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I. INTRODUCTION

In this final report we review briefly the accomplishments of
our group in the area of ARPA sponsored work. The discussion of each
topic is short, and the reader is referred to published material if he
desires more detail. A list of references to our work is appended.

Most of the processes discussed in this report are important
in two distinct areas of ARPA iaterest, namely in reentry in the

presence and in the absence of seeding, and in an understanding of

high-powered 592 lasers and similar molecular laser systems.

The Role of Gas Temperature

In order to measure processes under circumstances which are
directly applicable to wakes at reentry (where the gas temperature is
high), we decided some time ago that it is imperative to measure cross
sections and rate coefficients at elevated temperatures. The elevated

temperature alters the populations of vibrational and rotational levels



of the targe. molecule, and we find that very often the electron impact
cross sections depend markedly on the population of these vibrational
and rotational levels, i.e., on the gas temperature. Our own experi-
ments encompass the range of temperaﬁures from about 100°K to 2000°K.

It should be noted that the considerations outlined above are
much more general than would appear. The temperature dependence of
reaction rates must also be considered when one analyzes gas discharges,
and especially when one wishes to analyze the reactions taking place in
high-power molecular lasers. Such devices often contain high densities
of vibrationally excited molecules and the reactions of these with the
electrons must be considered. This is the reason why we became interested
in studying C02, which is the active medium in the highest efficiency

laser invented to date.
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II. EXPERIMENTAL TUBE FOR NEGATIVE ION STUDIES AND VIBRATIONAL EXCITATION

Figure 1 is a schematic diagram of the experimental tube employed
in some of the studies. A directly heated, thoria-coated iridium filament
cmits clectrons whose energy distribution is reduced by use of the retarding-

potential-difference method. A permanent magnet provides a magnetic field

Gas

i along the axis of the electron beam. The magne-
| .
tic field can be varied between 400-1200 G by
t ! | I ' ‘
- l . N . .
3 - g'“;ﬂ"ﬂ L%T moving the pole faces. The collision chamber is
Fiiament " | Elegtron
b .J “ [RR} Coliector . . . R R R
Retandng Piate (I | N a cylindrical iridium oven, 10 mm in diameter,
lon Coliector t h wlTe B

fricwm Furnace

ihz:ﬁ i 0.05 mm in thickness, which can be heated by the
I, passage of a direct current. A current of 60 A

is needed to attain a temperature of 950°K. A cylindrical iridium heat'
shield surrounds the collision chamber, to minimize heat losses by radia-
tion. Mounted inside the collision chamber is a pair of iridium parallel-
plate collectors for the total collection of ions. All electrodes, with

the exception of the iridium parts and the electron collector, are gold
plated to minimize contact potential differences and to maintain field uni-
formity. The electron collector is plated with an electrolytically de-
posited layer of platinum black to minimize reflection of electrons. The

ion collectors and the electron collector are provided with guard plates

to minimize current leakage acress insulators. The electrical insulation

for the electron gun is provided by sapphire balls, and for the ion collector
by fused alumina and qu;rtz. The whole tube is mounted on a fused alumina
plate. The system is baked at 400°C for 24 hours, and a background pressure
of 1072 torr is obtained.

Gas is introduced _nto the collision chamber througl. a 2.5 mm tube,

and the gas effusing through the holes in the collision chamber is differentially



pumped using a 4-inch diffusion pump. The tube is isolated from the pump-
ing system by a liquid-nitrogen trap.

A sine wave of frequency 14 Hz and a peak-to-peak amplitude 80 mV
is applied to the retarding electrode of the gun. Ions which are produced
in the collision region are extracted by the parallel-plate collectors and
passed through a high-value resistor, typically 10109. The resulting signal
is applied to the input of a Keithley-301 operational amplifier which is
used as an impedance match with unity voltage gain. In this mode, the am-
plifier has an input impedance of 10149 shunted by 0.1 uuF. The output of
the operations amplifier is applied to a synchronous detector which selects
signals of the correct frequency (14 Hz) and phase, so that the ion signaf
detected is that produced by electrons with an energy spread of about 80 mv.
A similar lock-in amplifier is used to monitor the transmitted eicctron cur-
rent. The collision-chamber potential is driven by the voltage from a ramp
generator, which also drives the X axis of a two-pen X-Y recorder, while the
signals from the synchronous detectors are displayed on the Y axis. This
provides a plot of retarding-potential-difference ion current and transmitted
RPD electron current as a function of incident electron energy.

The temperature of the furnace is determined primarily from the
change of the positive-ion current in helium, as a function of furnace cur-
rent. A constant mass flow of helium is maintained, and thus the density
of helium (and hence the positive-ion current) is proportional to T'%, where
T is the absolute temperature. Molecular liow through the orifices is
maintained by keeping the density in the furnace low. A spot check with an
iridium/iridium-rhodium thermocouple attarhed to the furnace confirms the
temperature scale within 2% up to a temperature of 550°K, and gives a tem-

perature 6% higher at 800°K.
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III. MODES OF OPERATION

' |
The tube described previously can be operated in two distinct,

modes, giving information about two distinct processes. In one mode of
|
operaticn, negatlve ion cross sectlons can be determined, ‘and 1n the other

mode the trapped- electron method is used for determlning vibrational dross

sections. Thus, 'a single tube gives us a great deal of information re-

s

garding low-energy electron loss processes -in gases. A simple change of

applied potentials alters the mode of operation,
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IV. DISSOCIATIVE ATTACHMENT 1IN O2 AT '""ROOM TEMPERATURE"

0 1 ) . 1

. The production of 0-/0, at "room temperature," i.e., with the

oven inopérative, is found to have an onset of 4.4 + 0.1 eV and a peak

rat 6.7 eV1 in excellent agrecement with previous data. The electron-energy
scale and the eiectréﬁ-energy'distribution are determined from retarding
curves at the-input and output of the collision chamber, respectively.
The;energy scale determined from retarding curves is in good agreement
(+0.1 eV) w%th the ehergy scale determined from the onset of Xe® ions in
pure xenon and mixtureées of xenon énd carbon dioxide, at both room tempera-
ture and at elévated_temperaturés. The.electron energy distribution has

1
a full width at half-maximum of about 0.08 eV.

The relative cross section for dissociative attachment at all
! : T .

temperatures is determined from the ratio of negative to positive ions.

' The cros§ sec%ion for 0 formation from O2 is well established to
| .
be 1.3 x 10-18 cmz, and in‘'fact it appears that this value, not being af-
' 1]

flicted by errors resulting from secondary electron ejection, may be more
reliablie thdn some positive-ion cross sections. When we use the data of
Tate aqd Smith [Phy%. Rev. 59, 270 (193?)] or our own value for normalizing

the ratio of negative to positive ions found in the present experiment,

|
we obtain values of 1.28 x 10'18and 1.30: x 10-18cm2 for the dissociative-

1

attachmént cross section in O
i .

H

2°



V.

TEMPERATURE DEPENDENCE OF DISSOCIATIVE ATTACHMENT CROSS SECTIONS IN O2

The variation of the peak of the dissociative-attachment cross

section as a function of temperature is shown in Fig. 2. It is observed

it 2, ™= that there is a very small increase in
B a
" - the cross section, up to the highest
[ - L - ¥ =
U i i . temperature used in the present experi-
| — ment. The temperature range of the
a s | 0¥ e kT
= ; <%= O'MALLEY (Theory} _] . . . L.
el | S IR 55 present experiment is limited by leakage
H! \
z ) across the insulators of the ion collec-
| S WU BN T ads
o.500 500 1000 1500 2000 2500 . .
Temperature, *K tor and by electron emission from the

FIG. 2. furnace.

The triangles of Fig. 2 are obtained from the recent paper by
Henderson, Fite and Brackmann [Phys. Rev. 183, 157 (1969)]. Normalized to

8 cm2 at room temperature, the open circles of Fig. 2

our value of 1.28 x 1071
show the theoretical points obtained by 0'Malley [Phys. Rev. 155, 59 (1967)]
from a parametrization study of the O-/O2 process. His data are normalized
to our value at room temperature.

Figure 3 presents the shift in onset of production of O  for 02,

together with the shift in the location of the peak of the cross section, as

d 1 L | |
i ) peax (O PREsENTwore | @ function of gas temperature. The onset
ol = .. --a-- FITE €T AL.
e moves to lower energy linearly with in-

L
r—

Etedlenn: Ensryy, &%
- -

—o— PRESENTWORK _| Creasing temperature, but there is little
DMIEY | —o— FITE ET AL,
—0— O'N . . .
ItH:::::::::::::::_ﬂHH_ WS 1 shift in the energy at which the peak of

— the cross section occurs. The open cir-

/

/

i

s e L L1 w0 0] cles in Fig. 3 have b n "
300 600 800 1200 1500 1800 2100 2400 g v = S UIated by

Temperature, °K q
O'Malley, and the triangles are the ex-
¥IG. 3.



perimental data of Fite, Brackmann and Henderson, which are in essential
agreement with their more recent measurements. The absolute energy dif-
Iference between the present data and those of Fite et al. occurs because
the energy sprcad of the electrons in their apparatus is larger than in
the present experiment., The slope of O'Malley's theoretical shift in

onset is in excellent agreement with our results, and in fact O'Malley's

curve could have been raised upward to coincide completely with our results.



VI. DISSOCIATIVE ATTACHMENT CROSS SECTIONS IN CO2

Figure 4 shows the energy dependence of the cross section for

production of 0" from CO2 at three different gas temperatures. It is

1 1 1 1 1 i 1 1 i 1 1
L seen that the onsets for production
xi6® ~— GAS TEMPERATURE = 300°K +
r —_— . « 550K
H ceses W “ * 900*K

£

1 of 07/C0, are shifted to lower ener-

=
L

i 1 ‘gies as the temperature of the gas

Cagah Sarhna, gm®
£
]

i i
X is raised, that both peaks broaden,

and that there is a change in the

.| peak cross section. The change in

OF—= =
L

i o | "
] 2 3 4 5 6 Tt 8
Electron Energy, eV
FIG. 4.

the peak cross section is illustrated
more clearly in Fig. 5. The most striking feature of Fig. 5 is the initial
fall in the cross section of the 8.2 eV peak, which then levels out and
finally increases. The temperature dependence of the peak at 4.4 eV uhows
the expected behavior.

If one integrates the a¥ea under the 8.2 eV peak, it is found

that the area remains constant until a temperature of 550°K is reached.

T | et R BRI . r ] '3
t_m~ «*1 = The energy-integrated cross sec-
o -r-ﬁ:
a 1 - * 2 tion (note that the right-hand
14 Mt 183
Eli_ ——— 1 % scale is applicable to the inte-
- =6 O
oL ™ 2 . q
= | istesmatie $ grated cross section) is also
",'..I-I' =" -?
e W E ) . . .
&0l # eaiiton iy shown in Fig. 5. It is obvious
i
: w

T B DRI LU (LY VI WL (R T 1 | from Fig. 4 that the area under

4} 100 200 300 400 500 600 700 800 900 1000 1100
Temperature, °K

TIG. 5.
sentially constant to 550°K. It is found that the widths of both peaks at

the 4.4 eV peak also remains es-

half-maximum increase monotonically as a function of temperature, but the
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width of the sccond peak increases much faster than the first peak.
The onsets for production of 0 from COz, as a function of tem-
perature, are shown in Fig. 6. In order to ensure that the electron energy

scale does rot shift as the temperature is changed, these experiments are
1] ¥ 1 L{ I 1 T 1 i 1

T o O'ICOz

T S 4 performed in mixtures of Xe and COZ'
& = .

. L“\'}\ 824V Peck '1 We establish the electron energy scale
e -!-“#1.“-,‘- - .

3 L |

E‘a_h_1h_‘_ | from electron retarding curves, and we

- M +

g . 7 use the onset of Xe to confirm the

f ak -

energy scale. It is difficult to lo-

=
T
1

e wa WSMINS WS S SO R S T cate the energy of the onset of the
O 100 200 300 400 500 600 700 800 900 1000

Temperature, °K
Fiz. 6 second peak above 550°K because above
g.6.

this temperature the second onset overlaps the tail of the first peak, but
no such problem exists with the location of the first onset. Figure 6

shows clearly that the onset for negative-ion production is strongly de-
pendent on gas temperature. Negative ions are formed with zero kinetic
energy at the first onset. Thus, the onset energy should give the differ-
ence between the dissociation energy D, and the electron affinity of oxy-
gen A. The accepted value for D-A is 4.1 eV, and Fig. 6 shows that when
the onset of the 4.4 eV peak is extrapolated to 0°K, an extrapolated onset
of 4.1 + 0.05 eV is actually observed. Thus, only the extrapolated onset
of negative-ion formation is in agrcement with accepted molecular parameters,
and it is clear that one must study the temperature dependence of onsets be-
forec one can determine electron affinities from onsets of ions. It is ex-
pected that many of the discrepancies in the literature are caused by this

type of temperature effect.



HEGATIVE 10N CURRENT . {ARD. UNITS)

-11~

VII.

TEMPERATURE DEPENDENCE OF THE ATTACHMENT CROSS:SECTION: IN SF6

)

The apparatus shown in Fig. 1 camw also bg used for a study of

the temperature variation of attachment cross section in]SF6 in the tempera-

ture range 300-1300°K.

1

Sulfur hexafluoride is an important material for i

quenching wakes and otherwise affecting the:electron density in plasmas.

. . ! i . .
The cause for this use is the extremely large cross section for negative .

ion formation near zero energy..

shows the SF.~

Figure 7 6

\l

57,

.

CURVE

'

ELECTRON RETAROING

-]

i |

l | | 1 1

|
-02 -0 .0 0. 0.2 0.3

ELECTRON ENERGY, eV

SFg CURRZINT AND ELECTRON
RETARDING CURVE

Figure 7

3

K 004 .

current as a function of electron energy

using the rétarding-potential-
!

differcnce method for limiting the

energy spread of thq electron beam.

Also shown on Fzg. 7 is ah elec-

tron' beam retarding curve';aken )
simultaneously with the SF sig-

1
nagl. It can be seen that the peak

of the'5F6'

middle of ghe rétard1ng curve,

signal occuts in the

thus 1nd1cat1ng that SF6 produc-

tion occurs at zero energy.
]
1

cross section at this energy is
b
2

The

about 10 Curves such as
. ]

"Fig. 7 are taken 'at various tempera-

tures in the range 300-1300°K. No

significant variation of the cross

. .
section is observed in this'tempera-
! i

This is shown in Fig. 8,
1 1 1

ture range.
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VIII. EFFECT OF O2 ON ATTACHMENT 1IN SF6

We studied the effect of O2 on the attachment cross section in
SF6. In practical applications, there are always atmospheric gases present
when SF6'is used for attachment. Therefore, it seemed advisable to see if
0, would affect the attachment in SFG' With SF6 pressures in thu 1074 torr
range and with 02 pressures up to 20 fimes larger than the SF6 pressures,
no noticeable change in the effectiveness of SF6 was found. This is shown
in Fig. 9, where negative ion current (integrated over the electron energy
distribution) is plotted vs. the ratio of 02 density/SF6 density. The

curve is independent of the admixture of 02 and we conclude that oxygen

does not interfere with the efficient attachment of electrons to SF6.
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IX.  TEMPERATURE DEPENDENCE OF THE ATTACHMENT CROSS SECTION IN CFSBr

Besid=s SF6, other quenching materials have been considered. One
of the more interesting ones is CFSBr, a trifluoromethyl halide. CFSBr
exhibits a cross section for negative ion formation near zero energy
similar to SF6. This is a desirable property for purposes of quenching.
But the cross section near zero energy for CFsBr is lower than that
for SF6 (see Sec. XIV). The energy dependence of the negative ion

cross section as a function of clectron energy is shown in Fig. 10. In

sharp contrast to SFG' we find a strong temperature dependence of the

negative ion formation near zero electron energy. This is shown in
Fig. 11. The cross section increases by a factor of almost 5 as the
temperature is raised from 300°K to 950°K. The reason for the strong
temperature dependence points to the possibility that negative ion for-

mation near zero energy in CFsBr is of a different nature than in SF6.

]

?\

En i r H ‘_l’.h-
H\; ﬁ/ } - |
S 38 0
SLECTRIN ENIROY, eV

ENERGY DEFPENDENCE C ‘\h'G».T.V.. iION FORIMATION 1! CFaBr
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Figure 11

formation in NZO, as studied by Chantry.

In SF the dominant attachment

6)
process at zero cnergy is the for-

ion.
6

Br the dominant process necar

mation of a long-lived SF
In CF3
zero energy is probably dissociative
attachment, i.c., the formation of
F~ and Br . This has alrecady been
suggested by the work of J. Marriott
and J. D. Craggs (J. Electron. Control
1, 405, 1956). Dissociative attach-
ment processes near zero encrgy of-
ten exhibit strong temperature de-

pendence, as evidenced by the O~

One could argue that CFSBr would be

a preferable material for quenching since it leads to stable species of nega-

tive ions, whereas SF6-

The work on CF;Br is by no means complecte.

ejects the clectron after about 25 usec.

We have not done a mass

spectrometer study to identify the peaks at 4, 6 and 8 eV shown in Fig. 10.
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X. VIBRATIONAL CROSS SECTIONS IN O2

For measurements of ineclastic processes, the trapped-electron

method is used. This method has a high sensitivity for the study of in-
elastic processes because all electrons which have made inelastic colli-
sions are collected and measured. A detailed description of the trapped-
clectron rethod has been given previously [G. J. Schulz, Phys. Rev. 112,
150 (1958) and Phys. Rev. 116, 1141 (1959); also P. D. Burrow and G. J.
Schulz. Phys. Rev. 187, 97 (1969)] and only the main points of the method
will be given here.

The method consists of trapping low-energy electrons in an

GAS 4 :
[ ! electrostatic well created on the

A axis of the tube shown in Fig. 1,
| :'“ """T:, ' /C and collecting them with high effi-

M ‘///E ciency. Figure 12 shows the poten-

:;7’ tial well created in the collision
T :::::-.-::ﬂ— (&)

chamber. When a positive potential

is applied to the collector M with

respect to the collision chamber C,

i’ -L\I_—f"z _ a potential well W is formed in the

collisioin chamber, as shown ir, the

(EQ lower portion of Fig. 12. The po-

* tential difference between electrodes

P and C is denoted by Va, and it can

be seen that the electron energy in
the collision chamber is Va+W. The

energy of the electrons as a function
POTENTIAL ALONG  ELEcTRoM BEAM (b)

Figure 12 . B varlitimsm 2a Saae
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horizontal line. When electrons in the beam lose nearly all their energy

in an inelastic collision,

as they do when the incident electron energy is

just above the threshold of excitation, they will end up in the potential

well from which they cannot escape,

to the collector M where they are measured.

These electrons will eventually migrate

Electrons which have lost energy

less than Va are not trapped and can reach the electron beam collector or

the collision chamber walls,

Figure 13 shows a sampling of the primary data obtained in the

present experiment.

v
! h i | -
l I. i".l,l |
./J'l.;'f',*"ll:?:ﬁ“"-.
'

I i'q'il;il :, 'I-rllrlll'I
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| J 1';"‘| | WA
; R |
!
8
§J
X

: AR —
0020, WG Ib .
Elaciree Lrerce (a\)

The figure shows the current received by the collector
of trapped electrons as a function of the electron
energy. Each curve is characteristic of a particular

well depth, indicated on the figure. The well depth

ranges from 5 mV to 160 mV. The first peak on each
curve is the current resulting from elastic collisions.

The reason for this Peak is understood, but as far as

the present experiment is concerned, its presence is

not relevant. The remainder of the structure on each
curve results from vibrational excitation of the mole-
cules. The energy levels of the vibrational states

of 02 are indicated on the figure (v=1-4) as are the
locations of the vibrational states of 02° (v'=5-11).

The latter spacing (about .11 eV) has been deter-

miﬁed in a separate experiment using the present ap-

paratus.

At low well depth, the spacing of the peaks
corresponds to the spacing of the neutral molecule,
whereas at the highest well depth, the spacing corre-

Sronds to the shacing A€ ek A =



es at Their Peaks, cmd. eV

ik

Energy Integrated Cross Sections of Sp

-18~

from the fact that at low well

i i i i ] i ] | |
Llﬁii_ | 5 & depth, vibrational cxcitation

o v | -

ﬁh]lﬁ 8/ 7 8 9 o 1 proceeds via a "direct" process,
gl = -

IEEI wheras at the higher well depth
o i : ! | vibretiona excitation proceeds
Us | via a compound state, 0,7. This
6= 1 "l effect can be best understood by

| § i
5 |- ! i " ! l - considering Fig. 14, which shows
| |
al I l -]  the energy dependence of the vi-
al- E | brational cross section. This
1Y i | N “I figure is derived from curves
2 | ™
such as Fig. 13. The vibrational
=
JLF*J Cross section consists of a slowly
0 ‘I'&;'"'I’l" rising, "direct" component and
|
| a series of spikes at the loca-

O OI 02 O3 04 05 06 O7 08 U3 10
Energy, (eV) tion of the compound state. The

SHAPE OF CROSS SECTIONS FOR  Width of the spikes drawn in
VIBRATIONAL EXCITATION IN O,  Fip. 14 is somewhat e

Figure 14
Only the energy-integrated cross
section of th: spikes indicated on the ordinate of Fig. 14 is meaningful.
The cross section scale is obtained in the present experiment by comparing
the trapped-electron signal with ¢the 0 signal resulting from disscciative
attachment (e + 02 -0 +0). The cross section for the latter process is
18 2

1.3 x 107" "cm” at 6.7 ev. Figure 14 thus represents the best available cross

section for vibrational excitation using electron beam experiments.



As a result of this work, we are also able 'to plot an energy level

diagram of O2

states of 02,

result from the present experiment is the point at which we must cut off

the sequence for O

drawn assuming that the value of the electron affinity

and 0.,

. This is shown in Fig. 15.

2

2
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- This is the electron affinity of 0,, and Fig. 15 is
' ' g 1

and Phelps (0.43 eV) is correct.

Energy, (eV)
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' XI. THREE-BODY ATTACHMENT IN O
‘ )

2

I
In1t1a1'exper1ments on three-body attachment in 0 using elec-
I

:tron beam techniques jhave been performed. The negative ion current of 02',

resu1t1ng from three ~body attachment, has been measured in the energy
range 0-1 ev. The pressure dependence is found to be quadratic, as ex-

pected for a three-body react1on The ratio of the peak 02 curren¢, which

¥

occurs at 0.1 eV, to O current at 6.7 ¢V (i.e., the peak of the dissocia-

I, . .
tive attachment cross section) has’'a linear dependence on pressure and can
R

'be used for absolute calibration, together with a knowledge of the absolute

"1+ density in. the oven.

b
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We find that the peak three-body attachment cross section at
0.1 eV decreases as the gas temperature is increased. Between 300°K and
750°K the curve follows a T form, the value at 750°K being 62% of the
value at 300°K. (See Fig. 16.)
The theory for three-body attachment was developed by Herzenberg.
It accepts the Bloch-Bradbury mo:el of'a two-stage process, namely
[1] e+ o0, 02'* + 0, (resonance attachment)
[2] 02—* +0, > 02' + 0, (stabilization)
Modern resonance theory, developed in the last few years, is applied to
the capture process [1]. Thus, the capture process is described using the
Breit-Wigner resonance theory which gives the energy dependence of the

initial capture cross section in terms of the width of the compound state.

The stabilization process [2] has the following competing re-

action scheme:

[2] © +0, > 0, + 0, (stabilization)

2
[3] >0,”" + 0, (elastic)
[4] -+ 02 + 02 + e (detachment)
[5] > 04 + e (associative detachment)

In the theory outlined above, the temperature dependence of the three-body
attachment process comes from the process competing with stabilization

(reactions [2] - [S5]).
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XII. VIBRATIONAL CROSS SECTIONS IN NO

The method of study described in Section X, namely the trapped-

was applied to a study of the vibrational cross section

in NO. The molecule NO has a much lower electron affinity (about 0.05 eV)

than 02 and it possesses a dipole moment. The trapped-electron spectrum

is shown in Fig. 17.

which shows.only peaks due

Noteworthy is the spectrum at low well depth (W<10 mV)

to the excitation of the 1lst and 4th vibrational

states in NO. Peaks resulting from the
excitation of the 2nd and 3rd vibrational
states are absent, although they do ap-
pear at the higher well depths. (The
small numbers in the circles, under each
peak, indicate the vibrational state in-
volved, and the scale markedlv'-0-10 in-
dicates the location of the compound
states.) These observations are indica-
tive of a coincidence in energy levels
between the 4th vibrational state of NO
and one of the states (v'=6) of NO .

This coincidence of energyzlevels allows
us to draw a reliable energy level diagram
of NO_, shown in Fig. 18. Here, we show
the éoincidence of the levels v=4 and v'=6

and we use the spacing of vibrational levels

W=120 mV
|l W=310 mV
i ; i
“0 123 i b 890
VRO TR T T L
TR T T
00 04 08 12 w6 20
Electron Energy (eV)
Fig. 17: um in

Trapped Electron Spectr
NO

of NO_, determined in a separate experiment



N 12 L= 4 [ L I ¥ )
 Intermuclear Separation (i) —=—.
Fig. 18: Potential Energy
Diagram  of NO, Deduced From
Present Experiment

LRgL

on the elastic scattering of electrons on NO at
low energy. This elastic cross section exhibits
structurg characteristic of the vibrational
states in ﬁo'.

Our ;‘.inal estimate of the vibratioriﬁl
cross section as a function of energy is shown
in Fig. 19. The ebsolute magnitude of the cross
section is determined from a known positive-
ion cross section, and the width of the peaks
corresponds to the width of the peaks observed
in elastic scattering. The lifetime of the vi-
brational states of NO is shorter than the
corresponding lifetimes of 02-, and thus the

width of the levels is larger.

[
e

Wi-n

IR
Al

_ Energy ('¢V)
Fig. 19: Vibrational Cross
' Section in NO'
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XIII. DETECTION OF VIBRATIONALLY EXCITED N2 BY SUPERELASTIC ELECTRON IMPACT

This work was ﬁndertaken in order to deveiop a tool for the
measurement of the density of excited species, in order to study che
transfer of electronic excitation of atoms into vibrational excitation
of molecules, and in order to studylsome cross sections which are diffi-
cult to study by other means. In a superelastic collision, an electron
colliding with an excited atom or molecule gains kinetic energy and leaves
the ato: or molecule in a lower energy state. Superelastic electrons are
observed from collisions with vibrationally excited N2 molecules in their
ground electronic state. Vibratiopally excited N2 is produced by the
quenching of optically excited Rb vapor. Rubidium resonance radiation is
incident on a collision chamber containing Rb vapor and N2' A fraction of
the excited Rb(2P1/2’3/2) atoms produced by ﬁhoton absorption collide with
N2 and are quenched with high efficiency. As a result of the quenching,
vibrationally excited N2 is produced. A 10w-ene¥gy electron beam is passed
through the collision chamber, and those electrons making superelastic col-
lisions are analyzed. Preliminary information is obtained on the transfer
of Rb electronic energy into vibrational energy of N2'
The apparatus is shown in Fig. 20. Plates S1 through S5 form an

I ELECTROMETER ’1 electron gun which may be operated in the
ec -
ELECTRON
retarding-potential-difference mode. Typi-
SRbsnesl LN 1 ‘
" neraroinG [ S cal electron beam currents of 5 x 10 A
eecrmopts | Z—— —— :r
p e — o |
COLUISION ’ ':{'&m with a resolution of 0.2 eV at half-maximum
CHAMBER g
1 2 are used. The electron beam is collimated
oE———  eae— "
RPD GUN $ by a uniform axial magnetic field of 180 G.
—— eeme— "
[V smament A retarding voltage may be applied to electrode

Fig. 20; Electrode Arrangement for
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87, to analyze the energy of the electrona.l The electron current trans-
mitted past the retarding plate ig colleeted at EC and leaaured with a

H : ) ! ) o
vibrating-reed electroneter. : g L !

The collision chamber, 1s aurrounded by a'concentric quartz ! C
cylinder which admits Rb resonance radiation at 7800 and 7948 A from
three low—pressure Osram arc lamps positiond around the cylinder. The | U
lamps are modified to include a cooling system which decreases the self- ‘
reversal of the resonance lines. Approximately 1019 photons per second of :
resonance light ace delivered into the collision chamber . The tube and
the side arm containing Rb are kept:at a temperature such thdt the vapot 1
Pressure in the collision chamber 1s about 10 4 Torr. At 'this gressure all
of the resonance light is absorbed. The nitrogen Pressure is in the region z
of 10-2 Torr and is monitored by the fractional attenuation of the main "
electron beam. : ’ o . p *
Since the energy levels ot Rb(2P1/2,3/2) lie at 1.57 and 1.59 ev,
respectively, quenching into vibrational levels of N2 Up to v=5 is energetic-
cally allowed. However, it ig only possible for us at Present to observe . '
superelastic transitiong for the v=5 level to the ground state of N

2° ghe

T Li | L v 1 4 L L

results are shown in Figﬁ 21.1 We conclude 4

from an analysis of thzge experiménts that

\ o the.superelastic method for detection of ex~

A\ 4 cited gpecies works' fairly well and that the

quenching cross section of excited Rb into '
2 i

the va5 level of Né yields a value approxi-
i

Tom, W mately aqual to the total quenching cross u E

'm.zxmmuuommmmx.unb <15 2 '

A fumotion of incident electron energy. The brokes Section (about 4 x 107 “cn’); z C
 Shows the contribution from exoited Rb. T :

0 H

AR
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XIV.

ENERGY INTEGRATED CROSS SECTION

' Fig. 223

P IN SF, cczb, CFCL
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1

CH,_Br

322

i)

Cﬂal, CHCla, CF

ABSOLUTE CROSS SECTIONS FOR NEGATIVE ION FORMATION NEAR ZERO ENERGY

Br, CH_Br

3

3
' |

o

The absolute energy-integrated cross sections for negative ion

formation for the above-name& moleculeslare shéown in Fig. 22,

4
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aection
' near ze
e mol

4 6 8101214 20
TEMPERATURE (XIOO°K)

Energy-integrated cross
for negative-ion formation

To energy, vs gas temperature. -
ecules selected are of interest!

for quaaching of wakes.

) v
’

%he strong
temperature dependence of:thesel
cross sections 1a.obv;oua from |
the figure. It appeara that
a11 the molecules approach a
common value for the negative
ion cross section as the tem-
perature is raised. This
common value is 1n‘tﬁe aeigh-
borhood of the theoretiFal
naximum of this cross section.
It should be noted that the
negaiive %ons formed Pear '
zZero energy have not been

analyzed in the present ex-

periment, although such an

analysis is contfuplaued. i
The stability, i.e. the elec-
tron akfinity, of the produLt
ions may be 1np5rtan; for .
underatandins the quenching
propertiea of the different

uolaculaa. !
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XV. ABSOLUTE INELASTIC CROSS SECTIONS FOR NZ and CO2 IN THE 2-4 EV RANGE

Using the trapped-electron method, we have measured the magni-
tude of_the total inelastic sections in the region of the low-1lying com-
pound states in Nz and COz. This is the energy regime in which the
vibrational cross section is very large as a result of the decay of the

compound state. The dominant inelastic process 1s vibrational excita-

tion. We find a cross section of 6.0 x 10.16 cnz for N2
a cross section of 8.3 x 10.16 cmz at 3.8 eV in C02. The latter value

is almost an order of magnitude larger than previously published values.

at 2.3 eV and

The value in N2 is in excellent agreement with the analysis of swarm
experiments (A. G. Engelhardt, A. V. Phelps and C. G. Risk, Phys. Rev.
135, A 1556, 1964). The valuvs quoted above are needed for an analysis

of laser-type discharges in N, -~ CO, mixtures. Also, vibrational

2 2

excitation is believed to be a dominant electron energy loss mechanism

in Martian and Venusian atmospheres.
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