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Ion-molecule reactions between Ba and some atmospheric molecular ions have been studied
using a merging-beams apparatus. The interaction energy W (i.e., relative kinetic energy in
the center-of-mass system) was varied from 0.1 to 10 or 20 eV. The processes investigated
were Ba +0,*— BaO*+0, Ba+Ny*— BaN*+N, and Ba+NO*— BaN*+0 and Ba+NO*— BaO*+N.
There is evidence that each process proceeds via a direct rather than a complex mechanism.

In particular, in the center-of-mass system most of the product ions are scattered in the direc-
tion of the reactant Ba. Analysis of the kinetic energy of the products indicates that they are
formed with considerable internal energy. The relative cross section for each of the reactions
decreases as W increases. At W=0.1 eV the absolute cross section for each process is of

the order of 10~1° cm?.

excitation of the reactants.

I. INTRODUCTION

Experiments in which Ba is seeded in the upper
atmosphere® have generated interest in the chem-
istry of Ba reacting with atmospheric constituents.
In the present paper, merging-beam studies of ion-
molecule reactions between Ba and some atmos-
pheric molecular ions will be discussed. The in-
teraction energy W (i.e., relative kinetic energy in
the center-of-mass system) was varied from 0.1 to
10 or 20 eV. The processes investigated were

Ba+0,'~Ba0'+0, (1)

Ba+N, -~ BaN*+N , (2)
, JBaN*+0O

Ba+NO* ~

a+NO {BaO* +N . (3)

The lab energy of Ba, of the ionic reactant, and of
the ionic product will be denoted as E,;, E,, and Ej,
respectively.

II. APPARATUS

The above reactions were studied by measuring
the product-ion current. For reaction (3), BaN*
and BaO* were not resolved from each other. Only
the total product-ion current was collected.

A schematic of the apparatus used in the experi-
ments is shown in Fig. 1. The equipment was sim-
ilar to that used for studying H," +H,~ H;" +H and
described previously.? A retarding grid was not
used, however, in the detector assembly. Instead,
product ions were energy analyzed in an electro-
static hemispherical condenser. Resolution was
improved by decelerating the ions before they en-
tered the analyzer. Another modification was that

5

Studies were made of the dependence of the cross section on internal

the demerging magnet used in the H," + H, experi-
ment was replaced with a demerging condenser.
These modifications have been incorporated in
another merging-beam apparatus, which has been
successfully used for ion-molecule studies.®

Barium ions were generated in source 1 by sur-
face ionization of Ba vapor at a hot tungsten fila-
ment. Figure 2 is a schematic of this source. The
temperature, as read by the thermocouple, was
approximately 600 °C. The potential of the W fila-
ment was 4050 V, which was equivalent to the de-
sired energy of the reactant Ba. The potential of
the anode was about 10 V less than the filament. A
10 V or greater potential difference between the
filament and anode gave a minimum energy spread
(i.e., full width at half-maximum) of approximately
1.5 eV for particles in a Ba® beam at 4050 eV. The
spread was measured using a retarding-potential
technique described previously.* Throughout this
paper, a beam with such a spread is called mono-
energetic. The energy of the beam, as determined
by the same technique, agreed with the filament po-
tential within a few eV. Therefore, beam energies
are defined, for this paper, as equal to the filament
potential. It is hypothesized that smaller potential
differences between the filament and anode would
allow the formation of a space charge between the
filament and anode. Such a space charge could
cause the energy spread to increase.

The barium ions were neutralized by charge
transfer in a cell immediately following the analyz-
ing magnet. The barium isotopes from the source
were not resolved from each other in the magnet,
and all of them entered the cell. The cell contained
Na vapor. The ionization energies of Na and Ba
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FIG. 1. Schematic of merging-beams apparatus. Apertures are not to the scale shown.

are 5.14 and 5. 21 eV, respectively. The charge-
transfer reaction was, therefore, nearly resonant.
The resultant Ba neutral beam was mechanically
chopped at 100 Hz.

The reactant molecular ions were generated in
source 2. This was a magnetically confined oscil-
lating-electron-bombardment source for N, and
0,". For reasons that are not understood, a suffi-
ciently intense beam of NO* could not be obtained
from this source. A nude ion gauge arrangement
proved satisfactory for NO*. Matheson gases were
used. The minimum purities for N, (prepurified
grade), NO (technical grade), and O, (extra dry
grade) were 99.997, 98.5, and 99. 6%, respectively.

A Bendix model M306-1 electron multiplier was
employed as the detector for a few initial experi-
ments. For most of the work, however, a Johnston
model MM-1 electron multiplier was used. The
latter had superior gain uniformity over its face.
The output of the multiplier was fed into a lock-in
amplifier.

III. KINEMATICS

Kinematics for reaction (2) are shown by the
Newton diagram of Fig. 3. In this case the magni-
tude of the lab velocity of Ba, |Vg,l, is less than
that of N,', 1Vy,!.

Since only an energy distribution of the product
BaN* was measured, information was obtained on
| Vgan+!, but not on the directional properties of
Vaan+. Therefore, o and B (see Fig. 3) were not
specifically determined. A comparison of the
values of [Vgay+! with [¥,| can be used, however,
to localize the angular scattering of BaN * in the
center-of-mass sphere.

For reactions (1)-(3), 8 will be defined as the
angle in the center-of-mass system between the
velocity of Ba and of the product ion. Scattering
in the center-of-mass system along the original Ba
direction (i.e., B=0) will be defined as forward

scattering, whereas scattering opposite to the orig-
inal Ba direction (i.e., B=180°) will be defined as
backscattering.

1IV. METHOD
A. Absolute Cross Sections

Measurements for determining the absolute cross
sections for reactions (1)-(3) were taken at W=0.1
eV, where the signal-to-noise ratio was the best.
The effects of transverse velocities are larger at
smaller W (see Ref. 4). However, this drawback
was not as serious as the increased difficulty (be-
cause of small signal-to-noise ratios) of obtaining
sufficiently accurate absolute-cross-section data
at higher W. The method for obtaining absolute
cross sections has been described previously, *°
and, in general, applies to these experiments.

The lab-energy distribution of product ions was
measured only for those ions generated inside the
interaction region (see Fig. 1) by applying a poten-
tial P to this region. This potential was chosen to
give the desired W. Outside of this region, the in-
teraction energy was fixed at 30 eV by an appropri-
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FIG. 2. Barium ion source. The anode is surrounded

by three cylindrical stainless-steel heat shields (not
shown). These are capped off at the end from which the
ions emerge by two stainless-steel disks with appropriate
apertures. The heater and filament are spot welded to
0.050~in. Ta rods which protrude through the alumina
insulators into the anode. These rods are electrically
connected to stand-off posts in a vacuum flange (not shown).
The Ta crucible holds the barium charge.
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FIG. 3. Newton diagrams for Ba + N,"— BaN" + N. Sub-
script ¢ refers to the c.m., ¥ is for laboratory velocity,
and V is for velocity in the c.m. system. The scattering
angle in the lab system is o; in the c.m. system it is 3.
The drawing is not to scale.

ate choice of beam energies. At 30 eV the cross
sections for reactions (1)-(3) are very small. The
total product current generated inside the interac-
tion region, which is the input signal to the multi-
plier, was obtained from the measured lab-energy
distribution. This was accomplished by comparing
the integral of this distribution with the integral of
a distribution due to a monoenergetic beam of known
intensity of Ba* from source 1. The energy of the
monoenergetic beam was set equal to the energy at
the peak of the measured distribution of product
ions.

The multiplier response to the monoenergetic
reference beam was slightly different from the
response to the actual reaction products. This was
because the particles impacting on the multiplier for
the two cases had different masses and the product
energies were actually a band of energies around
the peak energy. Corrections to the total product
current because of these factors are small and
negligible compared to other experimental errors
to be discussed.

It should be noted that for the measurements of
product-energy distributions as well as the mono-
energetic reference Ba* distribution, ions are
swept over the same region of the multiplier face.
Therefore, effects of nonuniform gain of the mul-
tiplier in this region do not appear in absolute -
cross-section calculations.

The absolute value of the Ba current was obtained
by measuring the secondary electron emission at
the neutral-beam monitor due to that current. It
was assumed that the secondary electron emission
coefficient was equal to that for Ba" at the same
energy. The coefficient for Ba® was measured im-
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mediately after the lab-energy distribution of prod-
uct ions mentioned above was obtained.

The electron energy in source 2 was about 60 eV
for absolute-cross-section measurements. An in-
vestigation of the effect of lower electron energies
on measured cross sections will be discussed later.

B. Relative Cross Sections

Relative cross sections @y for reactions (1)-(3)
were obtained over a range of W by measuring the
lab-energy distributions of the product ions. The
Qg are proportional to the area under the distribu-
tions when these distributions are normalized to
the same energy resolution of the detector assem-
bly. For a given product-ion energy Ej, the re-
solution was obtained from the measured energy
distribution of an essentially monoenergetic beam
of Ba* at energy E; from source 1. The resolution
was constant, within the error of the experiment,
for all E; of interest associated with a given one of
the above reactions.

The lab-energy distributions of product ions were
measured for ions generated along the entire path
of the merged beams rather than just in the inter-
action region. This was necessary to achieve the
signal-to-noise ratios required for observations
over the entire range of W that was studied. For
the same reason, the electron energy in source 2
was kept at about 60 eV. The possibility of pro-
ducing less excitation of the reactant molecular
jons at lower electron energy had to be forfeited.

For reactant beams outside of the interaction
region, larger transverse velocities can exist than
for those inside. These transverse velocities can
affect W and relative-cross-section measurements,
particularly at low W.* To investigate this, relative
cross sections for reaction (2) were obtained at
W=0.1, 1, and 5 eV for ions generated along the
entire path of the merged beams and for ions gen-
erated only in the interaction region. Within ex-
perimental error, the cross sections were the same
for the two cases. This indicates that additional
complications due to transverse velocities were
not introduced in these relative-cross-section mea-
surements by collecting ions outside as well as in-
‘side the interaction region.

Several tests were made to assure the validity
of the relative-cross-section measurements. One
of these was to check for the loss of any product
ions caused by angular scattering following the
reaction. This test was made by inserting a small-
er aperture in front of the demerging condenser
than was normally used, and looking for a loss in
signal. This test was made for low and high W.

No change of signal was ever observed.

Another test was to check the absolute transmis-
sion of the detector assembly for ions over the lab-
energy range of product ions from reactions
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(1)=(3). The test was normally made by using a
beam of Ba* from source 1. The transmission is
defined as the current measured at the beam flag
in front of the electron multiplier divided by the
current at the neutral-beam monitor. For these
measurements the flag, together with the electrode
upstream from it, were used as a Faraday cup.
The transmission for all experiments was 100%
within experimental error.

Checks for linearity of product-ion currents with
primary-beam currents were also made. Such
linearity was affirmed before proceeding with the
experiments. Another important test was to estab-
lish the independence of cross sections upon E; and
E, for the same W. This could be shown even when
E, and E, were changed so that the relative veloci-
ties of Ba and of the reactant molecular ions of
interest were reversed in direction.

C. Dependence of Cross Section on Electron Energy

In order to investigate the effect of excitation of
the reactant molecular ions on the measured cross
sections, the electron energy in source 2 was de-
creased below 60 eV. This was done for reactions
(1)—(3) only at W=0.1 eV and for product ions
generated along the entire path of the merged
beams.

The reactant-molecular-ion current diminished
markedly when the electron energy was lowered.
The resultant small signal-to-noise ratios prevented
the measurement of entire energy distributions of
the product ions. Consequently, the product-ion
current was measured only at an energy equal to
that of the peak of the distribution obtained when
the electron energy was 60 eV.

These measured currents at the low electron
energy were compared with the peak currents for
60-eV electrons in order to assess the effects of
excitation of the reactant molecular ions. The
ratio of currents (normalized to the same primary-
beam currents and gain setting of the lock-in am-
plifier system) for low-energy electrons and 60-eV
electrons will be called R. The results will be
discussed later.

The electrons in source 2 had a distribution of
energies. The maximum energy of a given distri-
bution was equal to the dc potential difference be-
tween the anode and the filament plus one-half the
peak voltage across the secondary winding of the
center-tapped ac filament transformer. When the
source was operated in the low-energy electron
mode, the maximum electron energy for reactions
(1), (2), and (3) was 15.0+2.4=17.4, 17+2.2
=19.2, and 12.2+3.3=15.5 eV, respectively. The
first and second figures in these sums are the
above mentioned dc and ac potentials, respectively.
Most of the electrons had energies less than the
maximum energy. For the low electron energies
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the gas pressure in the ion source was carefully
monitored to be sure that it was sufficiently low
that the mean free path of electrons for ionization
was long compared to the length of the region of
ionization. It is conceivable that the residence
time of ions in the source was sufficiently long that
a small percentage of these ions could collide more
than once with an electron. Such events would al-
low these ions to have excess internal energy. An
extraction field was used to minimize this potential
problem.

D. Cross Sections for Ground-State and Metastable Ba

Although there was no excited Ba* leaving source
1, there could have been some metastable Ba(®D)
coming from the charge-transfer cell. This is the
lowest-lying metastable state of Ba and is 1.12 eV
above the ground state Ba('S).

The energy defects for charge transfer to the 1S
state and to the D state are +0.07 and —1.05 eV,
respectively. Theoretical asymmetric-charge-
transfer curves obtained by Rapp and Francis® can
be used to give a rough estimate of the cross-sec-
tion ratio for these two cases. At the lab energy
of Ba' in these experiments, it is determined from
these curves that the cross section for charge
transfer to the 1S state is of the order of 50 times
that for charge transfer to the 3D state. Thus, only
a few percent of the Ba particles could be expected
to be in the ®D state.

There was the possibility that the cross sections
for reactions (1)-(3) are considerably larger for
Ba(®D) than for Ba(*S). If this were the case, a
small percentage of Ba(®*D) could have a dispropor-
tionately large effect.

This possibility was investigated by using K in
the charge-transfer cell instead of Na. The energy
defects for charge transfer of Ba* to Ba(’S) and to
Ba(®D) are +0.87 and —0. 25 eV, respectively. The
cross section for charge transfer to the ®D state
is considerably larger than that for charge transfer
to the S state and could be as much as 10 to 15
times larger.® Thus, with K in the cell, most of
the Ba particles were in the metastable state. With
Na in the cell, most were in the ground state. At
W=0.1 eV the peak heights of the energy distribu-
tions of ions generated along the entire path of the
merged beams were measured and compared for
these two cases. The results that were obtained
and their interpretation will be discussed later in
Secs. V and VI.

The cross section for quenching Ba(®D) to Ba(*S)
‘in potassium vapor is unknown. At the pressure
of potassium vapor that existed in this experiment
a value of about 107** ¢m? would have been neces-
sary to reduce the beam intensity to 1/¢ times the
nonquenched value. We assume that the cross sec-
tion is considerably smaller than 107!* cm?2, and
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FIG. 4. Lab-energy distribution of a monoenergetic
beam of Ba" measured with detector assembly. This dis-
tribution was measured with the electrostatic hemispherical
analyzer and with 100% transmission. The actual energy
and an upper limit to the energy spread of the Ba* beam,
as determined by a retarding potential technique, was
4913 and 1.5 eV, respectively.

therefore that quenching in this experiment is
negligible.

V. RESULTS

The lab-energy distribution of a monoenergetic
beam of Ba* from source 1 at an energy of 4913 eV
is shown in Fig. 4. The energies in the distribu-
tion were determined from settings of the electro-
static hemispherical analyzer. It is noted that the
energy spread of this distribution, or the resolution
of our detector assembly, is about 1% of the nominal
energy. For this resolution the transmission of
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FIG. 5. Lab-energy distributions of BaO* from Ba +0,"

— BaO"+ O (Ba slower than O," and E;=4050 eV). The dis-
tributions have been normalized so that their peak inten-
sities are equal. Each arrow denotes the calculated lab
energy of BaO* for a given W (indicated in electron volts
by the associated number) assuming that BaO" has a lab
velocity equal to that of the center of mass. Some dis-
tributions and all data points except those for one curve
have been omitted for clarity.
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the assembly is 100%. The resolution can be im-
proved by further decelerating the ions before they
enter the hemispherical analyzer. This can be
done only at the expense of the transmission. For
the experiments described in this paper the resolu-
tion was kept constant, and the transmission was
always 100%.

The center of symmetry of the distribution in
Fig. 4 is about 4923 eV. This indicates that ener-
gies, as determined by the hemispherical analyzer,
have a systematic error of about —0.2%. Correc-
tions to such energies were not made.

The measured lab-energy distributions of ionic
products from reaction (1)—(3) are shown in Figs.
5-7. The distributions have been normalized so
that their peak intensities are equal. For most of
the curves the data points were taken only once.
For a few curves they were taken more than once
and were reproducible. Ratios of peak heights for
the distributions were checked periodically over a
period of months and were also reproducible.

As W increased, the signal-to-noise ratios for
the distributions decreased. Above the maximum
W shown in Fig. 5-7, the signal-to-noise ratio was
too small for obtaining reasonably accurate distri-
butions.

The resolution of the detector assembly was not
sufficiently good to separate the two ionic products
of reaction (3). Therefore, the distributions shown
in Fig. 7 are composites for BaN* and BaQ".

The lab energies associated with the arrows in
Figs. 5-7 were calculated assuming that each ionic
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FIG. 6. Lab-energy distributions of BaN* from Ba + Ny
— BaN'+ N (Ba slower than N,* and E;=4050 eV). The
distributions have been normalized so that their peak in-
tensities are equal. Each arrow denotes the calculated
lab energy of BaN'* for a given W (indicated in eV by the
associated number) assuming that BaN* has a lab velocity
equal to that of the center of mass. Some distributions
and all data points except those for one curve have been
omitted for clarity.
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FIG. 7. Lab-energy distributions of BaN" and BaO*
from Ba+NO*—BiN*Q" (Ba slower than NO* and E;=4050
eV). The distributions have been normalized so that their
peak intensities are equal. The arrows pointing up and
down denote the calculated lab energies of BaO* and BaN",
respectively, assuming that each has a lab velocity equal
to that of the center of mass. The numbers associated with
the arrows indicate W in eV for each calculated lab energy.
Some distributions and all data points except those for
one curve have been omitted for clarity.

product has a lab velocity equal to that of the center
of mass. The W for each calculation is indicated
next to the arrow.

Figure 8 shows relative cross sections as a func-
tion of W for reactions (1)-(3). These were ob-
tained from energy distributions as described pre-
viously. The cross sections have been normalized
to unity at W=0.1 eV for each process. The error
brackets indicate increased uncertainty as W in-
creases.

Values of the absolute cross section at W=0.1 eV
for reactions (1)-(3) are given in Table I. For
each reaction, two cross sections are given: @4
for 60-eV electrons in the ion source and @, for
considerably lower-energy electrons. The method
for obtaining @, has been discussed. The @, are

TABLE I. Absolute cross sections at W=0.1 eV for
60-eV and low-energy electrons.

Error in
Qu* Low-energy® Q.9 QL
Reaction (107!° cm?) (eV) R* (10 cm?) %)
+47
(1) 0.9 17.4 3.0 2.7 —a0
+44
(@) 2.4 19.2 1.17 2.8 a1
3 1.2 15.5 0.75 0.9 47

- 40

3Cross section for 60-eV electrons.

PMaximum energy in low-energy electron distribution.
®Defined previously.

dCross section for low-energy electrons.
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obtained by multiplying the @, by R. Implicit in
this procedure is the assumption that the energy
distributions of product ions for 60-eV and low-
energy electrons are the same. This facet will be
discussed at greater length later.

The estimated error in @, of TableIis a
composite of systematic and random errors. The
systematic error for reactions (1) and (3) consists
of the following: —5 to +10% error in the secondary
electron emission coefficient of Ba at the neutral-
beam monitor, +15% for transverse-velocity ef-
fects, +25% in the overlap integral, and — 25% to
+17% in R. The random error is assumed to be
+30%. The estimated errors for reaction (2) are
the same as those above except for R, whose error
is estimated as —5% to +10%.

As mentioned previously, at W=0.1 eV the peak
heights of the energy distributions of ions generated
along the entire path of the merged beams were
measured first with Na in the charge-transfer cell
and then with K. The ratio of peak heights will be
called ». For reactions (1), (2), and (3), » equals
1.85, 0.79, and 0.67, respectively. No corrections
to absolute cross sections were made for the exis-
tence of Ba in the ®D state. The reason for making
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FIG. 8. Relative cross sections for some ion-molecule
reactions involving barium. The cross sections for each
of the processes have been normalized to unity at W=0.1
eV. The curves are drawn by eye to give the best fit to
the points. The electron energy in the molecular-ion
source was approximately 60 eV for all the measurements.
Some typical error brackets are shown. The relative
cross section at W=15 eV is sufficiently uncertain for
Ba+N," that an extrapolation (dashed portion of curve) is
made to this energy.
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FIG. 9. Relative kinetic energy (KE) of products vs
W for some ion-molecule reactions involving barium.
The points shown were calculated for the case where the
lab energy of the product molecular ion was equivalent
to that at the peak of the measured energy distribution
and under the assumption that 8=0. For the reaction
Ba+NO*, it was assumed that only the product-ion BaO*
contributed to the peak of the energy distribution. The
curves are drawn by eye (through the origin) to give the
best fit to the points.

no corrections will be given in Sec. VI.

Figure 9 shows W', the relative kinetic energy
of the products in the center-of -mass system, as a
function of W. The W' were calculated for lab en-
ergies of the product ions corresponding to those
of the peaks of the measured energy distributions.
It was assumed that the product ions were scattered
in the forward direction, i.e., 8=0.

VI. DISCUSSION OF RESULTS

From Fig. 5 it is noted that each energy distribu-
tion is fairly symmetric about the energy at the
peak. This will be of interest when comparisons
are made with the energy distributions of reactions
(2) and (3).

The energy of the peak of each distribution in
Fig. 5 is less than that of the associated arrow.
This indicates that most of the BaO* in a given dis-
tribution is confined to scattering angles B in the
center-of-mass system of less than 90°. It is noted
that the percentage of BaO" at angles less than 90°
increases as W increases. Infact, for W>2.5 eV
virtually all of the BaO" is scattered at angles less
than 90°. This suggests that reaction (1) becomes
more directed for increasing W.

As mentioned previously, B’s were not specifical-
ly determined. It is conceivable, in fact not unlike-
ly, that the B’s for each distribution are confined

either to a small range of angles near 0°, or to two
small ranges—one near 0° and the other near 180°.
A sticky collision complex would result in a nondi-
rected reaction, but of the many hundreds of ion-
molecule reactions studied only a few such com-
plexes have been found.” For most of the studied
reactions the energy distributions of the products
peak in the forward or backward direction.

Below W=2.5 eV the distributions in Fig. 6, like
those in Fig. 5, are nearly symmetric about the
peak energy. At 2.5 eV and above, each curve has
a high-energy tail which at the higher W’s looks
like a low-intensity unresolved peak. From the
relationship of the arrows and the lab energies of
the tails, it can be said that for the greater portion
of the BaN" associated with these tails, §>90°.
For most of the BaN" not associated with the tails
(i.e., that associated with the major peak), 8<90°,
just as it is in Fig. 5. Therefore, in the center-
of-mass system the direction of BaN* associated
with the secondary peak is in a direction generally
opposite to that of the reactant Ba (i.e., backscat-
tering), whereas the direction of BaN* associated
with the major peak is in a direction generally the
same as that of Ba (i.e., forward scattering). This
could be the case if the impact parameter were con-
siderably smaller for products ending up in the
secondary rather than the major distribution.

It would be reasonable to assume that the secon-
dary distribution is caused by BaN* from an endo-
thermic process occurring for W= 2.5 eV. Such
a process should become more favorable for a
small impact parameter. If all of the impact pa-
rameters associated with the secondary process
were small, the corresponding cross section would
be small. It follows (as observed) that the back-
scattering process would be dominated by the for-
ward-scattering process. A related analysis of
major and minor peaks appearing in the data from
another experiment has been made previously.®

The energy distributions for reaction (2), then,
appear to consist of two components. One of these
is due to BaN* scattered mainly in the forward di-
rection, and the other is due to BaN* scattered
mainly in the backward direction. The energy dis-
tributions for reaction (1) consist of only one com-
ponent, which is due to BaO* scattered primarily
in the forward direction.

The energy distributions of product ions for
reaction (3) are shown in Fig. 7. These distribu-
tions seem to consist of three components. For
W<2.5 eV, the asymmetry of the distribution about
the peak energy suggests the existence of more than
one component. This asymmetry is caused by a
low-energy tail. It seems likely that this tail is
due to forward-scattered BaN”, whereas the major
part of the distribution is caused by forward-scat-
tered BaO'. For W>2.5 eV the low-energy tail
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begins to look like an unresolved peak. The lab
energy of each unresolved peak and its associated
primary peak appear to differ by a percent or so.
This is expected if the above interpretation is cor-
rect, since the percentage difference in the lab en-
ergy between similarly directed BaN* and BaQ® in
a merging-beams experiment would be the percent-
age difference between the masses—viz, about a
percent. This follows from the fact that the basic
concept of merging beams requires that all reactants
and products in a given reaction have nearly the
same lab velocity.

By comparing the energies in the BaO" and BaN*
distributions of Fig. 7 with the associated arrows,
it is clear that 8<90° for most of the particles in
the distributions. As W increases, a larger frac-
tion of the particles in the distributions are forward
scattered; i.e., the reaction becomes more di-
rected. This is the same conclusion reached for
reaction (1) and for the main component of the dis-
tributions for reaction (2).

Finally, in Fig. 7 we note a high-energy tail for
W24 eV, which might indicate a third component
in the distribution. Some evidence of such a com-
ponent may be seen from Fig. 7 at even lower W.
This could very likely be due to backscattered BaO*
and/or BaN*. Supporting arguments for this in-
terpretation would be similar to those for the sec-
ondary distributions of Fig. 6.

In Fig. 8 the relative-cross-section curve for
reaction (3) has a definite inflection near W=4 eV.
As noted above, the energy distributions for this
reaction indicate a new process occurring at or
near this same W. It is suggested that the inflec-
tion in the relative curve is another indication of
this new process. The relative-cross-section
curve of a reaction studied in another experiment,®
which was mentioned previously, actually exhibits
a maximum instead of an inflection. The maximum
occurred in the energy region where the opening
up of an endothermic process was hypothesized.

From the energy distributions for reaction (2) it
was proposed that a new process became accessible
at W=2.5 eV. Since a new process for reaction
(3) appears to induce an inflection in the relative-
cross-section curve at the W for its onset, an in-
flection might occur in the relative-cross-section
curve for reaction (2) at or near W=2.5 eV. There
is no definite indication of an inflection here in Fig.
8. However, it does not appear unlikely that such
an inflection exists, but is washed out in the scatter
of the data.

The energy distributions for reaction (1) suggests
the existence of only one process. On the basis of
our observations concerning reactions (2) and (3),
it would be reasonable to expect no inflections in
the relative-cross-section curve for reaction (1).

It seems fair to say that, from Fig. 8, the rela-
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tive-cross-section curve for reaction (1) appears
the least likely of all the reactions to have an in-
flection.

Figure 9 will be used to conjecture about the dis-
position of the reactant energy in the center-of-
mass system (i.e., relative kinetic energy and
internal energy) for reactions (1)-(3). It can be
shown from measured values of the ionization po-
tential of BaO (i.e., 6.5 eV)? and of the bond ener-
gy of BaO (i.e., 5.8 eV)!® that reaction (1) is exo-
thermic by about 6.3 eV for ground-state reactants
and products. Since W' is almost equal to W, the
exothermicity must be absorbed in internal energy
of the products. If the reactants in our experiment
were excited, then the internal energy of the prod-
ucts would be increased by the amount of this ex-
citation.

The ground state of BaO" will dissociate into Ba*
+0 when 4.5 eV is absorbed in the bond. There-
fore, if the products of reaction (1) do absorb 6.3
eV, BaO* may be electronically excited.

The near equality of W' and W depends, of
course, upon the assumptions made in calculating
the W' of Fig. 9. If 8#0, then W' will be larger
than the values shown in the figure, and the internal
energy absorbed by the products will be less than
that mentioned above. Calculations for 8#0 have
been made under the assumption that the products
have zero internal energy (ground-state reactants
were also assumed for the calculations) together
with the assumption that the lab energy of the prod-
uct molecular ions is equal to that at the peak of
the measured energy distribution. The first as-
sumption infers that the exothermicity of 6.3 eV
as well as W is all converted into W'. These 8’s
range from about 60° at W=0.1 eV to 30° at W=20
eV. The corresponding a’s are a few degrees and
would not reduce the collection efficiency of the
product ions.

It is not suggested that the energy distributions
of BaO" will peak at the ’s mentioned above. The
calculations were only made to show that, in prin-
ciple, all of the exothermicity of reaction (1) could
go into W', a quite different result from that con-
cluded from Fig. 9. Another possibility is that the
peak of a distribution has a range of g’s associated
with it and, hence, a range of internal energies as-
sociated with the products. Similar conclusions
about the relative kinetic energy and internal energy
of the products can be reached for points other than
the peaks of the distributions.

The curve in Fig. 9 labeled Ba+NO*- BaO*+N
was obtained under the assumption that not only does
B=0 but also that only the product-ion BaO" of reac-
tion (3) contributes to the peak of the energy distri-
bution. From our previous discussions it appears
that, in the region of the energy distribution near
the peak, BaQ" is the dominant ion.
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The exothermicity of Ba + NO*- BaO* + N is about
2 eV for ground-state reactants and products. If B8
does indeed equal zero, then from Fig. 9 the in-
ternal energy of the products must be (W-W') +2
eV. At W=20 eV, for example, W-W'=8.3 eV.
Therefore, 10.3 eV must go into internal energy of
the products.

The bond energy and ionization potential of BaN
are not known. Since the relative-cross-section
curve of reaction (2) is qualitatively like those of
reactions (1) and (3), it appears as if reaction (2)
is exothermic. Furthermore, because the W'vs W
curve for this reaction falls in between those of (1)
and (3), the general conclusions reached for the
latter reactions concerning the disposition of reac-
tant energy and exothermicity also apply to reaction
(2).

Table I gives absolute cross sections at W=0.1
eV for reactions (1)-(3) for low- and high-energy
electrons in the molecular-ion source. The ratio
Q./Qy should be proportional to the ratio of the
areas of the lab-energy distribution curves of the
product ions for low- and high-energy electrons,
respectively, when these curves are normalized to
the same primary-beam currents and gain setting
of the lock-in amplifier system.

The @, of Table I are obtained by multiplying the
Qy by R. This procedure would be correct if the
two normalized energy distributions were identical.
It is conceivable that the energy distribution of the
product ions for high electron energy is wider than
that for low electron energy because of the possi-
bility for more product channels at the higher elec-
tron energy and/or the conversion of internal energy
of the reactants into translational energy of the
products. The presence of product channels, in
addition to those that have been identified, does not
appear to exist from a further analysis of Figs.
5-7. The presence of the identified channels prob-
ably does not require internal excitation of the re-
actant molecular ions. The conversion of internal
energy of the reactants into translational energy of
the products would be more probable if an inter-
mediate complex were formed. Evidence indicates,
however, that the reactions are direct. Therefore,
a wider energy distribution of product ions at the
high electron energy seems unlikely. If, however,
such an effect exists, the quoted @, would be too
large.

Another possibility is that the peaks of the energy
distributions for low and high electron energy are
not at the same lab energy for the same reasons
that the widths of the distributions would not be the
same. Again, this possibility seems remote. If
the lab energies of the peaks are different, however,
the quoted R and @, will be too small. This effect,
then, would tend to nullify that due to different
widths of the distributions.

293

For reaction (1) the maximum electron energy in
the low-energy electron distribution was 17.4 eV.
The only electronic states of O, that could exist in
the interaction region at this energy would be the
ground state and the metastable %1, state whose
threshold is at about 16.1 eV.' Since most of the
electrons have energy less than 17.4 eV and this
energy is not much greater than the threshold for
the production of O, in the *II, state, very little
of the O," will be in the metastable state. The re-
sults of Turner ef al.,'? who used a similar O,"
source in their experiments, verify this conclusion.

At 60-eV electron energy it is assumed that only
the ground and 4II,, state are present in the interac-
tion region and that about 30% of the O," is in the
‘11, state. This is based on the work of Turner
et al 12

Ifitis assumed thatthe cross section for reaction
(1)is zerofor the *I1, state of O," and thatno O, is in
the *II, state atthe low electron energy, then @, (as
obtained by correcting @, from Table I) would have
been about 1.3x107'% cm?. Since @, was actually
2.7x107"° cm? it is assumed that O," in metastable
vibrational levels of the ground electronic state
plays a role in this study. Since such levels would
be more highly populated at the higher electron en-
ergy [where the cross section for reaction (1) is
smaller], it is assumed that vibrationally excited
states of O," tend to reduce the cross section for
reaction (1).

For reaction (2) the maximum electron energy in
the low-energy-electron distribution was 19. 2 eV.
The lifetimes of the electronic states of N," are
such that only N," in the ground and first electronic
states will merge with Ba. It is conceivable that
the population of the states of N," was about the
same for low- and high-energy electrons since the
difference between @, and @ is only 17%.

For reaction (3) the maximum electron energy
in the low-energy electron distribution was 15.5
eV. At this energy there can be no electronically
excited states of NO*.'® If the Franck-Condon
rules apply for electron impact ionization of NO,
about 93% of the NO* will be in the v =0 through v =3
vibrational levels and 7% in the v =4 through v =8
levels. 1

Since @y >@;, it appears as if internal excitation
of NO* (induced by 60-eV electrons) enhances the
rate of reaction (3). This is the opposite effect
for internal excitation of the reactant molecular
ions of reactions (1) and (2).

In some recent experiments, Clendenning ef a
have collided a beam of Ba with a magnetically
confined afterglow of a Lyman-« photoionized
plasma containing NO*. It is concluded from these
experiments that the thermal-energy cross section
for reaction (3) is £4x107!® cm?. The products
BaN " and BaO" were not resolved from each other.

l.15
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All of the NO* was in the v =0 through v =3 vibra-
tional levels of the ground electronic state.

An extrapolation of the present cross-section
measurements for reaction (3) to thermal energy
by extending the observed monotonic behavior at
higher energies indicates a cross section greater
than 2x107*® cm? If this extrapolation is valid, it
is conceivable that the resultant discrepancy be-
tween the two results can be explained by invoking
a large enhancement of the cross section for v >3.

Another explanation would be that the cross sec-
tion for reaction (3) at W=0.1 eV is about 107*%
cm? as obtained in the present work and has the
value of Clendenning et al. at thermal energy. It
would appear that an activation energy would have
to be hypothesized for this explanation since Ba
+NO* - BaO* + N is known to be exothermic and has
been shown to be the dominant process in reaction
(3).

As mentioned previously, only a few percent of
Ba was in the metastable 3D state when Na was in
the charge-transfer cell. This, together with the
fact that » was within a factor of 2 from unity, im-
plied that no corrections to absolute cross sections
were necessary for the existence of Ba in the 3D

TRUJILLO, AND MYERS

len

state.

The ratio of the peak heights of the lab-energy
distributions of the product ions for Na and K in
the charge -transfer cell is assumed to be equal to
the ratio of the areas of these distributions. The
reasons for this assumption are analogous to those
presented in the analysis of the cross-section de-
pendence on the energy of the electrons in the reac-
tant-ion source.

The measured relative cross sections for reac-
tions (1)-(3) do not fit the Langevin model'® which
predicts a W-!/% dependence. They also do not fit
a spectator stripping model. 17 This model predicts
a specific lab energy for each W rather than a
distribution of energies and a linear relationship
between W' and W. The slope of the experimental
straight line for W' vs W for reaction (1) shown in
Fig. 9 is about a factor of 2 larger than that pre-
dicted by the spectator stripping model.
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