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v ~ Abstract

N

b . in the 60 nm to 870 am region were measured for the collision

The cross sections for production of emission lines

20
tion measurements were made with an ion beam apparatus. Only

" ~
of 100 eV Hé‘ ions with Clz, Brz, and I These cross sec-

+
[=Y

emissions from transitions from excited electronic states
Mmilro SE.C

with lifetimes shorter than a usec were measured. The de-
pendence of the cross sections on the kinetic energy of the
Het\ions between 2 to 170 eV was determined by use of the
more intense emission lines.Gk?he total cross section obtained

4
for emissions between 90 nm and 870 nm for chlorine is 5.0 Az;

2

S

of this, 3.8 A” is for emission in the VUV region. Emissions
from excited neutral chlorine atoms account for at least 85%
of the total cross section. Of the cross section for pro- ;
duction of emission from excited neutral chlorine atoms, 80% ]
is caused by direct excitation with the remainder resulting
from cascading. The total cross section obtained for emis-
sions between 80 nm and 870 nm for bromine is 14.9 Az; of i

this, 11.9 A2

is for emission in the VUV region. Emissions
from excited neutral bromine atoms account for at least 85%

of the total cross section. Of the cross section for produc- 1

tion of emission from excited neutral bromine atoms, 75% is
caused by direct excitation with the remainder resulting from
cascading. The total cross section obtained for emissions

between 100 nm and 870 nm for iodine is 15.9A2; of this,

14.4 Az is for emissions in the VUV region. The proportion

of the total cross section for the production of emissions

I
|
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from singly-ionized iodine atoms is much larger than for
either the chlorine or bromine reactions. In all three
systems dissociative charge transfer appears to be the

predominant reaction process for the production of emis-

sions in the 60 nm to 870 nm spectral region.
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EMISSION CROSS-SECTION MEASUREMENTS OF LOW

ENERGY He' IONS WITH Cl Br I, REACTIONS

s e T

P g - i

I. Introduction

N

The study of ion-neutral collisions has mushroomed in

B o e

recent years (Refs 13, 23 and 46). One area of interest in
3 this field is the examination of the emission spectra pro-
duced by the excited product species formed in ion-neutral

collisions. These studies yield information about the in-

ternal energy states of the products of such reactions.
This is the type of information needed to better understand
the collision mechanisms and the nature of the potential
surface for the intermediate complex involved in the low
energy collision process. In the experiment discussed in
this thesis, examination of the emission spectra of the
reactions is used to study the excited states produced by
low energy He' ions interacting with three of the halogens;
chlorine, bromine, and iodine. The results produce a more
complete understanding of ion-neutral collision processes in
general, with possible applications in the design of more
efficient plasma and/or laser systems. For example, the
competing processes in the helium iodine laser might be more
| fully understood (Ref 62).
The study of the emission spectra produced in low energy
ion-beam experiments is a relatively new area of investiga-

§ tion. The main reason that little interest was shown in the

? early studies of these processes was that experimentalists




tended to explain these interactions in terms of Massey's 3
adiabatic hypothesis (Ref 44:261). This adiabatic hypothesis 3

predicted very low radiative cross sections at ion energies

~d

below 10 keV. It was considered a startling result when a
number of experiments resulted in very large cross sections
for low energy ion-neutral collisions (Refs 5, 8, 9, 24, 39,
53, 65, and 69). Massey's hypothesis was of course only a
crude approximation and it assumed that the energy levels of
the colliding particles did not change as the particles ap-

proached each other. Such a treatment makes no allowance

for a change in the electron structure during the collision
process. At high ion energies where the collision inter-
action time is very short, this assumption yields good re-
sults. At low energies where the interaction time is much
longer, the assumption is not valid.

The early studies reporting large cross sections for
low energy ion reactions were conducted by Pretzer, et al.
(kef 53), Stebbins, et al. (Ref 65), Lippeles and Novick (Ref
39), Jaecks, et al. (Ref 24), Dworetsky, et al. (Ref 9),
Dworetsky and Novick (Ref 8), DeHeer, et al. (Ref 5), and
Tolk, et al. (Ref 69). Most of these studies used a system
which focused an ion beam on a rare gas target in a collision
chamber. The collision chamber was mated to a monochromator or
a photon detector with filters. These studies were limited to
total emissions within the bandwidth of the filtering system or
within narrow spectral region scans. Some of the ion beams in

these studies were produced by a modified high energy ion




beam apparatus which was able to go down only to 300 oV.

-
The first low energy (0 - 170 eV) studies over a wide spec- j

. tral region (50 nm to 870 nm) were reported by Hughes, Jones, ;
. and Tiernan (Refs 18, 19, 20, and 28). Their apparatus was 1
designed for optimal performance in the 100 eV ion energy 1

region. The ability to observe resolved spectral lines from 1

S0 to 870 nm enabled the investigation of a wide range of

electronic transitions. This provided a capability to exam-
ine the effects of cascading in relation to the direct forma-
tion of specific energy states.

This type of apparatus has many advantageg over other
methods of stﬁdying low energy ion-neutral reactions, such
as afterglows and discharges. The latter plasma studies are
usually difficult to interpret in detail because of the
several concurrent reaction processes which may yield radia-
tion (ion-neutral collisions, electron-ion recombination,

neutral-neutral collisions, etc.). In addition it is diffi-

cult to determine the effect of the electric field in the

plasma on the emissions seen, particularly in the VUV region.

In the ion beam apparatus the pressures are sufficiently low
to allow only bimolecular ion-neutral collisions to occur.
The collision chamber can also be shielded to minimize elec-
tric fields in the reaction region.

6ne disadvantage of such an ion beam apparatus is that
it can observe transitions only from energy states with life-
times less than 10°6 sec. Metastable energy states with

longer lifetimes are not observed.




To obtain an insight into the detailed mechanisms of
ion-neutral reactions involving excited electronic states,
it is useful to use the theoretical concept of potential
energy surfaces (Ref 34:19-45). For two particle reactions
these are called potential energy curves. These curves are ;
obtained by plotting the potential energy of the combined two %
particle system as a function of the distance between the two 3
particles, as illustrated in Fig. 1. Various potential ener-
gy curves are obtained depending on the energy states of the
two particles. Thus, as the electronic energy states of the

two particles are varied, various other curves results (Refs i

15 and 45).

Curve (a) in Fig. 1 represents the potential energy of
a two particle system consisting of an ion, A’, and a neutral
particle, B. At large distances At and»B exist as separate
particlies, each in the ground state. Curve (b) represents a
bonding state of A (now a neutral particle) and ' (now an
ion). Curve (c) represents an antibonding state of A and B’.
At large distances A and B* exist as separate particles, each
in the ground state. When A and B* are in the potential well
of the bonding state described by curve (b), A and B* exist
as a bound complex (AB)*.. E' in Fig. 1 is the energy required
for the charge transfer reaction A* + B+ A + B® to occur.
If there is a surplus of energy in the reaction A* + B+ A+
the process is designated as an exothermic process. This is
illustrated in Fig. 1 by the transition, with an energy change

of AE from curve (a) to the upper antibonding state repre-

1’
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Fig. 1. Typical Examples of Possible Potential
Energy Curves in Charge Transfer Process. !
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sented by curve (c). The surplus of energy is equal to

E, - E'. If there is not enough energy available for the

1
reaction A* + B> A + B® to occur, then.the process is desig-

T AR
-

nated as an endothermic process. This is illustrated in
£ Fig. 1 by the transition, with an energy change of Aﬁz, from
i curve (a) to the upper bonding state at a potential energy

value on curve (b) below E'. In this case the addition of

PR P

a quantity of energy equal to E' - 52 is required for the

2 + +
reaction A + B+ A + B to occur.

G

It can be seen that if the charge transfer process re-

sults in the production of product species in excited states,

the detection of the emissions produced by the decaying tran-

sitions to lower energy levels can be used to identify the
product species produced in the charge transfer process.

. This method of investigation has the advantage that not only
' the product species is identified, but the actual excited
energy levels of the product species are also determined.

E : In the actual charge transfer process, there are many
curves describing the possible energy states. The curve
shapes are generally more complex than the idealized curves
shown in Fig. 1. 1In the more complex system the particles

3 are most likely to exchange energy in their collision process

when the potential energies actually cross as indicated by

the dashed curves in Fig. 2. Another region of high proba-
bility of energy exchange is where the curves come very close
together, nearly crossing, as for example in region R of the

solid curves in Fig. 2. These are called pseudo-crossings.

SO PR R s
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Fig.

2.

DISTANCE BETWEEN
PARTICLES —

Typical Example of Pseudo-Crossings of
Potential Energy Curves in Charge Transfer
Processes.
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A If a third particle is added to the system, a third dimension
is added to the theoretical collision model and potential
* 2 energy surfaces are formed.

The most promising theory proposed to explain the large
cross sections for radiation emission from ion-neutral inter-
actions at low ion energies is the pseudo-crossing of these
potential energy surfaces (Refs 1, 59, 60 and 73). One of
the primary needs for the formulation of better theoretical
models is more experimental data from a number of different
systems. This was one of the incentives for performing the
experiment presented in this thesis.

The potential of charge transfer processeskas an exci-

tation mechanism for laser systems has only recently been

considered. In some systems, the charge transfer process
releases several electron volts of energy, which is available
for excitation of the product species. Helium-metal-vapor
lasers are some of the systems where charge transfer is very
important. One of the most extensive studies to assess the
importance of charge transfer in relation to the competing
Penning ionization proéess for the He-Cd and He-Zn ion laser

systems has been accomplished by G. Collins (Ref 4). On the

basis of this study, Collins has proposed several new rare-
: lf gas-mgtal-vapor laser systems emitting lines in the region

between 200 nm and 400 nm which use charge transfer as the

} ? primary pumpin- mechanism. (NOTE: Penning ionization is

' the process of producing excited ions and free electrons by

the collision of an excited metastable atom and a neutral

i oo i o il oo
m""‘w PR e ),
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2
. atom. For the He-Cd system this is described by the relation-
ship He(23S) + Cd + (Cd*)*+ He + e™.)
‘ : Later, C. B. Collins, et al. proposed that very high

efficiency lasers of from 50 to 10% in the visible region
could be constructed using charge transfer pumping mechanisms
: . (Refs 3 and 50). The He' formed by electron impact in a

g plasma is the pumping ion in most rare-gas-metal-vapor laser
systems. C. Collins, et al. proposed a system which promises

to approach the theoretical limit of one photon out for every

He' ion formed in the plasma. Their studies of a Hez*-N2

laser system lasing at 427.8 nm are very promising.

The afterglow studies by Shay, et al. of the sixteen

iodine ion laser lines indicate that charge transfer is the

primary source of excitation for the upper levels of the
helium iodine ion laser (Ref 63).

The interest in a better understanding of ion-neutral

collision processes, coupled with the possible application

of the results of such studies to the design of more effi-

cient plasma and/or laser systems, prompted the present

1 studies in which a low energy ion beam experiment has been

utilized to investigate He‘/halogen systems.
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II. Experimental Instrumentation and Calibration

This chapter begins with a discussion of the cross sec-
tions being measured. The remainder of the chapter describes
the experimental instrumentation used to obtain the necessary
data for determining these cross sections. The calibration

of the instrument is also discussed.

Emission Cross Sections

Throughout this thesis the term emission cross section or
cross section means the cross section for production of a
given emission line by the reaction of He' ions with the tar-
get molecule. Due to instrument limitations, this cross sec-
tion includes only emissions attributed to transitions from
electronic ehergy states with lifetimes of less than a usec.
Excited product species move out of the focal point of the
monochromator in about a usec. Nonradiative decay processes
and radiation from long lived states (greater than a usec)
are neglected. Whenever a cross section other than the emis-
sion cross section of an individual emission line is refer-
enced, the type of cross section will be explicitly described.

A derivation of the relations for calculating the emis-
sion cross sectioﬁ, o, from data measured in this experiment
illustrates the parameters necessary for obtaining the cross
sections. The derivation is for the monochromator whose
diagram is shown in Fig. 11. The source is the exit slit of
the collision chamber. The symbols used in the derivation

are defined in Table I.
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‘ Table I
Symbols Used in the Derivation of the
< g . Emission Cross Section o
o Emission Cross Section (cmzlneutral particle)
n Number of target gas particles in radiating volume
NA Avogadros number
NR Number of photons per second recorded by SSRI Photon Counter
Ns Number of photons per second striking the grating
NT Total number of radiating particles in the radiating volume
of the collision chamber
Volume of target gas radiating (cms)
; SCH Collision chamber exit slit height (cm)
ﬂ' SCw Collision chamber exit slit width (cm)
] L Distance between collision chamber entrance and exit slits
: (cm)
f_ SDw S1lit width of detector (Monochromator exit slit width) (cm)
8 D Linear Dispersion (cm of wavelength/cm of detector slit)
éj da Wavelength interval focused on detector slit (cm)
; f Flux of He' ions (ions/sec-cm?)
1 He' ion-beam current incident on the collision volume (amps)
'i { F(\) Instrument function
3 Q Solid angle subtended by grating when parallel to the
8 & plane of the collision chamber exit slit (ster)
5
1 Y Horizontal angle of rotation of the grating from parallel
{ to the plane of the collision chamber exit slit (see Fig. 10)
‘ P Pressure of target gas
R° Ideal Gas constant
k3 f 5 Temperature of target gas(°K)
e Charge of an electron (coulomb)

k
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The number of photons striking the grating per second

in the wavelength interval dA (where d) - DSDW) is

NR
Ne " FOOY (1)
Assuming isotropic radiation from the excited atoms, ions,
or molecules in the collision chamber, the total number of
photons radiated into a sphere [4m steradians solid angle]

can be shown to be

N
47 R
= N (2)
QgL cos Y F(A) T
cos Yy

The radiating volume has the dimensions SCH b SCw x 2. But

also
N. = nfo (3)

where by the ideal gas law

PVN
A
n = (4)
RoTo
and f can be expressed as
I
f = (S)
SCH X SCw X e
Therefore
2 Np : 4TR T Np o
nf PENAiﬁ“FTXT
g
12




Equation (6) illustrates that in order to obtain ac-

curate cross sections the instrument must be carefully cali-

brated for accurate measurements of the-target gas pressure

I
L

P, the ion current i, and the instrument function F(A). The !
remainder of this chapter is devoted to describing the instru-
mentation used to measure these quantities and the calibration

of the instrument.

btlecio i B

Aggaratus

The measurements in this study were made on an instru- 4

Caid I s

ment originally designed and constructed by the Gaseous
Excitation and Ionization Processes Group at the Aerospace
Research Laboratories (ARL) (Refs 19, 20 and 21). The

apparatus consists of a single-focusing mass spectrometer

with a conventional electron bombardment ion source coupled
to a l-meter vacuum ultraviolet monochromator [McPherson

Model 225 (see Fig. 3)]. The mass spectrometer is used to

select singly-ionized heiiun ions and accelerate them to .
170 eV (lab) translational energy. Typical helium ion cur-

{ rents in the collision chamber were 0.1 nanoamps with the
0.1 mm slit used for high resolution scans, and 1.0 nanoamps

with the 1 mm slit used for low resolution scans.

The decelerating lens is a four element electrostatic
slot lens which decreases the translational energy of the
ions from 170 eV to the desired interaction energy. The
beam interaction energy'can be varied from 2 eV to 170 ;V.

and the energy resolution of the beam is on the order of

.
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- *1 eV. The electrostatic lens also focuses the ions at the

point in the collision chamber which is the entrance focal

. point of the monochromator. The collision chamber and the
electrostatic lens were designed to minimize the penetration
of electric and magnetic fields into the collision region.
The target gas in the collision chamber was at room tempera-
ture and was considered to be at thermal equilibrium for the
experiments reported here. Typical target gas pressures

ranging from 2 to 4 mTorr were maintained in the collision

D

region by using differential pumping. Typical pressures in

the monochromator during an experiment were in the 1 x 10'6

Torr region.

The emissions from radiative transitions of excited
product species were directly observed with the scanning
monochromator. The only optical element in the scanning
monochromator is the concave blazed grating. The resolved
spectrum is focused on the detector at the exit slit of the 3
monochromator. The signal from the detector was measured
by an SSRI photon counting system (Ref 64). The output of
the SSRI photon counter was either visually observed and
recorded or recorded directly on a strip chart recorder.

Various combinafions of detectors and gratings were used in

investigating emission in the wavelength region from S0 nm

to 870 nm.

In this experiment; the combinations of detectors and

gratings used limit the detection of emission lines to those




radiative transitions produced by reaction cross sections
greater than 1 x 10°17 ca?. 1n some spectral regions the
instrument can measure radiation arising from reactions with
excitation cross sections as low as 7 x 10 12 cn?. The
detector and grating combinations used in these measurements

are shown in Table II.

Target Gas System

The target gas pressure is controlled by a Granville
Phillips Automatic Pressure Controller and an MKS Baratron
Capacitance Pressure Meter (see Fig. 4). Several manual
valves are pqsitioned to allow entry of the target gas into
the storage bottle, or to pump out the storage bottle and
source lines with a 2" CVC oil vapor diffusion pump attached
to a Model 1400 Welch mechanical forepump (25 liter/minute

pumping speed).

Vacuum System

The vacuum in the instrument is maintained by two 4"
and one 6" oil diffusion pumps and one 500 liters/minute
mechanical forepump (see Fig. 5). The pumping systems in-
clude a pneumatic actuated gate valve, a liquid nitrogen
cooled trap, and the o0il diffusion pump. The 4" Norton pumps,
Model'0183, maintain the vacuum in the ion source and at the
electrostatic collision chamber region. The 6" diffusion
pump, (CVC Model PAS-63C), maintains the vacuum in the mono-
chromator. All three diffusion pumps are connected to a

500 liter/minyte mechanical forepump, Welch Model 1397.

16
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Typical pressures in the monochromator with no gas in the

collision chamber are in the 5 x 10”7

Torr region. With a
3 mTorr target gas pressure in the collision chamber, the
monochromator pressure is about 1 x 10-6 Torr. Typical
pressure readings on the ionization gauge near the ionization
chamber are 4 x 10~/ Torr with no helium in the ionizationm
chamber and 1.5 x 10-5 Torr while performing an experiment
with helium in the ionization chamber.

Several protection systems are used to prevent damage
to the diffusion pumps. An automatic system for filling the
traps with liquid nitrogen insures that the traps are always
cooled. An #utomatic system which will close.all of the gate
valves and shut off the diffusion pumps is actuated when
(1) the ion gauge near the ion source detects high pressure,
or (2) the thermocouple gauge near the forepump detects high
pressure, or (3) there is an electrical power failure. Each
diffusion pump also has a thermal protection system such that

if the temperature of that pump becomes too high the pump

will shut off.

Tag;et-cas Pressure Calibration

The pressure of the target gas in the collision chamber
was controlied by differential pumping and by regulation of
the inflow of gas. The gas input was measured and regulated
by an MKS Baratron capacitance manometer and the pressure
controller. Since the Baratron is located several inches

from the chamber the pressure measured by the Baratron gauge

.
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needed correction to obtain the true value of the pressure

in the collision chamber. To determine this factor, a cali- i

bration experiment was performed.

The correction factors were obtained by comparison of
the pressures measured by the Baratron gauge in two different
configurations as shown in Figs. 6a and 6b. Figure 6a is ;
that of the experiment and Fig. 6b is with the gauge at the %

end of a 1/8" tube projecting into the center of the colli-

0B Sl

sion chamber. The pressure readings, obtained for air and
xenon, are plotted in Figs. 7 and 8 against the pressure at

| the mouth of the six-inch diffusion pump. A CVC ion gauge
(GIC-300A) was used to measure these pressures where the
diffusion pump enters the monochromator. As can be seen by
inspection of the figures, it is evident that deviations
occur at pressures above 4 mTorr. Since there is no signifi-
cant difference between the calibration for air (atomic weight
of 28) and xenon (atomic-weight of 131), it is assumed that

this calibration is also valid for chlorine, bromine and

iodine.

Ion Beam Current Calibration

Following each cross section measurement, the ion beam
current was calibrated to determine an upper limit on the
' uncertainty of measuring the current of the helium ion beam
which enters the collision chamber. The purpose of this
; ion beam calibration wa; to determine the efficiency of

collection of ions passing through the collision chamber at

| 5 2 1
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Fig. 6. Configurations Used for Target Gas
Pressure Calibration.
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4
3
x
3

thé‘ion collector in the ﬁonochromator [on the exit side of
the collision chamber (see Fig. 9)]. This calibration was
performed with no target gas in the collision chamber.

The calibration consisted of three measurements of the
current. The difference between the first two, il-iz, is a
measure of the number of helium ions which passed through
the aperture in the ion collection plate at the entrance to
the electrostatic lens (see Fig. 3). The currents il and
i2 were obtained with the ion beam deflected to one side of
the aperture and aligned with the aperture respectively.

The third current i, was measured at the ion collector at

3
the exit of the collision chamber. The quantify i,-i,-i,

is a measure of the number of helium ions which passed through
the entrance sperture of the electrostatic lens, but did not
exit the collision chamber.

A typical set of values for il, iz, and i, are approxi-

3
mately 1.3 nA, 0.6 nA, and 0.7 nA respectively. This suggests
that for these conditions very few ions which enter the
electrostatic 1en§ (il-iz) fail to exit from the collision
chamber. When i1 was increased to 2 nanoamps the 13 value
decreased to about 70% of the il-i2 value. Examination of

the collision chamber after this experiment revealed an ion
burn spot completely encircling the entrance slit. The total
area of the ion burn spot'is nearly equal to the area of the
entrance slit. It appears that as the ion beam current is

increased, the divergent characteristics of ion beam (space

charge effects) cause more and more of the ions to ultimately




<—COLLISION
CHAMBER
B L1 R S S —~
ENTRANCE/ | :
~ SLIT ION
COLLECTOR
: A. MEASURED ION
; ION PATH g
~~§-~~~~~-~~ /
COLLISION —> |
CHAMBER
comscroa
B. UNMEASURED ION

Fig. 9. Possible Ion Paths of Measured and
Unmeasured Ions Available for Excitation
of Atoms/Molecules in Collision Chamber.

26




collide with the entrance'wall of the collision chamber. At
ion energies of 2 to 5 eV, this divergence of the beam and

the weaker focusing characteristics of the lens reduce the

transmission through the collision chamber to about 50%.

This calibration shows that for i, values of 0.7 nA at

3
100 eV the ion beam current measured at the ion collector
on the exit side of the collision chamber is an accurate
measure of the ions which are available for excitation in
the reaction region of the collision chamber. The He' ion
currents recorded at this ion collector with no target gas
in the chamber are the values used in the cross section
calculations for the experiments reported here: Typical
He' ion flux through the collision chamber during this ex-

b ions/sec-cm2 (10 nanoamps/cmz).

periment was 6 x 10
It should be noted that for experiments at ion energies
above 110 eV the cross section measurements are probably
lower than the actual values. This is due to the fact that
at energies above 110 eV the ion beam is not efficiently
collected with the potentials used on the ion collector.
(This potential could not be increased without a major modi-
fication to the apparatus.) Therefore, energy dependence
; measurements at energies above 110 eV were made by tuning
the beam at 100 eV, where accurate ion collection measure-
4 : ments can be made. (This'is the ion current value used in
the cross section calculations.) Then the deceleration

voltage was adjusted to the desired value for the experiment.

The deceleration voltage adjustment tends to defocus the

27
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ion beam to some degree, .resulting in the calculated cross
sections being smaller than the actual cross sections. Thus
the error in the cross section values probably increases as
the energy is increased from 100 eV to 170 eV (see Figs. 26,
27, 36 to 41 and 53 to 60). This error is estimated to be

as large as 50% at 170 eV.

Instrument Calibration for 400 nm to 870 nm Region

In the 400 nm to 870 nm region the instrument function
F(A) was determined by using a calibrated tungsten light
source (Ref 33). The calibration arrangement is shown in
Fig. 10. This calibration was based on the black body radia-
tion law from a gray body (Ref 31:126) and the law of conser-
vation of radiance in an elementary beam (Ref 31:134). The

instrument function F(A) is defined as

F(A) = 52 (7)
A
where
Q = Counts/sec recorded on the SSRI photon counter
converted to power (watts)
PA = Spectral power incident on the grating (watts)

The calibration procedure was as follows. First the
image of the tungsten filament is focused on the entrance
slit of the monochromator. Then the image in the slit is
treated as a source for the monochromator. Referring to
Fig. 11 one can see that a differential area of the grating

perpendicular.to a line from the source is

28
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Fig. 11. Geometric Diagram of Monochromator.
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dA_ = (rd¢)(r cos 0d6) (8)
%

where the symbols are explained in Table III. A similar
differential area of the source perpendicular to a line from
a point on the grating is

dA = dA_ cos O cos ¢ 9)
s, s

The differential solid angle subtended by dAg at the source

s 2
is

cos 06d6d¢ (10)

The differential spectral power dzPA from the source

that is incident on the grating is

2
a’p, = LAdAﬁLdQ (11)

Therefore the total spectral power is

Py = LAy JIA cos’ 646 cos ¢do = L,A_® (12)
where
® = I cos? 0d0 cos ¢dé
Now
A T ¢ §$ (14)

Pyrex ALens ATungsten

and assuming the source is a Lambert emitter
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Table III

Symbols Used in th: Derivation of the

Visible Instrument Function F(A)

h Plancks constant

c Velocity of light

k Boltzmann's constant

A Wavelength

. - Temperature °K

R Radiant Emittance (watts/clz) i
P ~ Power (watts) ;
L Radiance (watts/ster-cmz)

RA’PA’LA Spectral Radiant Emittance, Spectral Power é

and Spectral Radiance
BB BB BB

RX ,PA ’LA Spectral Radiant Emittance of a Blackbody, etc. 5
Ty Spectral transmittance 3
€, Spectral emissivity
Q Counts/sec of SSRI Photon Counter.(Photons/sec)
As Area of source (cmz)
Ag Area of grating (cnz)
Q Solid angle (ster)
6 Vertical angle between normal to source and a
line to a point on the grating
¢ Horizontal angle between normal to source and
a line to a point on the grating
Y Horizontal angle of rotation of the grating
from parallel to source
r Distance from source to a point on the grating
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’ where

with

f The total spectral radiance

i
N
3
o)
=

incident on the grating is

C
1 1 BT

Pyrex xLens ATungsten ﬂAS [ CZ/XT ~ 1]

The energy of hc
one photon } B 3

Therefore the photons/sec incident on the grating as a

result of the total spectral power is

Px(photons/sec) =

T R Sy T

=

€ C AdXAs¢

P(A) 2 3=

ALens ATun sten 1
oy

hcnxs [e 2 -

The instrument function F(A) is defined as

Py
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Therefore

S [ehc/kAT - 1]

F(A) = 357 T &R, 8dX (22)

Pyrex Lens

The resulting instrument function from 400 nm to 870 nm is

shown in Fig. 12,

VUV Instrument Calibration

The calibration of gratings in the VUV region is a dif-
ficult task. The only experts whom the author was able to
locate with the capability to accomplish this type of cali-
bration are located at the Naval Research Laboratories (NRL),
and this is not readily available to people outside of NRL
(Ref 22). Bausch and Lomb, the company which manufactured
the grating, does not routinely calibrate gratings at less
than 200 nm (Ref 54). In addition, grating reflectance
changes over a period of time, and absolute calibrations
would therefore change. 1In view of these considerations it
was decided to use the measurements of an emission line for
which radiative cross section data is available as a calibra-
tion standard. The use of a known reaction as a standard has
the advantages of eliminating the need for periodic absolute
calibration of the system, since the calibration of the
grating can be checked at any time by merely observing the
standard reaction. The experimental arrangement is in no way

disturbed, and the grating need not be removed.
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In the VUV region, the instrument function was cali-
brated by measuring the cross section for the La hydrogen

line (121.6 nm from the reaction of 100 eV He' with Hz. A
16

value of 0.60 x 10 cm2 was used as a reference standard.

This value was obtained in other'studies using the same
apparatus (Ref 21). This value for the La hydrogen line
from the reaction of 100 eV He' with H2 is in good agreement
with Dunn's value of 0.52 x 10" 1% cm? for the L, hydrogen
line from the reaction of 120 eV He' with H2 (Refs 6 and 7).
A profile of the 90 nm blazed platinum grating was ob-
tained by consideration of the following factors: (a) the
measured reflectance curves from similar gratiﬂgs (Ref 14),
(b) the theoretical reflectance curve for blazed gratings
(Ref 31:342;347), and (c) the reflectance curves for plati-
num (Refs 61 and 71). The reflectivity profile was assumed
constant between 88.9 nm‘and 121.6 nm because the reflectiv-
ity of platinum increases from 88.9 nm to 121.6 nm (Ref
71:67), while the theoretical blaze reflectance decreases
by approximately fhe same amount. The 88.9 nm line is the
shortest wavelength line detected in this experiment. This
assumed reflectivity profile was multiplied by the published
spectral response of the Bendix Channeltron (Ref 26) to ob-
tain the instrument function profile from 88.9 nm to 121.6
nm. This instrument function profile was then normalized

to the calibrated value of the La hydrogen line at 121.6 nm

(see Fig. 13).




‘uwu gz7 03 wu Qg woxy [(y)d] uoradung JuswnIisul ANA ‘€T 814

(Wu) HLONITIAVM

obl ozl 00! 8
E | | i | | _ I | I _ 1 ] | I _ 3
[ ¥ v —INIOd NOLLYNEITVD 21 1
i i i
s v 41 A
§ o 4
[ ' 1.
- | 5
L v 4
£ k. -
2 3 G =
o o —€
ﬁ 1 1 1 _ 1 1 I — 1 1 N | _ ¥




After examining a nuﬁber of blazed grating calibrated
reflectance curves for the VUV (Ref 14), and comparing them
to the theoretical curve, the reflectivity profile between
'121.6 nm and 183.0 nm was assumed to decreased by one-half
linearly. This reflectivity profile was multiplied by the
factory calibrated spectral response of the EMR photomulti-
plier to obtain the instrument function profile for the 121.6
nm to 183.0 nm region. This instrument function profile was
then normalized to the calibrated value of the La hydrogen
line at 121.6 nm (see Figs. 14 and 15).

This total instrument function calibration results in
an instrument function profile that is calibrated at the
121.6 nm'point and is less accurate at the extreme ends, the
maximum error being at 183.0 nm. Due to the possible variation
of the actual reflectivity profile of the platinum grating
from the theoretical profile, this error could be as large as
a factor of four. The uncertainty of this profile is taken
into account in citing the accuracy of the cross section mea-
surements in this'region.

Other detector and grating combinations were used to in-
vestigate the 190 nm to 400 nm spectral region. Since no
emissions were observed in this region, the instrument func-
tions in the 190 nm to 400 nm spectral region are not dis-

cussed in this report.
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III. Experimental Procedures

Bimolecular-Reaction Determination

’ The purpose of the He+/halogen experiment is to study
bimolecular ion neutral collisions. Before performing the
experiment it is necessary to determine the maximum pressure
at which the experiment can be performed while avoiding the
occurrence of multiple collisions. This information is ob-
tained by positioning the monochromator on an intense line
from the reaction, and obtaining the response for various
pressures of the target gas. Next a plot is made of the
response as a function of target gas pressure. As long as
the plot is linear, single collision events are occurring
(Ref 49:278-282); whereas when the curve becomes nonlinear,
multiple events are occurring. The resulting pressure de-
pendence curves for the He+/C12, Brz, 1, reactions at 100 eV

2

are shown in Figs., 16, 17 and 18. The Cl, and Br, curves

2 2

become nonlinear at about 4 mTorr. The 12 curve extends

only to 2 mTorr because that is the vapor pressure of I2 in
the instrument at room temperature.

The linear portions of the curves in Figs. 16, 17 and 18
are also an indication that the effect of any secondary elec-
trons generated in or near the collision region are negli-
gible. If these secondary electrons were significant, the
reaction would be a higher order process, and there would
not be a linear region. If any secondary electrons are gen-
erated, they probably have low energies in the 1 eV to 12 eV

region (Ref 2§:276). Because of the shielding of the colli-
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sion chamber, the experimental collision region is in a field-
free environment. The generation of any secondary electrons
would generally be outside of the collision region. If any
secondary electrons are generated by the collision of He' ions
with the edges of the entrance slit of the collision chamber,
they would be quickly collected by the positively charged
plate of the electrostatic lens. If they are generated at

the ion collector in the monochromator on the éxit side of

the collision chamber (see Fig. 3), the low energy electrons
would be repelled by the ion collector plate toward the oppo-
site plate. Even if an electron collided with a halogen mole-
cule in thisregion, the emission from the excit;d product
species would occur so far from the focal point of the mono-

chromator that it would not be focused on the exit slit of

the monochromator.

Emission Wavelength Determination

The proper detector and grating for the wavelength
region to be investigated (see Table II) are installed prior
to an experiment. Initially, the 1 mm slit chamber was in-
stalled and the detector slit was set at 1 mm. A central
image scan was performed to obtain the correction to be
applied to the monochromator readings. A low resolution
scan was then taken of the complete wavelength region to be
studied. The low resolution half-width-at-half-maximum
(HWHM) values were generally ¢ 1.5 nm in the VUV and 3.0 nm
in the visible. Next, the 0.1 mm slit chamber was installed

and the detector slit was set at 0.1 nm (some scans were
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performed with larger exit slit settings). Another central
image scan was performed to obtain a new monochromator read-
ing correction. A high resolution scan was then taken of
the regions of particular interest in which peaks were ob-
served in the low resolution scan. The high resolution HWHM
values were generally + 0.3 nm from 80 nm to 120 nm, + 0.1
nm from 120 nm to 400 nm and + 0.5 nm from 400 nm to 860 nm.

The uncertainties AAO of the measured wavelengths XO
were determined by a combination of the accuracy of the
counter reading on the monochromator, the resolution of the
instrument for the given grating and slit combination used
for the scan, and the shape of the peak being evaluated.
Usually Alo was given the value of the half-width-at-half-
maximum of the observed peak plus the uncertainty of the
counter reading of the monochromator.

The ion beam was focused for the experiment by varying
the magnetic field in the mass spectrometer until the maximum
number of ions entered the electrostatic lens systems. The
voltage on the electrostatic lens was then varied until the
maximum number of ions were collected at the ion collector
inside the monochromator (see Fig. 3). This procedure for
tuning the instrument assures that the ion beam is properly
focused at the collision region which is located at the
focal point of the monochromator, regardless of the He® ion
translational kinetic energy. This procedure is particulary

important when measurements are taken at various ion ener-

gies as described in the next section. The ion beam is very
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sensitive to even minute adjustments. The 100 eV He® ion
beam was the most stable beam, as well as having the largest
number of ions incident on the collision region which could
be accurately measured. Therefore, the 100 eV He* ion beam

was used for most spectral scans.

Cross Section Measurements at Various Translational Energies

In order to obtain data which would aid in determining
if a specific emission line was produced by an endothermic or
exothermic process, the cross section of a specific emission
line was measured at various He' ion translational energies.
To obtain this data the fcllowing procedure was used.

With the 1 mm collision chamber slit installed and a
1 mm detector slit setting, the monochromator was positioned
on one of the most intense peaks. Then the ion translational
energy was adjusted to a specific setting and many readings
were manually recorded. For example, ten 20-sec readings at
100 eV were recorded. Then the ion translational energy was
adjusted to 0 eV at which energy no ions are transmitted into
the collision chamber and ten more 20 sec readings were taken
to obtain the background. The average of the background
readings was subtracted from the average of the 100 eV read-
ings. This process was repeated for the translational energy
values of 2, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, and 170 eV. Typical energy
dependence plots are seen in Figs. 26, 27, 36 through 41, and

$3 through 60.
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It is important to méasure a background reading with
the ion translational energy adjusted to 0 eV. Because of
differential pumping, there is a flow of target gas through
the collision chamber entrance slit into the electrostatic
lens region. Collisions of the ion beam with the target gas
in this region (where the effective energy is higher than
at the collision chamber) also produces radiation. Typical
background corrections were on the order of 30% in the VUV
region and 45% in the visible region. 1In the near infra-red
region from 700 nm to 870 nm there was also a significant
amount of blgckbody radiation from the ion source, causing

corrections on the order of 65%.
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Iv. Data Analysis

In this chapter the general outline of the data analysis
used for all three systems will be explained. The next three
chapters will discuss the results of the data analysis of
that particular system. It must be remembered that the limi-
tations of the experimental apparatus dictate that only emis-
sions from energy states with lifetimes of 1.0'6 sec or less

will be observed. Therefore metastable states of the product

species-will not be identified in this analysis.

When a 100 eV He' ion beam collides with C12, Brz, or
I, the following possibilities exist:
Collision
Reactants — Product Species
+ + *
100 eV He + xz + He + X2 (1)
+ *
He + (X;) (2)
* X
He + X; (3)
* +
He + X + X (4)
* +
He + X + X (5)
F
He + X + (X)) (6)
+ *
He + X + X (7)

where * represents an excited atom/molecule/ion

X represents Cl, Br, or I




If reactions (1) or (2) are significant, molecular
emission lines should be observed. Upon examination of the
experimental spectra none of the reported emissions for Clz, i
Cl +, Brz, Br +, Iz, or Iz+ were present (Refs 16, 27, and

2 2
51). Consequently, it is assumed that molecular emissions

e i sl Bt St

are insignificant in this experiment. Reaction (3) will be

examined in the Further Analysis section of this chapter.

In the cases of Clz, Brz, I2 all of the charge transfer
processes, reactioas (4), (5) and (6), are exothermic by a
much greater amount than the dissociation energy of the (x2+)
molecule. The overall processes (including dissociation) for
the three systems, when both He' and Xz are at thermal ener-

gies, are exothermic as indicated

He' + Cl, + He + c1* + Cl + 9.09 eV (8)

+ + 2
He + Br2 + He + BR + Br + 10.77 eV (9)

+ +
He + I2 + He + I + I + 12.58 eV (10)

Therefore there is a large amount of energy available

in the charge transfer process for excitation of neutral atoms ;

or atomic ions.

Reaction (7) is not considered significant. The observed

emission lines are still present at He' ion energies of less

than 10 eV. This is not enough energy to account for molecu-
lar dissociation and excitation of the neutral halogen atom

to the excited energy levels detected in this experiment.
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Line Identification

The experimental data obtained was in the form of low

and high resolution spectra (see Figs. 21 through 25, 30
through 35, and 44 through 52), and measured emission cross
section energy dependence curves (see Figs. 26, 27, 36 through
41, and 53 through 60). The analysis of the data began with
an examination of the high resolution spectra to determine
the observed peak center wavelengths (Xo). Then using the
instrument function for each Ao, all of the observed peak in-
tensities were normalized. By use of the measured cross sec-
tion values of the more intense peaks as references, each
observed wavelength was assigned a partial emission cross
section value. Next the observed wavelength ko values with
a search interval of tAko were matched (using a computer
search program developed by Dr. Darrell Hopper (Ref 17) with
allowed transitions between the energy levels of He I (Ref
42), C1 I (Ref 55), C1 II (Ref 56), Br I (Ref 68), Br II
(Ref 58), I I (Refs 30 and 48), and I II (Ref 41). The
selection criteria used in the search program were

1. AJ = %1, 0 where 0+ 0

2. Change of parity

3. tAAo from observed peak center wavelength Ao
These criteria are valid for LS, JJ or any intermediate type
of coupling (Ref 36:271). The complete listings of transi-

tions which meet these criteria are given in Tables XV, XVII,

and XVII in Appendices A, B, and C.




The computer identification program can be used in vari-

ous modes. In the search mode the program applies any or

all of the selection criteria listed above to match the wave-
lengths of allowed transitions to the measured wavelengths

Xo (see computer output in Fig. 19). For convenience in

this discussion, these allowed transitions which meet the
above criteria are called A type transitions. Included in %
this computer output is information as to the electronic
configurations, the energy levels, and the J values of both
the upper and lower energy states of each allowed A type
transition. It also states the wavelength of each allowed

A type transition and how closely it matches with the measured

L Dieli il i

wavelengéh A The program can indicate the endothermicity

0"
of a particular A type transition for the given reaction.
[Note it is not programmed to do this on the output in Fig.

19.]

The computer identification program can also be used in
a mode where it will not only list the allowed A type transi-
tions whose wavelengths match the measured wavelength AO’ but

also lists all of the allowed transitions from the populated

upper energy state of the selected A type transition (see

Fig. 20). For convenience these additionally listed transi- .

tions are called B type transitions. The electron configura-
tions, energy levels, and J values are listed for all the
lower energy levels of these B type transitions. In each

case the wavelength for the allowed B type transition is

listed. "
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Further Analysis

Up to this point, the analysis described is firmly
based on instrument resolution and quantum mechanical selec-
tion rules. Further considerations require the introduction
of various assumptions.

An examination of Tables XV, XVI, and XVII reveals a
number of lines which could be assigned to allowed He I
transitions. It is noticed that these transitions are all
in the 400 nm to 870 nm region and are between the higher
He I energy levels. If these transitions do originate from
He I, then transitions from these upper levels to the ground -
state should also be observed, but in fact, none are detected. 3
This situation prevails in all of the results from studies of
Br

reactions of He' with C1 and Iz, as well as for reac- ;

7 2’
tions of He' with H2’ Ar, Kr, and Xe, studied by Hughes,
Jones, and Tiernan (Refs 18, 10, 20, 21 and 28). Also all
lines observed which could be assigned to He I transitions
can also be assigned to other processes. All of the pro-
cesses leading to the He I transitions in the upper levels

are highly endothermic (in the neighborhood of 15 eV), and

the energy dependence curves obtained for emission lines

which might originate from He I all have thresholds below

10 eV. For these several reasons, the author assumes that

no significant He I transitions [reactions (3) and (4)] are

actually observed in the present experiments.
If a light-emission experiment were performed in a

field-free environment the ratio of the actual intensities
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of the transitions from a particular energy state should be
the same as the ratio of the theoretical A factors (transi-
tion probabilities) for the respective transitions from that
particular energy state. The He+/halogen experiments are
conducted in such a field-free environment and it is there-
fore assumed that the normalized relative intensities of the
observed emissions should be in good agreement with the A
factors for these transitions. Unfortunately A factors are
available for only a very small number of the transitions
observed in our study (Refs 2 and 35). There is a great deal
of difficulty in performing an experiment to accurately
measure A factors. The most commonly accepted method of
measuring A factors is with shock tube experiments. In these
experiments errors of less than 50% are considered very good
results. In order to do any furhter analysis, it is thus
necessary to make several assumptions. The author feels it
is justifiable to compare the ratio of relative intensities
reported in the literature (obtained from discharge experi-
ments) with the ratios of relative intensities in the He+/
halogen experiments, provided that certain precautions are
made.

The change in the emission intensity of a transition
caused by the presence of an electric field is dependent upon
the extent to which the transition matrix is perturbed by the
electric field. The extent to which this perturbation af-
fects the intensity of the other possible transitions from

the same energy level is dependent upon the total number of
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transitions possible from that particular upper energy level.
For neutral halogen atoms radiating from low energy states

to the ground state there are usually only two transitions
possible. If one transition matrix is greatly perturbed,

the intensity of the other transition will also be affected.
The ratio of the two lines can therefore be greatly affected.
This is the case in the VUV region. In the visible and near
infrared region, where there are many possible transitions
between the higher level energy states, the perturbing of one
particular transition matrix has less effect on the other
possible transitions.

In such an approach, the next step is to use the com-
puter search program in a form in which it will not only 1list
the allowed type A transitions using the original resolution
and quantum mechanical criteria, but will also list the other
transitions (including their wavelengths) which are quantum
mechanically allowed from the upper energy level of each of
these type A transitions. These other transitions are called
type B transitions in ;he present discussion. A sample page
of the computer output from this type of search is given in
Fig. 20. 1In Fig. 20 the A type transitions have wavelengths
of 7416.161 and 7412.91&. All the other listed transitions
are type B transitions. These wavelengths can now be com-
pared with the wavelengthé and intensities previously tabu-
lated in the literature for the excited neutral atoms X I

(Refs 30, 48, 55 and 68), and for the excited atomic ions

X IT (Refs 41, 56 and 58).
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It should be noted that the optical resolution was much
higher for the experiments which yielded the tabulated energy
level data than the resolution in the present He+/halogen
experiments.

The following criteria were established to aid in
assignment of the transitions for the measured line wave-
lengths (Ao).

1. If a particular type A transition and all of
its associated type B transitions were not reported in the
tabulated literature data and none of the type B transitions
were observed in the He*/halogen experiment, then that par-
ticular type A transition was eliminated. For the example
shown in Fig. 20, this means that if the 7412.911 and all of
its associated type B transitions (1005.96&, etc.) were not
observed in the discharge experiment in Ref 55, and if none
of the type B transitions (1005.963, etc.) were observed in
the He+/halogen experiment; then the 7412.912 wavelength of
the 4p 252/2
a possible match for the ko value of 741{.00R.

+ 5d 2(1)1/2 transition would be eliminated as

2. In the 400 nm to 870 nm region the additional
criterion is used: If in the discharge experiment a particu-
lar type B transition was muéh more intense than the type A
transition with which it was associated, and in the He+f
halogen experiment that particular type B transition was
less intense than the type A transition, then that particular
type A transition was eliminated. For the example shown in

Fig. 20, this means that if in the literature tables the
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4.0

o
E 7313.78A line of the 4p 53/2 + 5d 2(1)1/2 transition was

o
much more intense than the 7412.91A line of the

2,0

L]
. 4p Sl/2 + 5d 2(1)1/2 transition, and the 7313.78A line was

o
much less intense than the 7414.00A line in the He’/halogen

(-]
experiment, then the 7412.91A wavelength of the

4p 28?/2 + 5d 2(1)1’,2 transition would be eliminated as a

°
possible match for the Xo value of 7414.00A.

Another criterion that was used was that if the energy

dependence curve for a particular Ao was exothermic and only
one of the type A transitions matching that AO was exothermic;
then that type A transition was selected as the assigned
transition.

It would be well here to explain what is meant by exo-
thermic and endothermic reaction energy dependence curves.
Examination of the cross section energy dependence curve can
help to determine whether the reaction causing the observed
radiation is endothermic or exothermic. The characteristic H
shape of endothermic reaction energy dependence curves is a
threshold somewhere above thermal energies and the ﬁurve in-
creases in value with an increase of energy until it reaches a ﬂ
leveling off point. (Actually a true endoéhermic reaction en-
ergy dependence curve would have a step function profile with
the threshold at the value of the energy necessary to be added

to thermal reactants for the endothermic reaction to occur.)

by

A typical example of the profile of an endothermic reaction

energy dependence curve is illustrated by the 821.7 and 822.4 ?

nm emission lines in Fig. 27. Exothermic reaction energy
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dependence curves have the characteristic profile of small
values at higher energies and rapidly increasing in value as
thermal energies are approached. A typical example of the
profile of an exothermic reaction energy dependence curve is
illustrated by the 178.23 nm emission line in Fig. 54,

After applying these criteria to the total list of type
A transitions for the He’/Cl2 and He+/Br2 experiments it was
found that over 80% of the total emission lines could be
assigned to specific transitions (Tables V and IX). These
transition assignments are then used to construct a term
diagram (Figs. 28 and 42). Next each energy level on the
term diagram is individually examined to determine whether
that state is predominantly directly excited or populated
primarily by cascading from higher energy states (Tables VI
and X).

A plot of the emission cross sections and of the direct
excitation cross sections as a function of the energy levels
of the populated energy states provides an indication of the

energy partitioning in these reactions (Figs, 29 and 43).

Error Analysis

The accuracy of the 100 eV cross sections reported in
this experiment vary. As noted before, the emission cross
section is given by

4'nR°T°NR

o= 3 2 (6)
PzNAlﬁéLF(l)
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v where the symbols are defined in Table I, The maximum temp-

erature To variation is 1% so it will be considered a con-
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Relative Cross Sections. When referring to the accuracy

of relative cross sections it is necessary to consider only
; N

: 2 2 4 : R

? 3 the variables appearing in the expression, PIFCA) °

accuracy of Np depends on the signal to noise ratio. For ]

The

very intense peaks it is very accurate (to within *5%) and
for very weak peaks it can be accurate to within #50%. The 1

accuracy of N, also depends upon how many measurements were

R
taken. Because more measurements were taken, the cross

sections measured for the energy dependence curves are gen-

i
£

erally more accurate than the cross sections calculated from

the peak heights in scans. The 100 eV He® ion beam cross-

T, TR T

section measurements for the energy dependence curves have
a sampling accuracy of within *5%. Even the 5 eV He' ion

beam cross-section measurements for the more intense peaks
generally have a sampling accuracy of within *10% to *15%.

Occasionally the statistical error increases to :30%. Of

course the cross section measurements for the weaker emissions
obtained only from spectral scans, have a greater statistical
error. The relative pressure P has a 5% or less error. The
relative current I could have errors of 10 to 20%. The error
in the relative instrumeni function F(A) in the visible
region is less than 10% and as explained in Chapter II could
be as high as 200% in the VUV region. The relative cross-

section measurements in this experiment are consistent with

TR N PN A T SRS ] T Ay S EMAT
3

s | o o b A N T SN M NIRRT S




r—

M ol

3
4
-l
§
£
-
t
:

present published work using ion beam experiments for similar
reactions.

Absolute Cross Sections. In absolute cross section

measurements, the systematic errors no longer cancel out.
Such things as the exact length of the collision region are
difficult to measure. Also the beam is not uniform over the
area of the collision region, although this error appears
not to be large since an ion beam on the order of 1 nA is
measured with the collision chamber having a 1 mm slit and
an ion beam on the order of 0.1 nA is measured with the
collision chamber having a 0.1 mm slit. For the stronger
peaks, the accuracy is pelieved to be within a factor of 4
in the 400 nm to 870 nm region and a factor of 8 in the VUV,
Because of the difficulties in the accurate measurements

of the ion beam above 110 eV and below 20 eV the error in
the measurement of absolute cross sections in these regions
can be very large. The.,consistency of the cross section
measurements is very good, even with the use of different
detectors. This is illustrated in Fig. 55, where the cross
section measurements for the production of the 145.7 nm
iodine emission line vary up to *40% on three separate days
with two different detectors. In Fig. 56 the cross section
measurements for the intense 183.0 nm iodine emission line
vary generally less than *15%. The 183.0 nm line measure-
ments were made on two separate days using two different

detectors.
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» V. Chlorine

Introduction

The general outline of the next three chapters follows
the data analysis procedures described in Chapter IV. First
the experimental data is presented in the form of the spectra
obtained in the experiment and curves showing the He' ion 4
translational energy dependence of some of the measured |

emission cross sections. Complete listings of the measured 1

cross sections of all of the observed emission lines are 3

given in the tables in the appendices. These tables include ‘ g

the measured cross sections of each emission line and a

listing of all of the allowed transition assignments for each :

emission line which meet the measurement uncertainty AAO and ?

quantum-mechanical criteria stated in Chapter IV. Other de-

tailed information for each allowed transition is given in

these tables. A summary of the tables in the appendices is then
presented in the text depicting important general features

of the reaction. 1In the case of chlorine and bromine, further

analysis is conducted resulting in term diagrams and graphs

which give further insight into the reactions.

o

All of the spectra illustrated in this chapter and all

= of the cross sections listed in the tables of this chapter,

were obtained from the reaction of 100 eV He' ions with Cl2
at room temperature. The translational energy of the He"
ions was varied only in the measurements of the energy de-

{ pendence of the cross sections depicted in Figs. 26 and 27.
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Spectra

The 35 measureable chlorine emission lines observed
in the 60 nm to 870 nm wavelength region are presented in
Figs. 21 to 25. A high resolution spectrum of the 96 nm to
120 nm VUV region is shown in Fig. 21. Figures 22 and 23
depict examples of low and high resolution spectra of the
100 nm to 145 nm VUV region. The remaining spectra in Figs.

24 and 25 are high resolution spectra in the 720 nm to 860

nm region.

Cross Section Energy Dependence Curves

The curves in Figs. 26 and 27 depicting the energy de-
pendence .of the chlorine cross sections, were obtained from
measurements made under low resolution conditions. The wave-
lengths assigned to each curve are the observed wavelengths
at high resolution. It should be noted again that cross
section measurements using this instrument are most accurate
in the 100 eV region. 1In the 120 eV to 170 eV region not
all of the ions can be collected on the ion collector so the
actual cross section values are probably greater than the
measured values in this energy region. In the 0 eV to 20 eV
region the ion beam starts to diverge and is difficult to
focus. Consequently, the size of the ion beam drops off,
increhsing the % error in the ion beam measurement. The
curves indicate that all of the lines except the 137.93 nm,
138.98, and 139.58 nm curve are produced by endothermic

processes with low thresholds in the 0 eV to 5 eV region.
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. The uncertainties listed above, plus the limited 0 eV

to 170 eV energy region, preclude extensive analysis as to

i structure and oscillations being present in the curves. The
structure and oscillations of the cross section energy de-

: ; : : : +
pendence curves discussed in the investigations of He -rare

A TR TR e 3."‘,

gas systems extended over the 0 eV to 10 keV energy region

HEwS g

(Refs 5, 8, 9, 24, 38, 59, and 60). The 0 eV to 170 eV

L

energy range is too limited to interpret separately. The
data is presented here to aid in the selection of transition
assignments and for completeness. As in the case of the

+ 3 & §
He -rare gas studies, these curves could be used in conjunc-

D R R R

tion with other studies in higher energy regions for a more

complete'analysis of the kinetic energy behavior of the

reaction.

Line Identification

A listing of all of the allowed transitions which meet
the measurement uncertainty AAO and quantum-mechanical cri-
teria explained in Chapter IV for each observed wavelength
Ao in the spectra, are listed in Table XV in Appendix A.
The measured cross-section for each observed wavelength is
also listed. The endothermicity in eV (for thermal energy
reactants) is listed for each allowed transition's upper
state. This endothermicity is measured above and below the
9.09 eV energy released by the thermal energy charge exchange
reaction between He' and Cl,. Of course there are 100 eV of

2
translational energy of the He' ion available in the colli-

R N AT T R O TR AT MR 4

sion process for possible conversion to excitational energy

g
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of the product species. 'One goal of the present experiment

is to determine if this translational energy conversion is
very efficient in the 100 eV He+/C12, Brz, and 12 reactions.
Comparison of the energy level of the upper radiating energy
states with the energy available from thermal energy charge
transfer is an aid in determining whether the dominant ex-
citation mechanism for the product species is charge exchange
or conversion of translational energy. It should be noted
that the 438.0 nm and 579.6 nm observed wavelengths were

very weak peaks observed only on low resolution scans. They

are included for completeness.

Further Analysis

Table IV is a summary of the complete listings in Table
XV. It is noteworthy that the 497.0 x 1018 cn? total emis-
sion cross-section is very large and that 76% of the total
éross section is accounted for by the 17 observed VUV lines.
Since 23 lines match both allowed Cl1 I and Cl II transitions,
it is evident that further analysis is necessary.

Application of the relative intensity criteria described
in Chapter IV on the allowed transitions listed in Table XV
revealed that the reaction yields emission arising predomi-
nantly from Cl I. The resulting Cl I transition assignments
are listed in Table V. They account for 85% of the total
483.7 x 10'18 cm2 emission cross section of the lines listed
in Table XV having possible Cl1 I transition assignments.
A large number of the transitions which were eliminated by

Al

the relative intensity criteria violate the conservation of
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xa
(m)
118.875
118.877
120.135
133.573
134.724
135.166
136.345
137.953
138.969
138.996
139.653
725.862
741.616
754.915
771.971
774.710
782.351
788.038
821.430
822.400

Table V

Cl I Transition Assignments for the

100 eV He' + C1_ Reaction

Transition Assignment

Lower “

5 20

3p
3p
3p
3p

:’apS

3p5
3p
3p5
3p5
Sps
3p
4s
4s
4s
4s

4s

4s
4s

4s

520
5 2.0

5 2.0

S 2.0

+ 4s' D

+ 4s'

Upper
2

4s' 2D

2

5/2

Dz/2

75

3/2

(eV)

1.34
1.34}
1.34
0.19
0.11
0.19
0.11
-0.10
-0.17
-0.06}
-0.10
1.54
1.50
1.54
1.50
1.54
2.78
1.40
1.34
1.40

61.9

33.4

9.2
45.6
11.9
13.8

73.0

47.9

5.4
5.7
1.6
6.1
1.5
3.2
2.0
1.5
3.3
7.7




Table V (continued)

3 Cl I Transition Assignments for the

) 100 eV He' + C1. Reaction
§ Lra Transition Assignment AHb o
(nm) Lower + Upper (eV) (cm2 X 1018)
4 ‘ 4 4.0
f f 833.560 4s P3/2 « 4p Ds/z 1.38 7.6
: 4 4 0
837.824 4s PS/Z « 4p D.”2 1.31 40.7
4 4 0
843.057 4s P1/2 « 4p Dl/2 1.41 5.6
4 4 0
857.760 4s Pl/Z « 4p 03/2 1.38 8.9
4 4 0
858.834 4s PS/Z « 4p DS/Z 1.34 14.0
411.5

3calculated vacuum wavelength using the energy level tables (Ref. 55).

bEnthalpy change required to populate the upper energy state for the

thermal reaction He* + Cl, + He + cit +c1v.

CEmission cross section for 100 He* + Cl2 reaction.

i i sl Lo
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spin AS = 0 and the conservation of angular momentum !
AL = *1, 0 selection rules of LS coupling (Ref 36:271). ?
For example, the computer search program has listed the

3.0 5

Cl II 4s S1 + 8f Fz transition as an allowed transition |

for the observed 137.925 nm emission line. This transition
violates both the conservation of spin and conservation of
momentum rules of LS coupling. Since chlorine is a rela-
tively light atom, a large amount of LS coupling would be
expected. This agreement is a further supportive check of
the selection criteria.

A term diagram illustrating the assigned C1 I transi-
tions in Table V is shown in Fig. 28. The total emission
cross section of each energy state is shown in parentheses,
next to the energy state designation. The small numbers next

to each energy level are the 2J + 1 values for that specific

energy level. The energy available from the thermal charge

transfer process is indicated by a dashed line. Only the

4s 4? state is a low enough energy level to be populated
exclusively by the 9.09 eV available from the thermal charge
transfer process. There must be a conversion of up to 1.5
eV of the kinetic energy of the incident He' ion to populate
the upper states depicted on the term diagram. This explains

the endothermic reaction profiles of the cross section ener-

gy dependence curves. This also explains the smaller cross

sections of the high level energy states. Since the lowest

energy state of Cl1 II is about 2.5 eV endothermic, this also

explains why few ionic transitions.are observed.
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.
. Another interesting observation in Fig. 28 is that there
are three cases of violation of spin (AS = 0) for LS coup-
& ling. The 4s 4p « 4p 2p0 and 4s %p « 4p ZDO transitions are ;

explainable since they have small emission cross sections
(0.03 A2 and 0.09 A2 respectively). Although the chlorine ;
atom is relatively light, it is heavy enough not to be a

S 2P° < 4s 4P transi-

perfect model for LS coupling. The 3p
tion is at first puzzling, because this transition has the i
largest emission cross section on the term diagram. The

most reasonable explanation is that the 4s 4P state is the

o P et bt o YIS0

lowest even energy state in the neutral chlorine atom, and
the only radiative transition for decay is to the 3p5 2P°

ground state. This means that is is possible the 4p 4P

AT VE L B T AN DR AN T Y

state has a longer lifetime than the upper states of the

transitions cascading into the 4s 4P state. If the ratio

of these lifetimes is a factor of ten or greater, it may be
possible that a properly designed chlorine laser would radi-
ate in the VUV at 137.953 nm, 138.969 nm, 138.99 nm or
139.653 nm.

The results of examining each energy level in the Cl1 I
term diégram to determine its direct excitation cross section
are listed in Table VI. This is done by subtracting the sum 1
of the cross sections of the transitions having this energy
level as a lower energy state, from the sum of the cross
sections of transitions having this energy level as an upper |

energy state. The results are that the total direct forma-
-18

tion cross section is 326.7 x 10 cmz, which is 79% of the
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Emission and Cascading Cross Sections for Cl I States

Table VI

Observed in the 100 ev He*

+ Cl2 Reactions

State
Designation

aEnthalpy change required to

2 Togal.
AH™ (eV) Emission
as 2P1/2 0.19 %1
4s 293/2 0.11 59.4
as :p1/2 -0.06 =
a'r -0.17
as 4P3/2 -0.10 78.4
3
4s 203/2 1.34 —
4s! 05/2 1.34
ap *s g/z 1.54 15.0
ap ng/z 1.50 3.1
ap 4Pg/2 1.19 s
ap zng/z 1.40 9.2
ap 4D:/2 1.41 5.6
ap 403/2 1.38 16.5
4p g, 1.34 17.3
ap *p 3/2 1.5 40.7
4d (3)7/2 2.78 B0
411.5
4 %05, 572,572
detector.

Cascading

70.5

36.9

Cross Section (cm2 X 1018)

Direct
Formation

21.1
59.4

-22.6
41.5
95.3

15.0
3.1
-2.0
9.2
5.6
16.5
17.3
40.7

2.0
326.7°

states radiate outside wavelength range of

pulate this energy state for the thermal

0
reaction He' + CI% + He + C1g + C1" (the first radiating C1* state is
c).

2.43 eV endotherm

80

This total does not include the negative direct formation cross
sections in this column.
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411.5 x 10"18 cm2 total emission cross section of the neutral

model. It should be noted that the two negative numbers in
the direct formation column are neglected. Negative direct
formation cross sections mean that the energy level either,
(1) has a lifetime longer than 1 pusec which is the average
time for an atom to stay in the collision focal region of
the collision chamber, (2) decays in a radiative region out-
side of the 50 nm to 870 nm region, or (3) the instrument
function of the apparatus used for the VUV region is too
low.

A plot of the emission cross sections and the direct
formation cross sections as a function of the energy levels
of the C1 I atom is given in Fig. 29. The number of states
available for population in each energy interval is also
presented in Fig. 29. This analysis indicates that the ener-
gy of the 100 eV He+/Cl2 reaction is predominantly trans-
ferred to chlorine neutral atoms which are excited to their
lower energy states. Formation of these states requires the
addition of less than 2 eV of energy than is available from
the thermal energy charge transfer process. It appears the

predominant process is

100 ev He* + Cc1, +» He + c1* + c1* (11)

2

As a check on the validity of using the intensity cri-
teria stated in Chapter IV, a comparison of the relative in-
tensities for transitions observed in discharge experiments

reported in the tabﬁlated literature data (see Ref 55), cross
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% A sections measured in the-present He’/Cl2 reaction experiment,
f and A factors measured in shock tube experiments (Ref 2) are
% ‘“ given in Table VII. It can be seen that for transitions

from the same upper state the He+/C12 experiment yields data

which agrees very well with the A factors obtained in a shock

tube. Both of these are relatively field free environments.
The relative intensities derived from discharge experiments
% also agree fairly well with both the He’/Cl2 reaction results
and the shock tube results. It should be noted that all of
these lines are in the 700 nm to 900 nm region which supports

the use of the intensity criteria stated in Chapter IV for

5 ITOR

analysis in this spectral region.
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» VI. Bromine

Introduction

The material in this chapter is presented in the same
manner as for the chlorine reaction in Chapter V. All of the

spectra illustrated in this chapter ana all of the cross

sections listed in the tables of this chapter, were obtained
from the reaction of 100 eV He' ions with Br, at room tempera-
ture. The translational energy of the He' ions was varied
only in the measurements of the energy dependence of the

cross sections depicted in Figs. 36 to 41.

Sgectra

The 57 measureable bromine lines observed in the 60 nm
: ; : to 870 nm wavelength region are presented in Figs. 30 to 35.
i A high resolution spectrum of the 85 nm to 159 nm VUV region
| is shown in Fig. 30. Figures 31 and 32 depict examples of

3 5 low and high resolution spectra of the 110 nm to 170 nm VUV

region. The remaining spectra are high resolution spectra

in the 440 nm to 870 nm region.

Cross Section Energy Dependence Curves

4 f The curves in Figs. 36 to 41 depicting the energy de-

» pendence of the bromine cross sections, were obtained from
measurements made under low resolution conditions. The same
é 3 cross section measurement limitations apply in the 120 eV to
E ‘j 170 eV region and in the 0 eV to 20 eV region, as cited for

chlorine in Chapter V. The curves indicate evidence of lines
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produced by both exothermic processes (such as the 157.60 nm
and 158.20 nm line in Fig. 36) and endothermic processes
with low thresholds in the 0 eV to 5 eV region (see Fig. 37).
Again, as in Chapter V, all of the cross section energy de-
pendence curves are presented to aid in the selection of

transition assignments and for completeness.

Line Identification

A listing of all of the allowed transitions which meet
the measurements uncertainty Ako and the quantum-mechanical
criteria described in Chapter IV for each observed wavelength
Ao in the specfra, are listed in Table XVI in Appendix B.

The measured cross section for each observed wavelength is
also listed. The endothermicity in eV for thermal energy
reactants is listed for each allowed transition's upper
state. This endothérmicity is measured above and below the
10.77 eV energy released by the thermal energy charge ex-
change reaction between He® and Br2 for the same purpose .
discussed previously in the chlorine line identification
section. A Br III transition is listed as a possible assign-
ment for the 96.075 nm observed wavelength. This is listed
because it was selected as the transition assignment in Ref
45. The author feels that if charge transfer is the predomi-
nant process in the reaction, one of the Br II transitions

should be assigned to this wavelength.
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Further Analysis

Table VIII is a summary of the complete listings in
Table XVI. It is noteworthy that the 1493.3 x 10°1% cn? cotal
emission cross section is even larger than chlorine and that
77% of the total cross section is accounted for by the 26 ob-
served VUV lines. Using the relative intensity criteria
stated in Chapter IV, it was found that the reaction yields
emission arising predominantly from Br I. The resulting
Br I transition assignments are listed in Table IX. They
account for 86% of the total 1476.0 x 10_18 cmz emission
cross.section of the lines listed in Table XVI having possible
Br I transition assignments.

A term diagram illustrating the assigned Br I transi-
tions in Table IX is shown in Fig. 42, The total emission
cross section of each energy state is shown in parentheses,
next to the energy state designation. The small numbers next
to each energy level are the 2J + 1 values for that specific
energy level. The energy available from the thermal charge
transfer process is indicated by a dashed line. In contrast
to C1 I where only the 4s 4P state was low enough to be pop-
ulated exclusively by the charge transfer process, Br I has
many energy states which are low enough to be populated by
the 10.77 eV available from the thermal charge transfer
process. This is a reasonable explanation of why the total
emission cross section for the bromine reaction is about

2

three‘tiles as large as the chlorine reaction (14.7 A™ versus

5.0 Az). The.Br I term diagram is .more complex than the

100
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Table IX

Br I Transition Assignments for the 100 _e_!_He+ + Br, Reaction

5
(nm)

121.601
138.459
144.990
148.846
153.175
154.066
157.638
158.231
444.298
447.385
447.898
452.686
470.473
635.248
663.343
700.715
735.056
751.505
780.517
799.213
813.374
815.597

Lower

520
4p P:,)/2

4’ zp:/z

4’ ng/z

4p° 2P§/2

4p5 ng/z

4p° ZPg/z

4p° 2Pg/z
5 20

Transition Assignment

Upper

4
6s PS/Z

1 2
( Dz)Ss D

5s" 2P

v 2

3/2

1/2

5s “P

3/2

n 2
5s Pl/2

4
S5s P3/2

4
¥ Teis
' 4

Ss P1/2

4 0
6p 03/2
1 2.0
4 0
6p Dy/p
o
5/2

('p,)sp %03,
5p’ 4s§/2
5p' 2Dg/z
sp' 4S§/2

2.0
sp’ Dg/2

4.0
Sp 03/2

n 2.0
5p P3/2

n 2,0
Sp P3/2
' 4.0
Sp 83/2

sd 4

6p 4P

5/2

(eV)
-0.57
-1.36
-2.22
-2.44
-2.22
-2.72
-2.91
-2.48
-0.11
0.05
-0.14
-0.17
0.20
-0.95
-1.04
-0.95
-1.04
-1.26
-0.89
-0.89
-0.95
0.01

}

oS
(cmleola)
15.8
47.1
28.2
151.2
41.8
209.1
384.2
96.0

" o.4
1.8

1.2
0.6
1.7
1.0
3.1
6.0
4.5
3.9
1.5
3.7
1.5




Table IX (continued)

: Br I Transition Assignments for the 100 gy_He‘ + Br, Reaction
»
3 AT‘ Transition Assignment AHb . o e
5 : (nm) Lower Upper (eV) (em™ x1077)
% 815.621 5s 495/2 5p ‘nglz -1.39 1.5
§ 827.469 5s 495/2 Sp 403/2 -1.41 123.9
833.698 5s' 293/2 5p' 4s§/2 -0.95 10.4
834.596 5s' 491/2 sp' 4”:/2 -0.99 10.6
838.634 5p 4p§/2 5d “DS/2 0.01 1.3
844.888 5s 493/2 5p 402/2 -1.26 24.0
847.976 5s' 4p1/2 sp' zoglz -1.02 T
856.008 5s' 293/2 sp' 40:/2 -0.99 5.1
864.104 Ss 4p5/2 5p 4p§/2 -1.47 63.0
D 870.090 5s' 293/2 sp' 20;,2 -1.02 9.6
1269.4

3calculated vacuum wavelength using the energy level tables (Ref. 68).

: anthalpy change required to populate the upper energy state for the
‘ : thermal reaction He* + Br, + He + Br* + Br®.

®Emission cross section for 100 eV He" + Brz reaction.

.
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Cl I term diagram, with more violations of conservation of
spin for LS coupling. Since bromine is a heavier atom,
this is to be expected. Since the lowest energy state of
Br II is about 0.75leV endothermic, it is reasonable to
expect few ionic transitions.

The results of examining each energy level in the Br I
term diagram to determine its direct excitation cross sec-
tioﬂ is listed in Table X. The total direct formation cross

18 2

section is 973.8 x 10 °~° cm“, which is 77% of the total emis-

. % + <
sion cross section for the He /Br., reaction.

2
A plot of the emission cross sections and the direct
formation cross sections as a function of the energy levels
of the Br I atom is given in Fig. 43. The number of states
available for population in each energy interval is also pre-
sented in Fig. 43. This analysis indicates that the energy
of the 100 eV He+/Br2 reaction is predominantly transferred
to bromine neutral atoms which are excited to their lower
energy states. These lower energy states are exothermic for

the charge transfer process. It appears the predominant

process is

100 eV He* + Br., + He + Br* + Br' (12)

2

As a check on the validity of using the intensity cri-
teria stated in Chapter IV a comparison of the relative in-
tensities for transitions observed in the discharge experi-
ments.reported in the tabulated literature date (see Refs

67 and 68), cross sections measured in the present He’/Br2

i St




Table X

Emission and Cascading Cross Sections for Br I States

2 s Observed in 100 eV He' + Br2 Reaction
, Br I Cross Section (cm2 X 1018)
State aH? Total Direct
b ; Designation (eV) Emission Cascading Formation
; | ap?  ss 493/2 -2.72 209.1 34.0 (0.9) 175.1
? 5s 4p5/2 L. a0 384.2 198.2 (4.1)  186.0
-; s By -2.48 96.0 34.0 62.0
1 5s' 293/2 -2.44 151.2 24.6 126.6
5s" 2P1/2 -2.22 70.0 o 70.0
(102)55 203/2 -1.36 47.1 e iy 47.1
5p 402/2 -1.26 28.5 s 28.5
5p 402/2 -1.39 YA sy 1.5
5p 403/2 -1.41 123.9 e 123.9 ]
5p 492/2 -1.47 63.0 1.3 6.7 |
5p 4P§/2 -1.51 e 1.5 (0:8) . el :
5p' 4s§/2 -0.95 A - 18.9 |
sp' 202/2 -1.02 25.3 i 25.3 :
al sp' 202/2 -1.04 7.0 o 7.0 i
E | sp' “0%,, -0.99 12.2 (1.5) -- 12.2
E | so” Wy -0.89 5.4 - 5.4
: | (102)5p nglz 0.05 0.9 (0.9) -- 0.9
; ('n,)5p znglz 0.20 0.6 r 0.6
; 5d 405,2 0.01 2.8 (1 E) 2.8
é 6s 4P5/2 -0.57 15.8 we 15.8

106 3
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Table X (continued)

Emission and Cascading Cross Sections for Br I States

Observed in 100 eV He' + Br. Reaction

Cross Section (cm2
Br I

State
Designation

x10'%)

Total Direct
Emission Cascading Formation

6p 492/2 1.2 1.2

0.4 0.4

0.9 (0.9) 0.9

1265.9 973.8

aEnthalpy change required to populate this energy state for the

thermal reaction He* + Br, + He + Br* + Br" (the first radiating
Cl* state is 0.81 eV endo%hermic).

b,

This total does not include the negative direct formation cross
section in this column.
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reactions experiment, and A factors measured in shock tube

experiments (Ref 2) are given in Table XI,

109




%SE+ 612°0
pe3xodex 3j0u
$SE+ 611°0
%0S+ 6S1°0

%05+ £21°0
$SS+ 6.£0°0

$0S+ 9¥I1°0

$SE+ 911°0
$SS+ LIT°0
ﬂu-oon woﬁu

103983~
pro3vEI-V

“ . -

000°01 9°01 965158 elq, ds
000°1 s 800°958 o T
000°0T 09 950°S5L t/%, s
000°0S 01 $¥E°£99 i .
000°0T s STL*00L g
000°0s Ls pLS SIS ths g8
000°02 p-01 869°558 eles, s
000°0¥ sy S0S°1SL e/iq, ds
000°0¥ 0°'v2 888" v¥8 e/, ds

e (01X ,w) (uw) xeddn

q’ .
UoTFey WU (/g O3 WU 00

n

dy 5§
z/s
d, S5
08
d, 5§
8, &
4, S
z/
dy, 5§
z/s
d, 58
7, J
: d, S
z/s
d, ss
IOMOT

9383S UOTITSUBIL

UT SUOTITSUBIL I Jg Pe3do(oS I0F SOTITITqeqold UOTITSUBI]L OATIBIOY

IX ®@1qel

i W et

110

ot R e e Lt g

L




*(z °39y) 3ueuwrzodxe aqn3 YO0Ys UT painsesuw mnovuumév
*(89 pue L9 °S3OY) sjuowrrodxo 93XBYdSTP UT AITSUIIUT OATIBIN,
‘uotT3oeex N.S + ,5H A9 00T 10F UOTID9S SSOID =oﬂmmﬁlmn

*(89 °“3o¥) sorqel [eAer L3xous oyl SBuysn yjduoresem umndea vouuguﬁaun

ASE™ ££50°0 000°08 6°s L15°08L t/q, g ey, 55

%057 9620°0 000°05 s'1 $12°66L ¢/5q, s g R
(295 (0D Y (501 % ;) (wu) z0ddn zomOT
pi03eI-V & ¢._.< 93835 UOTITSURIL

s uoySey wu (g O3 WU 00L
UT SUOTITSUBL] 1 3 PO3OST0S 107 SOTITIFqeqOId UOTITSUBIL IATIETY

(ponug3uod) IX OIqel




one . e

TR

-

Vii., 1lodine

Introduction

The data in this chapter is presented in the same manner
as for the chlorine and bromine reactions in the two preced-
ing chapters. All of the spectra illustrated in this chapter
and all of the cross sections listed in the tables of this
chapter, were obtained from the reaction of 100 eV He' ions
with 12 at room temperature. The translational energy of the
He' ions was varied only in the measurement of the energy

dependence of the cross sections depicted in Figs. 53 to 60,

.

Spectra
The 81 measureable iodine lines observed in the 60 nm

to 870 nm wavelength region are presented in Figs. 44 to 52.
A high resolution spectrum of the 98 nm to 124 nm VUV region
is shown in Fig. 44. Figures 45 to 47 depict examples of
low and high resolution spectra of the 110 nm to 190 nm VUV
region. The remaining figures are high resolution spectra

in the 400 nm to 870 nm region.

Cross Section Energy Dependence Curves

The curves in Figs. 53 to 60 depicting the energy de-
pendence of the iodine cross sections, were obtained from
measurements made under low resolution conditions. The same
cross section measurement limitations apply in the 120 eV to
170 eV region and in the 0 eV to 20 eV region, as cited for

chlorine and bromine in the two preceding chapters.

112

PV S




uoT3Idoe9y z

‘uor8ey wWu pz[ O3 WU 86 UT
I ¢+ _OH A® 00T 30 v13d9ds uoraniosay YBZTH vy 314

(Wu) HIONITIAYM
- S oz

v v —




-

‘uotSey wu Q6T 03 WU Q[ Uy
uorideey °1 + L°H A® 00T 3o ®13deds uoranfosey mo1 Sy 314

(WU) HLONTTIAM

ol ozl og! ovl 0s! o9l oLl o8l 06!

VAT

*1+8H A0O0I

S A

(SLINN AYVHLIBEV) ALISNILNI

114




‘uotr8ey wu QST 03 wWu HI[ UT
uotTlidoeay Nu + +0—.— A® 00T 30 dhvoo@m uoriIniosay ——mw: ‘o¢ .w«n—

(Wu) HIONTTIAVM

02! g2l oel
Jron : T .

8

n iy o1l e on
;\( mw "L+2H AP0OI
*Lgn Moot m
(wu) HIONTTIAVM
- WETSRAa S : NN

I+ ®H APOOI

(SLINN

(SLINN AYVHLIBHV)
ALISNALNI

ALISN3LNI

115




‘uot8ey wu §8T 03 wu QST UT

uotTIdedy ~m + _9H A® 00T 30 ex300dg uotranyosey YSTH Ly ‘814

(Wu) HION3TIAVM
o9

*I+SH APOO!

(SLINN AVHLIBHY)
ALISN3LNI

116

I+ AOOI

4
(SLINN ANVHLIBHY)
ALISNINI

3 (DY - S




-

000 Wiely

g 100eV Hé+ 1o
100eV Hé+Ie
S T
X | / F‘N’WL
( 420 410 490 480 i
; WAVELENGTH (nm) WAVELENGTH (v !1
|
Fig. 48. High Resolution Spectra of 100 eV
; ' He' + Iz'Reaction in 410 nm to 495 nm
E | : Region. ‘i
- !
‘.
117 ,
t R B i
M " - " ; ]




e T Ty T T T R VY S T e T . i o TSRS XY YT " Y bk s 2

‘uotr8ey wWu S9 03 WU QIS UT
uotT3Idoesy ~H + +o: A® 001 30 ®a3deds uotranyosay Y3ty ‘6% 314

(wu) HIONTTIAVM
% o

(SLINN AYVHLISHY)
ALISN3LNI

08s 06S 009 o9
' s GRS o T s T T L LN T [ JM
I+ 9H A0OI mw“u
@

118




‘uotT8ey wu 0z, 03 WU (0G9 UT

uor3deey °1 + L,°H A® 001 3o ®I3deds uorinyossy Y3TH ‘0§ 814
(Wu) HION3TIAVM
0S9 029 0.9 089 069 00L OlL 02l
L A i 4 ] v T T T T T T T v m "
33
25
=%
.Tm_._ A°00I M
L]
& ¢ *
m..;.,“,. S SRR B o -




B 1006V Hé*Is
3
;
E A 1 1 A 1 A P |
800 790 780 770 760
WAVELENGTH (am)
1006V He ¢ Iy
2
=
p=1
A l L - l A — l A _.'
760 750 740 730 720
WAVELENGTH (nm)
Fig. 51. High Resolution Spectra of 100 eV

He + %

Region.

2

‘Reaction in 720 nm to 800 nm

120




* ¢
& »
¥
.r
2
5
g 100eV Hé*l,
é MWWTWWM
870 860 850 840
WAVELENGTH (nm)
% 100eV Héel, ﬂ
" 1 ] i ] i J
{ 840 830 820 80 800
WAVELENGTH (nm)
E |
3 Fig. 52. High Resolution Spectra of 100 eV
4 He+ + I2 Reaction in 800 nm to 870 nm
Region.

AR R e %
e ; i

W o

R
—

N
—

Fe A




w -

EMISSION CROSS SECTION (x16°cm’)
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The curves indicate evidence of lines produced by both
exothermic processes (such as in Fig., 54) and endothermic
processes with low thresholds in the 0 eV to 5 eV region
(such as in Fig. Sij As in Chapters V and VI, all of the
cross section energy dependence curves are presented to aid
in the selection of transition assignments and for complete-

ness.

Line Identification

A listing of all of the allowed transitions which meet
the measurement uncertainty Ako and the quantum-mechanical
criteria described in Chapter IV for each observed wavelength
Ao in the spectra, are listed in Table XVII in Appendix C.

The measured cross section for each observed wavelength is
also listed. The endothermicity in eV for thermal\energy
reactants is listed for each allowed transition's upper state.
This endothermicity is mgasured above and below the 12.58 eV
energy released by the thermal energy charge exchange reaction
between He' and I2 for the same purpose discussed previously
in the chlorine line identification sectioﬂ. The search was
compared with the energy levels for I I from both Ref 30 and
Ref 48. Transitions which matcﬁ Minnhagen's energy levels

are listed in Table XVII as MI I.

Further Analysis

Table XII is a summary of the complete listings in
Table XVII. Since the energy differences between the I I

neutral iodine atom and I II ionic.energy levels are not as
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large as in the cases of -chlorine and bromine, it is diffi-
cult to apply the same analysis as was done for the chlorine
and bromine data. It should be noted that although only 27
of the 81 observed lines were in the VUV, 90% of the total
emission cross section was in the VUV. The total emission
cross section for the 100 nm to 860 nm region was 1592.4 x

10718 on? uith 14357 35 x 107%% ca? in the VUY and 155.1 x

107*® cn? in the visible.

The experiment has been successful in determining that
iodine has a very large cross section, particularly in the
VUV and has measured the cross sections of 81 emission lines.
The energy dependence of many of these emission lines has
been measured. Any further modeling in the form of term
diagrams and the effects of cascading will require the use
of a more sophisticated analysis than has been applied in
this experiment.

In comparing the results of this experiment with the re-
ported helium iodine ion laser lines it is found that only
three emission lines are possible laser lines. The 540.8 nm
and 562.6 nm emission lines are possible matches for the
540.736 nm and 562.569 nm laser lines. The cross sections

of these emission lines were 1.0 x 10'18 cmz. The 658.5 nm

emission line (6.4 x 10'18 cm2 cross section) is possibly
the 658.521 nm laser line. The reason so few helium iodine
ion laser lines were observed is probably because the meta-
stablé lifetimes of the upper energy levels of the laser

6

lines are longer than the 1 x 10°° sec lifetime observation
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limitation of the ion-beam experiment. This is supported

l. report that the measured lifetimes of most

by Shay, et

of the upper energy states of the I II laser lines measured

were on the order of 3 x 10° % sec (Ref 63).
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VIII.V Conclusion

Observations of the internal energy distribution of
the product species-of low energy He+/halogen reactions for
Clz, Brz, and 12 were made in the present studies. The
emission cross sections for 173 individually resolved emis-
sion lines in the 60 nm to 870 nm region were measured. The
variation of the emission cross sections with the He' trans-
lational energy was measured for the more intense lines.
The excited product species from the reaction of 100 eV He'

ions with Clz, Br and I2 are predominantly produced by
v

2°
charge exchange processes. It was discovered that the

100 eV He+/halogen reaction total emission cross sections

are very large and are predominantly in the VUV.

Additional analysis in the Cl2 and Br2 cases indicate
that these emissions are predominantly from the lower energy
levels of excited neutral halogen product species. Cascad-
ing is believed to account for approximately 20% of the total
measured emission cross section, with the remaining 80% being
produced by direct formation of excited energy states from
the collision process. These findings are summarized in
Tables XIII and XIV.

Figure 61 presents a reasonable explanation for the
large'increase in emission cross section between the chlorine
system and the bromine system (5.0 A2 to 14.9 Az). In Fig.
61 the energy level range of all of the excited energy states

of neutral and singly ionized chlorine, bromine, and iodine

atoms are shown. A dashed line is drawn at the energy level
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Table XIV

Summary of Results of 100 eV He’/Halogen

Investigation in 60 nm to 870 nm Spectral Region

A '{‘f{-w«ﬁﬁ"‘”&mﬁw A

Cl Br

Total Emission
Cross Section Observed

Total VUV Emission
Cross Section Observed

Total Cross Section
Identified as
Definitely Ionic

Total Emission
Cross Section
of Neutral Model

Total Direct
Formation Cross
Section in Neutral
Model

Total Cascading
Cross Section
in Neutral Model

a'l‘he % of the total emission cross section observed.

bThe % of the total emission cross section of the neutral

model.
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g : Fig. 61. Comparison of the Energy Levels of the
Halogen Atoms and Ions Available for
Population Exclusively by the Energy
Released in Thermal Charge Transfer.
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of the energy released in the thermal charge transfer process
for each system (9.09 eV for chlorine, 10.77 eV for bromine,
and 12.58 eV for iodine). The eﬁergy lévels below the dashed
line in each system are cross hatched to indicate they could
be excited exclusively by the energy available in the thermal
charge transfer process.

In the case of the chlorine system, only the very lowest
energy states of the neutral chlorine atom can be excited
exclusively by the 9.09 eV of energy available from the
thermal charge transfer process. This is also illustrated
in the chlorine neutral (Cl1 I) term diagram in Fig. 28. A
direct result of this, is that the emissions observed in the
chlorine system are predominantly the result of transitions
from excited lower-level energy states of neutral chlorine.
To be populated, the higher Cl I energy levels require the
conversion of some of the kinetic energy of the He® ion
into internél excitation.energy. Therefore the cross sec-
tions for producing emissions from transitions from the higher
Cl I energy levels are generally small. This also explains
the endothermic process profiles of the cross sections energy
dependence curves for the chlorine system (see Figs. 26 and
27). Since even the lowest energy levels of Cl II are 2.43 eV
endothermic, only weak emissions from the very lowest Cl II
energy states were observed (see Table XV). This explains
the small cross sectioné for the production of emissions from
excited chlorine ions. The predominant process for the pro-

duction of emissions in the 60 nm to 870 nm spectral region
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by the chlorine system appears to be

100 eV He' + C1, + He + a1’ + a1t (11)

In the case of the bromine system, only the very highest
energy states of the neutral bromine atom can not be excited
exclusively by the 10.77 eV of energy available from the
thermal charge transfer process. This is also illustrated
in bromine neutral (Br I) term diagram in Fig. 42, where
transitions from many excited energy states of bromine neu-
tral atoms are shown. Since so many energy states are now
available for excitation by the thermal charge transfer
energy, the bromine emission cross section is nearly three
times larger ‘than the chlorine emission cross section.

Since even the lowest energy levels of Br II are 0.71 eV
endothermic, only weak emissions from the very lowest Br II
energy states were observed (see Table XVI). This explains
the small cross sections for the production of emissions
from excited bromine ions. The predominant process for
the production of emissions in the 60 nm to 870 nm spectral

region by the bromine system appears to be

+ * +
100 eV He + Br2 + He + Br + Br (12)

In the case of the iodine system, all of the energy
states of the neutral iodine atom and a large portion of
the lower energy states of the singly ionized iodine atom,

can be excited exclusively by the 12,58 eV of energy avail-

able from the thermal charge transfer process. This




explains the increase in the cross section for the production

of emissions from excited iodine ions in the iodine system
in comparison to the chlorine and bromine systems. This
abundance of energy’states which can be populated by charge
transfer expiains the exothermic process profiles of many

of the cross section energy dependence curves for the iodine
system (see Figs. 53 and 54). The predominant processes for
the production of emissions in the 60 nm to 870 nm spectral

region by the iodine system appears to be a result of both

+

100 eV He* + I, + He + I + I (13)

2

and

+ .
100 eV He + I, » He + I + (1) (14)

2

Because of the large VUV emission cross sections for

; and 14.4 Az), one can

the bromine and iodine systems (11.9 A
speculate that these systems are efficient sources of VUV
radiation. The total charge transfer cross section has not
been measured for the 100 eV He' + Br2 and 100 eV He® + Iz
reactions. Comparison with similar systems, such as

100 eV He+ + Ar, which have been measured, would lead one to
estimate the total charge transfer value to be in the 20 A2
to 50 Az region (Ref 37). If this is correct, then low
energy He’/Bromine and He+/Iodine systems could be utilized

as efficient sources of VUV radiation.
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