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SYNOPSIS

Excited species and excited state reactions involving radiative and
metastable states of atmospheric species play an important role in reentry
physics. Progress in laboratory studies leading to the understanding of
"hese reactions and the determination of the pertinent reacticn rates is

reported.

Near-resonant electron capture reactions are being used to produce
beams of long-lived excited atoms and molecules (metastables) suitable
for studies of imporcant collision processes of such species. The research
has progressed sufficiently to allow the measurement of cross sections as
a function of kinetic energy for metastable deactivation processes.
Reactions in which the deactivation was dominated by Penning ionization
or by symmetric energy transfer were chosen for study so that cross sec-

tions for these particular processes could be obtained.

Studies of the optical radiation emitted from states excited by
electron capture collisions have also provided useful results, In partic-
ular, cross sections for electron capture into the v = 0, 1, 2 vibrational
levels of the C:’Hu state of N, have been measured as a function of energy
for the reactants N: + K, by observing the second positive radiation.

Since this sta.e decays via the B:’Hg state to the metastable A"zu state,

a beam of N, rolecules in the A state results, whose concentration can be

inferred from the cascade radiation. These studies have demonstrated that
cross section measurements on collision processes involving metastable N,

can now be carried out.

Measurements of the gas phase quenching and reactions of O(!D) by O,,

N, 0, CO, CO and H, are nearing completion. Various experimental and
2y ’ 2 2
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interpretative difficulties with these experiments have been overcome

and definitive results are now assured.

+
The excitation and de-excitation of 0, (b'L'), N, (A°L), and 0(*s)
in a weak discharge are being successfully studied. Results are in the
final stages of verification. Energy transfer from Nz(A32:) to N, that

produces N, (C3) and N, (B3l) has been observed and is in an interpretative

stage of analysis.

The study of free radical interaction with atomic O and N are in an

initial stage of development.
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INTRODUCTION

It is clear that excited atomic and molecular species play an impor-
tant role in reentry physics. The short-lived excited species manifest
themselves by the visible radiation they emit in the shock wave and the
wake of a reentering body. Much of the excitation energ:, however, remains
imprisoned in the hot gas for a long time, either bzcause it is absorbed
and re-emitted rapidly or because it is trapped in nonradiating states.
This trapped energy is released through a variety of energy transfer
reactions that influence the chemistry of the development and relaxation
of a reentry shock wave as well as its radiative signature. To understand
the role of this excitation energy in shock wave phenomena, a knowledge of
the direct interactions between excited and ground state particles and of
the radiation transfer is needed, Cross sections or rate constants of the
most important energy transfer reactions involving excited species are

needed along with radiative transition probabilities.

Two lines of work are currently being pursued that bear directly on
the l.pwuitant problem of the role of excited species in reentry phenomena.
In Task I, beam methods have bwen developed to study energy transfer proc-
esses of metastable excited a.oms and molecules in collisions with ground
state species. In Task 1T, flowing afterglow techniques and optical detec-
tion of photolysis fragments are used to study exothermic chemiluminescent

reaction mechanisms in excited atmospheric gases.

The objective of Task III is to apply sensitive optical methods
developed for laboratory studies to spectral measurements of the radiation

associated with the Ligh altitude release of barium.

(5]



Progress in each of these tasks is described in this report. Task I
has been carried out by M. Hollstein, D. C. Lorents, J. R, Peterson, and

A, Salop. Tasks II and III are under the direction of R. A. Young.

()
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I BEAM STUDIES OF EXCITED SPECIES

Since the last report the research on metastable beams has proceeded
along two lines. First, studies of the cptical radiation resulting from
charge exchange reactions in which there are near resonances with excited
states have continued. This work is described below in Section I-B.
Second, in another apparatu< charge exchange has beesn used to produce
beams of neutrals that contain a large fraction of metastables. Using
these beams, studies of deactivation processes of the metastables have

begun. A detailed description of this work is given in Section I-A.

A. Deactivation Cross Sections of Metastables

1. Production of a Metastable Beam

The process of resonant or near-resonant electron capture by icns
passing through a target gas has been used to produce *eams of metastables
sufficiently intense for collision studies.!’? Beams of excited Hz, Ne,
and N, have bevn obtained in the energy range from 40 to 1000 eV. To
produce a metastable beam, an ion beam of the desired energy and species
is initially formed. Tha ions pass through a charge transfer cell where
an alkali vapor is maintained at a constant vapor pressure of about 10~?
torr. The two meiastable levels in a noble gas atom lie about 3 to 4 eV
below the ionization limit. The process of charge transfer populates

predominantly those levels of :he noble gas atom for which

where EA is ionization energy of the alkali, EB is the ionization energy

of the excited noble gas, and E* is the excitation cnergy of the noble




g25. This relation is valid for the metastable levels as well as optically
allowed levels., The decaying states lead to a component of ground state

atoms in our beam. Because of the large values?®

of the charge transfer
cross section (thus large impact parzmeters) and tho small energy loss
for sm.i. angle scattering (characteristic of large impact parame*ors),
the energy of the neutrallized particles in tne forwarda direction is essen-

tially the same as the incident ion energy.
2. Apparatus

a. Vacuum Chambe s

The apparatus, shown in Fig. 1, consists of tlLree valve-separeted
vacuum <hambers. One section contains the source and the magnet poles of
a magnetic mass spectrometer. This section is pumped by a 4-inch oil dif-
fusion pump trapped by a refrigerated baffle., The background pressure
is 5 x 19=7 torr. The middle section of the spparotus contains the charge
transfer csen, This section is also pumped by a 4-inch oil diffusion pump
trapped by a refrigerated baffle. The background pressure is 10~¢ torr.
The last container is the interaction cell. 1t is pumped by a 6-inch oil
diffusion pump and trarped by a liquid nitrogen baffle, and the background

pressure is <10~7 torr.

b. Ion Source and Deam Focusing

The ion source is a nonself-sustained discharge sourc: that has
been used in this laboratory in previous erneriments.® The energy of the
ions can be varied between 25 and 1500 eV, The energy spread is about
7 eV over the eutire encrgy range (full width at half maximum). The ions
are extracted from the discharge through a 5/16-inch hole and accelerated
by 2 three-element, 3-lens system. Two condensers, perpendicular to each

other, allow adjustment of the direction.

I ML OO 1 1R



| pump
® Ion source ® Cooling
© Lens sys;zm 8 deflecting plates ®,® Apertures
©® Magnet ® Deflecting p:ates
O Lens system(retarding focussing) @® Interact’on celi
©,0 Shut-off valves ® Surface detector
9,0 Gas inlets ® Op.amp.1,2, 683
© Charge transfer oven ® Teflon TD596213

FIG.1 SCHEMATIC DIAGRAM OF THE APPARATUS

c. Magnetic Spectrometers and Additional Focusing

After it leaves the source system, the beam is deflected 30° by
means of a homogeneous magnetic fie2ld. The magnetic spectrometer has a
resolution of about 20 and the transmission is high. It serves the pur-
pose of clearing the beam of undesired particles, produ :d in the source,
without much loss of intensity. After passing the magnet the beam can be

refocused and realigned by an einzel lens and deflector plates.

d. Charge Transfer Cell

The beam enters the charge :ransfer region through an aperture
tube 1/4 inch in diam=ter and 2 inches long. A T-shaped alkali oven forms

the transfer cell. The stainless steel oven is enclosed in a 3/16-inch

copper cover to increase the thermal conductivity. The oven is heated




p

electrically by several tungsten heating coils. The temperature is meas-

ured by an iron-constantan thermocouple. To conserve alkali, the oven

can be cooled quickly by estublishing a thermal contact between it and a
water-cooled l-inch-diameter copper rod. The beam enters and leaves the
oven through 3/16-inch-diameter holes. The length of the oven chamber
(transfer cell) is 2-1/2 inches. Cooled caps at both ends of the cell
collect most of the outcoming thermal alkali atous during the measurement.
Gas can be let into the transfer cell through a 1/8-inch-diameter tube,
which leads from the oven to the outside of the apparatus. Deflector plates
near the exit -~le of the oven remove all remaining charged particles from
the beam. Through another aperture tube (3/16 inch in diameter, 2 inches

1ong), the neutralized part of the beam enters the interaction chamber.

e. Interaction Chamber and Detector

The interaction chamber can be filled with different gases by
means of a leak valve. The pressure is measured in the highk wvacuum range
(10~? 4o 10-% torr) with a Bayard Alpert-ionization gauge and in the range

10% to 1 torr with a Baratron capacitance manometer.

As the beam penetrates the gas in the interaction cell, some
ions are produced with energies less than a few 2V, The detecting device
collects the ions generated in definite segments of the beam path. It
consists of a five-cavity system that is symmetric about the beam axis
(see Fig. 2). The cell is made of aluminum and is coated with aquadag on
surfaces exposed to the beam. The smaller outer cavities serve only tec
isolate the inner ones from end effects. The outer cells each contain
ore insulated wire ring, the inner cells each contain two. These are the
collecting electrodes. During the measurement the rings are at z:ro
potential, while the aluminum cell is at a pcte. .ial of +60 volts. The
inner cavities are electrically separated by grids that cover the 2-inch-

diameter openings between cells. The transparency of the grids is 99%.

PSR
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FiG.2 DEACTIVATION CELL

The geometry, together with the applied potentials, produces a potential
valley for ions inside each cavity, the lowest potential being at the sur-
face of the rings themselves. The ions are trapped in the cavities and
collected by the rings. The collect_ion length is well defined and is the
same for all the inner cavities. Nearly 100% collection efficiency is
attained, and photon-induced backgrou- 1 is kept very low due to the small
surface area of the rings. The ica currents collected in the three inner
cavities are measured by three operational amplifiers (AD029). With an
input impedance of 10® », currents of 10~!? amp can be measured. The
amplifiers are mounted inside the vacuum chamber to reduce pickup noise.

An electronic scanning device records the currents and the pressure on

magnetic tape.

The beam particles that pass tarough the cavity system finally
hit a surface detector. This simple device consists of an aluminum disk

2 inches in diameter, covered with aquadag; a high transparency tungsten




grid is placed in front of it. With the grid at +20 volts, electrons
ejected by beam particles leave the detector plate. An electrometer con-
nected to this plate reads a positive current proportional to the beam

intensity. This detector is used as a beam monitor.

3. Beam Interactions

a. Charge Transfer

The metastable beam intensity is determined by three processes:

(a) The neutralization of the ions.

(b) The scattering of the ions.

(c) The scattering of the neutralized particles.
If ii iz the intensity of the incident ion beam, the intensity ig of the
neutralized part in the forward direction after passing the transfer
region is given by?®

Qtr

io - 0 -n - - - ’
0o~ Qq - Qo " Qtr i+ exp( rQOL) [1 exp( xL[Qi Q0+Qtr])] (1)

-

where Qtr’ Q., and Qo are the cross sections connected with the proc:sses
i
a, b, and c, £ is the length of the transfer region, and n is the density

of the gas ir this region.

The dependence of ig on density n, corresponding to temperature
T of the oven, is shown in Fig. 3. With increasing density n or temper-
ature T, the neutralized part rises to a maximum value of i:ax at the
density nmax' Because of an increasing amount oi scattering at higher
densities, the intensity of the neutral beam in the forward direction
decreases for n > nmax' The measured curve can be well described by an
equation like (1), but because of the large beam diameter (low angular
resolution) no conclusions can be drawn from a fit between the experimental
and calculated curve. For the measurements the oven was heated to the

temperature at which neutralization has its maximum. The alkali used for

the transfer process wes potassium.

A0t
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b. Interactions in the Detector Chamber

In the detector chamber the neutral beam particles A, consist-
ing of excited species A* and ground state species A°, interact with the

scattering gas B. For A* the most important processes are

(a) A* + B— A* + B (elastic scattering)

(b) A* + B— A + B” 4+ e- (ionization of the target particle)
(c) A* . B~ A" e+ B (ionization of the beam particle)
(d) A* + B—= A + B* (excitation transfer)

If the excitation energy of A* is larger than the ionization energy of

B, excitation and ionization of B could occur in one process. Furthermore

if B is a molecule, it is possible that dissociation would accompany proc-

ess b, c, or d.

For the component A° we have the corresponding processes a, b,
and ¢, and the process of dissociation if B is a molecule, Although the
ions, which are collected at the ring electrodes, are produced by proc-
esses b and c, their number is determined by the number of metastable
and ground state species traversing each cell. If we include in a cal-
culation of the currents 1j(J = 1,2,3), collecied in the cells 1, 2, and
3, all the mentioned processes, these currents are given as the solution

of the differential equation.

dij = i*(x) Qt ndx + 1°(x) Qg ndx

with
i*(x) = i*(0) exp[-(Q§+Q*)] nx

and i°(x) given by

ali®{x)] = i*(0) exp[-(Q§+Q*)] nx ° (Q§+Q*) ndx - i%(z.) - Q° ndx

10




where

X is distance from the entrance of the beam into the first cell
along the beam path,

i(x) is intensity of the beam at the distance x.

1(0) is intensity of the beam at x = 0.

Q1 is cross section for ionization processes,

Q is cross section for all nonionizing deactivation processes,
* refers to the metastable particles,

0

refers to the ground state particles,

n is density of the gas in the interaction cell.

With the integration limits x = 0 to £ for 1,, x = £ to 24 for i,,

and x = 2{ to 34 for i,, the result is

1 qf q+
i = i*(0 = - TN
13 i*(0) QT e Aj(l F) + Q§ Parm— g BJ(I-G) AJ(l F
Q‘i’ (2)

+1°(0) = B (1-G
for j =1,2,3 with

Al=l B, =1

A, =F B, =G
A, = F? B, =¢?
where
F = expl-n(Q+qr) 4]
G = exp(-nQ°%)
4 = length of each cavity cell

It should be noted that if any of the included processes consists of
several mechanisms (e.g., excitation transfer into different states),
the corresponding cross section in equation (2) has to be replaced by

the sum of all cross sections for the different channels .

11



¢. Calculation of Deactivation Cross Sections
from the Measurements

Before cross sections are calculated, the following approxima-

tions for equaticu (2) are made.
Q° << A+ nQ%4 << 1

Q° is the total elastic cross section for the particles in the ground
state. Because of the large, grid-covered holes in the cavity cells, the
contribution oi elastic scattering to a decrease of the grouvid state com-
ponent will be negligible., However, the inelastic processes connected
with the metastable component are expected to be large. Both approxima-

tion assumptions are well justified for all the interaction partners under

consideration.

Equation (2) is now reduced to

q-9
i = 1*(0) * e . Aj(l-l'-‘) +n Q‘; [1%(0)+1°(0)] 3 =1,2,3 (3)

F |

Although the cross sections (Q;+Q*) could be obtained from these equations
by introducing the measured values for the three currents, we simplify the
expression for ij by one more assumption. For the considered energy range,
ionization cross sections Qi for ground state beam particles have been
measured for some reaction pa: - 3% and found to be <107!® cm?. 1If

we compare our results for Q* with known values for Qg, the relation
i
0 << Q¥
Qi Qi

is justified in most circumstances. Because the neutral component i°(0)

is only a fraction of the metastable component, the assumption

Q° [i°(c) + 1*¥{0)] << (QF+Q*) 1*(0)
will be fulfilled.

12
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In equation (3) we neglect the second term, and the finul ex-

pression for the currents is

G- |
1J, = i%¥(0) Q:——+3*— . AJ_(I-F) Jj=1,2,

By taking the ratio of two successive currents, we get

i, 3

i = exp[+n(Q§+Q*)£] or %* = EXP[zn(Q§+Q*)2]

The value of (Q;MQ*) can be determined by either of these ratios. The

sum of the cross sections is called the deactivation cross section QD

for the metastable component of the beam interacting with the scattering

gas.

Figure 4 shows measured values for a cross section at different

cavity voltages. The plot indicates that between 50 and 80 volts the

cross section is independent of the voltage within the error limits.
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FIG.4 DEPENDENCE OF THE DEACTIVATION CROSS SECTION

ON THE CAVITY VOLTAGE
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4, Results of the Measurements

The measurements have been carried out on two groups of reaction:,
one in which the metastable excitation energy is larger than the ioniza-
tion of the target gas and another in which the target gas is the same

species as the incident metastable.

Figure 5 shows the dependence of the deactivation cross section on the
energy of the beam for reactions of the f.rst group. The log-log plot of
the dependence for each co.usidered collision pair is a straight line and
the slopes fall into two subgroups. In the Ar* + C,H, and He* + Ar cases
the slope is 0.2 and in the He* + N, and He* + C,H, cases the slope is
0.1. The distinguishing features of these subgroups appear to be that
Ar¥ + C,H, and He* + Ar reactions involve a transition only to the ground
state of the ion, whereas the second group involves transitions to several
states. For the Ar* 4+ C,H, interaction, the excitation energy of Ar¥ only
exceeds the ionization energy of C,H, by 0.5 eV, so very little excitation
can occur. In the case of He* 4+ Ar, Cermak’ has shown for thermal colli-
sions that the electrons absorb the excess energy (4.0 eV). A direct tran-
sition to the continuum from the temporary lieAr* molecular state formed

probably occurs and ground state Ar+ is produced.

In He* + N,, ionization will be the dominant process of deactivation,

. but there are a large number of channels available for the ionizing proc-~
ess (QD =~ ZQY). The same consideration can be applied to the He* + 02H2
case. For thig interaction even dissociation combined with ionization of
a molecular fragment rmolecule is possible. 1In both of these cases, Cermak's
results indicate that the electrons produced have a broad energy distribu-~
tion with several peaks rather than a definite energy as in the preceding
cases, Although other measurements are not aveilable for comparison with

our results, there have been theoretical treatmen*s of Penning ionization

14
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processes., Katsuura® has calculated ionization cross sections for the

reactions

+
A¥ 4+ B~ A+ B + e~

where the final states are located in a narrow region of the continuum.

This corresponds to our cases He* + Ar and Ar* + C,H,. For an interaction

potential V(r) ~ r~® where r is the internuclear distance of the colliding
particles, the slope of log Q? vs log E (E is energy of the beam) should

be 0.2. This is in excellent agreement with our measurements. Wwatanabe

has theoretically investigated the case in which the final states are

located in a broad region of the continuum.® The rveactions, He* 4+ C,H,

and He* + N,, probably fall in this category, With the interaction po-

2

tential V(r) ~ r~%, the calculated slope of log Q* = & log E should be
1

0.091,

Again there is excellent agreement with our results. It must

be mentioned, however, that both theoretical papers assume that the op-

tical transition A* = A is allowed. A theoretical treatment by Ferguson!®

15
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lculating ionization crvoss sections by using a momentum transfer method

predicts a slope of 0.33. This result does not agree with our easurement.

In the second group of measurements, the excitation energy of the
metastable beam particles is lower than the iuniration energy of the tar-
get gas. Figure 6 shows measurements where the target gas consists of the
same kind of atoms as the beam particles. In these cases resonant exci-

tation transfer is the dominant process (QD‘= Q¥ ., If
Q* >> Q;e

the calculated cross sections from our measurements will reflect Q* for

energies for which

* > g0
Qi Qi

Be zause no measurements of Q* or Q* are available, we assume that our

i
approximations are valid and cumpare our results with theoretically ex-
pected results for resonant excitatio.. transfer processes.'!s?? For these

process 28 the w=ll known reiition

Jox ~ In(E)

i

should be valid. The piot of our measurements s’:ows cthat the experimental

values follow the theoretical law. Furthermore, in the case He* + He,

absolute values for the excitation cross section Q* have recently been
calculated by N. Lane!? for beam energies up to abou: 190 2V, His pre-
liminary results are in very good agreement with an extrapolation of our

measurements toward lower energies.

The agreement between ou> » :asurements and the theoretically expected
law in both cases and with calculated absolute values for Q* in the case
He* + He seems to justify our approximations and the assumption that the
measured cross section can be interpreted as tiae excita*ion transfer cross

section.

i6
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5. Errors

The currents of the threc operational amplifiers 2re scannad in less
than 1/2 second. This reduces errors due to Leam instabilities to a neg-
ligible amount. Each cross sectlon is obtained from the average value
of at least 30 scans at a fixed target gas pressure. This procedure is
repeated for 6 to 10 different pressures which yield total attenuations
vver the range 5% to 50% when measured at the surface detector. The final
cress section is the average of all cross sections. Over most of the
pressure range the cross sections are fairly constant. The main error
is due to a 5% to 10% increase of the apparent cross section at the low
end of the pressure range, where the pressures are 1/4 to 1/5 the maximum.
Error bars of +10% include this systematic error as well as additional

uncertainties connected with the electronic measurements.
6. Conclusion

Deactivation processes of metastable He and Ar atums passing through
various gases with energies from 50 to 1000 eV have been studied. When
the deactivation is dominated by Penning ionization processes, two types
cf behavior can be distinguished. If the process predominantly involves
excitation transfer to one state, the velocity dependence of the cross
section is found to be Q? o ¢=2/5_ If several states are involved in
the transfer, Q; < y=1/5  Both of these results are consistent with avail-

able theory.

Because of the additional assumptions, the measured cross sections
are less certain than the ionization measursments when the deactivation
is due to symmetric energy exchange. However, they obey the relation

VQ; « 4n(E) expected on theoretical grounds.

18

il

T LM L S

0
hi

MLV AL IS L LA A LS ML R



(Ir

B. Studies of the Radiation Emitted from States Excited by Electron
Capture Collisions

Measurement.s of the radiation emitted by excited states produced in
asymmetric electron capture reactions were started last year. At the time
of the last report,! spectra had been oblained from a number of reactants
in order to determine the number and idontity of excited states involved
in a specific reaction. It had also been ascertained that the C3Hu state
of N, was produced when N: captured an electron from sodium. Earlier?
we had measured the N: + Na total charge transfer cross section and found
it to exhibit a near-resonant energy dependence indicative of capture into

the C state or some other nearby state.

This year the program has continued partly in this exploratory mood;
the techniques have been extended to include a monochromator-phototube
combination, and recently we have measured several cross sections (as a
function of incident ion energy) for the production of specific lines and
bands, using narrow pass band filters and a photomultiplier. This work
will be described in greater detail in a technical report now being pre-

pared. A brief summary is presented here.

1. Identification of the Radiative Transitions

Spectra arising from allowed transitions in the products of reactions
between the ions He+, Ar+, and N: and a potassium vapor target were first
examined with a grating spectrograph. A wavelength interval extending
approximately from 3000 to 5000 A was studied with a resolution .f about
5 A. These spectra gave information on the relative population of various
excited states and also permitted the selection of several relatively iso-

lated lines for cross section measurements using narrow band filters.
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+
a, He + K

The emission spectrum obtained at 2470 eV incident He+ . rgy

is shown in Fig. 7. He excitation from this reaction s.ould occur largely

to the n = 2 levels, but the allowed transitions from these states radiate

at 584 or 10830 A and thus were not observable. The only He 1line observed

was at 3889 ﬁ, from the 3p®p state (AE = 2.75 eV). The 5876 emission from

3d°D was probably present but was not recorded on the 103a-0 film used. §

Hé+ K —He+K**

43— —Hé+K*

a2l

4p —
4829

38—

37—

35— ag 3%

34

33

32

LA A

FIG.7 EMISSION SPECTRUM FROM He' + K COLLISIONS AT 1.70 eV

+
A number of lines from excited K states were observed. Re-
actions to these states can be near-resonant when the final e i1s in the

ground state; however, the minimum lAE! for final states that radiate

within our range of observation was about 3 eV. Most of the observed

LML AR R AR 1

radiation came from these (4p) levels (Fig. 8).

!
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It is .nformative to compare the states populated in the He+ + K
reaction with the available states and their AE as in Fig. 8 (only the
most important levels are included). The direction of increasing energy
is given by the arrows near the species symbol, and the diagrams are jux-
taposed so that the ground state He+ level is next to the ground state
K (and Rb) levels, representing the initial state of the system. Obviously,
for o transition to the final state nf He + K+ to occur with no energy
change, the final states will also lie at the same level. Thus if the
final K+ is in the ground state the reactions of smallest AE will leave
the He atom in the 23¢ and 2'S levels, and if the final He is in the ground
state the K+ atom is in the group of lowest excited ion states. Radiative

transitions observed in our spectra are indicated by arrows,

b. Ar (and ar'*) on K

This case differs from that of He+ because, while excited Ar
states car be produced by near-resonant capture reac’‘ons, excited K+ are
unlikely because these reactions have AE's of at least 8 eV. In this case
the primary radiation is probably in the ultraviolet lines resulting from
capture into the resonance levels of Ar. The only lines observed were of
Arl], excited in electron capture collisions of Ar++ {a contaminant in the
beam) on K. This mechanism was verified by changing the ionr source con-
ditions so that no Ar++ ions were produced; the Ar+ lines were no longer
seen,

+

c. Nz + K

These reactions were the most interesting ones that we have
examined optically, for here we could observe the radiation from states
of N, excited by near-resonanc electron capture reactions. From a con-
sideration of the energy levels of the reaciants and products, one would
expect to produce N, in the C“Hu state (AE = 0 for v = 1), which decays

to Bl in 4 x 107® sec, emitting the N, second positive bands.
134
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Examination of th2 N: + K spectrum (Fig. 9) confirms the prediction.

Only bands of the N2(2+) system were ohserved. After the radiative tran-
sition, the fiial B’Hg state subsequently cascades to the A“Zu stafte in
3-10 x 10~°® sec, but the strong bands are in the infrared and thus were
not seen, In any case, this reaction is apparently 2 good mecchnism for
providing beams of N, in the B and A states (with populations dependent

on the time elapsed after neutralization of the ion beam).

2, Monochromator-Phototube Measurements

While the spectrograph provided adequate resolution for line identi-
fication, little could be done to establish meaningful relative intensities
for t..e various lines because of the inherent nonlinearity of the film
and the fact that the grating was blazed for 7500 i, thus making the re-
sponse a steep function of wavelength in the 3000-5000 i region. A fairly
fast (£/3.5) monochromator was obtained and used in conjunc*ion with =
cooled low noise EMI6256S photomultiplier, in hopes of providing reliable
intensity data that could ultimately be used for cross section detcrmi-
nations. Without using pulse counting techniques, th2 system has insuf-
ficient sensitivity for operation at the lower ion beam energies where
the beam current is small. However, the apparatus is useful in obtaining

relative intensity measurements at beam energies over 1000 eV.

Figure 10 shows several sections of the photomultiplizr output
trace in the wavelength range 2200 A < A < 4000 K where only the second
positive bands of N, were found (the lack of other bands suggests prefer-
ential population of the vi =1 level). These data were used as a standard
to determine the relative magnitudes of all other observed bands. The
overlap of some of the bands such as (2,1) and (3,2) was substantial and
the unfolding was only approximate, but the results were quite satisfactory.

To test the accuracy of these measurements and estimate thc error made
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FIG. 10 SECTIONS OF THE MONOCHROMATOR SCAN OF SECOND POSITIVE BANDS
EMITTED IN N; + K COLLISIONS AT 140C eV

in assuming a flat wavelength-sensitivity curve for the photomultiplier,

the branching of the radiation from a given upper state (v’) level to

7
several lower (v ) levels was compared to that predicted using the appro-

priate energy change and the Franck-Condon factors of Benesch et al.!4

The agreement was surprisingly good,

considering the noise on the curve,

and gave confidence in using the data for other comparisons. Summing over

all peaks arising from the same upper vibrational level, we found the v’

levels 0, 1, 2, and 3 to be populated in the relative amounts 10, 2.8,

0.9, and 0.6, respectively.

This result shows that a AE = 0 selection

/
rule (which would predict an enhancement of the v =1 level) should not

be construed to have much strength when possible final states differ in

energy by a fraction of an electron volt.

systems must be considered.
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Other aspects of the interacting

In the present case, for instance, there is




uniloubhtedly a strong influence of the Franck-Condon overlap between the

appropriate levels of N:(X) and the N,(C) states.

We found the intensities of the (0,2), (1,3), and (2,4) 2nd positive
bands to be in the ratios 1,0:0.47:0.14, with the N2(C3Hn) state populated
by electron capture collisions of N: and K, whereas the experimental val-
ues for excitation of ground state M, by electron impact are experimentally
1:0.84:0.44 (Langstroth's data in Craggs and Massey!®) at electron energies
above 30-50 eV and 1:0.70:0.18 for 15-keV electrons (Fishburne!®). Rep-
resentative theoretical values of 1:0.89:0.30 were reported by Fishburne!®
for electron impact excitation, Thus the particular electron capture re-
action we used had the effect of populating the v = O level of the N,(C)
state more heavily than is found from electron impact excitation of N,(X).
The relative importance of the energy defect in determining this popula-
tion, compared with that of the Franck-Condon factors, is unknown. A de-
termination of the population distribution using other target atoms with
different ionization potentials (such as Na or Rb) may shed some light

on this question.
+
b. NO + K

It was expected that the AL state of NO would be produced in
this reaction. For ground state vibrational levels, the AE is about
-0.6 eV. In the wavelength range 2200 A < A < 4000 A, only the NO y bands
that originate from the NO (A) state were observed. Furthermore, all the
observed bands originate at the vi =0 level of that state, The B bands
originating from the "displaced" B?[l states were not cbserved at all, al-
though the AE is nearly the same as the A state. This result clearly
indicates the important role of the Franck-Condon principle in electron

capture reactions,
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3. Cross Section Measurements

Knowledge of the emission spectra obtained with the spectrograph and
monochromator permitted the selection of several lines and bands suffi-
ciently isolated so that narrow band pass filters could be used in con-
Junction with a photomultiplier to measure emitted flux densities without
danger of contamination from other nearby lines. The detection efficiency
was calibrated for each emissicn wavelength by means of a standard lamp
and the transmission curve of the filter. So far, cross sections of three
K" lines from He' + K and three N: (2+) bands from N, + K have bheen meas-
ured as a func ior of incident ion energy. The experimental arrangement
is shown in Fig. 11. In these studies, none of the radiative lifetimes
of states producing the observed radiation were comparable to the resi-
dence time of the appropriate particle in the region of observation; thus
corrections for lifetime effects in the state populations or cross sec-

tions were not necessary,

Results for the He' + K runs are shown in Fig. 12 (note that the 4189
cross sections have been multiplied by 1/10in the figure). It should be
mentioned that the most intense line examined, 4189 ﬁ, is fed by the 3819
transition. We have not examined this aspect in detail. Using these
cross sections it was possible to construct an approximate curve of rela-
tive intensity vs peak height for the densitometer traces of the spectro-
meter photographs. On che basis of these data, the cross section for
exciting all XK' states with n > 3 in the raction He' + K — K™ + He was
estimated to be 5.5 x 107'® cm? (within a factor of 2) at 1500 eV. This
is at least ten times smaller than the total He+ + K charge transfer cross

section and reflects the fact that the IAE{ is >3 eV for these reactions.

Cross sections for the N,(2+) (0,0) and (1,3) bands are shown in
Fig. 13. Both of these cross sections exhibit the Ql/2 =a - b log E

dependence characteristic of closely resonant electron capture reactions,
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FIG. 12 EMISSION CROSS SECTIONS FOR SOME K I
LINES FROM He® + K EMISSION
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as can be seen in Fig. 14, which plots Q*/? vs log E. The dashed curve
for the (0,0) band in Fig. 13 was taken frcem the straight line drawn
through the data points in Fig. 14. Assuming that the relative popula-
tion of the various vibrational levels of the (c“nu) state produced by
electron capture is relatively independent of incident energy (the ratio
of the (0,0) to (1,3) intensities ranged from 5.5 at 100 eV to 4 at

1500 eV), the monochromator spectrum taken at 1400 eV can be used to es-
timate the total cross section as a function of energy for exciting the
N, (Csﬂu) state in the reaction N: + K~ N: + K. This procedure gives
a cross section about three times larger than that of the (0,0) band ex-

citation cross section, and thus about 1/6 the total charge transfer cross

+
section measured for N, + Na.

We have not ye: measured the total N: + K charge transfer cross sec-
tion, but we feel that it should be at least as large as that for N: + Na,
The N: + Na cross section is presently somewhat uncertain. Our original
estimated values'! should be reduced by 50%, because the Na vapor pressure
vs temperature curve used in estimating the cross section, taken from the
tahles of Ditchburn and Gilmour,!” yields pressures that are 50% low, ac-
cording to the more recent and accurate data of Buck.!® Since our m-as-
urements of this cross section, another determination has been made by
Henderson, Mentall, and Fite.!® Their results, in the energy range 50-
200 eV, are about 1/25 of ours. We feel our results are acvurate to 50%
and cannot explain the discrepancy in the two measurements. We note that,
using our Na cross sections, the C state capture is comparable for Na and
K. It seems fairly important for us to measure the charge transfer cross
section for N: + K and to place our N: + Na results on a reliable absolute

scale, as well as to recheck the calibration of the photon detector.
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4. Summary

Spectra were obtained of the light emitted from the interaction of

s Ar++, N:) beam and an alkali (K) vapor beam;

a gaseous ion (He*, Ar
these combinations should produce excited final states, after electron
capture reactions, either of the type (1) A* + B = ax , gt + AE (where
OE is the energy defect) or of the type (2) A" LB A+ + AE. The
spectra bore out this assumption (there was no direct excitation observed)
and provided a basis for the selection of several lines sufficiently iso-
lated that cross section measurements could be made using optical filters

and a photomultiplier detector.

+

Cross sections were measured for three K 1lines from reactions of

type (2) whose IAEI'S were over 3 eV. They were quite small compared
to the total capture cross sections, and had the general appearance of

most nonresonant excitation cross sections,

On the other hand, cross sections for excitation of two bands orig-
inating in the C"’Hu state of N, by the reaction N: + K= N: + K
(0E < 0.3 ev) displayed an energy dependence characteristic of resons. t
electron capture reactions. From these results we can now derive the
vibration distribution and intensity of the Nz(Aaz) beam that results by
cascading from the C state. The resonant electron capture reactions show

a definite tendency to obey the Franck-Condon principle.
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I1 ENERGY TRANSFER AND OPTICAL EXCITATION

Simple molecules have many relatively low lying metastable excited
states, This is particlarly true of those formed from O and/or N. Dep-
osition of energy into the atmosphere, either by nuclear explosion, missile
penetration, or such natural events as solar radiation ahsorption, produces

gignificant numbers of simple molecules in metastable states,

When selective collisional processes occur, it is possible for meta-
stable species to produce observable phenomena. These phenomena can be
used to indicate the total energy deposited in the formation of those spe-
cies (detected by emission spectra) which are also characteristic of the

means of energy deposition,

During the present contract period, no! yet completed, three meta-
stable species of particular interest in the excitation of air, 0,(b'Z),
o('D), and Nz(Aazz), have been produced and their collisional deactiva-
tion, and the consequences of this deactivation, have been studied in
considerable detail. For example, it has hern «h-w that NZ(A32:) is
extremely efficient in exciting NO, CO, and Hg, all of which emit their
energy relatively rapidly. Hence their emission at unusually high inten-
sities indicates not only their presence (as a consequence of energy dep-
osition), but also the presence of Nz(Aazz). The presence of Nz(Aazz) is
indicative of both the mode of energy injection into air and the quantity

of energy involved.

Atomic oxygen becomes a major atmospheric species above 120 km and
is a corcequence of solar energy depostion in our atmosphere. Molecular
oxygen absorption of ultraviolet solar radiation produces O('D) as well
as O(%P). The pathways by which the energy of excitation is degraded to

thermal energy have important consequences for the composition and energy

<5



state of our upper atmosphere. We have found that O('D) is strongly de-
activated by O, (which is itself excited) and are attempting to determine

the effectiveness of N, in removing energy from O('D).

2

A. Method of Approach

Two experimental approaches are being successfully pursued. In one
approach called, for convenience, the RF excitation experiment, highly
purified gas at low pressure flows past several inlets (in a glass system)
through a 5-liter quartz RF excitation bulb, through a l-liter chemilumi-
mescence observation bulb, and finally to a l1-liter/sec mechanical vacuum

pump.

The gas is excited by a pulsed, high impedance (Tesla type) 150 kc/s
oscillaticn and is observed with a filtered photomultiplier and two mono-
chromators with photomultiplier detection. Steady state data (i.e.,
spectral scans, or variations of light intensity with power, or the con-
centration of an additive) are recorded. Transient data (i.e., the build-
up and decay of intensity as the excitation is keyed on and off) is stored
digitally in a 1024-channel data accumulator. After sufficient repetitive
cycles have occurred, the information is read out and photographed on an

oscilloscope.

This experimental apparatus has successfully measured:

+

N, (A'L) + Q= N, +Q (4)

N,(AL)) + Q= N, + Q¥ (5)
+

Oz(b‘Zu) +Q~0, +Q (6)

for a large selection of deactivators Q, ranging from N and O to 0,, N,,

NH,, and Hg.
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In the near future reactions such as (4), in which Q may be decom-

posed, will be studied and the fragments into which Q is broken will be

identified and measured.

Studies of 0('S), OH*, and CN* will also be pursued. These species

can be expected to result if hydrocarbons are present during energy des-

position in the atmosphere.

A second experimental program, optical detection of photolysis frag-
ments (ODPF), has yielded significant information on the behavior of o('p)

with O,. However, success has not yet been achieved in direct detection

of emission from 0(D) at 6300 A,

Since the radiative lifetime of O(!D) is 100 sec, very sensitive
detection, strong production rates, and minimal collisional deactivation

are required. As it often turns out, these requirements are contradictsry.

A new system for ODPF, which will make possible more complete obser-
vation of the Phenomenon, is nearing completion. The new system has pro-
vision for subjecting the inflowing gas to a microwave discharge. In this
way one (complex) radical can be injected by photolytic decomposition into

a stream containing another., For example, chemionization due to
+
CH +0 - CHO + e
CH* + O — CHO* + e

can be verified uniquely by forming CH or CH¥ in photolysis of a compound

RCH, i.e.

b

hv + RCH = R + CH

entrained in a gas streanm containing O and observing coincident ionization.
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Similarly, a study of the excitation of CN, OH, CH, etc., by energy trans-
fer or reactions involving 0, N, NO, N,, or O, can be carried out. These

experiments are in an advainced plarning stage.

B. Detailed Discussion of Optical Detection of Photolytic Fragment Program

1. Excited Fragments

In principle, the ODPF is quite general and very informative. Radia-
tion is absorbed by a gas S, giving excited fragments X¥ and unexcited

fragments Y. Then the rate of production P(X*) is

3(x*)1

v

abs

P(X*) = (7)

where ¢ is the fraction of the photons absorbed that decompose into frag-
ments, one of which is X* (i.e., § is the quantum yield for X* and is a
function of the wavelength of the radiation used and the species absorbing
the radiatira). The volume of the vessel containing S is V, and X* is
assumed to uniformly fill the container by diffusion. If this uniformity

is not achieved, corrections are possible.

In a steady state
P(X*) = L(x*){xx] (8)
where L is the frequency of destruction of X* by all processes, including

radiation. Since

I(X¥) = ?L%E%T (9)
S(x*)1 5
- abs _ P(X*) = L(x*)Tr(x*)I(x*) (10)

The quantities 3(X*) and L(X*)T(X*) provide considerable information on

the structure of S and the energy transfer processes involving X*,
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One of two things can happen to X*; it can react and be removed as
a chemical entity or it can be deactivated to X, but still retain its
chemical identity, Then

v = = | ] o ,11
L(v*) =1 =k [Q) + kQ[Q.l (11)

where [Q] is the concentration of a collision partner in reactive and
energy transfer collisions, respectively. It is possible (and quite prob-

able) for one species to produce both effects. Then

K =k +k
G S

where kT is the total rate of removal of X* by Q. The term Lo lumps to-

gether processes not of immediate interest and necessarily includes radia-

tion and reaction and/or quenching of X* by S, i.e.,
L = ——l-f—'+ k'[s)+ ... (12)
0 Tr(x*) T

Equation (10), after substitution of Eq. (11), becomes

d(x*)1

_\-"I_(-X-*T_s = L0 + kT[Q] (13)

If $(X*) is known and IabS/VI(X*) can be absolutely measured, Lo and kT
can be obtained from measurements of I{X*) vs lQ]. Alternatively, if

either LO or kT is known, it is possible to obtain &(¥*).

2. Absolute Mersurements Using Unexcited Photolysis Fragments

The problem is to obtain IabS/VI(X*) in absolute units. To indicate
how such absolute measurements can be made, it is necessary to consider
a specific experiment. If Iabs/v could be obtained from in situ emissiun
measurements, then the absolute measurement would reduce to relative in-

tensity measurements--a much more desirable situation.
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It is possihle to obtain Iabs/v from emission measurements by uti-

lizing the photolysis of 0, 4nd tke measurement of 0!3P) by
NO + 0= NG, + hv
tThis reaction prcduces an extensive continuum from 400 to 1400 nm,

In general the rate of production of 0O(3P) 1s

1
abs

- (14)

P, = ($, + &,f)

where §, and ¢, are the quantum yield of O(’P) and 0(!D) and f is the

fraction of O(!D) that is deactivated to O(®P). This latter fraction is

=28 (15)

where L’ accounts for all processes that deactivate 0(!D) to O(°P) except
o

thuse involving Q.

For O, photolysis, it is knewn that f is 1 for experimentally useful

<ituations and it is also known that at 1470 4 ¢, = &, = 1. Hence for

0, photoiysis at this wavelength,

21 {
abs\oz)
P, = ————— (16)
\.
vhere
1 =1 {1 - - 1
abs 0{ exp 002[02]d), (17)

o, is the absorption coefficient for 0, at 1470 ﬁ, [02] the concentra-
2

tion of O, used, d the iength of the absorption region, and I the inten-
o

sity of the photolysis lamp. Since

1. (s) ) Iabs(oz) I_:zp(-GS[S]i)-
v - v 1 - exp(-0_ [©)d)
02

(18)

Lo (3) is derivable from meacurement of P,(0,).
s
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Again, for O, photoliysis with added NO at steady state,

P, = LO(O) + kA[No][M] fo(3p)] (19)

where kA refers to
NO + O+ M= NO, + M (4)
which predominates over
NO + 0 = NO, + hy (B)
and LO(O) accounts for all other losses of O(%P). Alsc

K [NOJP3
B

= k_[M ] = 20
Iy = kglvollo] L_(0) + k [NoiTx] (20)

so that for sufficiently large NO, IB becomes constant at

k P, k 2I (o,)
I' - B - B abs (21)
B kA M kALMJV
It is now evident that
k M 1 - -0 {s]d)
Iabs(s) e ) A[ ] ‘ exp GS[ ] (22)
= 1/(0, - -
v B kg l 1 exp(-coz[Oz]d)
and so
105)8(x%) [k, [M](1 - exp(o_[s]d)) I;(02)¢(X*)G
1(x%) k {1 - explc_[0,1d)} | 1(X*)
B 0,
(23)
=L+ kT[Q]

Since the quantities in the large truckets, designated G, are all known,
/

only the ruatio IB(Oz)/I(X*) needs to be measvred and geometrical and

detector sensitivity factors will cancel out, i.e., Ié(oz\ and I(X*) can

’
be replaced by Jé(oz) and J (X*), the detection outputs, i.e.

’
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J;(OQ)Q(X*)G

T oo = L(\ < kT[Q]

J(X*) (24)
e

If $(X*) is known, then varying {Q] and plotting the left side of this

equation agairst [Q] gives L

3. Photolysis Giving 0(3P) and/or o(D)

Notice that if some other compound S’ gives both 0(®P) and o('p) by

photolysis, then

k'J» ) ’ I'le'\S,)
1, g
(S = ) o —
1,(5") k_\[n\l] (83 + &,1) v
]
1 -¢ -0 LS 92613
- (Q; . i‘:f)[l;\/’)z) pr( S[ )) (,35,:

1 - oxp(-OOZEOZJd)

k
’ ‘ 3 B
= IB(OZ)(¢3 + %.1)G k\[M]
So,

1’(sy  «k
N R T ') (26)
I (0,) Kk [m] 73 i :

B A
=68, + 3p) (27)

and G’ can be easily calculated.

4. Photolysis and Reactions of N,O

J, 18 a very efficient deactivator of 0('D), and N,0 is thought to

reac: very rapidly with 0('D},

: 0('D) + NG =N, +0, (c)
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while O(®P) is known not to react with N,0. Then f ~ 1 in pure 0, (with
an inert buffer gas, He or Ar), but as N,O is added f — 0, i.e.,

kQ[02] x

f = - (28)
L+ kT[OZ] + kc[hzo]

When

kC[N20]1/2 =L, +kl[o,]

the continuum plateau intensity is halfway to the intensity characteristic

of f =0. Hence if L <<kT[02], then
o

k  [o,]
£ - (29)
ko [N,0] '

There are several barriers to applying this simple technique that are
Just now being removed. First, N,0 is decompo: ' by emission at 1470 £
into fragments that lead to emission. Using our newly developed image
tube spectrcgraph, we have detected emission frem NO and 0('S) that over-
laps the N0, continuum and requires careful filtering of the photomulti-
plier detectors used to measure Ié if thir unwanted emission is to be

excluded.

After proper segregation of emission from NO, is accomplished, a

correction must still be made for the production of O({°P) from N,0, i.e.,

1
1500, + 5,0 = £ {1, (0,)(2,(0,) + 12,(0,)]

r K
+ 1abs(N20)h§3(Nzo) + fél(Nzo)_}
If Q‘(Nzo) =0, it is relatively easy to carry out the appropriate correc-
tion. However, preliminary results Suggest that this is not true and a

study of & ,(N,0) is required.
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Equation (26) relates the intensity of the N,0 correction (at its
plateau value) to ¢ and f. 'owever, Ié(Nzo) does not reach a plateau as
NO increases (and N,0 stays fixed) as is the case with O,. Since from
the 0, results we know that [NO] has reached a value where it dominates
the processes removing O(3P) and hence cancels the (No] in IB = kB[No]fo],

the increasing Ié(NzO) can only imply that f is increasing and hence that
¢, #£0.

Including the role of NO in f gives

’ l
L k' [No
P - ¥ No[ ]
"L + k__LNO]
o NO

Since L. includes kN [Nzo], which is very large, while L' is very small
o N, o
(because N,0 reacts mostly with O('D), then L’ < k;o[NO] while L >>
o o
kNO[No], i.e.,

kNo[No]
f =
L
(o]
Therefore %
4
N.,O N k. [No i
225—2 : ' | &, + 8 kNo[ °] ) G'(§, + &) -—595—41- :
o) - 3 1 = 3 1 N
IB(Oz) L, _ ky 0[120]

2

It must be remembered that G’ is a known function of
O P SR
[1203) a {1 - exp( szofﬂzo] )}S
A cimilar effect does not occur for O, photolysis because ké [Dz] >>

2 . . N ' D 2
ko[NO], while in N,0 photolysis kg O[NZO] << kNo[NO].

2

Preliminary results indicate that §3 is quite small and él ~1. If

this should be the case, then addition of a strong quencher, perhaps N, .
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would give

/ ! 4
IB(Nzo) el o r (kNo[No] + kN2[v2])
- 3 1
r;(oz) szo[Ngo]

and, if §, ~ O when Ié(No) has been reduced to one-half its original value

by N, addition,

4 i
kno[NOJ - kN2[N2]1/2.

St..ies of the reaction and quenching of 0{!D) and O('S) by several
interesting and important spr.cies can be carried out in a manner very

similar to that already discussed.

C. Present Position of ODPF Experiments

Ve have established that
0(*D) + 0, = O(®P) + 0,(p'E)

occurs with a rate coefficient greater than 107'2 cm3?/sec. This result

will soon be published in the Journal of Chemical Physics.

We have made extensive measurements of O(°P) resulting from 0, and
N,O0 photolysis, as just discussed, and obtained results in general agree-
ment with expectations. However, we have also discovered that results
with relative precision of & 1% are required for accurate analysis. At
this level of accuracy we find that surface phenomena are quite signifi-
cant. We are now coating the walls of the photolysis bulb with inhibitors
to reduce the reaction of O(3P) on the surface. Also, a second photomulti-
plier has been installed to observe the photolysis region with geometry
significantly different from that in the previous detector. It is expected
that results of sufficient precision will be obtained to measure @1, $,
of N,0, and the rates of reaction of 0('D) with N,0 and CO, will be meas-

ured relative to the rate of quenching by O, and X,,
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D. RF Excitation Experiments

Let the excitation rate of some species, X, in tlhe electrical dis-

charge be P(X*); then

d(x+]

dt

= P(X*) - L{X*)[x*] = P(X¥) - L{xX*)7(x*)1(X*). (20)

This equaticn is essentially the same as that used iu discussing ODPF
with the same meaning attached to the symbols L(X*), T(X*), I(X*), and
[X*]. In a steady state

P(X*) = L(X*)T(X*)I(X¥)
Breaking L{X*) into two components,

L(te) = L (x%) + K,[Q]

and associating IO(X*) with the circumstance [Q] = 0, one can easily de-

rive the equation

I k

_°_1+.Bf_1_

1 L (X*)
O( )

provided that P(X*) is not affected by the addition of Q. Hence a plot

of IO/I vs [Q] gives kQ/LO(X*).

Equation (20) can be rewritten as

d1(x+)

romil T(X*)P(X*) - L{X*)1(X*)

If P(X*) is a square pulse, i.e.,

P(X*) =0 for t < 0 and P(X*) =P for 0 St st,
[¢]
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then the solution of this equation is

I(X¥) = 0 for t < 0

I(X*) = Is{l - exp[-L(x*)t]} for 0 < t < t,

I(xX*) = Is{l - exp[-L(x*)t]} exp[-L(x*)t] for t > t,
Is(x*) = 3$§§%§£§tl

A steady state is reached when t &~ 2/L(X*). Hence if P(X*) is not
constant but changes only slowly [i.e., ® 10-80% in a time interval of

2/L(X*) ], then I(X*) =~ IS(X*) < p(X*),

I° In1(X*) is plotted vs t, the resulting straight line should have
a slope of L(X*). Hence if this Slope is plotted as a function of gas

stream component {Q] and L(X*) = LO(X*) + kqu], ther a straight line

results whose slope is kQ.

We have detected, by emission, O(’s) (5577 k), 0,(b'Z) (7618 k),
NZ(A3Z+) (2800-3000 A) and have investigated the changes in the transient
u

behavior of their emission as [Q] is addeq.

Several papers concerning Nz(A32+) interaction with N, NO, and Hg
u
are in the process of Publication, and a final draft of a survey paper

covering all the species listed is near completion.
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111 FIELD OBSERVATIONS OF UFPER ATMOSPHERIC PHENOMENA

The objective of the work reported here is to obtain spectra of radia-
tion associated with high altitude release of barium and strontium. The
experiment was conducted during the nights of October 3 and 4, 1967; the
rockets carrying the release material were launched from the Wallops
Island range, and the optical equipment was set up at Langley Air Force

Base.

The basic equipment used was a transmission spectrograph system
employing an image intensifier tube and a unique spectrograph (owned by
SRI) employing all reflecting optics for use in the ultraviolet region
of the spectrum. It was necessary to modify both instruments before they

could be used on this project.

A. Instrument Modificatior=

The UV spectrograph had no easy means for adjusting the angle of
sight. Sj e this spectrograph is fairly heavy (about 400 pounds), a
set of steerable mirrors in front of the slit were installed. This spec-
trograph is designed to use an echelle grating and a second grating ori-
ented with its ruling perpendicular to those on the echelle grating to
separuate its overlying diffraction orders. The despersion is about 12 A/mm
at 4000 R. 3ince the echelle grating spreads the light into several orders,
the optical speed of the instrument is less than if a single grating were
used; but, of course, the dispersion is greater. The echelle grating was
replaced with a plane mirror giving an increase in speed of abcut a factor
of three but reducing the aispersion to about 80 A/mm. For the barium-
strontium experiment it was felt that speed was more important than res-

olution, and the spectrograph was used with the echelle grating removed.
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Luminous spots formed by the Ba-Sr release grow rapidly to a size
that is too large to obtain good data from an objective spectrograph.
It was therefore necessary to put a slit and collimator on the image tube
unit to convert it to a standard slit spectrograph. Based on the informa-
tion we had as to the size the spots attained and the accuracy of the re-
lease, a collimator was chosen that would give a wide 20-degree field of

view,
B. Resultg

At the , t time data reduction has just started; however, a few
general commer:s can be made. The all-reflecting ultraviolet spectrograph
detected only one line at 4607 R the first night; on the second night an
additional line was observed at 4554 A, The 4607 A line was observed for
116 sec the first night and 266 sec the second night. The 4554 R line

was seen the second night 1166 sec after launch.

Because of the lack of experience with the instrument and the lack
of an adequate check list, an adjustable iris diaphragm which was closed
during the day to protect the image intensifier tube was left closed during
the first night's run and most of the second night. This error was de-
tected late in the second night's run. Spectra containing several lines
and bands were obtained using 1l0-sec exposures 26 minutes into the second

night's run,
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