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is report is an account of the progress made in the investigations
o{(tbéationnl and vibrational excitations which occur in collisions of
; : 6Li¥ with u;b molecules in the incident ion energy range from 10 to 40 eV

e —

(CM energies of 7.5 to 30 eV for the ¥ - 850 system), The large
V‘Li‘,- HJ0 system contrast
N

sharply with observations of the scattering of\\Lg/,fro- Ni’iu this

observed inelastic cross sections for the

energy regime where no detectable excitations are found, _ —

The following section is a description of the appa

measuring the angular distributions and energies of the scattered ions.

An outline of the progress made on the wmodifications of the appara

for use in studies of dissociative excitation by electron impact is

also included. 1In section I1I the data, current work, and the applicati 8 !

\
and significance of what has been accomplished are discussed.

II. DESCRIPTION OF EXPERIMENTAL APPARATUS

! The apparatus used in these investigations consists of an ion source,
gas collision chamber, ion energy analyzer, detector and associated

il electronics. Except for the electronics, the elements of the experiment
sre enclosed in a vacuum chamber constructed of aluminum plate rolled

into a cylinder 28 inches in diameter and 8 inches high. The chamber

is evacuated by a 4 inch diffusion pump to background pressures of

5 "10-7 torr or better. The ion optics are mounted in aluminum tracks
on the underside of the chamber lid which serves as an optical bench.
This arrangement is rigid, versatile and provides casy access for

adjustments and modifications.
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The ion gun assembly, based on a design which has proven quite
successful for low-energy charged particle work in the pnlt.l'z can
rotate ¢ 30° with resp.ct to the stationary energy analysis section,

The ion gun itself consists of stainless steel or (in a later version)
copper aperture lenses. The distances between the ion source and the
various apertures are maintained with precision sapphire or alumina
spheres used as insulating spacers. The entire gun assembly is in

turn aligned by means of centerless ground alumina rods in the aiuminum
tracks fixed to the vacuum chamber 1l4id.

The ion gun uses the multistaging princlplel in order to maximize
current densities. Lithium ions are extracted from the source at a high
potential by means of a Soa immersion lens and are then decelerated by a
second stage to the energy they will have in the scattering chn-bcr.z
The ion soutce3 is a dutton of isotopically pure 6L1 in the form of
an aluminosilicate which when heated by a self-contained tungsten element
emits a flux of °Li*.

The flexible scattering chamber is a brass bellows with brass
cylinders brazed onto either end. One cylinder is held in the ion gun
assembly track by the alumina rods and the other is similarly confined
in an analogous track preceding the energy analyzer. The cylinders also
serve as mounts for the aperture nozzles and the tubes leading to the
sample gas source and capacitance manometer used for measuring the pressure

of the gas in the scattering chamber. (This pressure is typically in the

range 0.5 - 1.0 millitorr for azo). The flexibility of the bellows
permits rotation of the ion gun assembly with respect to the analyzer and

its optics. The aperture nozzles in the scattering chamber define the geometry

of the incoming and scattered ion beams, reduce the path length of the ions in
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The ion gun assembly, based on a design which has proven quite
successful for low-energy charged particle work in the pult.l’z can 1
rotate * 30° with respect to the stationary energy analysis section,

The ifon gun itself consists of stainless steel or (in a later version) .

copper aperture lenses. The distances between the ion source and the
various apertures are maintained with precision sapphire or alumina
spheres used as insulating spacers. The entire gun assembly is in
turn aligned by means of centerless ground alumina rods in the aluminum
tracks fixed to the vacuum chamber 1id.
The ion gun uses the multistaging principle1 in order to maximize

current densities. Lithium fons are extracted from the source at a high
potential by means of a Soa immersion lens and are then decelerated by a
second stage to the energy they will have in the scattering cha-bcr.z
The ion cource3 is a button of isotopically pure 6Ll in the form of
an aluminosilicate which when heated by a self-contained tungsten element
emits a flux of °Li*,

2 The flexible scattering chamber is a brass bellows with braus

| cylinders brazed onto either end. One cylinder is held in the ion gun

assenbly track by the alumina rods and the other is similarly confined

in an analogous track preceding the energy analyzer. The cylinders also

serve as mounts for the aperture nozzles and the tubes leading to the

sample gas source and capacitance manometer used for measuring the pressure

of the gas in the scattering chamber. (This pressure is typically in the
range 0.5 - 1.0 millitorr for BZO). The flexibility of the bellows
permits rotation of the ion gun assembly with respect to the analyzer and

its optics. The aperture nozzles in the scattering chamber define the geometry

of the incoming and scattered ion beams, reduce the path length of the ions in




the target gas, and maintain the sample gas pressure in the scattering
chamber well above the background pressure in the large vacuum chamber,
The rate of sample gas flow into the scattering chamber is controlled
by fine metering valves external to the vacuum system. The stability
of the ion beam is improved if the inside of the scattering chamber is
coated with carbon black from an acetylene fhnc.4

Ions leaving the scattering chamber are focussed by means of a
triad of cylinders acting as a pair of so-called "two cylinder lensea."s
A similar triad follows the analyzer. The cylinder triads, like the ion
gun, are held in place in their tracks by alumina rods. In the experi-
ments described below the cylinder triads are operated in the "einzel"
mode, {.e., the first and third cylinders are at the same potential,
in this case ground potential, and the potential of the center cylinder
is set at a focussing voltuge.6 The scattering chamber is also at
ground potential and the fon source is held above ground at a potential
corresponding to the kinetic energy of the ions entering the scattering
chamber.

The electrostatic energy analyzer is of the hemispherical vnriety7
and is constructed of gold-plated aluminum. The energy of the ions
transmitted by the analyzer is a function of the voltage difference
between the hemispheres and their dimensions ; in our case this energy
is 0.508 times the voltage across the inner and outer hemisphere. The
resolution of the analyzer is characterized by a FWHM of 2%, which at
10 eV incident ion energy is comparable to the thermal energy spread

of the incident ions.
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The post-analyzer cylinder triad focuses the ions into a Bendix
Channeltron continuous dynode electron -ultiplier.a The low background
count rate of the Channeltron allows us to measure signal rates of less
than 1 nec.-l. A shielded emitter follower preamplifier is mounted
near the collector of the Channeltron and the output is fed to amplifiers
and counting electronics outside the vacuum chamber.

An electrometer measures the ion current intercepted by the apertures
of the decelerating portion of the ion gun. This current is used to
monitor and correct for changes in the ion current emitted from the thermal
source,

The results reported were obtained from the averages of five one-
second counting intervals at given laboratory angles and analyzer
settings. Background counts with no uzo in the scattering chamber were
taken before and after the mecasurement of the scattered ion signal with
uzo in the chamber. Evacuation times of 30 minutes were often necessary
wvhen 320 was the scattering gas. In the case of Nz, with evacuation
times of seconds, it wvas fcaslbie to take background counts at each
angle and energy setting immediately Lefore or after the Nz--cattered
counts. This was also the case with Ne which was used as a reference
scattering gas.

The technique of using a monatomic gas with no rotational or
vibrational states as a reference scatterer proved to be of considerable
utility because of shifts of up to 200 mV which can occur in the ion
energy due to "sample gas cffcctc".’ These effects are well known to

practitioners of electron-impact excitation experiments and are probably




caused by absorption of mono and oligolayers of the sample gas on the

metallic surfaces, The effect has been reported to be most severe
for polar molecules and for HZO wve find shifts of 100-200 mV as opposed
to shifts on order of magnitude smaller for “2'

The energy of the maximum scattered ion intensity at a given scattering
angle and incident ion energy was reproducible to within a few tens of
millivolts. The normalized scattered ion intensity, i.e., the ion count
rate for a given incident ion energy, angle, and analyzer setting
divided by the intercepted ion gun current, has been reproducible near
the energy scan maxima to within a few percent while the ion optics
remain clean. The absolute values of the normalized scattered ion
intensities decrease somewhat from run to run because of the gradual
deposition of pump-oil decomposition products. A thorough cleaning
of the optics restores the measured intensities to their initial values.
The relative scattered intensities at the maxima of the energy scans at
each angle as well as the relative total scattered intensities (i.e.,
the ion count summed overall processes) at each angle are reproducible
from run to run within a few percent despite the gradual decrease of
intensity with time.

Modifications to the apparatus to convert it for use in coincidence
experiments combining the time-of-flight measurements of the products
of electron-impact dissociative excitation with energy loss measurements
on the scattered electrons have been completed. The ion emitter and the
bellows scattering can be replaced with a standard indirectly-heated

Phillips cathode and a rigid cylindrical interaction chamber, respectively.




The latter contains a series of electrostatic deflection and quenching
electrodes along a path at right angles to the electron beam. A second
Channeltron can be mounted at the end of this path to detect metastable
dissociation products. The signs of the potentials on the charged particle
optics can be easily reversed at the power supplier for electron-impact

experiments.

II1I. RESULTS
A preliminary account of our results was presented at the Fifth
DEAP Conference, Yale University, 1973, [See Appendix]. This early
data for the scattering of 61.1+ from H20 at an incident ion energy of
10 eV has been supplemented by further work at incident ion energies of
17.5, 25 and 40 eV which like the earlier work demonstrates the dominance

sLt* - 820 system,

of inelastic processes over elastic scattering in the

The data (see figures I-1V, for example, which {llustrate some of our
10 and 17.5 eV work), exhibit the following general features:

1) At any given incident jon energy the maximum in the scattered
ion intensity shifts to lower scattered ion energy with increasing angle
of scatter.

2) The difference between the expected energy of the scattered ions
assuming elastic scattering and the actual most probable scattered ion
energy (i.e., the energy scan maximum) increases as a function of angle.

3) Associated with the shift in energy of the intensity maximum as
s function of angle is a broadening of this maximum,

The following conclusions can be drawn regarding the scattering of

‘Li’ from 320 in the CM energy range of 7.5 to 30 eV:
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1) The dominant scattering processes for 6Li+ - HZO collisions
are inelastic with energfes in some cases of over a volt going into
internal modes of the target molecule.

2) The magnitude of the most probable inelastic energy transfer

(as indicated by the intensity maxima in the energy scan at constant ‘
laboratory angle) is stromgly dependent upon the impact parameter,
An ion scattered into a large angle (corresponding to a small {mpact
parameter) is likely to undergo a larger inelastic energy loss than an
ion scattered into a small angle (corresponding to a large impact
parameter).

3) The lack of any evidence of structure in the energy spectra of

the scattered fons indicates that the inelastic transitions are either

purely rotational or a mixture of vibrational and rotational. The

energy resolution of the apparatus is more than adequate for the
resolution of pure vibrational transitions , (the smallest for H20 being
0.198 eV} but is not sufficient to separate the rotational transitions
(which have an average separation of 5 mV in uzo).

Some comparison data have been obtained for Nz as the target molecule,
These data are qualitatiwvely different from the nzo data in that there
is only a narrow peak in the energy scan of the scattered ions which is

unshifted from the elastic scattering energy. We ascribe this difference

to the large permanent dipole moment of the azo molecule and we note that

similar effects have beem reported by Giese and covorkcrllo for the low

energy scattering of protons from a series of diatomic molecules. There

appears to be a correlatfon between the degree of rotational inelasticity

of the ion-molecule collisions process and the magnitude of the permanent

dipole moment of the target molecule. Higher order moments and the polariz-




ability of the target molecule and of the projectile ion may also influence

the degree of rotational excitation,

For the case of the 10 eV data it {s not unreasonable to assume
only rotational excitation on the basis of the information available,
For example, an energy loss of 800 mV (which occurs at a laboratory angle
of about 15°) corresponds to a rotational quantum number, J, of 19 or 20
(using suitably averaged moments of 1nert1a)n and can be shown, assuming
conservation of angular momentum, to correspond to a reasonable value of
the impact parameter, 2.8 ;. Also, the time of passage of a 10 eV 6L1+
ion across a distance of atomic or molecular dimensions, say 2;. is
of the order of one rotational period (~ 10-16 sec) thus recalling tne
well-known Massey criterion for collisional excitltlon.lz

From our results it can be seen that ionic bombardment of a gas
consisting of a mixture of polar and nonpolar molecules can produce
selective rotational excitation of the polar molecule and a concomitant
nonequilibrium temperature distribution. Since chemical reaction-rate
coefficients often depend strongly on the relative populations of the
states of the reactant molecules, selective excitation of gas mixtures

can be a significant factor in the overall composition and energy balance

of the upper atmosphere under nonequilibrium conditions.
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Figure Captions

Figure 1.

Figure I1.

Figure III.

Figure IV.

10 eV 6!.1+ + H20. Scattered ifon intensity as a function

of ion energy, in eV, for different laboratory scattering
angles. (a = 6.6°, b = 7.6°, c = 8.6°, d = 9.6°, e = 10.6°,
f=11.6° g=12,6°, h = 13,6°, 1 = 14.6°, § = 15.6°).

The energies corresponding to elastic scattering are
indicated with an arrow for each scattering angle.

17.5 eV 6L1+ + H20. Scattered fon intensity as a function
of ion energy, in eV, for different laboratory scattering
angles. (a = 7.2°, b = 8.2%, ¢ = 9.2°, d = 10.2°, e = 11.2°,
£=12.2° g= 13.2° h= 14.2° 1 = 15.7°, § = 17.2°,

k = 19.2°)., The energies corresponding to elastic
scattering are indicated with an arrow for each scattering
angle.

10 eV 6L1* + HZO. Relative differential cross section
summed over all processes as a function of laboratory
scattering angle.

17.5 ev ®L1* + 1,0, Relative differential cross section

summed over all processes as a function of laboratory

scattering angle.
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VI. APPENDIX. Report of Initial Results at the Fifth DEAP Meeting, Yale

University, New Haven, Conn. December, 1973,

Our present work began as a study of the low-energy elastic scattering
of Li* ions from water molecules. The affinity of alkali-metal ions for
wvater molecules ion both solution and the gas phase is well known and
experimental and theoretical estimates of the binding energies of such
complexes led us to believe that the attractive potential energy well would
be amenable to investigation by low-energy scattering. We designed and
constructed apparatus for measuring the elastic differential scattering
cross-section at low incident ion energies. We find, however, that inelastic
processes dominate the scattering.

Our apparatus (fig. 1) consists of an ion-gun assembly (I and L1 in the
figure) which can rotate * 30° with respect to the stationary energy analysis
section. Lithium {fons from the thermal source (at 1) are focussed into a
flexible scattering chamber (c). The scattered ions are then focussed via
lenses L7 into a hemispherical electrostatic energy analyzer (A) which is
capable of 2I FWHM energy resolution. The analyzed ions are then focussed
by lenses Lj into our Channeltron detector at D. The angular resolution is
about 1.5° FWHM,

As a test of the capabilities of our apparatus we have performed some
experiments with Li* fons of 10 eV incident ion energy incident upon neon
as the target gas. An energy scan of the scattered L1+ ions (fig. 2) typically
has a FWHM of abcut 300 mV. This is consistent with the convolution of the
thermal energy spread of the incident ions and the resolution of our analyzer.
In addition, we can locate the maxima of these energy scans to within 15 or
20 mV. Thus we can compare the experimental and theoretical energy losses

of the scattered ions due to momentum transfer to the target atom. The

20 e gy
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theoretical and experimental scattered ion energies are plotted as a
function of angle in fig. 3. We ascribe the 150 mV displacement, still
within 2% of the theoretical values, to voltage calibration shifts due

to contact potentials and sample gas effects. The differential scattering
cross section (the lower curve in fig. 4) can be fitted with a 6~12
potential with a 0.13 eV well depth in accord with drift-tube measurements.
Thus we have found neon to be very useful in testing and calibrating our
apparatus.

When we replace the neon with water vapor we find (fig. 5) that our
energy scans are wider, with a FWHM of about a volt. The maxima in these
scans are displaced by hundreds of millivolts from the expected location
of the elastic peak (which would be quite close to the neon curve maximum
in the figure) and there is no evidence of even a subsidiary elastic peak
for the scattering from water. The displacement of the energy maximum as
a function of angle is seen {in fig. &) to be different in slope as well
as magnitude from the corresponding quantity for the neon target experiments.

We thus conclude that an incident ion energies near 10 eV inelastic
processes dominate the Li* - Hy0 scattering to the extent that the elastic
processes cannot be distinguished. The structureless nature oi the energy
scans indicates to us that the closely-spaced rotational levels of the
target molecules are involved, but we see no reason to rule out concurrent
vibrational processes. Also note in fig. 6 that the difference between
the expected location of the elastic peak in the energy scan and the
actual location of the inelastic maximum increases as a function of angle,
indicating that the degree of inelasticity may increase with decreasing
impact parameter. (Note that for proper comparison the experimental points

in fig. 6 should be translated up by about 0.1 eV in accordance with the

calibration shift in fig. 3).
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Figure 4 is a plot of a quantity with the rather confusing name of

total differential cross section, that is, the cross section at any given

laboratory angle summed over all observed processes at that angle.
Rotational inelasticities in low energy ion-molecule scattering have
been noted previously. Giese and his co-workers [VIII ICPEAC (1973),
p. 93] have found in the scattering of protons from a series of diatomic
molecules that the rotational inelasticity increases with increasing
dipole moments. This may mean that the long~range ion-dipole interaction
facilitates rotational transitions during the collision process. To support
this we took an energy scan of Li* scattered from Ny and discovered no sig-
nificant difference from the corresponding energy scan of Li" scattered from
neon (see fig. 2).
We are extending the angular range and going to other incident ion
energies for the L1+ - nzo system and we will try other molecular targets

and alkali~ion projectiles in the future.




FIGURE |

J24Un0)

49510

‘dwwald




n FIGURE 2

SCATTERED I0N ENERGY
AT 9.5°
10eV INCIDENT °Li° o N, (1.67milliton
a Ne (1.25 millitor
L o ‘
3leV > /A\A\ﬁ———— ]
> FWHM |
) 33eV
5 10-  FWHM
=2 A \
T 3 A .
W i .
. \
%
A _
Cw J
|« A |
faY
W)
| 1 | 1 L 1 1

1
95 96 97 9.8 99 100 I0I 10.4
ION ENERGY (eVv)

e i




T

FIGURE 3

SCATTERED ION ENZRGY

10eVv °Li*+ Ne

THZORETICAL

@)
EXPERIVENTAL




00—

Rl A SRRE B S )

1

10

LI | TTI'

T

FIGURE 4

RELATIVE DIFFERENTIAL
CROSS EECTIONS AT I0eV
INCIDENT ION ENERGY

4%

(@)

o°Li* H,0

ko

C ACLi*+ Ne

E

O

.

\;\A \
| \A\AC\
e

A




FIGURE 5
SCATTERED [ON ENERCGY

AT 10.6°
6|O+CV INCIDZNT o H,0 (O.5millitorr)
Li
: a Ne (1.5 millitorr)
E /O O\
n /O o
uZJ 10~ \ - w9
}—
<

E 8N
% N

RELATIVE

: ! | I i ] | | | ] |
i g6 B8 890 982 954 95 98 WO =

ION ENERGY (eV)




e S = T G Sk et

- FIGURE 6
SCATTERZD ION ENERGY

3 I0eV °Li"+H,0

THZORETICAL (ELASTIC)

O  EXPERIVENTAL

@,

e
e ———

i
La'@aneLe ®

STE S



