of electrons seen at an altitude of
269 kilometers is stopped within the 20 kilometers of vertical distance
over which the dip in neutral density is observed. The calculations to
follow will then given an indication of the maximum ionization producible
at this altitude by the observed flux. Assuming that the electron flux
is isotropic in pitch angle, which is the usual case, the integrated
energy flux of the spectrum shown in Fig. 25 is approximately 2.4 x 10°
MeV cm™? sec™!, which dissipates, on the average, 1.2 MeV cm~3 sec™! if
it is stopped within the 20 kilometer column of air. Knowing that about
35 eV of energy is required to produce an ion-electron pair (cf., Valen-

tine and Curran, 1958), then about 3.4 x 10" ions cm™® sec-! are produced
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by the primary electron flux. Although some additional ions are created
by the secondary electrons resulting from the ionization process, most
of the energy of the secondary electrons is lost in eiciting neutral
species, and in interactions with the ambient electrons (Schunk and
Walker, 1973).

The observed neutral density at 225 kilometers is of the order

3

of 10° particles cm ®, so that a ten percent dip in the concentration

corresponds to the removal of 10® particles cm™3. The ion production
rate assumed above would therefore have to persist for about one hour,
in the absence of loss processes, to account for the production of 10°
ions cm~?®.

In fact, the loss mechanisms are not negligible. Ignoring dif-
fusion and bulk transport processes, we shall consider only the losses
due to recombination, the rates for which are fairly well known from
laboratory experiments. We shall concentrate upon the losses of N2* and
O+, since their corresponding neutrals make up the bulk of the atmosphere
near 225 kilometers.

Molecular nitrogen ions are lost through the direct reaction

-3
Nz+ + e >N+ N, with a rate constant k; = 2.9 x 10°7 (Te/300) 2 cm®

sec™!, according to Walker and Rees (1968). The rate may depend upon

the ion temperature as well as the electron temperature Te; the rate
constant above is for ions at 300°K. N2+ ions are also converted through

+
N,

+0,+0," +N,, and N,” + 0> NO' + N (Ferguson, 1967). These lat-
ter processes do not change the net ion concentration, however, and the

rates for the subsequent neutralization of 02+ and NO© through electron
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recombination are about equal to k, (Ferguson, 1967). Therefore, we
consider only the first process in determining the losses of N2+.

The oxygen balance is somewhat more complicated, since atomic |
ions do not rapidly recombine directly with electrons, the radiative
recombination rate kz being only about 1072 cm® sec-? (Ferguson, 1967).
Thus, 0" ions are lost somewhat more effectively through o'+ o0, >

2

0," + 0, ky =2x10"'" cm® sec™! (Ferguson, 1967), followed by 0,  + e

-3
+0+0, k, =2.2x10"7 (T/300)77, and through 0" + N, > NO' +N,

L

=12 3 -1 + -7
kg = 1.8 x 10 cm” sec” ", followed by NO + e = N + 0O, ke = 4.6 x 10
('1"@/300)‘;5 (Walker and Rees, 1968).

We can easily determine an upper limit for the equilibrium con-

centration of N2+ ions, from the reaction N2+ + e >N+ N. We have:
+
"—‘[Nz] = k1[N2][e] -R, =0 s (28)

where [A] is the concentration of species A, k; is the rate constant for
the above reaction, and R; is the inferred ion production rate by auroral
electrons. If we assume an electron temperature of 3000°K, which is
probably on the high side (Schunk and Walker, 1973), themn k, = 9.2 x 1078
1

cm® sec™!. The electron concentration is unknown, but must be no less

than [N2+]. If we apply the full ionizing capacity of the auroral elec-

! and

trons to the production of N2+, then R, = 3.4 x 10" ions cm™? sec”
we get [N2+] = 6.1 x 10° cm™?®, which is at least two orders of magnitude
too small to account for the assumed nitrogen depletion.

We can use the same technique to determine an upper limit for

the equilibrium concentration of 0. The oxygen and nitrogen ion



79
densities are, of course, interdependent, but it is somewhat simpler to
consider the two species separately, and it is only the upper limits of

the ion densities that are of interest here. For oxygen we have:
d + + + '
- 55 [0 = k3[071[0,] + ks[O'1[N,] + k[0 ][e] - R, = 0 , (29

We do not need to determine the concentrations of 02+ and NO+, since the
relatively high rate constants k, and k; ensure that these ions are
rapidly neutralized by recombination with electrons.A If we set [N;] =
7 x 10® cm™? and [0,] = 4 x 107 cm™?® (Hedin, 1977), let [e] = [0"], and
retain the earlier value of R;, we find [O+] = 2 x 107 cm 2, which is
about a factor of ten lower than the postulated ion density.

The ionization process is now seen to yield a preponderance of
0%, with much smaller quantity of N2+. We also see that the observed
"dip in the neutral concentration cannot be explained solely by the ion-
izing of the nuetrals by the observed auroral electron flux, but that if
the concentration of O' could be made ten times larger, the dip might be
explained. The 0" concentration would be increased if the actual ioni-
zation rate were larger than the observed one, although the ion loss
rate also increases as the ion concentrations increase. A further com-
plication is that the electron densities cannot get too large--a typical

3

concentration is 10° cm™? at auroral heights, although large electron

fluxes have been measured at satellite altitudes from which one could

3

infer occasional concentrations of 107 or 10% cm~® at the lower alti-

tudes where aurora are observed (Hultqvist and Egeland, 1964).
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At this point, rather than trying to determine an appropriate
ionization rate at 225 kilometers, we shall consider another process
which is known to operate in conjunction with the ionization process,

namely, Joule heating.

5.4. Joule Heating

In the course of producing ions, the incident electrons and the
restulting secondary electrons are ultimately thermalized, and transfer
some fraction of their energy to the neutral species in the.form of heat.
To consider another example: If the entire auroral electron flux was
thermalized within the 20 kilometer depth of the observed dip, then "V
2 x 107° ergs cm™? sec™! would be delivered to the thermosphere in that
region. We use the previously quoted densities for O and N,, and take
the specific heat of the thermosphere at that alitutde to be the same
as that for dry air (CP = 107 ergs gm™! deg™!), which must be higher
than the actual value. This would lead to a temperature rise of about
3°K sec™!, if the heated portion of the atmosphere expanded slowly in a
constant pressure process under ideal gas conditions. Assuming no ther-
mal losses, the heated region would expand to yield the observed 10%
lower density within about half a minute, even without a neutral species
diminution due to ionization.

Any realistic process must, of course, involve a combination of
ionization and Joule heating effects. Cole (1975) estimates that only
about one third of the energy of a 300 eV electron flux would appear
immediately as thermal energy. The primary loss mechanism for electrons

with energies above 50 eV is in ionizing neutral species (Schunk and
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Walker, 1973). Thus, the major portion of the energy of the precipitat-
ing - electrons will go toward the creation of relatively cool ions and
hot secondary electrons. The secondary electrons lose energy primarily
in the excitation of neutral species and in interactions with the ambi-
ent electrons, as previously stated. As the secondary electrons are
cooled, the cross section for ion-electron collisions increases, since

this cross section varies as vie‘“

> where Vie is the relative velocity
of the ions and electrons (Schunk and Walker, 1973). The cooler elec-
trons thus transfer ehergy to the ions, and electrons and ions then both
transfer thermal energy to the neutrals. We keep in mind that, once the
equilibrium concentration of ions is produced, all the energy of the
auroral electron flux is converted into heat, with the exception of that
fraction which is radiated away as light, following the de-excitation
of neutral species and the recombination of ions and electrons.

There is also the matter of the apportioning of the energy bud-
get among the electrons, ions, and neutrals, and calculating the heat
losses due to conduction, convection, and infrared radiation. A rough
solution of this problem appears possible, following the techniques out-
lined by Stubbe (1970), but shall not be attempted here because of a more
serious--and more tractable--problem mentioned earlier, which is the dif-
ficulty in stopping the entire auroral electron flux within a 20 kilo-
meter vertical distance, centered at a height of 225 kilometers.

Grun (1957) found that, over the spectrum from 5 to 54 keV,

the range of electrons in air was given by R = 4.57 x 107° E01'75

, where
R is the range in gm cm™?, and Eo is in keV. The electron spectrum in

Fig. 25 has a peak at about 1 keV; electrons at this energy have a range
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of 4.57 x 107°% gm cm™%. A normally incident, collimated flux of this
range should penetrate to a height of about 150 kilometers, which is
considerably lower than the 225 kilometer height at which the dip occurs.
Of course, a flux which is isotropic in pitch angle would be largely
stopped at a slightly higher alitutde.

Rees (1964) points out that a 0.3 keV electron flux, isotropic
in pitch angle, should produce its maximum ionization at about 225 kilo-
meters. Figure 26 shows an ionization versus height profile for a 0.3
keV flux, computed using the formula of Rees (1963) and the atmospheric
density profile of Hedin (1977). Assuming no losses, the total number
of electrons (flux integrated over time)} necessary to produce 10° ions

2

"3 is 10" incident electrons cm~2.

cm This would correspond to a flux

of say, 3 x 1010 electrons cm™2 sec! impingent for one hour. This flux
is more than two orders of magnitude greater than the total observed
flux of electrons with energies less than 1 keV, as shown in Fig. 25.
It must be kept in mind, however, that the ionization density profile
shown in Fig. 26 presumes a 0.3 keV monochromatic flux at the top of the
atmosphere. At the altitutde at which the maximum ionization profile is
produced, the flux would have become considerably degraded in energy,
and the energy peak would fall below the lower threshold of the electron
detection systems used on this flight. A roughly ten times larger flux
at low energies is seen at higher altitudes during the rocket flight
(Evans, 1977), but the rocket's geomagnetic latitude changes in reaching
these higher levels. Since the auroral electron flux is precipitated

along the magnetic field lines, we cannot be certain that the fluxes

observed at higher altitudes are identical to the fluxes which existed
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Figure 26. Ionization vs. height profile, according to the Rees model.
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at those same altitudes at locations connected by magnetic field lines

to the site where the dip was observed.

Another point should be made regarding the ionization of the
atmosphere by the auroral electrons, namely, that this process cannot
account for the density enhancement seen adjacent to the dip at an alti-
tude of 240 kilometers (Fig. 24). Although Joule heating can produce
density increases at locations outside the heated region as the latter
expands, the small vertical extent of this fluctuation and its large
amplitude suggest a fairly rapidly moving disturbance. In the next sec-

tion, we consider our observations in terms of atmospheric oscillations.

5.5. Atmospheric Gravity Waves

We may also view the fluctuations in the observed neutral parti-
cle density profile as evidence of atmospheric turbulence, or of atmo-
spheric oscillations in response to perturbations applied at some
distance from the point of our observations. In the latter case, we
consider that pressure, density, and velocity perturbations can propa-
gate as waves or pulses, and a disturbance travelling at the speed of
sound or thereabouts could present a profile similar to the one observed
by our moving detection system. Velocity fluctuations in the atmosphere
can occur without significant density fluctuations, but the former would
give the appearance of density fluctuations to our instrument. We shall
return to this point later, but for the present we shall continue to
refer to the observed fluctuations as density fluctuations.

The nitrogen/oxygen profile in Fig. 24 shows a dip extending.
from 215 to 235 kilometers which was discussed in the preceding section,

and an oscillatory configuration extending from 235 to 246 kilometers.
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It is somewhat problematic to assign a wavelength to any structure which
is seen to make only one full oscillation. However, the characteristic
vertical scales of all the fluctuations observed with either of the
nitrogen/oxygen detectors are in the range from 10 to 20 kilometers, so
such wavetrains as may exist may reasonably be expected to have wave-
lengths within this range.

The oscillatory feature from 235 to 246 kilometers exhibits den-
sity excursions on the order of 13% up and down, and has an apparent
vertical full wavelength of 11 kilometers. (We note that the rocket
also traveled approximately 3.5 kilometers horizontally during this
period, but shall assume, for reasons given later, that the horizontal
wavelength of any oscillatory fluctuation is considerably in excess of
3.5 kilometers.) The speed of sound at this altitude, given by vYKT/1i,

is approximately 710 m sec™?

, Oor about one third the rocket speed. A
straight upward travelling acoustic disturbance would therefore have an
actual vertical wavelength of about two thirds the apparent wavelength,
or about 7 kilometers in this instance. Its angular frequency would be
w = 2mC/X = 0.6 sec™!. A downward travelling acoustic wave would have
a longer true wavelength and correspondingiy lower frequency.

At this altitude, however, atmospheric gravity waves are more
frequently observed than acoustic waves, and it can be shown (Hines,
1960) that the latter, being of higher frequency, are more effectively
damped. Gravity waves are reviewed briefly in Appendix A, and the

reader who 1is not already fairly familiar with the subject is strongly

urged to read Appendix A before proceeding further in this section.
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The Brunt-Vidisala frequency, which describes the oscillations
of a body of air under the influence of gravitational and buoyancy

forces, is given by:
w? = (y-1)g?/c* + (g/C*) (dc?/dz®) (30)

(e.g., Beer, 1972), where g is the gravitational acceleration and C is
the speed of sound. For a nearly isothermal atmosphere, and one in which
the mean molecular mass does not rapidly change with altitude, the second
term in the above expression may be neglected, so that W = Y-1 g/C =
wg, the upper cut-off frequency for gravity waves as given in Appendix A.
At an altitude of 225 kilometers, wg = 8 x 10”2 sec™!, which is consider-
ably lower than the calculated frequency of the observed oscillation,
assuming it to be an acoustic wave. However, since the dispersion rela-
tion for gravity waves is different from that of acoustic waves, the
observed wavelength may also be ‘associated with a gravity wave of fre-
quency less than wg. To see this, we rewrite the dispersion relation

(A7) as:
21y 2 2 _ 2y /021 = 20, 2 _ 2
w [k “+ (w,* - w%)/c”] k, (wg w?) (31)
where w, = Yg/2C is the lower cut-off frequency for an acoustic wave.

Following Hines (1960), we note that if kz2 >> waZ/Cz, this relation can

be approximated as:
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2y, 2 _ 2., 2 _ 2
Wk ? =k (W, w?) o, (32)
or
2 _ 2, 2 2 2
we = kx wg /(kx -+kz ) . (33)

-2, For A=

(At an altitude of 225 kilometers, w_ /€% ~2x10"1"
10 km, kZ2 = 4 x 107 m~2, so the approximation is valid in this case.)
Under these circumstances, it is evident that w depends upon the rela-
tive magnitudes of kx and kZ, but is in any case less than wg.

A single observation of the sort provided by our mass spectrom-
eter cannot lead to a determination of both kx and kz, or to their
counterparts, Ax and Az. We note, however, that a number of measurements
of Ax have been made by other observers as discussed previously, so it
seems useful to determine what values of Az may be inferred by assuming
values of Ax which are consistent with these earlier observations. For
Ax values of 100 kilometers or more, any gravity wave we observed must
have been propagating nearly vertically, and we expect that its actual
vertical wavelength must have been fairly close to the apparent value,
if the vertical phase velocity was much less than the rocket vertical

velocity. Using (33), we see that the vertical phase velocity v, is

given by:

2 - 27 2 _ 2y 241 20, 2 2
v,? = wi/k, 0k, SR CUEES Y T (34)

If Az ~ 11 km and Ax ~ 100 km, v, v 1.6 m sec”™!, or less than 0.1% of

the rocket's vertical velocity. Therefore, we expect the vertical:
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wavelength to be quite close'to-ll kilometers, the distance between
successive density maxima as measured by our spectroﬁeter.

We can formalize this by finding lz~as a function of Ax and
parameters such as the horizontal and vertical components of the rocket
velocity, and the angle between kx and the rockets' horizontal velocity.
Figure 27 shows schematically the rocket trajectory projected onto the
plane of kx’kz' Two successive wavefronts (density maxima), shown in
cross section, are labeled f and f', and the projected rocket trajectory
intercepts these at points D and A while travelling up and to the left.
Line AC is the vertical component of AD, measured in the frame of the
waves, while DE is the actual vertical wavelength. BDE is the angle
between the vertical and the normal to the wave fronts, while CAD is the
angle between the vertical and the rocket trajectory projected onto the

plane of kx’kz' A study of the figure reveals that:
DE = AC[1+ tan(CAD) tan(BDE)] . (35)

To determine angle CAD in terms of some known quantities, we begin by
assuming that the vertical phase velocity of the wave is directed down-
ward. As shown in Appendix A, the vertical components of the wave's
phase and group velocity must be oppositely directed. If we make the
reasonable assumption that energy is propagated upward at the group
velocity from a lower level source, the vertical phase velocity must be
downward. In the frame of the stationary wave, therefore, the rocket's
vertical velocity is V.=V, where v, is the rocket's upward velocity

with respect to the ground, and v, is negative. The rocket's horizontal



Figure 27.

Rocket trajectory passing through gravity wave fronts.

See text for an explanation of the geometry.
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velocity in the frame of the wave is similarly vx-vx, where v, is the
rocket's horizontal velocity in the kx direction, and vx is»the wave's
horizontal phase velocity. In the figure, v is negative and vx is posi-
tive. v, is equal to vg cosf, where vg is the horizontal component of
rocket velocity in the plane of the trajectory, and cos® is the dihedral
angle between the trajectory plane.and the kx,kx plane. Since tan(CAD)
is assumed to be a positive quantity in Fig. 27, we set tan(CAD) =
(\)x--vg cose)/(vz-vz). Finally, se@ting DE = AZ and observing that

tan(BDE) = kx/kz’ we have:

kx vx-vg cosf
A = AC|1 + — ———2 . (36)

yA k v -V
z z z

We must now relate AC to the vertical distance between wavefront maxima

as measured by the rocket. Calling the latter quantity A_, we observe

g
that AC is larger than the measured quantity by (VZ - vz)/vz, where again,

v, is negative. Thus, AC= sz-vz)/vz] AC, and we get:

v -V k v --vE cosB
A o= AL |2 El e XX _ & . (37)
z C v k v_-V
Z Z Z Z :
Using (33), we see that:
v2 = —,‘”2 = w?2/(k. 2+ k2 (38)
X kx g X z ?

and with v, as given previously in (34), after a little algebra we find

that:
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Zwvz kZ 2w

—_——Y — 4+ V cose = _.L__. . (39)
;‘

ACkX Z kx E (kxz + kZZ) 2

This could be rearranged into a somewhat more complicated-looking quadrat-
ic. equation, but in the above form it is amenable to solution by numeri-
cal methods. Cos6 is unknown, of course, as is kx’ but computations

were made assuming it takes on its maximum and minimum values of *1.
Values of kx corresponding to Ax = 20, 100, and 1000 kilometers were
employed in these calculations, and the values of Az which result in

each of these cases are shown in Table 1, below. As expected, for Ax
values of 100 or 1000 kilometers,)\Z differs very little from the meas-
ured A_ of 11 kilometers. Quite similar results are obtained if a value

c

of, say, 20 kilometers is assigned to A_, i.e., Az closely approximates

4
AT.

Table 1. Kz vs. A_.

X
Ax(km) cosf Az(km)
+1 13.5

20
-1 9.4
+1 11.4

100
-1 10.6.
+1 11.0

1000

-1 11.0
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‘At the beginning of this section, it was pointed out that the
counting rate fluctuations in our data could result from fluctuations
in either the neutral density or the bulk velocity (wind speed) of the
thermosphere. Equation (27) shows that the counting rate is roughly
proportional to the neutral density times the ram component of the
rocket velocity. (The exponential term in the velocity squared is small
for nitrogen and oxygen.) Our calculations were performed assuming the
thermosphere at rest. If a thermospheric wind were blowing with a compo-
nent parallel or antiparallel to the ram velocity, this would increase
or decrease the counting rate. Since the rocket velocity was roughly

2 kilometers sec~!

, localized winds having velocity components of about
200 m sec™! could cause the observed counting rate fluctuations. Quite
dramatic wind shears would be involved, since the wind components paral-
lel to the ram velocity would have to reverse themselves in the space of
a few kilometers in order to give the observed fluctuations.

Observations of noctilucent clouds and meteor trails have pro-
vided considerable information concerning winds at altitudes of 100 kilo-
meters and lower. Noctilucent clouds at altitude of 80 kilometers have
been found to have horizontal drift velocities of from 100 to 200 m sec™
(Millman, 1959), while measurements of meteor trains have shown RMS
horizontal wind velocities of typically 50 m sec”! (Manning, Peterson,
and Villard, 1954). Millman (1959) reported meteor train wind shears
of 25 to 90 m sec”! per vertical kilometer, with average differential
velocities between major wind currents of 30 m sec~!.

The meteor trail observations were made at altitudes of roughly

50 to 100 kilometers, which are considerably lower than the 200+
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kilometers at which our counting rate fluctuations were observed. None-
theless, evidence of substantial wind speeds and wind shears at the
lower altitudes makes it not unreasonable to contemplate still larger
wind speeds with comparable wind shears at altitudes in excess of 200
kilometers. The speeds required would be in excess of the 200 m sec™!
figure just mentioned, however, if it is assumed that the winds are pri-
marily horizontal, as is the case in most of the meteor observations.
Since the rocket is inclined at an angle of only about 20° to the verti-
cal at the point where the fluctuations are observed, purely horizontal
winds would have to have sequentially occurring positive and negative
components in the plane of the rocket trajectory somewhat in excess of
600 m sec” !, which approaches the speed of sound (® 710 m sec™!) at that
altitude.

It should be made clear that the attribution of our counting
rate fluctuations to wind shear would be consistent with the gravity
wave analysis previously outlined. Equation (A4) shows explicitly that
gravity waves can manifest themselves as pressure, density, or horizon-
tal or vertical velocity fluctuations, whose relative amplitudes are
independent of each other. Thus, large scale fluctuations in a velocity
component can occur with very little change in the density, and vice
versa. While many of the thermospheric density fluctuations discussed
in Sec. 5.1 were interpreted by the experimenters concerned in terms of
gravity waves, other workers, e.g. Eckart (1960), interpreted gravity
waves as fluctuating winds. Our own observations seem consistent either

with wind or density fluctuations, or a mixture of both.



CHAPTER 6
CONCLUSIONS

The most important conclusion that can be drawn from the work
described in this dissertation is that field ionization techniques can
be employed to good advantage in rocket-borne neutral particle detectors.
No system weaknesses were revealed which would inhibit the continued
development of this type of instrument for use aboard satellites or
space probes in the detection and mass analyzing of neutral particles.
Work is well under way on the development of a far more sensitive instru-
ment with much greater mass resolution.

The data returned by our spectrometer confirm, within the limi-
tations imposed by instrumental outgassing énd imprecise calibration,
the nitrogen/oxygen density profile implicit in the model of Hedin (1977),
at altitudes from 170 to 360 kilometers. Counting rate fluctuations in
the region from 215 to 246 kilometers are examined in terms of three
different mechanisms which might be invoked to explain them. These are:
(a) neutral particle ionization by auroral particle percipitation, (b)
the expansion of the neutral gas due to Joule heating, and (c) the
passage of low frequency atmospheric osciliations, or gravity waves.

In our discussion of mechanism (a), we determined that the total
observed flux of electrons, as seen by another experiment aboard our
sounding rocket, was not sufficient to be able to account, throughlan

94
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ionization process, for a 10-15% dip in the neutral particle density at
an altitude near 225 kilometers. Additionally, the energy spectrum of
the observed electron flux peaked at about 1 keV, which should have pro-
duced its maximum ionization at an altitude lower than the height of the
observed dip, in the absence of an anisotropic pitch angle distribution
or a magnetic field having a strong z-dependence. For these reasons,
the first mechanism is rejected as a direct cause of the observed dip.

Mechanism (b), the expansion of the atmosphere through Joule
heating, was seen to be satisfactory from a total energy standpoint as
a cause of the density dip mentioned above. However, because the Joule
heating process occurs in conjunction with the ionization process, the
Joule heating profile should coincide with the ionization profile.

These profiles, even for a 300 eV monochromatic electron flux producing
its maximum ionization at 225 kilometers, do not match the observed dip,
and are particularly at odds with the density enhancement seen at 235
kilometers. For this reason, mechanism (b) is also rejected as the
direct cause at this altitude.

Mechanism (c) is discussed at some length, and contains no féa-
tures which are in conflict with the observations. Gravity waves can
produce both dips and enhancements in the density profile, and the wave-
lengths which may be inferred from the scale of the vertical fluctuations
are consistent with gravity waves. Since gravity waves may have their
origins in thermal sources, it is reasonable to postulate that the energy
produced through Joule heating by the auroral particle flux gave rise to
the waves observed. If auroral particle precipitation provides the

energy source for the observed waves, the source is located deeper in
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the atmosphere than the point of our observations; thus, the Qaves
observed are more likely to be gravity waves than acoustic waves, which
dissipate energy more rapidly. It is shown that the counting rate
fluctuations can result from fluctuations in either the ambient density
or the bulk velocity (wind) of the neutral particles.

We conclude that the fluctuations observed by our spectrometer
are due to the passage of gravity waves having vertical wavelengths of

the order of 11 to 20 kilometers.



APPENDIX A
GRAVITY WAVES

To many physicists, the term "gravity waves' connotes radiation
produced by accelerated masses. In the conteit of atmospheric physics,
however, gravity waves are atmosphericvoscillations whose wave charac-
teristics are governed‘in part by gravitational effects. It-is the
latter usage which shall apply in what follows.

Low frequency atmospheric pressure oscillations have long been
observed in superposition with the irregular variations in barometric
activity associated with local wind and weather conditions. - These regu-

lar fluctuations occur at period of m™?

solar day, where m = 1,2,3,...
(Siebert, 1961). LaPlace (1823) offered one of the first explanations,
postulating that atmospheric tides were generated by the sun. Because
the periodicities correlated with the solar rather than the lunar day,
he reasoned that they were caused by thermal rather than gravitational
mechanisms, since the lunar gravitational effects should have been
stronger than those of the sun. Inasmuch as the periodicity of the
largest amplitude fluctuations was semidiurnal rather than diurnal, as
would be expected if solar heating drove the oscillations, Kelvin (1882)
suggested that the earth's atmosphere had a resonance which selected the

12 hour mode preferentially. .
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Important theoretical work on the propagation of waves in com-
pressible and imcompressible fluids was accomplished by Lamb (1945),
starting before the turn of the century. Taylor (1936) exhibited equa-
tions which described the propagation of atmospheric waves in a manner
analogous to that of deep ocean waves, and Pekeris (1937) extended this
work to the development of a model atmosphere having resonances with
periods of 12 hours and 10.5 hours, the latter required to explain the
observed pressure variations which followed the eruption of Krakatoa in
1883. Pekeris also showed that the observed oscillations should increase
with altitude. Weekes and Wilkes (1947) considered vertically propagating
waves originating near the earth's surface, traveling through an atmo-
sphere with refractive index n. They show that if n® became negative at
a certain altitude, because of a negative temperature gradient, for
example, the waves would be reflected. For certain frequencies and
propagation velocities, therefore, resonances could occur. They further
noted that if n® became positive again at a still higher altitude, the
intervening layer would by only partially reflective, and some energy
could be transmitted through it.

Putting aside the question of atmospheric resonances and the
driving sources, we shall sketch briefly the mathematics of gravity
waves. Excellent discussions are provided by Eckart (1960) and Tolstoy
(1963), but we shall concentrate on a simplified picture of gravity wave
propagation developed by Hines (1960). The atmosphere is taken to be
isothermal and of uniform composition, and is motionless except for
superposed wave motions which occur adiabatically and which have only

perturbation magnitude.
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Only gravitational and pressure gradient forces are considered,
and the gravitational acceleration g, the specific heats ratio 7y, and
the speed of sound C are all assumed constant. The linearized equations

of motion, of adiabatic state, and of mass conservation may be written as:

-

U - 2
Oo-a-t-=og-\7p , (A1)
ER +‘-+ - 2-§_p- —)'.—)'
e * U VP, Tt UtV (A2)
W, T, v ey -
B G Ve, +0, VU = 0 . (A3)

Here p and p are the perturbed pressure and density, respectively, while
P, and P, are the corresponding unperturbed values. The perturbation
velocity G is taken to have two components, a vertical velocity Gz and

a horizontal component Gx' (Any horizontal component B& can be made to

disappear by a suitable rotation of the axes.) P, and p, vary as

exp (-z/H), where H is the scale height of the atmosphere; H = C?/yg.
Wave solutions are sought such that:
(p-p )/p P = (p-p)/p R = U/X = U/Z = A exp i(wt-K x-K z)
(A4)

P,R,X,Z, and A are all constants, as is the circular wave frequency w.
KX and KZ are complex wave numbers. A necessary condition that the set
(Al1)- (A3) have a solution is that the determinant of the coefficients

vanish. After substituting (A4) into (Al)-(A3), this condition yields:
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4 2,2 2 2 _ 20 2 L saom2 =
w' - wC (Kx 4-Kz ) + (v-1) g Kx + iygw Kz o .. v(AS)

Because the above dispersion relation cannot be satisfied with Kx and KZ
both real and non-zero, for this idealized case we let Kx be purely real
(Kx==kx) and set KZ = kz + iYg/2C2. This corresponds to waves which can
travel horizontally without attenuation, but whose vertical propagation

entails losses to some extent. Substituting these quantities for Kx and

Kz in (A5) gives:
w* - w?c? (kx2+kzz) + (y-1) gzkxz - v2g2w2/4c%2 = 0 . (A6)
Examination of this equation shows that w is constrained to be either

greater than w, = vg/2C, or less than wg = (Y-l);5 g/c, considering the

positive roots only. It is apparent that W, > wg, since Yy must be less

than 2. (For neutral air, Yy = 1.4.) Thus, there is a forbidden region,
wg <w <, where (non-dissipative) propagation cannot occur.

Waves of frequency w > w, are commonly called acoustic waves,
while those with w < wg are referred to as gravity waves. At high fre-
quencies, the effects of compressional forces dominate. Note that if the

>

gravity terms are eliminated from (A6), we have w = C(kxzi-kzz) , which-
describes ordinary sound waves. The high frequency cut-off for gravity
waves, wg, is just the Brunt-Vdisdld frequency (equation 30) describing
the resonance of a body of air under the influence of both gravitational
and buoyancy forces, for the case of an isothermal atmosphere. (In fact,

some authors, e.g., Gossard and Hooke (1975), prefer to use the term

buoyancy waves in place of gravity waves.)
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Hines (1960;1964) points out a number of characteristics of
gravity waves:

(a) Because the atmosphere density decreases as exp (—Ygz/CZ),
the amplitude'of plane gravity waves must increase as ekp (Ygz/2C2) in
order that energy be conserved. (It must be borne in mind, though, that
waves originating at, say, 100 kilometers above the surface may have
grown so much in amplitude in reaching 225 kilometers that the perturba-
tion methods describing their propagation are no longer applicable.)

(b) An asymptotic dispersion relation is AZ/AX = w/wg, where
the A's are the horizontal and vertical wavelengths.

(c) From a consideration of dissipative effects operating on
waves propagating upward from the middle atmosphere, the theoretical
minimum vertical wavelength component for a gravity wave at a height of
225 kilometers is v 2 x 10 meters. A similar prediction for the minimum
- horizontal wavelength is not precisely borne out by observations, however,
with some shorter wavelengths observed.

(d) The vertical component of the phase and group velocities
have opposite signs. This may be seen by rewriting (A6) in terms of

w_ and w_ as:
a g

u 2 2 2 2 2 it - BASC B P
w - w<C (kx 4—kz W, 7€) '+ .G mg kx =" 0 . (A7)

The group velocity of the vertically propagating component is therefore

(Yeh and Liu, 1972):

w3c? kz/(_m‘* & Errg kx"') { (A8)
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Using (A7), we see that the denominator of the right.member of

this equation may be written as:

w? (2w ) - C%k 2 - w ?
w* - ¢ kx2 w?2 = w? & . (A9)

g 1 - w2/p 2
/ g

Thé numerator of the right member of (A9) is maximized for w - wg, which
is the upper limit of for the case of gravity waves. However, the
right member is a negative quantity even wﬁen maximized, since w is
necessarily less than w, - This in turn requires the right member of (A8)
to be negative, showing that dw/dkZ has the opposite sign from kz,'or
;hat the vertical component of the group velocity is oppositely directed
from the vertical component of the phase velocity. This peculiarity:.is
not seen in the horizontal component of the group velocity, nor is it
observed in either component of the group velocity of acoustic waves.

Francis (1975) demonstrates that the frequency w should decrease
with increasing time and distance from the source of the gravity waves,
and that the horizontal range dependence of the amplitude of the waves
at a given height can vary widely, from an inverse cube decay to & linear
growth, depending upon the nature of the source and even upon the manner
in which the gravity waves are observed.

Gravity waves in the atmosphere may manifest themselves in.é :
variety of ways. Observers of noctilucent clouds at altitudes around
80 kilometers have seen wave structure that can be accounted for by
gravity waves (Fogle and Haurwitz, 1966). The study of long duration

meteor trails, both photographically through use of Doppler radar,
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has provided additional insight into wind shears due to gravity waves
(Hines, 1960). The latter phenomena have provided data at observational
heights near 100 kilometers. Considerable importance has also been
attached to the analysis of traveling ionospheric disturbances (TID's)
as a measure of gravity waves. These ionospheric disturbances, appear-
ing as variations in electron density or height, have been observed
through radio and radar sounding techniques. TID's may act as passive
tracers of the passage of gravity waves through the neutral atmospheré
(Francis, 1975). So called large scale TID's travel with horizontal
speeds of 400 to 1000 m sec™?, and have periods of 30 minutes to 3 hours.
They propagate equatorward from the poles, witﬁ:horizontal wavelengths
exceeding 1000 km. The gravity waves associated with them probably have
their origins in the atmospheric heating of the auroral zone during par-
ticle precipitation events (Georges, 1968). Bowman (1968) has found
smaller scale TID's with horizontal wavelengths of 25 to 300 kilometers
in the F2 region, whose altitude is roughly 200 to 300 kilometers. The
origin of these so called medium scale TID's is less certain, but auroral
activity is again suspected to play a role (Francis, 1975). Further
evidence of gravity waves is to be found in the thermospheric density
fluctuations observed by satellites, and to a lesser extent by rockets.

These observations are discussed in the data interpretation section.
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