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ABSTRACT

1 Absolute total integral velocity-resolved cross sections have 
been measured for collisions of helium singlet (2 -*-Sq) and triplet 
(2 %^) metastables with ground-state helium, neon, and argon in the 
thermal velocity range of LO-3.5 X 10^ cm/sec. Additional 
measurements, on the He*-Ne system with a large input acceptance angle 
at the detector failed to show previously predicted sharply-rising 
velocity structure in the inelastic transfer cross sections. The 
measurements were taken with a crossed-beam time-of-flight apparatus.



CHAPTER 1

INTTODUCECON

This thesis presents the results of a time-of-flight (TOP) 
experimental study of collisions of helium metastable atoms (^Sj and 
2̂ Sq) with the inert gases helium,, neon, and argon. Absolute velocity- 
resolved total integral cross sections were measured in the thermal 
velocity range of 1-3 x 105 cm/sec. The measured cross sections 
include all scattering processes? but they are dominated by elastic 
scattering throughout the velocity region measured. For Argon, however, 
the processes of Penning ionization and associative ionization may 
contribute as much as 1 0 %.^

In addition to the quantitative elastic scattering results, 
some qualitative information was obtained concerning the velocity 
dependence of excitation transfer in the He*-Ne system.

Interest in Thermal Elastic-Scattering Cross Sections 
Collision cross sections are most often used in testing and 

deducing inter-atomic potential models or theories. For elastic 
scattering of spherically-symmetric atoms, a wide variety of 
techniques exist for this purpose. The scattering data may be used to 
directly determine the potential using semi-classical techniques and 
no assumed model, to fit the parameters of a purely empirical model.
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to fit the parameters of a potential constructed using physical
assumptions, or to check purely ab initio calculations. Both integral 
and differential „ cross sections may be used and have their greatest 
utility if they are velocity-resolved and of high resolution.

For thermal elastic integral cross sections for the systems in 
this thesis, the adiabatic approximation (see Appendix) is quite 
accurate and is almost always used to test the inter-atomic 
potentials. In this approximation, the scattering problem reduces to 
the scattering of a particle in a potential which depends on the 
nuclear separation. The wave function which is the solution to the 
time-independent Schrodinger equation, with the center-of-mass motion 
subtracted off, is expanded in the form

with the radial wave functions, X%(R), obeying the differential

\(R) = 2 (2JI-4-1) i& (™) X£(R) Pjt(cosQ) ,

equation^

- BU(x) - 2,(2,+!)

with

x = R/Rm ,
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A = kl^ ,

B = 2yeR̂ /tf ,

Rjjj the position of the potential minimum, and e the depth of the 
potential well. The wave function is subject to the boundary condition,

%(&) g - & exp(ikZ) + [exp(ikR)/R] f(@,(p ,

which represents an incoming plane wave and a scattered wave. The 
differential equation can be evaluated numerically? however, the JWKB 
approximation is almost always used. Figure 1,1 shows the typical 
velocity dependence of an elastic integral cross section. The curve 
was taken from Ref, 2 and was calculated using a Lennard-Jones
potential,

U(r) = r“ 1 2  - 2r“ 6 ,

This potential is not general enough to quantitatively describe most 
scattering processes, but it is quite adequate for arriving a
qualitative picture of what can be expected. The cross section can be
conveniently divided into two regions, one in which the long range 
attraction dominates, and one in which the short range repulsion
dominates. The point of transition from one region to another is given



1 0

5
4
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power law repulsion v (r )~ -y2 J
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FIG. 1.1 Typical elastic cross section. —  Semi-classical 
approximation, v = 2er/ft where e is the depth of the"potential 
well and r^ is tfie equilibrium distance of the potential well.



by vc„
5

In the low-velocity region (v < vc)there are oscillations present due 
to the fact that both the repulsive and attractive parts of the 
potential contribute to scattering even though the attraction is 
dominant. In a partial wave analysis, the integral cross section is 
given by

where 5% is the phase shift for the partial wave. Figure 1,2 shows 
the classical deflection function, 6 (X), which is related to the phase 
shift by

M i l  = 6 M  
dX 2 '

and X = A + 1/2,
The passing of the deflection function through zero creates a region 
of stationary phase in the sin2 6  ̂ term. The value of sin2 5% in the 
region of stationary phase depends on the velocity, with regions where 
Sn is +i/2 creating maxima and regions where 6n is -7 / 2 creating
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. 6 (X)

FIG. 1.2 Classical deflection function 0(A) 
and phase shift 6 (A). A is the inpact parameter 
associated with a glory Oscillation.



minima. In the upper velocity region, only the repulsive part of the 
potential plays a significant role in scattering. The dashed lines in 
Fig. 1=1 show the cross section derived from a semi-classical 
approximation which ignores these oscillations. This approximation is 
used to estimate the effect of the velocity spread on the measured 
cross section later in this thesis.

Thermal elastic integral cross sections provide information 
primarily on the long-range attractive part of the potential and the 
region of transition from attractive to repulsive. The approximate 
values of vc taken from differential cross section measurements^ for 
Helium metastables with Neon and Argon are shown in Table 1.1.

rm A e (1 0 -1 5 ergs) vc (1 0 ^cm/sec)
Ne(sing) 4.85 2.08 1.92
Ne(trip) 4.80 1.74 1.58
Ar(sing) 5.07 6 . 2 1 5.60
Ar (trip) 5.00 6.90 6.57

Table 1=1

The velocity range for the scattering processes measured in this 
experiment is from 1 to 3 x 10 ̂ cm/sec. This means that for Argon the 
scattering is completely in the low velocity region, while for Neon



the scattering is near the transition region. Because of the effect of 
identical particles in the case of Helium,' the scattering cannot be 
described by a single potential. The cross section is the _sum of 
contributions from potentials relevant to the symmetric and anti
symmetric wave functions. The scattering for Helium in this experiment 
falls primarily in the upper velocity region.

The empirical potentials which have been most successfully 
used to describe scattering in Helium metastable-inert gas systems are 
the Morse-Spline-van-der-Waals (MSV) function,^

U(x) = exp[2y(l - x)] - 2exp[y(l - x)] x <

U(x) = s^ + (x - x1 ){s2 (x - x2) [s3 + (x - x^)S4]} x^ < x < x2

U(x) = - cgx-® - cgx" 8  _ cigx̂ -̂O x 2  x2,

and the Exponential-Spline-Morse-Spline-van-der-Waals (ESMSV)
function,7y8

U(x) = A exp[y]_(l - x>] x < x^

U(x) = ecpta^ + (x - x̂ ) [a2 + (x - x2) (a3 + (x - x^a^]} x^ < x < x2

U(x) = exp[2y2(l - x)] - 2exp[y2(l - x)] X2 ^ x < x3
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U(x) = s-l + (x - x3 ){s2 + (x - x4 )[s3 + (x - x3 )s4]} x3 < x < x4

U(x) = - cgx" 6 Cgx- 8  - C]_ox" 1 0  x k x4.

In both these potentials the long range behaviour is assumed to be of 
the van der Waals type and the elastic integral cross sections yield 
the most information about the constants Cg, Cg, and C^qo These 
functions have been used to fit relative differential scattering 
data^”® using van der Waals constants calculated from theory since it 
is desirable to have as few parameters to fit as possible and the 
relative differential cross sections are not sensitive to the long 
range potential.

Because of the simplicity of the He*-He system, several ab 
initio studies have been made on the interatomic potential.^lO These 
potentials have been used to generate a theoretical integral total 
cross section for the triplet case.This curve is compared to the 
data in Fig. 5.1.

In the case of neon, in addition to fitting MSV functions to 
relative differential cross sections there has recently been progress 
in calculating potentials relevant to a separated-atom wave function 
expansion (see Appendix) .12,13 The potentials calculated with this 
procedure, which is discussed more fully in the next section, do not 
reproduce the scattering results as accurately as the empirical MSV 
and ESMSV functions, but are appealing since they are based on 
physical assumptions and can be derived from data other than
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scattering measurements. In addition, the method has the potential for 
application to a variety of atoms.

In the He*-Ar system, the processes of Penning and Associative 
ionization must be taken into account since they cause as much as 1 0 % 
of the scattering in the upper end of the thermal velocity range,! in 
these processes, one of the electrons in argon fills the vacancy in 
the helium Is shell and the excited He electron is ejected. These 
processes can be handled phenomenologically in the adiabatic 
approximation by introducing a negative complex potential which 
depends on the nuclear separation. The effect of the. complex potential 
is to account for the loss of flux due to ionization. This method has 
been used to successfully reproduce relative differential cross 
sections using an exponential function for the complex potential. The 
real part of the potential, however, may not accurately reflect the 
true inter-atomic potential,^

Helium metastable-inert gas systems have been the subject of 
much recent experimental investigation. Relative differential cross 
sections have been measured by a number of investigators^-^ using 
crossed beams and nozzle sources. Absolute total integral cross 
sections have been measured for He triplet metastables in collisions 
with He, Ne, Ar, and Hr using a mechanically-velocity-selected beam,-^ 
Relative total integral cross sections have been measured for the 
He*-Ar system,1  This thesis presents previously unreported He singlet 
velocity-resolved absolute total integral cross sections as well as 
another set of measurements for triplets.
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Interest in He-Ne Excitation Transfer
The probability of the process

A* + B A + B* ± AE, 
taking place increases as Ae, the difference in internal energy 
between the initial and final states,, goes to zero. As shown in Fig. 
L 3 „ neon has states which are nearly resonant with both the singlet 
and triplet metastable states in helium. Excitation transfer from the 
helium metastable states to neon is of particular interest since it is 
the mechanism of population inversion in the He-Ne laser. The helium 
states are excited by collisions with electrons in the discharge and 
subsequently transfer their excitation to neon states which lase as 
shown in Fig. 1=3.

Previous experimental work1 5 '1 6  by Arathoon with pulsed after
glows has suggested the existence of sharp velocity structure in the 
transfer cross sections for both singlets and triplets. In this 
previous work, a discharge was pulsed and the excitation transfer rate 
was measured by monitoring the population of the relevant neon state 
in the after-glow. With Arathoon's experimental conditions, the only 
significant mechanism for populating the neon state and de-populating 
the helium metastable state is excitation transfer. He took
measurements of the transfer rates across a range of temperatures, 
thus shifting the velocity distribution of the atoms in the discharge. 
Trial functions for the velocity dependence of the cross sections were 
then used to calculate the transfer rate at different temperatures 
and the results were compared with the data. The velocity distribution
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in the discharge was derived from the temperature measured by a 
thermocouple.

In the case of singlets, he found that a cross section modeled 
by a unit-step function of 10 A2 with a threshold equal to the 
difference in energy, E]_, between the states or a function of the form

cr = co2[ (E-Ei) /Eyexpl-2 (E-E]_) /E3J, 
fit the data well. In the case of tiplets, he found that a function of 
the form

a = 22exp[ (E-0,1) /0„01] Â , 
with a threshold of 0,1 eV fit the data. The existence of a threshold 
for the triplet case is of particular interest because the reaction is 
exothermic, A barrier of approximately 0,1 eV has been observed 
experimentally by a group independently of Arathoon.17

As mentioned in the previous section, Siska has recently 
calculated potentials which reproduce fairly accurately relative 
elastic differential scattering data,-^ The potentials were calculated 
by treating the interaction as a one-electron problem with the 
electron, in the case of a He excited state, interacting with a He+ 
core and the Ne atom. The electronic Hamiltonian is taken to be

H = - 1 / Z 2 ve + vUHe+ + VUNe + v3 + %e%e°

The matrix elements for the first two terms, -1/2 + V(apre+, which
represent the kinetic energy of the electron and its interaction with 
the He+ core are taken from spectroscopic data, represents the
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interaction of the electron with, the neon atom is taken to be of the 
form,

exp[-Y(rNe-ro)] - %g/2(r^e + d2 ) 2 ,

Y - 2 (2lNe)̂ /̂ ,

rNe is the distance of the electron from the Ne atom, % e and o^e are 
the ionization energy and polarizability of neon, d is a small distance 
which eliminates the singularity as rNe -*> 0 , and r 0 is estimated from 
the van der Waals bond length of Neg. vne+fje represents the 
interaction of He+ with Ne and is taken to be an MSV function fitted 
from spectroscopic data for the charge transfer bands. The Vg term is 
a three body polarization term. A complete description of the method 
is given in Ref. 12. Siska has also used this method to calculate the 
potentials relevant to the transfer of excitation in the He*-Ne 
system.-*-̂  Fig. 1.4 shows these potentials for the triplet case. In this 
representation, coupling becomes important near a curve crossing. With 
this in mind, one can make some qualitative statements concerning the 
excitation transfer from the potentials in Fig. 1.4. The transfer 
mechanism appears to occur as a result of the curve-crossing with the 
potential relevant to the 3d^ state. In fact, the curves for the 2 s2  

and 2sg states do not cross the Ne ground state curve at all. The

VeNe

where
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FIG. 1.4 Triplet separated-atom 
wave function potentials.
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energy at the crossing is 2.4 eV and is higher than the experimentally 
observed barrier. The details of the shape of the cross sections have 
not yet been calculated from these potentials.

Beam Attenuation Methods
Cross sections are most often measured using beam attenuation. 

The intensity of the atomic beam is measured with and without target 
gas present, and the fractional attenuation is then calculated. 
Relative cross sections can be extracted from the fractional 
attenuation if the density of target gas is unknown and absolute cross 
sections can be extracted if it is known.

To obtain velocity-resolved results, three methods relating to 
the primary beam are commonly used. The first method is to use a 
mechanical velocity selector constructed of rotating disks with slots 
in them. With the disks rotating at the same velocity and the slots 
offset, only atoms in a narrow velocity range can get through all the 
slits. The next method is to employ a nozzle source which produces a 
beam with a narrow velocity spread. The third method, which was used 
to obtain the data here, is to use a beam composed of many velocities 
and measure the velocity distribution with time-of-flight techniques. 
This technique has the advantage of very precise velocity resolution 
and the disadvantage of low count rates. The low count rates result 
from having to "pulse" the source beam in order to measure the time 
of flight.

A precise knowledge of the scattered beam velocity does not 
insure the precise knowledge of the relative velocity between the
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scattered beam and the target gas. The relative velocity would be 
exactly known only if the target gas were standing still or 
intersecting the scattered beam at a single angle with a single 
velocity. A cooled scattering chamber is often used to reduce the 
velocity of the target gas. This method allows for very accurate 
knowledge of the pressure in the chamber? but the scattered gas still 
sees a wide range of target gas velocities since the target gas is 
coming from all angles. In addition, the scattering chamber usually 
has some target gas effusing from the entrance and exit which must be 
taken into account in calculating the density and interaction distance. 
An alternate method is to use a target gas beam which intersects the 
scattered beam at 90°. If the target beam is cooled, the range of 
relative velocities is greatly narrowed since the velocities of the 
scattered atoms and target atoms add in quadrature with this 
geometry. It is usually difficult, however, to know the density of the 
target beam precisely. This difficulty was overcome in the present 
work by employing a capillary array as the target beam source. The 
array was in the shape of long narrow slit so that near the center 
the density was quite uniform. The density could be calculated from 
the flow rate since the gas effused uniformly across the face of the 
array.



CHAPTER 2 

EXPERIMENTAL METHOD

Figure 2=1 shows the experimental arrangement. A negative 
100-V pulse of approximately 1 Vsec starts a digital timer and 
accelerates a narrow sheet of electrons in the metastable source. The 
electrons collide with ground-state helium in the source and excite a 
variety of states which decay to one of the two metastable states or 
the ground state in times short compared to the time of flight to the 
interaction region. Ions are removed from the beam by deflection 
plates located just outside the source. The metastables proceed 
downstream through collimating apertures, the quench lamp region, the 
interaction region, and finally enter the detector aperture if 
undeflected. The detector is not sensitive to ground-state helium
which is also in the beam. When a metastable is detected, the digital
timer is stopped and the time of flight is sent to a Hewlett-Packard
2115A computer which increments the data channel corresponding to 
this time of flight.

Four time-of-flight spectra are accumulated in any given data 
run. Table 2.1 shows the configurations of the apparatus for the 
various spectra. In the first spectrum, the quench lamp (which
quenches singlets) is operated at very low power ( ~5 W ) and the 
target gas beam is turned off. In the second spectrum, the quench lamp

18



Fig, 2,1 Experimental arrangement? A- metastable source? B- 
deflection plates? C- collimating apertures? D- aluminum mounting 
block for quench lamp? E- capillary array? F- cold finger? G- 
housing and aperture above the diffusion pump? H- diffusion pump? 
I- external detector aperture? J- detector? K- Evenson cavity? L- 
Vycor tubing carrying helium for the quench lamp.



z 1 a /1< /

FIG. 2.1 Experimental arrangement.
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Target Beam Background Gas Quench Lamp
Spectrum

1
2
3
4

off
off
on
on

on
on
off
off

5 W 
5 W
100 w 
100 w

Table 2=1

is still at low power, but the target gas beam is turned on. In the
third spectrum, the quench lamp is run at high power ( =100 W ) and 
the target gas is turned off. In the fourth spectrum, the quench lamp 
is at high power and the target gas is turned on. Spectra 1-4 
represent, respectively, the intensities of unattenuated singlets and 
triplets, attenuated singlets and triplets, unattenuated triplets, and, 
finally, attenuated triplets. Appropriate subtraction and division of 
spectra yield separately the fractional attenuations of the 
intensities of singlets and triplets due to scattering by the target 
gas to angles greater than the acceptance angle of the detector. This 
angle is =0,5° according to the 50% criterion. The acceptance angle 
was calculated by assuming all atoms in the primary beam were 
traveling perpendicular to the detector face and a computer iteration 
was performed to determine the angle at which 50% of the beam would 
not enter the detector if scattered to this angle.

The electron current in the source is regulated by a feedback 
circuit so that the intensity of metastables leaving the source is 
constant. To eliminate long term drift, data is accumulated in a given 
spectrum for about 2 minutes with the gun pulse firing at 1500 Hz, The 
data accumulation is then stopped, the quench lamp and target gas



21
conditions are changed, and the next spectrum is accumulated, A 
typical data run is approximately 72 hours with a count rate of 
150-300 counts/sec.

The target gas beam is cooled to 100 K, effuses perpendicularly 
to the metastable beam through a, collimating capillary array, and
enters a diffusion pump through an aperture about 3 cm below the
capillary array. Since a small fraction of target beam does not enter 
the diffusion pump, there is some background target gas all along the 
flight path. To eliminate the "false" scattering effect this additional 
background gas has on the experiment, enough target gas is admitted to 
the chamber (through a source at some distance from the flight path) 
to bring the gauge pressure on cycles when the target beam is off to 
the value it had when the target beam was on.

The quench lamp was modulated between 5 W and 100 W because it
would not operate stably until it had heated up after a restart.
During the 5-W cycles a small number of singlets are quenched. This 
would be no problem if the same number of singlets were quenched in 
each of the two 5-W cycles, but due to cooling of the lamp during 
these cycles, the number quenched is slightly different in the two 
spectra. To correct for this effect, an additional four spectra are 
taken periodically with the target gas beam off on all cycles. This 
allows direct measurement of any difference in quenching in the two 
5-W cycles, and the appropriate correction is then made in the 
scattering data. The 100-W cycles are not affected by slight changes 
in the lamp characteristics since 99% quench occurs at about 65 W,

To try to detect the transfer cross sections in neon, the



detector was moved as close as possible to the interaction region and 
the external detector aperture was removed. Because the elastic 
differential cross section is sharply peaked around 0° the effect of 
increasing the size of the detector aperture is to greatly reduce the 
attenuation of the beam due to elastic scattering. The aperture on the 
detector itself is a square 2 cm x 2 cm and was approximately 2 cm 
from the interaction region. With this geometry, only metastables 
scattered elastically at angles greater than ~25° and metastables 
transfering excitation to neon account for beam attenuation. The 
magnitude of the elastic scattering is therefore greatly reduced, and 
the predicted transfer cross sections with sharp velocity structure 
should have been discernible against the slowly varying reduced 
elastic cross section.



CHAPTER 3

APPARATUS

Metastable Source 
Several metastable sources were tried before arriving at a 

satisfactory design. Figure 3,1 is the original design. The cathode was 
taken from a 6L6GC vacuum tube. This indirectly heated cathode had the 
advantages of providing high current and an emitting surface which was 
isolated from the heater power supply. In addition, beam collimation 
was provided by the capillary array. This design was expected to 
provide an extremely narrow half angle in the beam since metastables 
colliding with the capillary walls would have a high probability of 
being quenched. If the only metastables which survived were those 
which suffered no collisions with the walls, the half angle would be ~
O,1 . It was found, however, that this source created a large number of 

photons and metastables in the region outside the source near the 
cathode, and these were detected. To cure this problem, shields were 
added to insure that metastables or photons generated outside the 
source had to collide with a surface before reaching the detector. 
While this cut down the false signal considerably, it did not 
completely cure the problem.

Figure 3,2 shows the final design used. Since this design 
utilized a directly heated tungsten ribbon, the heater leads were

23
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wrapped around a large ferrite torroid to help decouple the gun pulse 
from the heater power supply. At first, the capillary array was left 
in place, as in the other design. It was discovered, however, that, with
the capillary in place, a large false signal was generated at times
from 50 to 150 Psec after the gun pulse. This signal disappeared when 
the capillary array was removed. With the capillary array in place,
the source pressure was much higher than with it removed. A likely
mechanism for this false signal is He+ colliding with neutrals. These 
collisions can create metastables with several eV of energy.18,19 to 
investigate whether this was the actual mechanism, a plot was made of 
the intensity of the signal versus the center of mass energy a helium
ion would have if it were accelerated with all of the gun pulse
voltage. The results are plotted in Fig. 3.3 along with the data from
Ref. 18 and 19. It can be seen that the curves are quite similar,
although shifted. The actual average energy the He+ ions would have 
before making a collision with a neutral is uncertain, but the 
presence of the resonance in the curve is strongly suggestive. 
Assuming this is the explanation of the fast signal, removing the 
capillary array probably reduced the pressure, and thus the He+ 
concentration, enough to eliminate any significant metastable 
formation in this manner. An alternate explanation is that metastables 
are quenched on the walls of the capillary and the photons are 
directed by the capillary toward the detector.

In the final design, the filament was heated with -60 W of the 
power to yield - 2 0  uamp of collector current with the gun pulse firing 
at 1500 Hz with a 1 usee duration. The filament was grounded on the
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negative side of power supply to reduce the DC component of the 
collector current. With this configuration, the DC current was 
normally ~ 1-2 vamp. This DC current was no problem since the energy 
was insufficient to create any excited atoms.

The detected signal from the source with no background target 
gas ranged from 300 to 500 counts per second depending on alignment 
of the filament with the slit, age of the cathode and alignment of the 
beam collimating apertures.

Overview of Electronics 
Figure 3,4 is a block diagram of the electronics used in the 

experiment. The clock module provided all the timing for the other 
instruments, A 100 MHz oscillator signal was divided to provide the 
various frequencies needed for the digital timer, pulser, and cycle 
controller. The firing of the pulser to the filament reset and started 
the digital timer and fired a one-shot which gated out detector pulses 
during the first 25-40 Usee, During this time there were a large 
number of pulses due to photons and pickup from the gun pulse, A 
metastable detected after the gating period caused the digital timer 
to stop and interrupt the computer which latched the time of flight. 

The cycle controller counted the number of gun pulses, and, 
when the number reached a preset value, it gated the detector, sent 
out control signals to the computer, gas switching system and 
microwave controller. In addition, it counted the number of cycles and 
stopped acquisition after the preset number.
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Clock Module
Figure 3.5 shows the clock module circuitry. The signal 

originates from a Vectron Model CO-233ME oscillator which is ECL 
compatible. After passing through a 1023 clock driver, the signal is 
divided by ICTs 1, 2, and 3 to provide the 100, 50, 25, and 12.5 MHz 
outputs. Each of these outputs is buffered by a 2N4126 transistor. All 
MHz signals are ECL levels. The 50 MHz output was used to drive the 
digital timer during actual acquisition.

The 12.5 MHz signal is passed to a 1018 level translator which 
steps it up to TTL. This signal is then passed to a pair of 74167 N/10 
multipliers, one of which has switches to set the divisor. The signal 
is the further divided to provide the 100, 50, 25, 10, 5, and 2.5 KHz 
outputs. The actual frequencies of these outputs are multiplied by the 
number (1-9) set on the switches divided by 10. The 74167°s do not 
divide evenly in time; however, by the time the signal is divided down 
to 100 KHz, this difference is negligible. During data acquisition, the 
switches were set to 3 with the 5 KHz output actually providing 1500 
Hz to the pulser and the 2.5 KHz output providing 750 Hz to the cycle 
controller.

Cycle Controller
Figure 3.6 shows the logic circuitry of the cycle controller. A 

data run is initiated with the start switch. The one shot at IC11 
causes a master reset of all counters and the control flip flop IC10. 
The clock signal from the clock module is divided 60,000 times by ICfs 
5-8 and an additional 16, 8 , 4, or 2 times by IC9, depending on the
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switch settings, When the switch-selected bit of IC9 goes high, it 
causes IC15 to output a gate signal which gates the clock input signal 
and the external AND/OR module. The ouput of IC9 also clocks the cycle 
counters ICfs 1-3 and the control flip flop. The potentiometer on IC15 
allows the gate time to be adjusted from a few seconds to several 
minutes to allow the proper interval for the quench lamp and 
background pressure to reach equilibrium. The outputs of the control 
flip flop provide two data bits which contain all the necessary 
information to program the quench lamp, gas switching system and 
computer. These bits are sent to the various devices through buffers 
which are not shown in the diagrams

When the number of cycles has reached the value set by one of 
the switches on ICfs 1 and 2, the output of the selected bit gates the 
AND/OR module and clock input until the start switch is reset.

Digital Timer
The logic diagram for the digital timer is shown in Fig, 3,7, 

The start signal from an external one-shot causes the one-shot at IC2 
to fire. One output resets the interrupt control flip flop IC17B and 
the counter IC"S„ The other ouput enables clock driver ICG whose 
output is ANDed with the 100 or 50 MHz signal from the clock module. 
When a stop pulse is received, it clocks the counters on IC10, If the 
stop-pulse switch is set to one or there have been the selected 
number of previous stop pulses, the output of IC10B strobes the 
interrupt control flip flop and gates ICG causing the clock to stop. 
With the clock stopped and the interrupt control flip flop set high, 
NAND gate IC7B goes low interrupting the computer and causing the 16
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bits from the counters to be latched.

The transistors on the start and stop inputs shift NEM logic 
levels to ECL logic levels. The ECL circuitry is necessary for the high 
clock speed in the first few counters. The outputs to the computer are 
buffered by 7406 high voltage open collector drivers which are not 
shown in the diagram,

.. Microwave Controller 
The microwave controller consists of two circuits which are 

shown Fig, 3,8, The first circuit controls the power level of the
microwave oscillator. The signal from the cycle controller activates a 
solid-state relay which causes a mechanical relay to toggle. The 
mechanical relay contacts switch the motor winding which sees the AC 
directly, causing the motor to reverse direction. The motor is attached 
to the power transformer in the microwave oscillator. The shaft will 
rotate until one of the levers attached to it activates a microswitch 
which interrupts the AC, The motor will then remain stationary until 
the mechanical relay is again switched.

The second circuit is an interlock to prevent the magnetron in 
the microwave oscillator from being damaged if the discharge should 
go out. The TTL81 phototransistor is mounted near the discharge in the 
vacuum chamber. When the discharge is on, the transistor conducts, 
activating a solid state relay which allows AC to go to the
oscillator. The level of light required to activate the interlock is
set by the 10 Kohm potentiometer. The interlock can be bypassed with
the bypass switch for starting the discharge.
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AND/OR Module
The AND/OR module was used to apply the electronic gate 

signals to the detector. The schematic is shown in Fig, 3,9, The 
outputs of the three AND gates 1A, IB? and 2B are ORed into gate 2A, 
Each of the AND gates has four inputs, two of which are tied in 
parallel to the other AND gates. These parallel inputs are used for 
gating all of the AND gates at once. One is a TTL input and one is a 
NIM input. Each AND gate also has two HEM inputs which are not wired 
in parallel to the others.

During data acquisition, only one AND gate was needed. One of 
the nonparallel inputs was used for the detector signal after the 
amplifier and discriminator, and the other was used for the, 40 ysec 
gate signal from a one shot after each gun pulse. The TTL parallel 
input was used for the gate from the cycle controller which was 
applied during cycle changes and the end of a data run,

HEM logic levels were achieved by shifting the power supply 
values for the ECL integrated circuits.

Quench Lamp
“he quench lamp is quite similar to the one described in Ref, 

20? but had a few modifications. The lamp quenched singlets by pumping 
the Isq state up to the state with resonant radiation from the 
microwave-driven helium discharge. The state decays rapidly to 
ground state.

The Evenson cavity^l was mounted on a large aluminum block 
with a hole bored through it to allow for beam passage. Water cooling
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coils were wrapped around the body of the cavity to minimize the 
change in tuning as the lamp heated up. In addition, a Corning CR7-56 
filter was placed between the lamp and the metastable beam. The
filter prevented excitation to states other than the -Lp% which could 
possibly cascade to the triplet metastable state.

As mentioned previously, the discharge could not be started 
and stopped reliably. In fact, on initial start-up, it required about 15 
minutes of gradual power increases to reach full power. This was
because the dimensions of the tuning elements changed shape with 
temperature. If too much power was applied before they had reached 
high temperature, the reflected power would have burned out the
magnetron. To get around this problem, the power was modulated from 5 
W during off cycles to 100 W during on cycles. With this arrangement, 
the characteristics still changed with temperature, but the change was 
never enough to cause the reflected power to be great enough to
damage the magnetron.

The discharge was driven with a Scintillonics Model HV15A
diathermy machine at 2450 MHz.

Gas Switching System 
The gas switching system was used to turn the target beam on 

and off and to admit background gas during the off cycles. The
arrangement is shown in Fig. 3.10. The solenoid valves are controlled 
by solid state relays which toggle with the cycle controller output 
bits. While acquiring, valves 1, 2, and 3 are either off or on at the
same time, and the same is true for valves 4, 5, and 6 =
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To begin a run, valves 4, 5, and 6 are open* This allows the 

forepump to pump out the background side of the system up to valve 2  

and the target gas to flow from the cylinder through valve 5, the 
needle valve and valve 6 * The needle valve is opened until sufficient 
attenuation is observed in the spectra* Next valves 1, 2, and 3 are 
closed and valves 4, 5, and 6 are opened. The needle valve on the 
background side is now adjusted to the point where the ion gauge 
reading is the same as it was when the target gas was on. To help 
facilitate this adjustment, the pressure is monitored on a strip chart 
recorder with the scale expanded. It was necessary for the target gas 
cryostat to have reached its equilibrium low temperature for this 
adjustment to be stable.

Under normal operating conditions, it took approximately 90 
seconds for the background pressure to equilibrate after a cycle 
change. The needle valve adjustments could drift slightly over long 
periods of time and so they were checked every six to eight hours. The 
equality of the background pressure could be maintained to ~ 3 %.

To prevent forepump oil contaminating the target gas, a 
molecular sieve trap was installed in the foreline.

Target Gas Source
The target gas source consisted of a liquid nitrogen cryostat, 

a cold finger and a capillary array as shown in Fig. 3.11. After initial 
cooling, a fill of liguid nitrogen lasted about 14 hours. The 
temperature at the capillary was monitored with a oopper-oonstantin 
thermocouple whose wires were 1 0 mil in diameter and soldered to cold 
finger next to the thermocouple. The thin leads lessened the heat flow
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from the chamber feedthrough to the cold finger. The cold finger 
required approximately 6 hours to reach its equilibrium temperature of 
100 K,

The capillary array was manufactured by Galileo Electro- 
Optics, Each capillary was 2 14m in -diameter and the thickness of the 
array was ,5 mm. The fractional open area of the capillary was *.5, It 
was epoxied to the cold finger in such a way that the area through 
which gas could flow was in the shape of a slit 2 mm by 2 cm. The 
long edge of the capillary was perpendicular to the axis of the 
metastable beam. This geometry helped insure that the metastable beam 
passed through a uniform density of target gas and that this density 
could be accurately calculated from the flow measurement. In addition, 
the metastable beam passed as near the surface of the array as 
possible so that distortion of the collimation of the target beam from 
collisions of atoms within that beam was a minimum. The surface of 
the capillary was made perpendicular to the bottom of the chamber by 
placing a long flat piece of metal against the bottom of the array 
and rotating the cold finger until the ends of the piece of metal were 
equal distances from the chamber face. Each of the metastable beam 
collimating apertures were first adjusted to an equal height above the 
chamber face and then aligned in the sideways directions with a He-Ne 
laser. This insured that the two beams were perpendicular.

The half-angle-at-haif-maximum for the target beam is 
estimated to be ~1° *22,23 %  allow the maximum target beam throughput 
with minimum background gas, the capillary array was placed directly 
above and close to an aperture leading to a chamber pumped by a
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separate diffusion pump.

Apparatus For Flow Measurement 
The system used for measuring the flow rate of the target gas 

is shown in Fig, 3,12, A large flask was filled with water and a 
weather balloon was placed inside. The flask was then sealed except 
for a tube connecting the inside of the flask to a graduated cylinder. 
Another tube connected the inside of the balloon to the target gas 
cylinder, and a final tube connected the balloon to the input of the 
gas switching system.

To measure the flow rate, the balloon was purged several 
times and partially filled with target gas. The balloon was then 
valved off from the gas cylinder and the valve on the tube to the gas 
switching system was opened. The graduated cylinder, connecting tube, 
and flask were all filled with water. As gas left the balloon, the 
water level in the graduated cylinder dropped allowing direct 
measurement of the volume of gas flowing through the target beam 
source.

Unfortunately, due to the high flow rates, using this 
apparatus to supply gas during the actual data run was not practical. 
Instead, immediately after a data run, this apparatus was hooked in 
and the needle valve adjusted so that the ion gauge pressure reading 
reached the exact value it had during the run. The volume change was 
then measured for several minutes. The elasticity of the balloon was 
not a problem since it was never filled to its unstretched volume.
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Detector
The detector was an MEM-306 magnetic electron multiplier 

manufactured by Galileo Electro-optics, Figure 3,13 is a diagram of the 
detector and it"s related electronics, A metastable hitting the 
tungsten plate causes an Auger electron to be ejected from the 
surface. The electron sees crossed electric and magnetic fields which 
cause it to move along a spiraling path upward toward the collector. 
The electron collides with one of the dynodes causing more electrons 
to be ejected, and this process continues until the electrons arrive at 
the collector. Ground-state atoms are not detected since they do not 
have enough energy to cause secondary electrons to be ejected from 
the tungsten plate.
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CHAPTER 4 

DATA ANALYSIS

Figure 4.1 shows the four TOP spectra from a typical data run. 
The first step in processing the data is to correct for the "dead 
'time" of the digital timer. This dead time is due to the fact that the 
timer can only count one metastable on a given gun pulse. If the timer 
could restart itself after a stop pulse, there would be no dead time 
and the probability of detection of a metastable in the i^h TOP 
channel would be given by

where Nj_ is the number of counts in the i ^  TOP channel and T is the 
total number of gun pulses. The actual number of gun pulses during 
which detection could occur for a given channel, however, is really 
the total number of gun pulses less the sum of the counts in all the 
TOP channels at times shorter than the channel in question. This leads 
to a corrected Nj_ given by
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The next data correction is adjustment for the difference in 
singlet quenching in the two 5-W quench cycles. At a given velocity, 
the composition of the intensities of the four spectra are given by

fl = Is + It '

12 = (l-K)Ise“^efff)̂  + Ite™^eff ,

13 = It f

14 = Ite"^Qeffpjl̂ ,

where Is t̂ are the intensities of singlets and triplets arriving at the
detector with the target gas off and the quench lamp at low power, 
s tQe£f are the effective collision cross sections, p is the average 
density of the target beam, & is the length of the interaction region, 
and K is the fractional difference between the two 5-W quench cycles 
if measured with no target gas used in either cycle. The correction 
factor K is determined from data runs taken in the same manner as 
previously described data runs, however, no target gas is used. The K 
for a given channel is given by
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where the I primes refer to data taken with no target gas. The K 
determined in this way for each channel could be used to correct the 
data; however, another approach was used to minimize the statistical 
error. The fraction of metastables quenched is given theoretically 
by2^

F = 1 - exp(-rdt/d]_) ,

where F is the radiation induced decay rate, t is the time of flight, d 
is the length of the quench region, and d^ is the length of the flight 
path. Since the time dependence of K is given by the above equation, a 
least-squares fit was performed for the function

K = 1 - exp (-At) .

Using the results of the fit, the proper number of counts were added 
to Ig so that the intensity was then represented by

I2 > ,

The Igs referred to in the following paragraphs have had this 
correction performed.

Since
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p& = —12—v
where N is the total flow rate? is the average target-gas velocity? 
and w is the width of the capillary array? the effective cross 
sections are given by

and

-ln{~}vTw

N

. ,w
Qeff

N

The effective cross sections in the above equations are 
related to the actual collision cross sections by24?25

Qeff = i / v  QS^(V) f(u)du (1)

where V is the relative velocity? v is the velocity of the metastable?
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u is the velocity of the target gas, Qs,t(V) are the collision cross 
sections, and f(u) is the distribution of velocities in the target beam- 
For an interaction potential of the form

V(r) = -Gsr-s ,

it has been shown^S that Q(V) can be approximated by

Q(V) ~ AsV™2 / , (2)

This result comes from a semi-classical approximation assuming a 
Lennard-Jones [s,6] potential. The data is not sensitive to the choice 
of s in the following correction. This is a good indication that the 
model is quite adequate for correcting the effective cross sections 
since the major part of the correction is in the ratio of V to v.

Assuming a .. Boltzmann distribution in the target gas, 
substituting Eg, (2) into Eg, (1) gives

Qeff(v) = QS,t(v)F1(s,v/vb) ,

where

vb = (2 kT/Mrp)l/ 2  ,

F1 (s,x) = 4tT1//2 x 2 ct/ V + z 2}* z2 e~z dz ,
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and

a = (s-3)/2(s-l) .

For neon and argon s is ~6 , and for- helium s is =12.^ Because of the 
temperature of the target beam and the masses of neon and argon, the 
correction above is less than =5 % and has been ignored for these 
atoms. For helium, the values of F̂ (12,x) were evaluated numerically.

The velocity distribution in the target gas is assumed to be 
Maxwellian, Capillary arrays can cause a shift to higher 
velocities^,28̂  however, the source pressure is so low in this case 
that this effect should not be present.



CHAPTER 5 

RESULTS AND CONCLUSIONS

Figures 5.1 and 5.2 show the cross sections for triplets and 
singlets, respectively. Also shown are previous triplet measurements 
from Ref 14. The error bars on the graphs indicate one standard 
deviation of statistical error. The systematic error in this experiment 
is due to uncertainties in the density and average velocity of the 
target gas and inability to adjust the background pressure to better 
than ~3%. This error is estimated to be ~10%. The triplet values for 
helium and argon are in agreement with previously reported data to 
within the estimated systematic error in the two experiments (5% for 
the data in Ref. 14). For neon, however, the cross sections reported in 
this paper are =20-25 % higher. Also shown in Fig. 5.1 is a theoretical 
curvell for helium which was calculated in the adiabatic 
approximation.

It should be noted that in this experiment the acceptance 
angle at the detector is =0 .5° which is probably not small enough in 

1 the upper extremes of the velocity region to accurately resolve the 
full value of the integral cross section. The data in Fig. 5.1 shows 
that the argon and neon cross sections fall slightly faster at higher 
velocities for our measurements relative to those of Ref. 14. 
Systematic error in either experiment should cause a uniform shift and
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not a change in shape. The size of the acceptance angle probably 
explains this discrepancy since the shape of differential cross 
sections tends to be such that, the higher the velocity, the greater 
the fraction of the cross section at smaller angles.

The larger error bars in the singlet measurements reflect the 
subtraction process and the fact that the beam is only about 30% 
singlets. In addition, the previously described quenching during the 5-W 
quench-lamp cycles reduced the the number of singlets at lower 
velocities. This is unfortunate because the effect of the size of the 
detector acceptance angle is much less at the lower velocities. In 
fact, a glory maximum in the triplet Argon cross section is resolved 
in figure 5,1 and the relative cross sections in Ref, 1 clearly 
indicate that this maximum is also present in singlets. The statistical 
error in this work appears to be too great to resolve it, however.

The singlet cross sections are larger than the triplet cross 
sections in contradiction to an earlier velocity averaged result in 
Ref, 29, The larger singlet values, however, are expected from a 
consideration of the larger polarizability of the singlet He atom. As 
mentioned previously, the integral elastic cross section is dominated 
by the R-  ̂van der Waals term which increases with polar izability.

The He*-Ne excitation transfer cross sections had been 
predicted to rise sharply to a value of approximately 1 0 - 2 0  A? in the 
neighborhood of 0,1 eV, The cross sections measured with a large 
detector input aperture had values of -30-40 A? at 0,1 eV, so a 
rapidly rising 1 0 A? transfer cross section should have been 
observable against the slowly-varying elastic one. No structure.
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however, was observed* Previous work^® on differential cross sections 
in the case of singlets also indicates a smoothly rising transfer 
cross section. The authors of that paper were also unable to give 
quantitative measurements of the cross section, but were able to 
observe the shape qualitatively by comparing the signal strengths at 
various relative velocities and noted in their paper that it was 
smoothly rising.

The discrepancy between these results and those of Ref. 15 and 
16 probably can be explained by the velocity distribution assumed in 
those experiments. Recent work^l has indicated the presence of a large 
number metastables in a helium discharge which have much greater than 
thermal energy, possibly created by He+ collisions with neutrals as 
discussed earlier in this thesis. Any transfer of excitation due to 
these higher energy metastables would have been counted by Arathoon 
as due to thermal metastables which would cause his trial cross 
sections to be higher at thermal energies.



- APPENDIX

Adiabatic Formulation 
The adiabatic formulation of the scattering problem begins

with the Born-Oppenheimer electronic Hamiltonian, He (̂r,R), which 
includes all of the kinetic and potential energies of the electrons, 
but only the potential energy of the nuclei. It is the Hamiltonian for 
a system in which the nuclei are considered fixed at a given nuclear 
separation R» The adiabatic basis is the set of Born-Oppenheimer 
electronic wave functions, Xv (r;R), which are solutions to the equation,

Hei(r,R)Xv (r?R) = t̂ (R)xv (r,"R), (1)

where r represents the coordinates of the electrons and R represents 
the coordinates of the nuclei. These functions depend on both sets of 
coordinates and the (R) are the potential energy surfaces. In this 
basis, the total wave function is given by

V (r,R) = I xv (r?RHv (R), (2)

where the <j>v (R) are the wave functions representing the nuclear
motion- For the atom-atom case , after separating off the center of
mass motion, the total Hamiltonian is given by

60
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+ ^ 2  { j 2 + l 2  2JzLz " J-A- - JJ»+} (3)

where J is the total angular momentum and L is the electronic angular 
momentum. Substituting Eg. 3 into the time-independent Schrodinger 
equation for the J=0 case only and performing the usual manipulations 
yields

u I-V  9r + pv mM (4)

where

= S  xv (5)

V R) " 2m Xv 3R2
U (6)

The J = 0 equation only is given here to avoid the complexities of
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angular momentum coupling which must, of course, be taken into 
account. In this picture, then, all of the radial coupling is through 
the nuclear motion. The adiabatic approximation consists of ignoring 
all terms on the right-hand side of Eg. 4. In practice the coupling 
terms defined by Eg. 5 are the most important^ and, noting that 9/9r  
can be thought of as extracting the local nuclear momentum, fw(R), the 
condition for ignoring these terms is given by

v r > -  V R)
«  1 . (7)

Even when the adiabatic approximation is not valid, the 
adiabatic formulation offers some conceptual advantages in describing 
the scattering process. This is true because the adiabatic basis takes 
into account the interaction of the various separated-atom electronic 
states. It is often true that only a few states are relevant to the 
scattering and one can consider only the coupling terms involving 
these states. Noting Eg, 7, one can see that the coupling will become 
important at inter-nuclear distances where there is an avoided 
crossing of the potential energy surfaces. The potential curves 
represent stationary states in the adiabatic limit and so they will 
not cross each other. The particles are thought of as proceeding along 
the initial potential curve until the region of an avoided crossing 
where the perturbation from the nuclear momentum can cause a jump
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from one curve to another» While this is conceptually pleasing in 
describing the collision, calculation of the adiabatic electronic wave 
functions and coupling terms is usually quite difficult in practice,

Separated-Atom Formulation 
An alternative to the adiabatic basis set is the separated- 

atom electronic basis set with wave functions, 5 (̂r), which depend only 
on the electronic coordinates. These wave functions are usually well 
known. The total wave function is given by

'F(r,R) = I ?i(r)̂ i(R) 0 ■ (8 )

The time-independent Schrodinger equation for J=0 is given in this case 
by

where
Hjj(R) = <?i|Hel|?j>, (10)

Working in this representation inherently requires more equations 
because the atoms are not in separ ated-atom states even as they 
approach each other very slowly. It is sometimes, however, easier to 
model the potentials [Ĥ (R)] and coupling terms [Hy (R) î j].
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