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MOLECULAR BEAM STUDIES OF ELECTRONIC ENERGY TRANSFER 
PROCESSES WITH METASTABLE MERCURY ATOMS 

Lambert Ching-Hon Loh 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Chemistry; University of California, 

Berkeley, California 94720 

ABSTRACT 

An apparatus has been ~onstructed to s~udy electronic energy 

transfer processes with metastable merc:wry atoms using the molecular 

beam ~echnique. The present study involves crossing a beam of metastable 

3 3 
6 Po and ,6 P2 mercury ~toms with a velocity selected beam of thallium 

atoms or alkali halide molecules. The photon emission from the excited 

thallium atoms produced in~the former and the excited alkali atoms in 

the latter is detected at the, collision zone by a photomultiplier. 

A method is developed to extract the velocity dependence of the relative 

cross section from the experimental data. 

, * \ For'the-Hg + TI system, quantitative information was obtained for 

the excitation of thallium. 5350A line fluorescence. The relative cross 

section was found to be- a monotonically decreasing function of velocity 

. -2 " 
g with a g - dependence. An ionic curve crossing model was suggested 

as one possible way of explaining this dependence. 

Lithium iodide, sodium iodide and sodium bromide were selected 

for study in the experiments with alkali halides. Quantitative results 

were reported for the last two. The relative cross sections have g-3 

-3 5 and g ,. dependences for NaI and NaBr respectively. The results could 

p'ossibly be explained by a statistical model. 
\ 
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I • INTRODUCTION 

Electronic excitation energy transfer processes between neutral 

atoms and molecules have always been of interest to chemists. Such 

processes can be represented schematically as 

* * A+B -+ A,+B 

* -+ A + B 

-+ A + B 

-+ A+ + B + e 

-+ A+ + B-

-+ + -AB + e ' 

(1) 

(2) 

(3) 

(4) 

(5) . 

(6) 

,,,here A and B can be either atoms or molecules. In ~ertain cases, chemical 

~eactions may occur with the transfer of excitation energy as in 

* * AX+B -+ A +BX 

,* * AX + B -+ A ~+ X + B 

* * AX+B -+ A+BX 

(7) 

(8) 

(9) 

and analogous cases where A is ionized.- There are also chemi1uminescent 

I 

r.eactions such as ' 

* A + BC -+ AB + C 

* A + BC -+ AB + C 

(10) 

We are mainly interested in investigating the energy dependence of 

P!ocesses (1), (7) and (8), although, attempts have also been ma~e to 

study processes (4) and (6). 

Process (1), generally labelled. as sensitized fluorescence, nad 

, 1 
he en studied as fat back as 1923. A few examples of more recent 

t~xperiments, with improved apparatus, can be found in References 2 to 5. 
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However, all these experiments ~re done with the reactants placed in one 

way or another in seale? glass or quartz tubes. There are several inherent 

disadvantages ~hen this technique is employed. First, it can hardly be 

said that the translational energies of the reactants are well defined 

in such experiments, for there is a Maxwell-Boltzmann distribution of 

velocities for both reactants. Secondly, since optical excitation is 

the principal means of producing the excited species, not all the 

excited states are available for study. Furthermore, quenching of the 

excited atoms or molecules in the fluorescence tube. to their metasta~le 

states does occur to an appreciable extent, leading'~o confusion as 

to the exact identity of the excited species when energy transfer to its 

expected collision partner occurs. Thirdly, there i~ always a high 

probability that impurities due to outgassing from the walls of the 

vessei may affect the reaction rate. One possibility is that they 'may 

act as third bodies in collis~ and enhance 'the formation of excited 

dimers or quasi molecules such as Hg2 (30) which can alter the rate of· 

the process appreciably. 2 ·6· Both McFarland and Kraulinya have suspected 

that such dimers, because of their smaller energy difference with the 

2 
thallium 7 Sl/2 level, would contribute to the excitation of that 

thallium level although the extent to which they contribute is unknown. 

In fact, if they do play an important part, the bulb experiments may be 

studying the energy transfer between entirely different species from 
\ 

what the experimenters had originally claimed. In addition, self-absorption 

of the emission does take place where the density of ground state atoms 

is high, thus reducing the intensities of certain resonance levels, and 

rendering quantitativ,e studies of, such lines difficult. Moreover, any 
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attempt at studying the temperature dependence of the process would 

"have to face the fact that a pressure change would accompany a temperature 

change and one ot more of the above factors may play a part in masking 

the actual effect of a temperal:ure change, thus rendering the reported 

results subject to doubt. In view of such limitations, it would seem 

that the molecular beam technique, as has been employed in our experiments, 

is uniquely suitable for such investigations. First, the velocities of 

one or both of the incident beams can be selected by a velocity selector. 

Even without such a device, the beam temperatures, and thus the velocity 

distribution of the incident beams, can be varied independently of any 

other parameter. This enables the experimenter to define the translational 

energies of "the reactants more precisely and observe their true effects 

on the rate of the process. Secondly, at least in theory, any excited 

state of the incident beam can be used in our investigation. Metastable 

states with long enough life times such that attenuation between the 

region of formation and the collision zone by decay processes is negligible 

can be produced by electron bombardment prior to entering the collision 

-6 zone. Resonance levels with short life times (e~g., 10 or shorter) 

can be produced at the Sollision. "zorie by optical excitation although 

in actual pr~ctice this method has not beeri used because of experimental 

difficulties. Thirdly, by varying the beam temperatures, it is easy 

to prevent the formation of dimers or other molecules to any measurable 

extent as to have an effect on the final outcome of the process. Simple 

calculations has shown that in our experiments, the amount of dimers 

in equilibrium with monomers is negli~ible, and since collision and hence 

reaction takes place only at the collision zone under single collision 
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conditions, complications due to third bodies in collision are totally 

avoided. Moreover, self absorption is totally absent because of the low 

density of reactants at the collision zone. However" there are limitations, 

the Eost serious of which is the low signal to noise ratio usually 

encountered in such techniques. At least in our case, the velocity 

selected beam is limited to species with low work function because we 

have employed an ionization detector 'instead of an ''Universal'' detector: 

In addition, if 'excitl:!d states of low excitation energy, as in our 

3 case, eRg P2 ,o with excitation energies of 5.46 eV arid' 4.67 eV 

respectively) is used, t-heefficiency of detection is much lower than 

in cases where excited inert gas atoms are used. 'Moreover, it is quite 

difficult to obtain absolute cross sections from such experiments. 

'It -is worth while noting that our experiments are done in the 

thermal energy range. Although there are experiments investigating 

the velocity dependence of Penning and associative ionization with inert 

'7 
gas atoms as well as excitation of Hg ground state atoms by collision 

8 with a metastable molecule, our experiments are among the firs,t ones 

using excited mercurY,atoms in sensitized fluorescence studies. Some 

of the other molecular beam experiments involving excited mercury atoms 

were concerned with intramultiplet conversion. 
. 11 

Martin, et al. has 

obtained relative cross sections for the intramultiplet quenching of 

3 .3 Hg(6 P2) toRg(6 PI) by D2 , CO, NO and a variety of other gases, and 

has attributed the differences in cross sections to competitive processes 

in which highly reactive molecules tend to have small intramultiplet quenching 

10 cross sections. ' Krause, et al. _ has measured the velocity dependence 

of the de-excitation of metastable mercury atoms (63p 2 

.' 



, .. 

,/ 

-5-

t . 
i. 

collisions with H2 , D2 , N2 , NO and CH4 by monitoring the 2537A line of 

mercury. His results suggested that quenching oscurredwhen electronic-

9 vibrational terms of the 'quasimolecule intersect. In addition, Fluendy 

has studied the elastic scattering of Hg(63P2) atoms of pota~sium and 

mercury atoms. It is hoped that the results presented here will serve 

to further our understanding of the process of electronic energy transfer. 
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'II. APPARATUS 

A. Introduction 

The basic plan of the experimental set up consisted of two beam 

sources with the!r respective beam paths aligned at right angles to 

each other, a photomultiplier housing located at the collision 

zone, an electron gun for producing excited atoms, a velocity selector, 

the two beam. monitors, and the associated electronics for the whole 

system. A diagram of the apparatus is shown in Fig. II-I. 
, 

The apparatus described here is actually an improved version of an 

existing one join~ly set up by the author and David D. Parrish in our 

initial attempts at sensitized fluorescence experiments on the'system 

Hg* + TI. Thus parts that have been previously described in detail
1 

will merely be outlined here. 

The eXperimental set up was designed for experiments with 

metallic beams. The lack of a universal detector limited the velocity 

selected beam to that of metal atoms detectable by an ionization detector. 

Without a differentially pumped source chamber, the metastable beam 

was limited to some easily condensable atoms like mercury, and 

excluded the use of metastable inert gas atoms. 

Several problems had arisen in the. course of our first experiments, 

limiting the original design to the study of the TI 5350A line 

fluorescence, and the author has endeavored to solve them with moderate 

success. Firstly, the photon emission from both the electron gun 

. cathode and the ionization filament constituted such an enormous 

background that detection ofa small fluorescence signal was almost 

, impossible except in the more favorable cases.'~ Seconqly, the construction 
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of the oven for the velocity selected beam caused alignment and 

calibration problems because of its sideways thermal expansion away 

from the longitudinal.axis of the slotted' disk velocity selector. 

. 1 2 
Although such alignment errors can be estimated quite accurately, ' 

an oven that expands along the,axis would certainly be a more 

appropriate design. Thirdly, the neces~ity of alignment of ~he 
electron gun ~rior to each experiment was ti~e consuming and increased 

the chance of poisoning the cathode in air. A design that would 

position the electron gun precisely in the beam path could save both 

t~e and effort. 

In addition to these, several minor modifications were made and 

will be described in the following sections. 

,B. Vacuum System 

rhe vacuum system consists of a single chamber with fOur removable 

flanges, all fabricated from heavy aluminum alloy (Alcoa 6061). 

Normally two of the ,flanges are bolted in place permanently to provide 

support for the velocity selector and the ionization detector assembly. 

The other two, flanges may be removed to provide access to the inside 

of the chamber. A 12 in. diameter rotating lid is mounted in the 

top of the vacuum chamber. For the present experiments, the lid is 

fixed in place, providing support for the mercury oven assembly, 

photomultiplier housing and the metastable beam detector. 

The main pumping for noncondensable gases is obtained form two 

~nsolidated, Vacuum Corporations PMC-6B 6 in. oil diffusion pumps 
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(nominal pumping speed of each is 1400 liters/sec) backed up by a single 

Welch l397B two stage ~echanicalpump with a speed of approximately 

15 cubic feet per minute at 10 microns. Since both beams used in the 

present ~eriments are condensable at liquid nitrogen temperature, 
I 

the copper cold shields and liquid nitrogen reservoir lining the 

inside of the entire chamber provides very high pumping speeds during 

experiments. 

A Hasting thermocouple gauge monitors the fore pump pr'essure while 

a Veeco RG-75P iqnization gauge measures the main chamber pressure. 

Diffusion pump power is interlocked to the flow of cooling water, 

the pump temperature and the fore pump pressure. Vacuum seals and 

electrical feed throughs are done in the usual manner as described 

. 1 
in Parrish's thesis. 

-6 
Typical background pressure during experimental runs was 1.6XlO Torr 

and was never allowed to rise above 3x lO-6 Torr. A low background 

pressure is essential to the success of the experiment for several 

r reasons. First, a high background pressure would attenuate the 

velocity selected beam. The fact that Maxwell-Boltzmann velocity 

"-

distributions for the velocity selected beams at low source pressures 

had been measured at background pressures mentioned before was a good 

indication that the background p!essure was low enough because the thallium 

beam path was much longer than the metastable beam path and no pressure 

attenuation of the low velocity side of the distribution was observed. 

Thus pressure attenuation of both beams and distortion of their velocity 

distributions must be negligible during the experimental run. Secondly, 

\ 

due to collisions between excited atom~ and background gas molecules 
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and atoms within the photomultiplier housing, a high background pressure 

generally led to a high photon backg~ound, especially in UV near 2537A. 

The high photon background in our experiments was probably caused by 

this pressure effect. Therefore, should further experiments on such 

a system be performed, the fluorescence detection chamber should be 

housed in a differentially pumped ultra-high vacuum chamber in order to 

enhance the signal to noise ratio. 

c. Beam Sources 

1. .Ovens 

The molecular beam ovens used in this apparatus are of the typical 

'3 
design as .described by Ramsey. Both are double-chambered ovens of 

stainless steel with adjustabl'e slits on the front faces of the upper 

ovens. Each chamber is heated by 0.030 in. tantalum wire insulated by 

ceramic beads. Power is supplied by l40V variable ac powerstats. The 

upper chamber temperature, which can be varied independently of the 

lower, defines the beam temperature, while the lower chamber temperature 

determines the source pre'ssure. Slit widths are adjusted to suit 

effusive flow conditions during velocity selector calibration runs at 

low sour~e pressures although the'effusive flow condition is no longer 
/ 

valid during experimental runs when the source pressures are much 

higher. In order to achieve the very high temperatures of" the velocity 

selected beam,. three to four layers of 0.001 in. of stainless steel 

foil are wrapped around both chambers to minimize radiative heat loss. 

The mercury oven has a thimble containing mercury which fits into 

the bottom of ,the lower chamber. Sealing is achieved by a copper 

~asket. The velocity selector oven is filled from an opening on the 
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top of the lower oven and sealed with a stainless steel cap and copper 

gasket. ' 

One fact worth mentioning is that the upper, chamber is mounted 

on top of the lower oven in such a way that thermal expansion during 

experimental runs will not cause the center of the 'slit to deviate from 

the axis of the velocity selector, thus'eliminating the problem outlined 

previously. Moreove,r, the lower chamber is purposely made much larger 

so that~ even when low density beam materials, such as lithium iodide 

are used, one filling will last at least eight hours at a source pressure 

of -1 Tort. 

Both ovens are supported by thin-walled stainless steel tubes 

welded to the upper chamber in the case of the mercury oven and to the 

lower chamber in the velocity selector oven. 

Bot_h ovens can be repositioned corl!ectly in their mounts by 

means of pins welded into the supporting tube and the clamp as well as 
I ' 

a groove cut in the clamp after initial alignment. The groove fixes the 

correct height and the pins determine how far the oven can'turn in the 

supporting clamp. 

2. Cold Shields, Beam Flag and Collimating ,Slits 

The mercury oven is mounted under the liquid nitrogen trap attached 

to the rotating lid. The entire assembly of oven, electron gun and 

electromagnet is enclosed within the same copper col~ shields 1/16 in. 

thick. The copper shields are plated with nickel to prevent corrosion 

by mercury vapor. It is found that such a configuration effectively' 

eliminates the heated electron gun cathode as a major source of p\1oton 

background. There is no mechanical beam flag for the'metastable 
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mercury beam. However, the .metastable atom beam can be chopped by cutting 

off the bombarding electron beam as will be described later. 

The velocity selector oven is enclosed by double copper cold 
( 

shields, one -immediately surrounding the oven and the other enclosing 

the entire velocity selector. The oven itself is mounted above the 

base plate of _the velocity selector which is in turn located on top 

of a small liquid nitrogen tank fed by stainless steel tubing from 

the outside. ,Cajon ultra high vacuum fittings with aluminum gas~ets 

have been used successfully to give a leak proof seal both at room 

and liquid nitrogen temperatures. Repeated ~esealing entails only a 

change of gasket and is much 'more reliable than the swagelok fittings 

used previously. The velocity selected beam can be cut off by a 

magnetic beam flag mounted on the front surface of the cold shield~ 
, 

Tfie metastable beam is defined by the oven slit width and a 

collimating slit mounted on the photomultiplier housing. The velocity 

selected beam is defined by the oven slit width and a collimating slit 

mounted on the front of the velocity selector. 

Oven ,temperatures are measured by chromel-alumelthermocouples 

inserted in wells in the oven blocks. 

3. Velocity Selector 

The velocity selector is of the slotted disk type developed by 

- 4 5 
Bernste-in and Rothe. The actual design is based on that of 

J. L. KinseylO and modified by D. D. Parrish. l It is driven by an 

IMC Magnetics C.,rp. BT 2910 -H-l synchronous motor. The velocity selector 

motor 'is driven by a synchronous motor driven (designed at the Lawrence 

Berkeley Laboratory) incorporating a Hewlett Packard 6268B DC power 

supply to drive the'oscillator system. 

, , 
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, 
Details of velocity selectoi~ design, alignment and calibration has 

been described elsewhere
l 

and will not be repeated here. The author 

is indebted to David Parrish for designing the velocity selector used here. 

The specifications of the velocity selector are given in Table 11-1 

4. Electron Gun 

The metastable atoms in the experiments are produced by electron 

bombardment utilizing an 'e,lectron gun of a basic design similar to that 
, 

6' 
of Lichten. ' ,It consists of a cathode, a grid, two parallel plates, a 

collector and a focusing electrOmagnet. A schematic of the electron 

gun is shown in Fig. 11-2. 

Electrons are emitted from an ,indirectly heated, impregnated 

cathode purcha~ from Philips Meta1onics(MountVernon, New York) 

supplied with Type A impregnant which is more resistant to poisoning. 

The cathode ,itself is fabr:f.cated from porous tungsten, the pores of 

which have been filled with barium calcium aluminates. In order to 

achieve a 1m., work function surface, the cathode surface, in its 

activated state, is covered by a monoatomic layer of barium which can 

be damaged by positive ion bombardment, oxygen, water vapor, carbon or 

any organic material which may break down to carbon ~nd vapors of 

metals which alley with tungsten, thus reducing the emission from the 

cathode gradually to zero,' Type A impregnant, by evolving more barium 

to the surface, is theref9re less s~sceptable to poisoning at the 

expense of a ,lower emission current. In spite of careful handling and 

isolation from the atmosphere when not in use the cathode performance 

deteriorates, requiring replacement after several experimental runs. 

Therefore, the most important contaminants in our case may be pump 



Table II-I. Summary of characteristics of velocity selector rotor. 

Low Resolution ffIode High Resolution' !-I.od," 

Number of· disks -

Diameter of disks 

Number of sli ~s per disk . 

Rad~allength of slits 

Slit width" 11 

Wall thickness between slits, 12 

at base of slits 

at top of slits 

average value 

, , Averageradiul; 

Disk thickriess, d 

Over-all l(:mgth of rotor, L+d 

~. (averag~) 

Ti(average) 

G 

Velocity sp'read, R 

1)' (average) 

Conversion from rotor frequency 

v (cps); to' velocity Vo (em/sec) 

6 

11.42 em 

11,.26 em 

o.()786 rad 

0.146 

0.0142 

0.0524 

0.132 

15.24 em 

240 

0.635 cm 

0.084 cm 

0.099 em 

0.116 em 

7.302 em 

0.160 em 

0.44 

7 

22.63 em 

22.47 em 

0.1568 rad 

0.073 

0.0071 

0.0:=62 

0.066 
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oil and'1l1ercury atoms. The cathode, spot welded onto two small pieces 

of tantalum, i,s mounted on and electrically isolated from the lower 

magnetic pole face by a pair of ceramic pieces. 

The accelerating grid is constructed from nonmagnetic stainless 

steel with tungsten wires spot welded across the opening. It serves 

to accelerate electrons coming off the cathode and controls the magnitude 

of the'electton current reaching the plates and collector. 

Both the plates and collector are fashioned from nonmagnetic 

stainless steel. The almost equipotential region bound by the parallel 

plates marks the site where electron bombardment and excitation'of the 

mercury beam take place. The collector serves to collect the 

electrons and gives a measurement of the magnitude of the electron beam 

crossing the mercury beam path. Various ceramic spacers keep the 

different components together in a predetermined configuration as 

well as electrically insulate each 'component from the others. The 

grid, plates, collector and ceramic spacers are suspended from two 

nonmagnetic stainle~s steel plates fixed on the sides of the lower 

magnetic pole via four ceramic rods, thus isol~ting the whole assembly 

from ground electrically. The physical dimensions of the electron gun 

are given in Table 11-2. 

Normally the cathode is operating such that the magnitude of the 

~electron current emitted is space charged limited ahd the electromagnet; 

energized by a Kepco Model KQ 12-IUOM regulated DC power supply, produces 
, , 

the magnetic field that serves to confine the beam in a narrow region 

between the plates. Thus the'electron beam approximates one flowing 
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Table 11-2. ElectrpnGun.Characteristics. 

Cathode Emitting Surface 

Width 

Length 

Distance from accelerating grid 

Accelerating Grid 

Width _. 

- Length 

Distance from plates 

Plates 

Distance between plates 

Thickness of plate 

Height 

Length 

Distance from collector 

Collector 

Length 

Width 

Thickness 

Electron .Beam 

Width· 

Thickness 

/' 

0.406 cm 

2.38 cm 

0.318 cm 

0.476 cm 

1.59 cm 

0.159 cm 

0.476 cm 

0.159 cm 

2.54 cm 

3.175 cm 

0.159 em 

1.59 cm 

0.238 cm 

0.08 cm 

2.38 cm 

0.238 cm 
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Table II-2. Continuea 

Atomic Beam 

Height 0.79 em 

Thickness 0.159 cm 

Magnet 

Pole face width 3.6 cm 

:Pole face length 3.6 cm 

:Pole gap 4.4 cm 

Measured field intensity >700 gauss 
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between two infinite parallel plates. Calculations of potentials ,etc can 

then be made using Haeff's7 mathematical treatment. 

The electromagnet is a Cchaped piece of soft iron with enlarged 

pole faces above and below the electron gu~giving a more homogeneous' 

field in the region of the electron beam. The lower pole piece with' 

its smoothly machined L shaped base is remoyable with the electron 

" gun and replaced precisely in the. beam path withovt going through the 

trouble of realignment. The magnetic field is estimated to be in 

~cess of 700 gauss, a value that had been measured before the pole 

faces'are eventually enlarged. 

That the collimation of the Hg beam is not affected by having the 

electron gun between the oven and the collimating slit can be easily 

shown from the mechanics of an inelastic collision between a 14 eV. 

electron with a Hg atom. Since the electron gun is placed very close 

to.the source slit, the loss of intensity by scattering out of the 

beam is minimal because the effect is partially compensated by scattering 

into the beam. 1 Moreover, in comparison witQ the previous design the 

present configuration places the mercury oven closer to the-scattering 

ce,nter by about 50%, and should approximately double the intensity of 

the metastable beam at the collision zone. 

Figure 11-3 shows the form of the excitation function fo~ mercury 

using a previously designed electron gun. However, the excitation 

function measured using the present electron gun is very similar in 

shape. The experimental curve derived from potassium surface measurements 

has two peaks. 3 3 The one-of higher intensity corresponds to the PO' P2 

states of mercury while the broader peak at a higher voltage is probably 
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due to some higher metastable state, 3 12 possibly the D3 state. Borst's 

experimental data (dotted curve) for 3 the P2 state and a theoretical 

13 curve calculated from Moiseiwitsch's results (dashed curve) are also 

shown for comparison. We can attribute the lower energy peak to' a 

3 3 statistical mixture of Po and P2 states produced by electron 

bombardment because this peak disappears when a mercury surface is 

used in place of the potassium one by letting the mercury beam hit 

the detector surface for a period of time. This is to be expected, 

because mercury has a work function of 4.53 y, thus rendering the 

detection efficiency for the 3PO and 3P2 states negligible compared with 

the 3D state. 
3 

'In theory, the present electron gun allows separation of the 3PO 

3 and P2 states of mercury when operated at 0.3 ma emission current. 

However, in oider to improve the signal to noise ratio in our experiment, 

we were operating the electron gun at a higher current, making it 

impossible to separate the 3PO and 3P2 states of merc~ry although 

separation from the higher metastable states was still achieved •. 

Table 11-3 shows the calculated resolution of the electron gun at different 

. 7 
electron currents using Haeff's mathematical treatment. The 

calculation assumes that the magnetically focused electron beam is 

flowing between two parallel plates at voltage Vb under space charge 

conditions. Due to the spac~ charge effect; the potential between the 

plates drops to a minimum at the center of the electron beam and varies 

linearly between the plate and the edge of the electro_n beam where 

no electrons should be present. Thus (V - V ) represents the energy 
a 0 

spread of the electron beam, for the electric potential gradients in 



Table 11-3. Calculated electron gun resolution. 

I = emission current 

Vb = voltage on plate in volts 

V = voltage on edge of electron beam in volts a 

V = voltage.at center fo electron beam in volts 
o 

For I = 0.3 ma 

Vb 4 5 67 8 9 10 11 12 

V 1.50 3.30 4.53 5.74 6.84 7.87 8.95 9.95 ·11.10 o 

V 2.32. 3.88 5.07 6.09 7.20 8.27 a . 

For current I = 0.5 ma 

Vb 6 7. 8 9 10 11 

0.35 10.33 11.40 

12 13 14 15 

V 3.48 4.62 5.92 7.02 o 8.25 9.35 10.32 11.43 - 12.52 13.57 

V 4.08 5.42 6.64 7.69 
a 

For I = 1 rna 

8.80 9.84 10.91 12.01 13;09; 14.10 

Vb 9 10 11 12 - 13 14 15 16 

V 3.83 5.75 7.26 8:40 9.75 10.91 12.0 13.20 
o ' 

V 6.08 7.25 8.52 9.60 10~70 11.9 13.02 14.08 a 

I 
N 
o 
I 



... 

" li , ' 
, I 

-21-

the direction, of 'both the atom beam flow and the electron beam flow are 

much smaller when we consider only the portion where the two beams 

intersect, Le., the region where' excitation of the mercury atoms takes 

place. 

Voltages to the grid, collector and plates are supplied by a 

Lambda regul~ted power supply Model 28 via a voltage divider. The electron 

current arriving at each component can be monitored on the oscilliscope 

or an electrometer. Typically, the collector and plates are held at 

the same voltage while the grid voltage is adjusted to give the desired 

magnitude of current, usuaily between 0.4 and 1 rna. The energizing 

current to the electromagnetic is raised until ~he current flowing to 

the collector is at a mai:imum. 

The electron beam is modulat.ed to allow signal, detection by 

f~equency sensitive techniqges by applying a square wave to the cathode; 

the negative half cycle is at ground potential while the positive half 

i:s at a potential higher than the plate voltage, typically 4,0 V. The 

frequency at which the electrons are chopped has been chosen with the 

following consideration. At too Iowa frequency, it would almost 

be identical to an unchapped beam and the advantages of frequency 

sensitive detection are largely lost. At too high a frequency, the 

fast excited atoms of one cycle would "catch up" with the slow excited 

atoms of the previous cycle at the collision zone, thus invalidating 

our counting technique. In our experiments, it is found that 40 cps 

is a reasonable choice. In addition, the frequency is low enough 

that there is negligible phase shift due to the time of flight of the 

metastable mercury atoms of approximately 10-5 sec. Moreover, with 
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the time-dependent metastable mercury signal at the detector being. a 

* square wave, the Hg speed distribution could be measured by time of 

,flight technique. 

D. Beam Monitors 

1. Ionization Detector 

A surface ionization detector is used for the detection of the 

velocity selected beam, which is limited to a small class of substances 

with low ionization potentials. In our present system, these include 

tha1lium,-·alkali metals and alkali halides. 

In most of the experiments, a directly heated tungsten ribbon 

0.002 in. thick and 0.025 in. wide is used to ionize the incident beam 

molecules. A Universal Electronics transistorized dc power supply provides 

the heating current. The ribbon is spot welded to a thin nickel. plate 

at one end and another thin nickel plate held at an angle to the ribbon 

at the other end. This provides a springy support to' compensate for the 

thermal expansion of the ribbon during operation. The author is 

indebted to Charlotte Sholeen for this useful design. 

The ribbon is mounted within a focusing element and an accelerating 

grid. The focusiq,g element is just a curved piece of wire gal1 zc held 

by ce~amic rods. The curved accelerating grid has an opening .slit 

1/16 in. wide. This helps to cut off most of the thermally emitted 

photons from the heated ribbon while providing an adequate entrance 

and exit opening for the beam molecules. 

Ions coming off the hot tungsten ribbon are mass analyzed in an 

electromagnet where the ions of the right mass would have their 

trajectory bent by 90 0 and impinge on the dynode surface of a magnetic 
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electron multiplier (Model M-306, Bendix Corporation, Cincinnati, Ohio). 

A John Fluke Mfg Co. Inc., Model 408B high voltage DC power supply 

(0...;6 kV, 0-20 ma) in conjunction with a voltage divider system provide 

the-potentials for the electron multiplier, and two Lambda regulated 

power supplies provide the potentials for the ionization detector components. , 

The ion signal, amplified by the electron multiplier is fed into 

a Keithley electrometer Model 610BR and recorded on a chart recorder 

which. can simultaneously record the metastable beam signal. 

2. Metastable Beam Detector 

The underlying principle for the metastable beam detector is the 

process of Auger de-excitation of excited atoms at a metal surface. 

Theoretically, the process can occur whenever the work function of the 

metal surface exceeds the excitation energy of the excited atom with 

the subsequent ejection of an electron from, the metal surface. 

. 8 
Hagstrum has presented a theory on Auger ejection of electrons from 

metal for a smooth and structureless surface. 

In our experiments, the excitation energy of the lowest lying 
. - 3 

excited state of mercury involved is 4.66 eV ( Po state); therefore, 

a potassium surface with a work function of 2.24 V is used in the 

detector. 

The detector includes· a crude potassium oven which deposits 

potassium on a rotating stainless steel cylinder continuously. The 

oven is fabricated from a piece of stainless steel tubing with a 1/16 in. 

slit cut in the front. The tube is sealed off at both ends by swagelok-

fitting caps. The source temperature ~s monitored by a chromel-alumel 

thermocouple inserted in a well in the bottom cap. During operation, it is 
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found that a source pressure of approximately 0.05 Torr is most suitable. 

The rotating steel cylinder where the potassium surface is being 

formed is driven a small electric motor on top ,of ·the detector at a, 

. rate of , one turn per minute. This continuous deposit of potassium 

is necessary to maintain an unoXiaized potassium surface whi~h is 

essential for metastable detection. The cylinder is electrically 

isolated from the motor shaft by ~ plexiglass sleeve whi~h couples 

the two components. A nickel plated copper collector surrounds the 

cylinder with two openings at right angle to each other. One admits 

the metastable beam while th~ other allows the potassium beam to enter. 

Each opening is covered with a piece of wire gauze. During openation, 

the collector is biased at 45 V above.ground potential both to extract 

the ejected electrons from the potassium surface and to prevent positive 

'. ions from entering and hitting the rotating cylinder inside. Two 

thin stainless steel wires are brought into contact with the stem of 

the rotating cylinder at one end and spot welded-onto the signal lead 

o~ the other end. As the electrons are being ejected from the potassium 

surface a positive potential with respect to ground is built up on the 

rotating cylinder. This positive signal is measured by an Applied 

Physics Corporation Cary 31 electrometer and subsequently recorded 

on the second pen of the two pen chart recorder mentioned earlier. 

The upper limit of the theoretical detection efficiency of this 

8 detector can be evaluated using Hagstruffi's theory of Auger ejection 

of electron 'from metal surfaces. This gives a'value of 0.05 for the 

3PO state and 0.08 for the 3P2 state of mercury. The experimental 

efficiency can be estimated from the number of metastable mercury atoms 

.. 

" 
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arriving at the detector and the measured current output from the 

detector. In this calculation, a rough estimate of the eXcitation 

efficiency of the electron gun is needed. Lichten 6 has suggested a 

value of 0.1% 
" 1 while Parrish has estimated a value of 0.01%. 

In any case, the detection efficiency of the present detector is much 

lower than the expected theoretical efficiency, possibly due to surfiace 

,contamination, and the efficiency varies~uite a bit from experiment 

to experiment, probably because of the same reason. Nevertheless, the 

absolute value of the signal is not too important as the time variation 

of the signal is what we are after. 

The attenuation of the metastable beam intensity due to decay 

processes is considered to be negligible because the lifetimes of the 

two metastable states produced are assumed to be long compared to the 

time of flight from the electron gun to the detector. The 3PO + IsO 

transition is forbidden for all types of one photon omission by the 
I 3 

selection rule J = 0 1 J = O. Hence the' Po state is estimated to have 

a lifetime of ~2.4 sec. ll For the 3P2 state, transition to the IsO 

state is forbidden for electric dipole, electric quadrupole and magnetic 

3 dipole radiation; however, t~ansition to the PI state is forbidden 

for electric dipole, but allowed for magnetic dipole and electric 

quadrupole. 3 Thus the lifetime of P2 stat~ is ~O.l sec if the principal 

mode of decay is assumed to be a magnetic dipole transition to the 3P1 
6 state. The velocity of the excited mercury atom at our operating 

4 oven temperatures is of the order of 2x10 em/sec. Therefore, the 

time of flight from the e1ectton gun to the detector would be -of the 

-3 order of 10 sec. Using the above argument, we can safely assume that 
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attenuation by decay processes is indeed quite negligible. 

E. Photon Detection System 

The present system is basically the same as the one presented 

, 1 
previously. The only changes made being the pu1-se amplifiers and 

discriminators. Thus only an outline would be given here. 

The EMl-9558 QB photomultiplier tube is placed beneath a tu_bu1ar 

housing which contains three, focusing quartz lenses, a mirror, a 

diaphram and the mount for an interference filter immediately above 

the photomultiplier window. The tubular photomultiplier housing is 

1Ilounted directly beneath the rotating lid. The' filter has ,to be kept 

around room temperature to prevent an undesirable shift of the wave-

length transmitted during the experiment. The photomultiplier itself 

is shielded from external magnetic fields by both mu metal and soft 

iron shields. During an experiment, the two metallic beams ~rossed 

at the center of the photomultiplier housing which also formed the 

focal point of the first set of quartz lenses below it/and the center 

of curvature of the mirror above it. The mirror served to increase the 

'collection efficiency by reflecting the emitted light towards the lens 

system. The first set of quartz lenses focused the light onto the 

plane of a diaphragm 3/8 in. in diameter. A second quartz lens, with 

its focal point in the plane of the diaphragm, then rendered the light 

rays para1~el before they went through the interference filter. The 

optics of the first set of lens gave a 1:1 object to image size ratio; 

therefore, the'light collection area would be a 3/8 in. diameter circle 

at the center of the photomultiplier housing~ Ii 
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The electronics of the photon counting system is summarized in 

Fig. 11-4. The pulses from the photomul~iplier are amplified by two pulse 

amplifiers (Model 4X9062, 10-03NS) in series. The pulses are then , 

fed into a 100·Me interface discriminator (18X120 lP2) which eliminates 

pulses' below a certain height and renders the larger pulses a uniform 

shape and height for the counter. 

The fact that the electron beam can be chopped by a square wave 

described previously presents a means for frequency sensitive detection. 

The transistor Specialties Inc., Model 1535 Dual Channel 100 Megacycle 

pulse counter can have each of its channels separately gated by a Berkeley 

Nu~lecinics Co •. , Model CT-l, Del-A-Gate delay and gate generator. 

During an experiment, the square wave frequency is fixed at 40 Hz. 

The negative going leg of the square wave triggers one Del-A-Gate while' 
.' 

the positive going leg triggers the other. The corresponding channels 

on the counter are then triggered to count for 10 milliseconds after a 
/ 

2 millisecond delay to allow the excited mercury atom/to reach the 

scattering cen~er. Thus one channel would be counting the background 

plus fluorescence signal while the other would be counting just the 

background. The gate periods on both channels are set to within 0.1%, 

between them. The. counting period is set by a stop watch and the 

counts recorded by hand. 

The photon background depends on both the metastable beam intensity 

and the thermal background inside the chamber. Dependence on the 

metastable,beam intensity is due to the mercury fluorescence produced 

on collisions of excited mercury and background gas molecules. It 

'dominates the photon background when p short wavelength interference 
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filter '(near UV to UV) is used. On the other hand, the thermal 

background predominates when a longer wavelength filter (e.g., >6QooA) 

is used. Therefore, depending on the filter in use, the photon background 

varies from 40photon~/sec to 3000 photons/sec in our eXperiments. 

Judging from the fluctuations in the photon background, the present 

system is capable of detecting signals as low as 3 to 11 photons per 

sec for a 50 sec counting period. 
~ 

F. Ion Detector 

Attempts has b,een made to detect ions resulting from Penning and 

?ssociative ionization of an alkali metal by excited mercury atoms. The. 

alkali metals used were sodium, potassium and cesium. In these experiments, 

an ion collector replaced the photomultiplier housing. Unfortunately, 

9 though such processes has been reported with thermal beams, we have 

not beem able to extract a signal from the background noise., Despite 

the simple design of the ion collector, it should be able to collect 

over 90% of the ions formed in the collision zone. Therefore, the most 

probable reasons for our failure lie in the small cross section for 

ion production and the reduction of beam intensities by the use of a 

velocity selector. Neverthless, a brief description of the ion 

detector will be given below. 

The detector consists'of a steel tube with entrance ~nd exit ports 

for both the metastable and velocity-selected beams. Wire gauzes 

are spot-welded onto each of the openings. The tube itself is 

isolated electrically from its mounting clamp and hence,from ground 

potential by a plexiglass cap. This allows the tube to be biased at 

a positive potential to exclude positive ions from the outside. Inside 
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the tube and imm~diately below the scattering center is a platinum , 

grid biased at a high negative potential (typically 700 to 1000 V) to 

accelerate ions produced in the collision zone to a Bendix Spiraltron 

electron multiplier'mounted at the bottom of the steel tube. The typical 

acceleration field for ion collection-varies from 150 volts/em to 

200 volts/em. Potential-to the accelerating grid is provided by a 

John Fluke Co. 4l2B high voltage power supply (0-2000 V), while potential 

to the spiralton is provided by a John Fluke Co. Model 408B high voltage 

power supply (0-6000 V) via a voltage divider placed inside the chamber. 

Output pulses from the electron multiplier are fed into the counting 

system described in the previous system. 

Initial attempts at detection were plagued by a large number of 

counts dependent on the electron gun current but not on the alkali 

beam. The speculation that electrons are accelerated into the ion' 

collector region with subsequent ionization of molecules and atoms 

,inside the tube led to our biasing the electron gun assembly at a more 

,positive potential than that of the ion collector tube. This led to 

another problem resulting probably from the acceleration of positive 

ions evaporated trom the electron gun cathode into the ion collector 

tube. Eventually, the voltage bias on both assemblies are adjusted 

until a compromise situation is reached ,and the background counts 

corresponding to the electron gun is at a minimum. Typically, this 

seems to occur when the electron gun assembly is biased approximately 

10 V above the ion collector tube which in turn is biased at 90V above 

ground poten~ia1. 
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The typical ion background is from 30 to 60, ions/sec. Using a 

100 sec counting period and assuming a floisson distribution, we should 

\ 

be able to detect ion signals larger than one or two counts per sec. 

Hence, welllay conclude that in our present experiments, the rate of ion 

production at the collision zone is less than\that. Knowing the rate 

* of photon production for sensitized fluorescence of -Hg + Tl, we have 

estimated that the ratio of the cross sections for ion production to that 

of photon production must be less than 0.1. Since sodium can only 

be ionized 

be ionized 

3 by the P2 state of 
. 3 
by both the Po and 

mercury while potassium and cesium can 

3p states at zero translational energy 
2 

the cross section for ion production in the latte~ cases may include 

contributions from both mercury states. 

In summary, ,the ion detector probably needs a better electrostatic 

focussing system that can exclude ions produced outside the collision 

zone and possibly a simple mass spectrometer that can select thaproduct 

ions with the right masses. 
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FIGURE CAPTIONS· 

Fig. II-I. Diagram of the apparatus~ as viewed from above. The beams 

effuse from double chamber ovens and cross at 90 0 at the 

scattering center. The entire surface ionization detector 

assembly (ionizing filament,. ion optics, analyzing magnet, 

electron multiplier, and electrical shield) may be scanned 

in the horizontal direction in order to center the filament 

in the velocity selected beam pro.file. 

Fig. 11-2. Schematic of 'the electron gun. The electron beam is emitted 

from the cathode, passes through the accelerating grid, and 

enters the region between the two plates where it interacts with 

the atomic beam. Finally, it is collected at the collector 

above the plates. Ceramic pieces (not shown here) electrically 

insulate the electron gun components from each other and from 

ground. ,A magnetic field, indicated by H, is'parallel to the 

electron flow and serves to confine the beam between the plates.-

Fig. 11-3. Excitation functions of me,rcury. The solid curves are the. 

experimental curves measured in our laboratory. The abscissa 

is the voltage of t,he electron gun plate with respect to the 

cathode; it was calibrated by requiring the peak in the 

potassium surface curve to coincide with the peak in the 

curve calculated from Borst's experimental data. The two 

broken cu-ves were derived by integrating the data from ,the 

two indicated references over the calculated space charge 

potential in the electron gun used in most of the Tl experiments. 

The mathematical treatment to derive the space charge potential 

is given in Ref. 7. 
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Fig. U-4. Schematic diagram-of the electronic components of the _ 

counting system. 
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III. VELOCITY DEPENDENCE OF SENSITIZED FLUORESCENCE 
. OF THE SYSTEM Hg* + Tl 

A. Introduction 

The phenomenon of "sensitized fluorescence" was first predicted 

by Franck in 1922,1 and Cario and Franck were the fi~st ones ~o study 

* . 2 the Hg + Tl system experimentally. In their experiments, a mixture of 

mercury and thallium vapors was irradiated with light from a mercury 

lamp. It was found that the fluorescent light contained not only the 

mercury resonance line 2537A, but also several thallium lines. 

* Subsequently, the Hg + Tl system and sensitized fluorescence in general 

* has been studied by many groups. Other studies involving the Hg + Tl 

system are given in Refs. 3 to 17. 

Several selection rules have been quoted to predict the relative 

intensities of the different lines excited in sensitized fluorescence 

by Winans. 18 These stated that (1) in a mixture of two monatomic gases, 
( 

A and B, if the excited state of B is lower than that of A, the donor 

atom, then the intensity of the fluorescence from B would be much greater 

than when the reverse is true; (2) th~ intensity of fluorescence of B 

depended on the energy discrepancy between the excited atoms A and B, 

the intensity being greater for a smaller energy discrepancy; (3) the 

intensities of lines in sensitized fluorescence followed the Wigner 

spin rule which stated that the states with the greatest 'probability 

-+ 
of excitation are those for which ES is invariant for-the collision, in 

the case of weak spin orbit coupling (in mercury, the spin-orbit 

coupling is strong, and the cross section for sensitized fluorescence 

-+ 
in which the change in ES is nonzero is not small); (4) the states with 
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the greatest probability of excitation are those for which L:j is 

invariant for the collision •• These rules were being confirmed by early 

experimenters. For example, experiments with apparatus similar to 

that of Franc~ were carried out for mixtures of mercury vapor with 

, 27 
vapors of Cd, Pb, Ni, Ag,. Na, ,Zn and Bi and provided valuable 

26 
information for the formulation of the rules. Beutler and Josephy's 

experiments with sodium and mercury served to confirm the second rule. 

Winans18 also performed experiments with mercury vapor and vapors of 

Pb, Cu, Tl and Cr which led to his statement of the fourth rule. 

* Among the later experimenters working on' the Hg + Tl system were 

R.'H. McFarland, B. Curnutte, Jr. and E. K. Kraulinya. Ail these 
;' 

exper.iments were done with basically the same experimental setup with 

different r~finements and variations. The heart of the system consisted 

of a fluorescence cell with side arms for the metal vapor sources, 

* Le., mercury and thallium for the Hg + Tl system. The temperatures of 

the fluorescence cell and both side arms were maintained independent of 

each other, with the fluorescence cell being kept at the highest 

temperature. Theoretically, the temperatures of the side arms controlled 

the yapor pressures of the metal'vapors and the fluorescence cell 

temperature determined the kinetic energy of the collision species. 

However, in practice,'Kraulinya found that variation of the fluorescence 

cell temperature did have an effect on the number density of thallium 

atoms in the cell. The mercury atoms were excited to the 6~P state 
1 

by a' 2537A line light source and the result,ing thallium fluorescence 

was detected by a photomultiplier at right angles to the exciting light 

beam. McFarland8 ,9 obtained relative collision cross sections for 
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excitation~of different thallium lines with and without the addition 

of foreign gases like ,argon and helium. He explained his results by 

citing the role of the foreign gases in regulating the number densities 
3 3 l· 3 -

of Hg(6 PI)' Hg(6 PO) and excited mercury molecules Hg2 ( au) in the 

collision zone which he believed were the mercury state~ responsible 

for the excitation of thallium levels. B. C. Hudson andB. Curnutte, Jr. 

experimentally determined the ~e-excitation cross section of the mercury 

63Pl state by thallium and the excitation transfer cross section from 

the mercury 63Pl and 63Po states to different· thallium states. In 

particular, they found that for the thallium 72P3/2,1/2states, which 

radiate to the lower states through ~he 7
2

Sl / 2 state (S3SoA for ]2Sl/2 

222 
to 6 P

3
/ 2 and 3776A for 7Sl/2 to 6 Pl / 2 ' the ground state of thallium), 

. 2 
the excitation transfer cross section increased from l7.6±6.0A to , 

23.3±7.2A2 when the temperature of the thallium side arm was raised from 

800°C to 900°C. This was explained in terms of the increased number 

density of thallium atoms which a.1so served to reduce the rate of loss 
3 . . 

of metastable (6 PO) mercury atoms to the walls by reducing the mean 

free path of the mercury atoms. The research group of E. K. Kraulinya 

* (Refs. 14-17 and 28) has done the most extensive study on the Hg + Tl 

system. They measured the absolute cross sections for excitation of 

11 thallium lines at thallium side arm temperatures from 437°C to 

800'OC. Their values for the thallium s3soA line, after accounting for 

hyperfine structures, indicated an increase from 2SA2 to lSOA2 within 

the temperature range mentioned above. This was by far the most intense 

line observed, with an excitation cross section from 5 to over 100 times 
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larger than those of the other lines. The next in line were those 

2 
lines coming from the thallium 6 DS/ 2 ,3/2 levels which should not 

2 
contribute very much to the population of the 7 Sl/2 level from which 

2 
the S3S0A line origin<;lted .. Since the 7 Sl/2 level is 1.6 eV below the 

3 . 
mercury 6 PI level, the cross section for direct excitation of this 

level should not be very large according to the section rules listed before. 

2 - Thus it is quite likely that the 7 Si/2 level is populated to a large 

extent by cascade transitions from upper levels populated by direct 

excitation. However, the very small excitation cross sections for the 

lines originating from those levels which should be mostly responsible 

for populating the 72~1/2 level did not seem to support that idea. 

3 Kraulinya had suggested that the mercury 6 PO,l states as well as some 

molecular states were taking part in the excitation process, and that 

not only ground state thallium atoms, but also' some thallium atoms in 

2 
the metastable ~ P

3
/ 2 state were excited by the mercury atoms. Thus 

the ~esults from all these bulb experiments, being plagued by all the 

uncertainties pertaining to that· technique as mentioned in Chapter I, 

did not present a very clear picture of the process of sensitized 

fluorescence. The present experiments, employing crossed molecular 

beams of excited mercury atoms and velocity selected thallium atoms 

and a sophisticated photon detection system, is designed to compliment 

the results of the bulb experiments. Moreover, in the previous 
, 3 

experiments, the excited mercury state was either the 6 PI state or the 

63PO state produced by collision with foreign gases or thallium atoms 

in an intramultiplet conversion. The exact role in the excitation 

of thallium fluorescence played by the mercury 63Po state is not clear 
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and notlJ.ing is known as to whether the 63P2 state will also excite 

thalliUm fluorescence-if present in the collision zone. The present 

experiments, in working with the 63PO ran~ 6~P2 states of mercury which 

are produced in a 1:5 statistical ratio, will help to answer tha.t 

questi'on in part. The advantages as well as shortcomings of this 

technique were already discussed in the operiing chapter and will not 

be repeated ,here. 

Figure III--1 represents an energy level diagram for thallium. All 

of the thallium levels involving excitation of the othermost p electron 

are shown together with the emission lines that have been detected in 

* previous studies of the ng + ~l sensitized fluorescence system. The 

two meta$table states of mercury taking part iIi the energy'transfer-in 

our experiments are also indicated. 
. 3 

The mercury 6 PI state, with an 

excitation energy of 4.86 eV, has not been shown. Because of its 

short life time, any 63Pl mercury atom produced by electron bombardment 

would have radiated to the ground state before' reaching_the collision 

3 zone; therefore, the mercury 6 PI state did not take part in exciting 

thallium atoms in the collision zone. Although 63p mercury atoms may 
1 

3 be produced by collisions of 6 P2 mercury atoms with thallium atoms in 

the collision zone, they would have passed out of the collision zone before 

a second collision can take place under our experimental conditions. 
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B. Experimental Conditions 

The apparatus for this study has already been described in detail 

in the previous chapter, so it is sufficient just to describe the 

general procedure followed in the course of an experiment. 

After the vacuum chamber was ,cooled and pumped down to a low enough 

-7 pressure generally iIi the range of 7xl0 Torr, the two metallic beams were 

prepared in their respective double~chambered ovens by indirect heating 

with tantalum wires, care being taken that the upper ovens were always 

maintained at a higher temperature than the lower ovens. This was done 

to,prevent condensation of beam material in the upper chambers. The 

temperatures of ~ll four chambers were checked and recorded periodically 

throughout the experiment. The velocity selector was kept in motion 

before the thallium ovens heater elements were turned on to ensure that 

no local clogging of the slots of the disks of the selector would occur. 

At the same time, the electron gun cathode would be activated by 

maintaining it at approximately 1100°C for several hours until the 

emission current had reached a maximum value. After the activation 

procedure, the cathode temperature was maintained at a value that 

would give the required emission current which in these experiments 

was set at 0.3 mamps.* It is not necessary to measure the cathode 

temperature every time because a calibration chart of cathode temperature 

again~t heater current was experimentally determined when the cathodes 

were first purchased. Since we have been' using the same type of cathode 

* *' The electron g~n used in th~ Hg + TI experiments was that described 
in Ref. 22. The electron gun described in Chapter II was used in 
Hg* + alkali halide experiments described ina later chapter. 
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throughout these experiments, we could set the heater current corresponding 

to the correct temperature by referring to the calibration chart. During 

the electron gun operation, the focusing magnet current was kept at 

100 amps, corresponding to a field in excess of 700 gauss. The electron 

-
gun current could be adjusted 'by changing the accelerating grid voltage. 

In our experience, the life of the cathode could be lengthened if we 

cooled the vacuum chamber before the diffusion pumps were switched on. 

This would help to prevent most of the pump oil from attacking' the 

cathode by trapping it on the cooled copper cold shields. 

Before the thallium ovens were warmed up to their normal operating 

temperature during an experimental run, the ionization detectorw~uld 

be cleaned by heating and then positioned at the center of the beam 

profile. Then a velocity 'distribution of the, thallium beam at v~ry 
, , 

low source pressures was measured. The data was later used for the 

calibration of the velocity selector. Meanwhile, the metastable detector 

was readied by allowing ~he surface of the rotating cylinder to be· evenly 

covered with pqtassium from the potassium oven. 
(. 

As the sensitivity of 

the metastable detector became stabilized, the plate and collector voltages 

of the dectron gun were adjusted to the peak of the excitation function 

corresponding to the mercury 63Po and 63P2 states. The two channels 

on ,the scalar were then set for equal periods with the proper delays 

as described in the previous chapter. The slight drift in the delay 

periods during the course of an experiment were not too serious,but 

the counting periods on the two channels must be kept equal (to within 

0.1%) so that we could assert that the small differences in counting 

rates between the two channels were due to positive photon signals rather 
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than an inequality of the counting periods. Therefore, the counting 

periods were checked and corrected periodically throughout the experimental 

run. 

,When an experiment was in progress, the photon counts were recorded 

by hand while ~he 2-pen chart recorder simultaneously recorded both the 

metastable beam flux and the velocity selected beam flux. For a 

typical background counting rate of 400 to 500 counts/sec and a photon 

counting rate of 30 counts/sec or less in- these experiments, we have 

adopted a counting period of 100 sec. At the start of the experiment, a 

set of ten to fifteen evenly spaced thallium velocity settings were 

chosen. At each velocity setting, the rotational frequency of the 

rotor, the beam fluxes and the photon counts were recorded. The series 

of velocity settings were,then gone through several times at random, 

the same data being recorded at each setting. Periodically during a 

scan of the velocities, a counting period was completed with the thallium 

beam blocked by the magnetic beam flag. These beam flag runs were 

later used to estimate the time variation of the background counting 

rate in the data analysis. 

Throughout the\different velocity scans, the interference filter 

was kept around room temperature by insulated heating wires ,around the 

photomultiplier housing. However" if the filter was allowed to cool 

down slowly, the photon signal gradually dropped to zero although the 

beam fluxes were maintained ,constant. Since the central wavelength of 

the filter is a function of temperature, (in the case of a 5350A filter; 

there is a shift of O.lA for each lOC change in temperature) we have 

effectively proved that the photon emission observed in our experiment 
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is due to line emission (this has been done for the 5350A line only) 

and not a continuous emission. 

A separate experiment was performed in which the thallium velocity 

setting was fixed, but the plate and collector voltages of the electron 

gun were varied. The purpose of this experiment was to determine whether 

3 the metastable mercury states higher than the 6 P2 state were responsible 

for exciting the thallium levels. (These highe~ states are responsible 

for the 10 V peak in the excitation function of mercury shown in 

Chapter II. However, the threshold for their production is lower and 

3 . ) may be produced along with the '6 P2 ,state. If they were, then, the 

cross section for excitation should continue to rise after the electron 

gun voltages were raised above the peak of the mercury excitation function 

3· 3 corresponding to 6 Po and 6 P2 production as more and more of the higher 

metastable states were produced by elec~ron bombardment. The result of 

the experiment for excitation of the thallium 5350A line fluorescence 

was tabulated in Table III-I. It was found that, within experimental 

error, at voltages lower or higher than the peak of the excitation 

function for 63p . production, the calculated relative cross sections were 
0,2 

lower. 
2 ' 3 

This certainly served to show that only the 6 Po and 6 P2 states 

of mercury were responsible for the excitation of the thallium 5350A line 

fluorescence observed in our experiments. 3 Although the 6 PI state 

would also be produced by/electron bombardment at the same ti~e,' its 

-7 
short life time of 10 sec precluded that produced by electron 

bombardment from taking any part in the energy transfer process at 

the collision zone for it would have radiated to the ground state long 

before reaching the re.·· However, there existed the possibility of 

.' 
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Effects of electron gun 

It 1 
f, 

voltage 

relative cross sections. 

Relative Cross Section 
Electron Gun Voltage (arbitrary units) 

4 volts 0.332±0.057 

6 volts 0.4l9±0.05l 

8 volts 0.056±0.093 

variation ·on the 

Relative Velocity 

4.5Xl04 em/sec 

4.5Xl0
4 

em/sec 

4.5Xl04 em/sec 
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mercury atoms in the collision zone being excited by photons emitted by 

63Pl mercury atoms in the electron bombardment region; theref?re, an 

experiment was performed to measure,mercury 2537A fluorescence in the 

collision zOne as a function of the time of flight from the electron 

bombardment region to the collision zone. If the emission of 2537A line 

3' 
fluorescence was ,due to 6 PI mercury atoms produced in the manner 

referred to abov~ the emission would be almost instantaneous. Our 

measurements die not support 'this. Instead the results indicated that 

,the fluorescence was mainly due to 63Pl atoms produced by collisions of, 

63p mercury atoms and background gas molecules. A plot of fluorescence 
2 

intensity against time was reminescent of the velocity distribution of 

excited mercury atoms. 3 Thus we may conclude that the mercury 6 PI state 

does not play a role in the excitation of thallium line fluorescence 

in our experiments. 

Perhaps he're is the' place to discuss the possibility of species 

other than thalliUm atoms and mercury atoms taking part in the collisions. 

Th it d H dim h f b . dB ,16 ibl e exc e g2 er as 0 ten een mentl.one as a poss 'e 

contributor to the excitation of thallium fluorescence in bulb 

experimen~s. The dimer itself has a dissociation energy of 0.06 eV. 19 

Its other molecular constants are listed in the same reference. The 

bonding is so weak that its percentage composition in a molecular beam 

of mercury atoms has not been measured. Thus we can only, estimate its 

percentage composition at our operating beam temperature using statistica~ 

mechanics. It turned out that the Hg2 dimer would constitute only about 

-6 10 % of the mercury beam, a totally negligible factor in the process 

studied. The thallium dimer T1
2

, with a dissociation energy of 0.6 ev,20 
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i;" J 

, 
21 

is better known. . Miller and Kusch has cla:bn.ed that at a source pressure 

-2 of 4xlO Torr, the dimer T12 constituted less than 0.05% of their 

thallium beam composition. Using these values and correcting for the 

temperature variation of the equilibrium beam composition, we have 

found that the dimer constitutes less than 0.2% cif the beam composition 

at our ope~ating beam temperature. Even at the lowest thallium velocity 

setting where the dimer composition should be most significant, the 

dimer constitutes less than 0.35% of the beam composition. Moreover, 

if the thallium dimer were contributing significantly to the line 

emission, it would be quite hard to explain the much higher counting 

rates at the higher velocities where the dimer concentration is 

negligible and the monomer concentration is at a maximum. Therefore, 

we can conclude that the most important process giving rise to the 

thallium fluorescence is the electronic energy transfer between mercury 

3 6 PO,2 atoms and grourtd state thallium atoms. 

c. Data Analysis 

The number of photons N emitted per unit time in the collision 

zone can be represented by the following expression. 

(1) 

where 

* ~ = number density of Tl, Hg atoms in the collision zone of 

volume V. 

* vTl ' vHg = velocity of Tl, Hg atoms. 
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g = initial relative velocity = (V~I+V~g)I/2 

normalized number density probability density 

* speed distributions of the TI, Hg <atoms in the 

collision zone. 

Qeff(g) = effective total'cross section for excitation of 

fluorescence from the observed level either by 

direct excitation or by exciting higher levels that 

can populate the observed level by cascade transitions. 

In our data analysis, we have not attampted to deconvolute 

* Qeff(g) from the thallium and Hg velocity distributions directly. 

, Instead, a two-step indirect procedure was employed. First, the most 

* probable beam velocities (the most probable Hg 'velocity is calculated 

by IkTH /ML. i.e., the most probable Hg source velocity divided by 1:2. 
g -~g. . 

The most probable thallium velocity is that trans,mitted by the ve'locity 

selector) were assigned to both beams in order to extract an approximate 
, 

effective- cross section Qeff(g) as a function of relative velocity. 

Secondly, different curves representing the possible velocitY,dependence 

* of Qeff(g) were averaged over the thallium and Hg velocity distributions 

P(vTl) and P(vH ) to reproduce the approxi~ate experimental curve of 
- g , 

Qeff(g) vs g obtained in the first step. The first step' has already 

been discussed in detail in Ref. 22, but will be summarized here for 

the sake of clarity. The second step and the calculation involving 

the experimental velocity distributions will be discussed in much greater 

detail in the following sections. 
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Extraction of an Approximate Curve of 
Q~ff (g) vs g 

No attempts have beemmade in the present study 'to estimate the 
/ 

absolute cross section for the process, hence we have not tried to determine 

the detection efficiencies of the beam monitors 'and the photon detection 

system experimentally, As a result,only relative cross sections will 

be +eported. 

The raw data collected in the experiments were the photon counting 

rate ShV' the metastab~e beam flux SHg and the thallium b:am flux STI' 

'* If we assigned the most probable Hg velocity to the metastable beam 

and assumed a delta transmission function for the velocity selector, 

'* ',we could evaluate the number densities of thallium and Hg atoms at the 

collision zone to within a constant. (The constant involves detector 

efficiencies and correction for distapces from beam sources to the 

collision zone instead of to the detectors.) The relationship between 

beam flux' and number density is characterized by: 

where aHg = most probable Hg source 

THg = temperature of mercury upper oven 

~ = weight of mercury atom 

v = most probable TI velocity transmitted by the velocity o 

selector. 
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The determination of v from the rotor frequency will be discussed, later. 
o 

Again ass,uming monoenergetic beams, the integration through velocities 

in Eq. (1) will give: 

, 
N = VnTl~gQeff(g)g 

The photon counting rate ShV is propo!tional to N, therefore, by 

subst,itution of STI and SHg for the number densities, t;.re will arrive 

at the relationship: 

, ShV C 

Qeff (g) = (S )(S - ) , -1!s. Tl (12) ex v g 
Hg '0 -

where C = propertionality constant representing V, the detection 

efficiencies and other factors independent of g 

g _ (a;' +v!)1/2 

(2) 

(3) 

The next problem involves converting the- counts recorded from the 

two scalar channels A and B into the photon counting rate ShV (in units -

of counts/lOO sec). Counts on channel A were reoorded when the 

metastable beam was in the "on" cycle of ,the square wave and thus 

represented the thallium fluorescence signal, background due to mercury 

fluorescence and the background due to, thermal noise inside the chamber. 

Counts of channel B were recorded during the "off" cycle of the metastable 

beam and therefore represented only the background due to thermal noise. 

For the thallium 5350A lin~the background counts due to mercury 

fluorescence getting through the interference filter was negligible and 

during "beam flag" runs in which the thallium beam was blocked, the 

counts on both channels were almost equal within statistical fluctuations. 
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However, when a shorter wavelength filter was used (e.g., 29lsA or 2826A), 

the mercury fluorescence background became large enough to make the 

counts on channel A significantly larger than those on channel B during 

a "beam ,flag" r,un. Thus it became necessary to estimate the time 

*-
variation of this Hg dependent background by substracting the counts 

on channel B from the counts on channel A when the thallium beam was 

blocked and dividing the difference by the metastable signal. Since 

these beam flag runs were taken periodically throughout the experiment, 

we would have a series of such data points spread out in time. The 

data points wer,e then fitted to a straight line or a Legendre Polynomial 

function as a-function of time. * Then Bkgd(t), the Hg pependept back-

* ground could be estimated by multiplying the Hg signal at time t by 

the value of the fitting function at time t. The photon counting rate 

was then calculated by substracting Bkgd(t) from the difference between 

the counts on channels A and B at time t, the time when that particular 

PQoton counting rate was recorded. This can be represented by the 

equation: 

ShV = I(NA ~ NB) IOO/TN - Bkgd(t)] (4) 

where NA, NB = counts recorded on channels A and B 

TN,= counting period ,in sec 

By substituting for ShV in,Eq.' (3), rearranging terms and setting 
, , 

the relative cross section Qrel(g) equal to Qeff(g)/c, we have arrived 
, 

at an equation for calculating the initial values of Qrel(g). 
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., 
Qrel(g) = I(NA - NB) IOO/TN - Bkgd(t)] 

(5) 

(
-1. + _2_)-1/2 

v a,2 
o Hg 

The next step is to, time normalize the relative cross sections 

obtained above. The need for time normalization arises because during 

the course of the experiment, the detection ef:ficiency of the beam 

monitors and photon detection system could change, and the relative 

cross section for a given velocity setting might change by a factor 'of 

3 or 4 during the experiment even though the beam fluxes were monitored. 

One of the ways to correct for this is described below. The procedure 

used here utilizes all the data points by fitting "reduced" relative 

cross sections to a Le,gendre polynomial expansion in time. The "reduced" 

relative cross sec'tion for a given velocity setting is calculated by 

dividing the relative cross section calculated for that velocity by 

the average relative cross section of the same velocity for that 

particular experiment. After normalization, a new set of relative cross 

sections can be calculated from the time-normalized "reduced" cross, 

sections. This procedure is repeated until a satisfactory fit which 

will not blot out the natural scatter of the data points is obtained. 
, 

The final form of the curve of Q leg) vs g is the approximate curve re 

mentioned in the beginning of this section. The theoretical st~ndard 

deviations are calculated by error propagation and the experimental 

standard deviations are calculated from the actual scatter of the· final 

data points from the mean value. The standard deviations calculated in 
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. I 

both ways agree with each other, indicating that we have not over-corrected 

our results in the time normalization procedure. All the above calculations 

were being incorporated into a computor program for analysing the 

thallium data. Some of the limitations of this program will be discussed 

in the next chapter. 

2. Velocity Selector Calibration and Beam 
Velocity Distributions 

There is a definite relationship relating the rotational frequency 

of the rotor to the actual velocity of beam particles transmitted through 

the rotor. The derivation of that relationship for a perfectly aligned 

beam has already been dealt with in Ref. 23. However, in real life, 

this is not always possible. When an optical alignment procedure is 

relied upon, we can only align the beam axis with the rotor axis to 

within the thickness of the cross hairs of the cathotometer, i.e., to 

within 0.001 in. or so. If account is'taken of the error that can,b.e 

introduced when the thallium even is repositioned in its mount without 

realignment, the accuracy of the alignment is probably only within a 

few thousandth of an inch. Misalignment will shift the peak of the 

transmitted velocity and affect the transmission function of the rotor. 

The effect on the latter will be discussed in the next section. For 

. a beam misaligned by an angle a, Le., when the beam axis deviates from 

'the rotor axis by an angle a, the ~ost probable velocity v transmitted is: 
o 

is: 22 

v 
o 

(6) 
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where V = rotational frequency of the rotor 

L = length of the rotor 

r = disk radius 

</> = angle through which the rotor disk turns while a molecule with -

velocity v travels the length L. 
- 0 

In this equation, the small angle approximation is used. The quantities 

inside the square brackets represent the conversion factor R. The 
o 

purpose of the calibration procedure is to evaluate R. The method 
o 

./ 
hinges on obtaining a Maxwell-Boltzmann flux distribution at very low 

source pressures; for the 'thallium beam at the beginning -of the experiment. 

One can then match the peak of the experimental flux distribution curve 

with that of a' theoretical one. Reference 22 has presented a procedure 

by which this can be done. The procedure resorted to here utilizes all 

the data points collected in the velocity measurements and is described 

below. Both procedures give almost identical values of R within 
o 

experimental errors. 

For a molecular beam at very low source pressures, the flux 

distribution leV) is Maxwell-Boltzmann, i.e., 

3 2 leV) 0: v exp{-(v/a
TI

)] 

where exTI = most probable sour~e velocity of thallium. However, when 

a slotted disk velocity selecto~ is used, the transmission of the 

rotor T(v ) is determined by both the'flux distribution of the beam 
o 

lev) and the effective slitwidth or admittance of the selector B(v,V) 

for different velocities. If one assumes a homogeneous distribution 

within the small velocity range admitted for a given rotor frequency v, 
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then I(v) can be replaced by I(v). It can be shown23 that the following 
o 

equation for the transmission of the rotor can be obtained • 

(7) 

where G = a proportionality factor involving the geometry of the rotor and 
\ 

integration constants independent of velocity. The extra velocity factor 
J 

v arises'from the fact that the transmission of the rotor is itself 
o 

proportional to the velocity of the transmitted particle. Thus the 

percentage resolution of the velocity selector is.not a function of v . 
o 

In terms of the rotor frequency \l Eq. (7) becomes: 

(8) 

By rearranging terms and taking the natural logarithms on both sides, 

Eq. (8) becomes: 

(9) 

Maxwell-Boltzmann flux distribution is applicable, this procedure can 

provide a simple way of obtaining R. The value of R obtained deviates 
o 0 

from the theoretical v~iue for perfect alignment by less than 5% in most 

cases. In the event that a Maxwell-Boltzmann flux distribution is not 

, 22 
obtained in the calibration run, an approximate p:r:ocedure using a 

flux distribution predicted·by the Laval nozzle theory is employed, or 
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the misalignment angle a can be estimated from the deviation of the 

center of the beam profile from the position for perfect alignment, 

and R is then calculated using Eq. (6). 
o 

During the actual experimental run, the source pressure is usually 

so high that the velocity distribution differs appreciably from that 

predicted by the Maxwell~Boltzmann distribution. In order to obtain 

an algebraic expression that can adequately describe the shape of the 

distribution for calculations in the deconvolution procedure, we have 

d d I f 
- 24 ' a opte an empirica ormula which probably has no theoretical basis 

and is only useful when we already know the value of R. Moreover, it 
0, 

should be emphasized here that the actual form of the distribution 

function has little effect on the deconvolution as will be evident 

from the results later. In this empirical formula, Eq. (7) becomes: 

Hence, Eq. (9) becomes 

, (11) 

where a and b are the parameters that can be varied such that for a 

knoWn value of R , the best straight line fit,is obtained. The resulting 
o 

empirical expression for the transmission function is then used in the 
, 

deconvolution computer program. 

The flux distribution of unexcite4 mercury atoms-emerging from the-

upper oven may be close to that predicted by a Maxwell-Boltzmann 

distribution, but flux distribution of the excited mercury atoms arriving 

" 



" , , 

-59-

at the collision zone is very different. The number of metastable mercury 

atoms constitutes only 0.01% to 0.1% of the beam composition (see 

Chapter II) 9fte~ excitation by electron bombardment. Since the 

efficiency of excitation is far below the saturation level where very 

mercury atom is excited, the longer an atom stays in the electron 

bombardment region, the greater the probabilit:y that it will be excited 

Le., the probability of excitation in inversely proportional to the 

velocity of the atom. Thus, the metastable mercury velocity distribution 

should show an enhanced intensity on the low velocity side. Therefore, 

for the reason stated before, it was decided to adopt the~following 

fluxdistribut10n for the metastable mercury atoms in the deconvolution 

program. 

3. Transmission Function of the Velocity Selector 
for a M1s&ligned, Divergent Beam 

~he flux of particles with velocity v that passes through a 

velocity selector is the product of the flux distribution of the 

parent beam and the admittance of the selector to that velocity. The 

first term has been dealt with in the previous section. The admittance 

of the selector will be described here. 

The admittance of the selector B(v,V,a) is a function of the velocity, 

the rotor frequency v as well as the angle of misalignment a •. Bernstein23 

has derived equations for the admittance ofa slotted disk selector 

from the geometry of the rotor for a perfectly aligned, non-divergent 

beam. 25 ' Gillen has further generalized the equations to describe the 
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B(v~V,a) function for a misaligned, non-divergent beam. In the case of 

a misaligned, divergent beam, the situation is further complicated 

by the 'resurting dls'tribution of misalignment angles. Perhaps 

Fig. 111-2 can help to describe the parameters used in the ensuing 
, 

discussion.· As is evident from the figure, a 'is the angle between 
a , 

,the main beam axis and the rotor axis. 01. and <5 are always positive 

quantities. The distribution of angles ranges from(a~ - ci')to(~~ +,a') 

designated by a i and a respectively from now on. The parameters mn max I ' 

; 
, 

a and <5 are defined by the geometry of the beam defining elements, 

the first of which is the width of the upper oven slit. The second 

element-is determined either by the width of the collimating slits or 

the width of the area across the beam path from which the beam is 

viewed. The more constricting of the two applies. Thus at the collision 

zone where the reaction take~ place, the collimating slit width will 
, 

serve to define a and <5 whereas in a velocity distribu,tion measurement, 
, 

the width of the ionization ribbon will determine a and <5 because 

the detector is not wide enough to ,"see" the entire-width of the beam. 

Since at each misalignment angle a the range of velocities transmitted 

is different, a distribution of a will widen the spread of velocities 

transmitted through the rotor! In the case of a velocity distribution 

measurement, the effect is not too important, but at the collision 

zone, the dis~ribution of a fsgreater and the effect on the range of 

velocities transmitted is no longer negligible when compared with a 

parallel beam. 
, 

In addition, the .angle a affects directly the most 
o 

probable velocity transmitted through the rotor., This is obvious when, 
"'-, 

a: in radians is substituted inEq. (6). -Therefore, it is deemed necessary 
o 
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to derive analytic expressions for the transmission function for a 

misaligned, divergent beam to be used in the deconvolution step of 

the data analysis. 

Before going further, it should b~ mentioned that another factor 

could affect the transmission of the rotor. This is the effect cause 

by the deposit of beam material between the slits of the selector disks. 

From our experience, the beam material was only deposited on the side 

of the slit rotating towards the rotor and, therefore, only attenuated 

the high velocity side of the admittance function B(v,V,a). Moreover, 

calculations have shown that this is only a minor effect and we are 

justified in neglecting this effect in our deriyation. We also assume 

that the disk thickness d is equal to zero, for in actual calculations, 

the value of (d/L) and not the value of d is the important one. (The 

value of d!occurs in the equations for the velocity selector as a 

correction term for the actual path length through the. rotor i. e. , (L + d) 

irlstead of Lj hence, the term (d/L) is a measure of the error in an 

infinitely thin disk assumption. )- In our ~otor design, d/t is equal 

to 0.0142. The slit widths of the disks are assumed to be equal and they 

are machined within very na~row tolerances (0.001 in.). In addition, the 

derivation is made for the beam geometry in 'our experiment in which the 

thallium oven slit width' is equal to the collimating slit width, 

i.e., a = O. Before proceeding further, it should be emphasized that 
, , 

the expressions derived here are only valid for (a ± a ) smaller than a, 
o 

where a represents the ratio 1/L with 11 being the average width of 

the slot of the selector. If this is not so, the beam may be blocked 

by the wall between the of the intervening rotor disks. In such a 
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case, all the expressions for the transmission and resolution of the 

rotor will no longer be ~pplicable. Figure 1II-3 is a: rolled-out 

diagram of part of the selector. It may make the above section clearer 

and also serves to define spme of the symbols used in our derivations. 

It has already been stated at the beginning of this section that 

the probability of a particle traveling with velocity v getting through 

the selector rotating at a frequency 'V is a product of two terms. It 

will be derived below. 

Pf(V,V) = ~ 00 B(v,V,a) D(a) I(v) da (12) 

....00 

where Pf(v,V) = the probability function stated above 

D(a) = angular weighing function dependent o,n the beam geometry. 

(It will be described later.) 

l(v) = probability density flux distribution'of the parent beam. 

I(v) is not dependent on a and D(a) is a function that has been normalized 

to 1, i. e. , 

(13) 

If we define the a independent admittance function B(v,'V) as: 

B(v,~) = f 00 B(v,V,a) D(a) da 
....00 

(14) 

then we shall have 

Pf(v,v) = B(v,v) I(v) (15) 
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By integration of Pf(v,V) through velocity we can calculate the transmission 

of the selector T(v ), a function that has been dealt with in the previous 
o 

section. We shall now concentrate on deriving analytic expressions for 

B(v,V). 

25 Expressions for B(v,V,a) have already been derived by Gillen and 

summarized in Ref. 22. They are again listed below. For a fixed 

rotational frequency v, 

B(v,V,a) = 0 

B(v,\i,a) = Bl (v,v,a) = 

B(v,V,a) = B2
(v,V,a)= 

B(v,V,a) = 0 

a < SL(v) 

n [1 - (2lf~L - ~ - a~) ~l] 

n[l 

S (v) E;; a E;; 
L 

(2lfVL + ---4> v 
- aL )~J 
. r R.l 

S (v) E;;a E;; 
x 

a > S (v) 
u 

where n = fra,ctional openf.ng time of the rotor = R./ (R. l + R. 2 ) 

a (v) ,x 

S (v) u 

R.2 = thickness of the wall between slots in a selector disk 

The angles a (v), S (v) and aL(v) are best defined by referring to u x 

(16) 

(17) 

(18) 

(19) 

Fig. 111-3. In the figure, the main beam axis coincides with the rotor 

axis when there is perfect alignment. It can be seen that if a particle 

with velocity v travels along a path at an angle Sx(v) to the rotor axis, 

it is most likely to pass through the slots. However, if the same 

particle travels along a path at an angle greater than Su'(v) or less 
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than' SL (v) to the rotor axis,' it will hit the wall between the slots. ' 

For infinitely thin disks, 13x (v) is midway between 13u (v) and 13L(v?, the 

angle between S (v) and /3 (v) or 13L(v) being e. . x u 
a, the angle 

sub tended by a slot on the last disk of the selector to the corresponsing 

slot on the entrance disk of the selector, is defined by the ratio 

/3 (v) can be derived from the geometry and rotatib'nal frequency 
x 

of the rotor. 
/' 

/3 (v) = 2rrVr _ ¢'r (20) 
x v L 

, 
NoW we have ,to obtain an algebraic' expression for D(ex.). Physically, 

DCex.) can be interpreted as the probability that a particle traveling along 

a path making an angle with the rotor axis will get through the two 

beam defining elements irrespective of its velocity. If 'we are "viewing" 

the particle from the coJlision zone, the beam defining elements will 

be the oven slit width and the collimating slit width. In the particular 

geometry of our apparatus, D(ex.) will be trangular in shape when plotted 

againstex.. Any particle traveling along a path making an angle larger 

than ex. or less than ex. i with the rotor will not get through, at all. max m n 

This shbUld be evident if we look at Fig. 111-2 again. The angular 
, , 

spread is from ex. - ex. 
o 

, I 

(= ex. ) to ex. + ex. min 0 
(= a'i ), the value of a 

m n 

I 

being the important parameter. Thus we shall now list the normalized 

DCa) functions. 

D(ex.) = 0 

ex. - ex. 

ex. < a 
min 

I . . min D(ex.) = DI(ex.) = -~2 = 
I 

a ~a~ex. 
min 0 

ex. 

(21) 

(22) 

J' 
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ex. - ex. max 
,2 

ex. 

, 
ex. < ex. < ex. 

o max 

ex. > ex. 
max 

Now we are ready to evaluate B(v,V). Since D(ex.) and B(v,V,ex.) 

each has three transition points, the resulting admittance function 

B(v-, V) will have nine points of transition dividing the function into 
, 

ten analytic regions.- Depending on,the.values of8 and ex. , four 

different cases exist. In each case, the ten analytic regions are 

divided in a different way. The four cases are: 

, 
Case 1 0< 8 < ex. /2 

, , 
Case 2 ex. /2 < 8 < ex. 

, ' , 
Case 3 ex. <8< 2ex. 

, 
Case 4 2ex. < 8. 

The rotor design and beam geometry fits Case 3 (in our case, 
, 

(23) 

(24) 

8 =0.00746 rad and ex. . = 0.007306 rad); therefore, Case 3 will be described 

first. The ten regions and the shape '6f the D(ex.) , B(v,V,ex.) functions 
'1 

are illustrated in Figs. III-4 and III-5.B(v,V,ex.)is not actually 

triangular in shape, but is approx~ated'as such in the drawings to 

simplify matters a bit. The sides of that triangle is' actually slightly 

curved. The following functions are defined in order to simplify the 

mathematical description of the function B(v,V).For a fixed rotor 

frequency V,' 

(25) 
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112 (ap a
2

) = f a 2 Bl (v, 'V ,a) D2 (a) da "
a

l 

121 (al ,(2 ) = [2 B2 (v, 'V ,a) -D
l 

(a) da 
a

l 

, The next three equations have been listed in Ref.- 22 and will not be 

derived here. 

v (a) 
max 

V (a) 
o 

27T'VLr 
= ~cj>-r ""';:+=-L-a 

v . (a) ml.n 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

The sign of angle a is defined as positive when the motor has to rotate 

through an angle larger than ~ to transmit the nominal velocity v. For 
't' 0 ' , , 

Case 3, where ~ ~ e ~ 2a , the ten .analytic 'expressions can be represented 

in matrix form as follows. 



Region 1 

Region 2 

. I Region 3 

Region 4 

Region 5 

R~gion 6 ' 

Region 7 

Region 8' 

Region 9 

Region 10 

I B
1

(v,V) 

B2 (V,V) 

B3 (v, V) 

B4(V,V) 

B5(v,~) 

B
6

(v,V) 

B
7

(v,V) 

\- B8(V,v) 

\ B9(V,V) 

B
10

(V,V) 
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B(v, v) = Bl (v, v) 

B(v, v) B2 (v, v) 

B(v, v) = B
3

(V,V) 

B(v, v) = B4 (v, v) 

B(v,V) = B
5

(V,V) 

, ' i , 

v (0.) 
max 0, 

vo(o.min) 

v max (Cimax) 

v (0. ) 
00' 

v > v (0..) max m1n 

:.;; v :.;; v (0. ) 
max min 

:.;; v :.;; v (0.) 
max 0 

:.;; v,:';; v 0 (<\nin) 

:.;; v :.;; v (0. ) 
max, max 

B(v,V) = B6(V,V) v i (0. i ) :.;; v :.;; v (0. ) mn mn 0 0 

B (v, v) = B7(V,V) v (0. ):.;; v :.;; v . (0. . ) 
o max m1n m1n 

B(v,V) = B8 (v,V) v i (0. ) :.;; v :.;; v (0. ) 
m n 0 , 0 max 

B(y,V) = B
9
(V,V) v (a. ) ~ v :.;; v (0.)' 

min 'max max 0 • 

B(v,V) = B10(V'V) v < v . (0. ) m1n max 

o 0 0 0 0 0 0 0 0 0 0 0 I11 (o.min'0.:x:(v» 

o 0 0 0 0 0 1 0 0 0 0 0 I (0.. 0.) 11 m1n' 0 

00 0 0 0 0 0 1 0 1 0 O· 'Ill (ax (v) - 6,0.0) 

1 000 0 0 001 1 o 0 112 (0.0 ' ax (v» 

1 0 0 0 0 0 0 0 1 0 1 0 1
12

(0. , a ) 
o max' 

I 

\ 

\ 

o 1 0 1 0 0 0 0 0 0 0 1 1
12 (B (v) ~ e,o. ) x max 

o 0 1 1 0 0 0 0 0 0 0 1 121 (o.min,Bx (v) + e) 

o 0 1 0 1 0 0 0 0, 0 0 0 121 (o.min'o.o) 

o 0 0 0 0 1 0 0 0 ~ 0 0 121 (Bx (v),0.0) 

,0 0 0 0 0 0 0 0 0 0 0 0 \ 122 (0.0,Bx (v) + 6) 
\ 

\ 122 ("0'" max) .. 

\ 122 (1\ (v) ,o.max) 

( 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 
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Figure III-6 shows a plot of B (v,'V) vs v for both a divergent beam 

and a parallel beam for our beam and 'velocity selector geometry. Note 

the much wider spread of the transmitted velocities in the case of 

a divergent beam. Also, the B(v,V) function is asymmetric about its 

peak. This arises from the way B(v,V,a) depends on v. (i~e., v appears 

in the denominator.) 

Since the equations for Cases 1, 2 and 4 will not be used in the 

present deconvolution procedure, they will not be shown under this 

section, but will be presented in Appendix A to this chapter. Last~y, it 
e 

should be mentioned that equations for the admittance function of a 

velocity selector for a divergent beam in which D(a) is set equal to 

1 for a between a + 6 and a - 6 and zero everywhere else has 'been 
o 0 

derived 29 previously. The present derivatio~ therefore, represents 

a further refinement as well as a more realistic case. 

4. Deconvolution of the Relative Cross Section from the 
Velocity' Distribut.ion of the Two Beams 

In this section, we shall be describing the procedure with which 

Qeff(g) can be extracted. If we go back to Eq. (2) and substitute 
, , 

Eq. (1) for N on the left·-hand side and Qrel (g) for Qeff(g) on the 

right-hand sid~, Qrel(g) ~or Qeff(g) on the left-hand side, and 

rearrange terms, we will have: 

, 
Qrel(g) 

, co co 

= ~ f J Qrel (g) 
o 0 , 

where C = the new proportionality constant 

Qrel(g) = true velocity dependent relative ~ross section for the 

process, differing from Qeff(g) by a constant. 
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, 
'We do not care about the actual value of C as long as we know 

it is independent of velocity and does not affect the rest of our 

calculations. The P(vTl ) and P(vHg) are normalized n~ber density 

velocity distributions that can be obtained from the flux distributions 

derived earlier by dividing the flux distributions 'by velocity and 

the integration constants. Thus, 

(44) 

and 

(45) , 

where Pf(vTl,V) is that described in Eq. (15). The. parameters for the 

flux distribution of the thallium beam before velocity selection 

l(vTl) was estimated by the method described in Section 2 of this 

chapter. By substituting trial curves of Q leg) vs g into Eq. (43), re , 
we shall attempt to reproduce the Q l(g) vs g relationship extracted re 

by the procedure discussed in Section 1 of this chapter. Therefore, 

in this indirect way, we can extract the coarse velocity dependence of 

the relative cross section for the sensitized fluorescence process 

'* for the Hg + Tl process. - The fine structures that may be present will 

be obscured by the limited'energy resolution and experimental standard 

deviations in our experiments. 
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, D. Results and Discussion 

Attempts'have been made to study the velocity dependence of the 

cross sections for sensitized fluorescence product-ion of several 

thallium lines, notably, the 535oA, 2826A and 29lsA lines. We have 

_ 3 
also tried to measure the velocity, dependence of mercury 6 P 

2 

intramultiplet conversion in collisions with thallium atoms by 

monitoring the 2537A line emission. The 5350 A (7
2

Sl / 2 --+ 6
2

p 3/2) and 
- 2 

2826A (9 Sl/2 
'2 2 

-+ 6 P3 / 2) lines involves emission from Sl/2 levels, but 

, 2 
the 9 Sl/2 level is higher in energy and only 0.108 eV below the 

mercury 63P
2 

level in energy. Thus it can provide us with an opportunity 

to study fluorescence from a level that is primarily caused by direct 

excitation of the level by collision in contrast to that from the 

2 
7 Sl/2 level which may be heavily populated by cascade transitions, 

eBpecially from the 2Pl/2,3/2 levels. The 29lsA line (72D5/2 -+62p3/2) 

involves fl-uorescence from a D level excited mostly by direct -collision-

with mercury ~63p2 atoms. 
, 2 

As will be seen later,. the D levels contribute 

2 
very little to the population of the 7 Sl/2 level and hence the 5350A 

line fluorescence by cascade tran~ition. Thus study of sensitized 

fluorescence from this line will provide information for electronic 

energy transfer to D levels by collision. However, because of the 

closeness of the 2826A and 29lsA lines to the 2537A line due to the 

mercury fluorescence background, quantitative information cannot be 

extracted from the data because of the large photon background due to 

mercury fluorescence transmitted through the interference filter. 

Nevertheless, results from the 29lsA lin~ indicated that in a 
, I _ 

Qrel(g) vs g plot, the relative cross section was quite flat throughout 
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most of the velocity t~nge measured with perhaps a slight rise at the 

lowest velocities which is much less pronounced than that in the 5350A 

line. Quantitative information of the velocity dependence of the 

relative cross section for sensitized fluorescence is extracted for 

the 5350A line of thallium only. Figure III-7 shows the result in a 
, 

plot of Q leg) vs g. re ~ 

Since. a positive photon signal did appear in our experiments with 

the 2826A and 29laA lines, by comparing the photon counting rates 

and estimated beam intensities with those in the experiments,with 

the 5350A line, we can set an approximate upper limit for the cross 

sect~on of fluorescence production of these lines as compared to the 

5350A line. The upper limit for the 2826A line is about 1/3 of that for 

5350A fiuorescence production while that for the 29laA line is approximately 

1/20 of the cross section for the 535oA.line at relative velocities 

around4.5Xl04 cm/sec. 

When we look at the 72Sl / 2 level from which the 5350A line 

originate, we realize that a fraction of its population may come from 

cascade transitions from levels above which are excited by direct· 
, " 

collision with the metastable mercury atoms. Now we are-confronted by 

two problems. 
. 2 

First, does the levels radi~te through the 7 Sl/2 leve: 

before they leave the photon collection area of the photomultiplier 

housing? Second, which highE,!r levels are expected to contribute to 

the population of the 72Sl / 2 levei and hence the 5350A fluorescence 

intensity? 

To answer the first question we must estimate the residence time 

of the emitting thallium atom in the photon collection area. The 
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diameter of that area is 3/8 in., so the distance traveled by a thallium 

atom before leaving the collection area assuming excitation at the 

center of the collection area is 3/16 in. The worst case is that in 

which the thallium atom is excited by the 63p state of mercury to the. 
2 

2 7 Sl/2 level directly and the excess energy going to the thallium atom 

exclusively as translational energy of the excited atom. In such an. 

instance, the residence. time of the, thallium atom is approximately 1/3 

of a microsecond. The (;2S1/2 -+. 6
2
P 3l2) transition has a life time 

of -3xlO-8 sec,8 therefore, it should radiate before leaving the 

collection area. If a higher level is excited, the residence time 

is longer. As will be shown later, most of the lev.els contributing 
- 2 - y, 

of 10-7 to the 7 Sl/2 level population have life times of the order sec 

or considerably less, thus we can claim that our collection area is large 

enough for the purpose. 
, 

, To answer the second question, we have to calculate the fraction 

of the population of the higher states produced in the collision that 

eventually end 

3 
mercury 6 PO,2 

2 
up in the 7 Sl/2 level of thallium. Knowing that the 

states are the ones that are responsible for the 

production of 5350A fluorescence, we shall now consider only the 

thallium levels that are energetically accessible at zero translation 

energy. The result of these calculations are shown in Table 111-2. 

The fractions are calculated by dividing the sum of the transition 

2 
probabilities of the transitions that can lead to the 7 Sl/2 level by 

the sum of the transition probabilities of all possible transitions 

from the level under consideration. The transition probabilities are 

calculated from oscillator strengths using a method presented in Ref. 30. 
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Table JII~2a. Radiative lifetimes of thallium excited states 
contributing to the 7281/2 level pop~lation. 

Thallium Transitions 

2 
9 Sl/2 

2 
-+ 6 Pl/2 

2 
-+ 6 P3/ 2 

2 
-+ 7 Pl / 2 

2 
-: 7 P3/ 2 

2 
-+ 8 Pl / 2 

2 
-+ 8 P3/ 2 

2 2 
8 Sl/2 -+ 6 Pl / 2 

2 
-+ 6 P3/ 2 

2 
-+ 7 P 1/2 

2 
-+ 7 P3/ 2 

'22 
,- 8 PI / 2 -+ 6 D3/2 

2 
-+ 7 Sl/2 

2 - . 
-+ 8 Sl/2 

2 2' 
8P3/ 2 -+ 6 D3/2 

2 
,-+ 7 SI/2 

82 -
-+ SI/2 

72Pl/2 -+- 7
2
S1/ 2 

2 2 
7 P 3/2, -+ 7 S1/2 

2 2 
7 D3/2 -+ 6 Pl / 2 

2 
-+ 6 P3/ 2 

2 
-+ 7 P1/ 2 

- -1 
A sec 

' 6 
7.67xlO 

-6 9.88xlO 

- - 6 
1.l9xlO 

1. 40xl06 

0.868><106 

1.l9Xl06 

1. 73xl07 

2.2lxl07 

3.62xl06 

5.I3xI06 

1. 20xl06 

2.10xl06 

2.66xl06 

6.62xl04 

4.51xl06 

3.38xl06 

1.10xI07 

1.32Xl07 

7.2lxl07 

1. 06xl07 

5.09xl06 

Radiative Lifetimes ~!. in Sec 
1-

i 

9.0xlO-8 

7.6x lO- 8 



Thallium Transitions 

2 ' 2 
7 Pl / 2 -+ 7 P3/ 2 

-+ 8
2
Pl/2 

-+ 2 8 P3/ 2 
2 ' 

7 DS/2 -+ 62p3/2' 

,-+
72p3/2 

-+ 82p3/2 

2 2 
6 D3/2 -+ 6 Pl / 2 

-+ 62p3/2 

-+,
72Pl/2 

-+ 72p3/2 

62DS/2 -+ 62p3/2 

-+ 72p3/2 
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Table 1II-2a. Continued 

-1 A sec 

1.3PlO6 

6.8lX lO4 

1.oxlO3 

6.34xI07 . 

7:SSXlO6 

9.2lXlO3 

1. 74X l08 . 

2.78XlO7 

4.36XlOS 

1.02xlO 4 

1. 86XI08 

8.lSXlO4 

R~diative Lifetimes r!. in sec 
i ]. 

} 

- , 
I 
I 

, I 

! 
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2 
Table 1II-2b. Estimated contributions to the 7 Sl/2 level 

population by higher excite,d states of thallium. 

ThalliUm Level 2 Fraction of Population Going to 7 Sl/2 Level 

2 
9 SI/2 0.166 

2 
8 Sl/2 0.182 

2 
7 Sl/2 1.00 

2 
8- P 1/2 0.433 

2 
8 P3/ 2 0.596 

72Pl/2 1.00 

2 
7 P3/ 2 

LbO 

2 
7 D3/2 7.22 10-3 

2 
·7 D5/2 0.106 

2 
6 D3/2 2.21 10-3 

2 . 
6 D5/2 4.38 10-4 

2 
5 F5/2 

2 
5 F712 
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The radiative lifetimes are the reciprocals of the transition 

probabilities. The formula used in Ref. 30 is: 

where-A = Einstein A coefficients (transition probabilities) 

A = wavelength of the emission in nanometers 

f = oscillator strength of the transition 
- . . 2 

It can been seen that the P3/2 
2 

and Pl / 2 states contribute heavily 

2 
while the Sl/2 

2 
levels also contribute noticeably. The D3/2 levels 

hardly contribute in most cases. 2 
However, the 7 Dsi2 level does 

contribute quite a bit. If the cross section for. direct excitation 

(46) 

2 of this level were greater than that for the 7. Sl/2 level by two orders 

of magnitude, its contribution to the relative cross section measured 

would be comparable to that from direct excitation of the 7
2
Sl/2 level. 

This in fact is what prompted us to study the excitation of thallium 

2 
29lsA line fluorescence which originate from the 7 DS/2 level. As 

,mentioned before, the cross section for excitation of this line is small 

compared to that for the 53SoA line, 80 we can conclude that the 

2 
level also contribute negligibly to the population of the 7 Sl/2" 

2
1

, 2 
levels have to radiate through the D leve s to reach the 7 Sl/2 

2 
level; therefore, their contribution to the population of the 7 Sl/2 

level, and hence the 53SoA line fluorescence intensity is negligible. 

Thus the relative cross section for excitation of S3S0 A line fluorescence 

2 2' measured in our experiments correspond to the excitation of Sand P 

levels of thallium by collisions with excited mercury atoms. 

land 63p states.) 
2 
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r} 

Our ,results as shown in Fig. 111-7 show that the relative cross 

section for 5,35oA fluorescen~e production is a smooth varying function 

of velocity before averaging over the beam velocity distributions. This 

results from the ave~aging over any undulations or fine structures that 

may be present in the relative cross section vs relative velocity 

, plot but cannot-be resolved in our experiments. The curve rises 

sharply at low velocities and levels off gently at velocities greater 

than 6xl04 em/sec. The velocity averaging procedure adopted in 'the 

,deconvolution step, as expected, did not change the shape of the curve 

appreciably. 

The most obvious trial functions are those of the form, 

Q ex: -..!. 
s g 

where s = power to which g is raised and is not necessarily an integer, 
I \ s or combinations of several l/g terms. A plot of log Q l(g) vs re 

-3 -g , whereas 
, I, 

indicates. that at low velocities Qrel(g) varies as 

log g 

at the 

I -1 
high velocity end, Q- l(g) varies as -g . This would seem to raise re 

I 

the possibility of two different processes with different velocity 

dependences contributing to the relative cross section. However, the 

experimental error is large enough especially at the low velocity end 

to prevent us from claiming that this is the only way to fit the 

experimental curve. In fact,.a set of trial curves with Qrel(g) varying 

-s 
as g with s ranging from 1.4 to 2.4 fit the experimental curve nicely 

within the error bars. -2 This would imply an approximate g dependence 

for the relative cross section. Three of these trial curves are shown 

in fig. 1II-7. 
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Several thallium levels lying above the mercury 63p state in 
2 

energy could be excited theoretically if the excess energy can be 

provided by the relative translational energy of the collision partners. 

However, in such cases, there is a threshold energy below which that level 

is energetically inaccessible. The lowest lying of s,uch levels is the 

2 " 3 9 Pl/2' which, if excited by the 6 P2 state of mercury, would contribute 

2 substantially to the population of the 7 Sl/2 level by direct or cascade 

4 41 transi'tions. The threshold energy-in this case is 0.0 2 eV or 2.83x lO em sec 

on' 'the relative velocity scale. In order to determine whether this 

level contributes significantly to the measured relative cross section, 

all the trial curves used in the deconvolution step were given a threshold 
, 4 

of 2,.83xlO em/ sec. ,In every case, the resulting cross section after 

averaging ove,r the beam velocity distributions starts to falloff at 

low velocities where the experimental relative cross section is still 

rising sharply. This is shown as a dotted curve in Fig. 111-7 for one 

of the trial curves. Hence, it is safe to claim that levels lying above 

3 the mercury 6 P2 state in energy cannot possibly be excited by collision 

to any appreciable extent at low relative velocities, otherwise, they 

would contribute to the relative cross section to a noticeably extent. 

One of the simplest models that can be proposed to fit the 

data is one in which a particle has to possess enough energy to 

penetrate to a distance r from the target particle before reaction 
m 

can take place. The cross section for reaction can be expressed~s a 

function of kinetic energy E. The relationship is shown in Eq. (47) 

below. 

(47) 
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where v(r ) = potential energy at r 
m m 

~ = reduced mass of the collision partners 

Q = crosscsection for the reaction. 

(48) 

This model is applicable usually only at high energies and a transition' 

to the orbiting model takes place at lower energies, but the orbiting 

, 31 -2 ' 
model would give a weaker g dependence than the g ~ependence 

observed here at low energies, so we probably have not reached a low 

enough energy in our measurements in which this transition to the 

orbitihg mbdel takes pl~ce. 

By submitting this function as a trial curve, we have been able 

to determine the lower limit of v(r ) as -0.6 eV. The fitting curve 
m 

is shown in Fig. 111-8. The critical distance of separation r cannot, 
m 

be evaluated because we did not measure the absolute cross section for 

the process. , However, an estimate of the order of magnitude of the 
I 

absolute cross section can be obtained by using estimates of expected 
I 

beam intensities at the collision zone, the photon counting rate, the 

geometry and the efficiency of the photon collection system. This 

places the cross section somewhere between 2 to 6A2 at a relative 
\ 4 

velocity of about 4.5xlO em/sec. Since the estima'tes of the efficiency 

of mefastable production by electron'bombardment and ,the photon 

detection efficiency are only approximate, this estimate of the absolute 

cross section is only accurate to within a factor of ten. The model 

suggested above usually would indicate a larger cross section than is 
, 

estimated here. However, we can explain the present situation by 
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multiplying the right-hand side of Eq. (47~.by a W factor which represents 

the probability of exiting through the right product channel after 

penetrating to a distance r. If W is small and essentially energy 
m 

independent, as may be happening in our case, then the cross section 

for rceaction fsalso small. 

The phenomena of sensitized fluorescence is often explained by a 
/ 

curve crossing or pseudo curving-crossing model because of its relatively 

large cross section for reaction and high probability of electronic 

energy transfer when the energy discrepancy between the total electronic 

energy of the separated atoms in their initial and final states is 

* small. The final picture presented by our study of. the Hg + TI system 

seemed to be consistent with such a model. 
. 32 

The Landau-Zener theory 

for curve crossing stated that the cross section is small when the 

transit time of the atoms through the vicinity of the crossing point 

- is long compared to h/lili. (llE is the energy discrepancy between the 

two potential curves at the crossing point.) By ignoring long range 
\ 

attractive interaction, their cross section vs velocity plot would show 

a maximum at some point of the velocity range. Our estimated relative 

cross section is still rising rapidly at the lowest measured velocity. 

Thus, if the Landau-Zener theory is applicable, we would be looking at 

the high velocity end of their plot, where ,the cross section should 

be even smaller than what we have estimated. A method to estimate 

the coupling matrix elements between the crossing curves was presented 

in Ref. 33. Moreover the Landau-Zener theory predicted a l/g dependence 

at high velocities which is a bit too weak to apply in our .case. 

Therefore, it would seem that their theory for curve crossing may not 
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be very appropriate. The curve crossing model we propose is one of 

the ways of explaining the process studied •. It predicts the existence 

of some electron/transfer mechanism leading to the formation of an 

ionic intermed~ate Tl+Hg- as the two atoms approach. The long range-

coulombic potential of the ionic intermediate then serves to link 

together the potential curves of interaction between different 

thallium levels and the ground state mercury atom as well as that 

between the mercury 3 a ground state thallium atom, 6PO 2 states and , 
forming a network of potential curves with multiple crossing points. 

* As a thallium atom and a metastable mercury atom approach along a Hg + Tl 

potential curve, it can switch over to the ionic curve and exit along 

different allowed product channels involving different excited thallium 

levels. Our estimate of the lower limit of V(r ) indicates that the 
m 

transition takes place when the two atoms approach a point on the potential 

curve where the attractive potential reaches -0.6 eV with respect to 

the original curve of approach. The acceleration of the incoming 

particles is so great as they approach that the initial relative kinetic 

energy of the particles does not'~eally produce ~ny pronounced effect on 

the outcome of the reaction. Thus we have a relative cross section that 

varies inversely with the kinetic energy of the collision partners. 

Moreover, the energy resonance criteria may not be dominant for the 

* Hg + TI system. Energy levels in close resonance with the mercury 

3 . 2 6 PO,2 levels like the 9 Pl / 2 level mentioned before do not appear to 

2 
have a bigger cross section for excitation than the 7 Sl/2 level which 

lies way below even the mercury 63PO state. 
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* Further studies of the Hg + TI system should be directed towards 

measuring the relative cross sections for excitation of different 

thallium lines in order to be able to determine the probabilities of 

exit through different product channels of the ioni9 model proposed. 

In fact, the experimental set up has already been designed and built 

b)7 the author. Hopefully, the experiment would be performed in the 

not.too distant future. Studies using lighter atoms e.g., lithium as 

nhe velocity selected beam material are also -suggested, as this should 

give better energy resolution if any fine structures in the Q 11 (g) re 

vs g curve exist. 
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FIGURE CAPTIONS 

Fig. Ill-I. Thallium energy level diagram. All energies are given in 

electron volts. For TI levels below 4 eV the energy of 

the level above the ground state is indicated, but for the 

~gher energies the difference between the TI level and 

the nearest metastable Hg level is given. Note the scale 

change at 4· eV. The two lower dashed lines indicate the 

energies of the. low lying metastable Hg levels, while the 

upper dashed line gives the TI ionization potential. The 

diagonal lines indicate the emission lines observed in the 

mercury sensitized fluorescence spectrum of thallium; the 

number labeling each Line gives the wavelength in A. 

Fig. 111-2. Parameters defining the geometry of a misaligned beam with 

respect to the rotor axis. The first beam defining element 

is always the width of the source slit. The second one 

could be the width of the collimating slit or the width of 
, 

the ionizing filament of the'detector. 15 and ex are calculated 
, 

from the geometry of the beam defining elements while ex is o 

calculated from R , the velocity conversion factor of the 
o 

velocity selector. 

Fig. 111 .... 3. A rolled-out diagram of the velocity selector. The beam 

axis coincides with the rotor axis for perfect alignment. 

The inteJ:'vening disks are not shown here as they,only serve 

to eliminate side bands that could be passed by'the selector 

in their absence. 
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Fig. 111-4. The D(a) and B(v,a) functions. The D(a) function shown, 

here is that appropriate to our beam geometry (0 = O). The 

sides of the B(v,a) function are in actual fact not straight 

lines but slightly curved. It is shown as such here for the 
- , 

sake of simplicity. 
, , 

Fig. 111-5. Analytic regions of B(v,V) for'a < e < 2a ~ The sequence 

of figures ,do not actually indicate the different regions 

but rather the transition points between the different 

regions as the two triangles representing the two functions 
" 

slide past each other. 

Fig. 111-6. A plot of the admittan~e function against velocity. The 

solid 'curve represents the admittance function for our 

beam geometry for perfect alignment. The dashed curve 

shows the admittance function for a parallel, perfectly 

arigned beam. The small angle approximation is applicable 

in both cases. 

Fig. 111-7. Velocity dependence of the relative cross section for the 

'2 3, 
formation of Tl 7 Sl/2 in collisions with Hg 6 PO,2 metastable 

atoms. ~he different symbols indicate separate experimental 
, , 

runs' which have been normalized to ,give the best overall 

agreement. The error bars to the left indicate the standard 

deviation evaluated by error propagation and those to the 

right indicate the standard deviation of the actual data 

points. The solid, dashed and dotted-dashed curves represent \ 

, -s 
trial curves of Q leg) ~ g after having been averaged over , re 
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the beam velocity distributions. The dotted curve represents 

-2 
a trial curve of Qrel(g) ~ g with a threshold energy of 

0.042 eV. The kinetic energy scale is calculated by 

2 1/2 ~g where ~ is the reduced mass. 

Velocity dependence of the relative cross section for the 
. I 2 

formation of Tl 7 Sl/2 
3 in collisions with Hg 6 Po 2 metastable , 

atoms. the different symbols represent different experimental 

runs and the error bars represent standard deviations evaluated 

by error propagation. The solid curve is the trial curve 

evaluated by using Eqs~ (47) anfi (48) with vCr ) = -0.6 eV. 
m 
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IV. VELOCITY DEPENDENCE OF ELECTRONIC ENERGY TRANSFER 
BETWEEN MERCURY 63PO,2 ATOMS AND ALKALI HALIDES 

A. Introduction _ 

Electronic energy transfer between metastable mercury atoms 

3 
(6 P 0,2 states) and alkali halides is a potentially interesting system.-

that has hardly been studies at all. Recently, Martin and VanItalliel 

.' 2" 
ha~e reported the detection of sodium (3 P) fluorescence when a thermal 

3 beam of sodium iodide was crossed with a metastable mercury (6 PO,2) beam •. 
2 -

However, they have been unable to measure the potassium (4 P) fluorescence 

when met,~stable mercury and potassium iodide beams were crossed-. The 
/ 

energetics of the system ind,icates that if reaction occurs, there are 

two possible product channels which can be studied with our apparatus. 

These are shown below. I 

* * Hg + MX -+- M + X + Hg 

* M -+-M+ hV (1) 

and 

* * Mg + MX -+- M + HgX 

* 
(2) 

M -+- M + h'V 

_where M, X represent the alkali metal and the halide respectively. 

Using the metastable mercury 63P
O 

and 63p 
2 

states as the excited 

* 2 species, M represents an alkali atom in a P state because it is the 

only excited state of lithium, sodium or potassium that is energetically 

accessible at zero translational energy. If a velocity selected beam 

of alkali halide molecules is crossed with a metastable mercury atom 

beam~ the light emission from the excited alkali atoms produced in the 

collision zone can be monitored. In this way, employing the data 
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analysis method developed in Chapter III, we can extract the velocity 

dependence of the process. 

Table IV-1 presen~s the energetics for both p~ocesses (1) and (2) 

with different alkali halides. The heats of reaction £lli (1) and £lli (2) 
, 0 0 

for process (1) and (2) respect'ive1y are calculated by the following 

,formula. 

AH (1) 
o 

* * 'where ~, ERg =, excitation energies of the M, mercury atoms 

D (MX), 
o 

D (RgX) = dissociation energies of MX and HgX. 
0' , 

The values of ARowi11 be negative if the reaction is' exothermic. The 

values for the dissociation energies hav~ been taken from Ref. 2~ The 

uncertainties of these values are of the order of 2 to 3 kca1/mo1e. 

Moreover, if we include the vibr.ationa1 and rotational energies of 

the alkali halides at our operating temperatures, another 4 or 5 kca1/mo1e 

will be available. These values are important in view of the fact that 

the exothermicity (or endothermicity) of , the reactions is only a few 

kca1/mo1e in a number of cases. In addition, a glance at the table 

3 will reveal that the 6 Po state of mercury is too low in energy to 

3 participate in most cases, so we shall concentrate on the 6 P
2 

state 

of mercury. In selecting the alkali halides for study, we would prefer 

to look at one in which only process (2) is energetically accessible 

,at zero translational energy and another in which both processes (1) 

and (2) are possible. It is seen that NaBr and NaI satisfy our selection 

,requirements. Furthermore, LiI presents an interesting case in which 
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* Table IV-I. En~!getics of . some Hg + MX reactions • 

Alkali Atom Emission Line Energy (kca1/mole) 

Li 6701.8.sA 42.6 

Na 5889.96A 48.52 

5895.93A 48.48 

K 7644.94A 37.38 

7699.01A , 37.12 

DoH is in kca1/mo1e 
0 

Alkali Halide lili (1) llH (2) llH (1) llH (2) - 0 0 0 0 

(Rg 63p 0) (Hg 63p 2) 

LiI 17.3 9-.1 -1.0 -9.2 

LiBr 35.6 19.2 17~3 0.9 

LiCl '48.0 25.0 29.7 6~7 

NaI 11.2 3~0 -7.1 -15.3 

NaBr 28.9 '12.5 . - -10.6 . -5.8 

NaCl 38.9 15.9 20.6 -2.4 

KI 8.-3 - 0.1 -10.0 -18.2 

KBr 20.7 4.3 2.4 -14.6 

KC1 30.3 7.3 12.0 -11.0 
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process (1) is just barely accessible energetically. The potassium 

halides do not really present anything new. Besides, the potassium 

emission is in the longer wavelength region which means that we will 

have to cope with a high background due to black body radiation inside 

~he chamber (from the beam ovens, ionization filament, etc.). Thus 

we have decided to work with LiI,NaI and NaBr in our experiments. 

However,there is one complication in working with alkali halides 

3-5 which are known to form dimers readily. A simple thermodynamics 

calculation using data from Ref. 6 indicates that the beam composition 

contains 10 to 20% of dimer. Thus there is the possibility of dimers 

taking part in reactions like, 

* * Hg + M2X2 
+M +D2+~ 

* * Hg + M2X2 
+M +MX + HgX' 

* * Hg + M
2
X2 +M + MXXHg 

* * Hg + M
2
X2 +M + M + HgX2 

* * Hg + M2X2 ~ M2 + HgX2 
* -+M~ Hg + M2X2 +~~ 2 

We are not concerned with reactions like' (7). or (8) because we are 

* 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

monitoring only M radiation and not ion production or other emission 

lines. On the other hand, reactions (3) to (6) do present a problem 

in our data analysis because we cannot distinguish between the emission 

due to the dimers and that due to the monomers. We shall deal with 

this problem in more detail in later sections. 

/ 
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B. Experimental Conditions 

Experimentally, the sam'e basic apparatus set up as used in the 

* Hg + Tl experiments was used with a few changes. Thus this section 

would be limited to a brief description with emphasis on the changes 

that were made. 

1. Beam Sources 

The mercury and alkali 'halide ovens used were the same ones that 

were used previously. The mercury oven, operated at the same source 

pressure and beam temperature as before, gave a mercury beam with,negligible 

amounts of dimers. However, the same cannot be said about the alkali 

halides. At our beam temperatures, the alkali halide vapor consisted 

of an equilibrium mixture of both monom~rs and dimers. To minimize the 

percentage of dimers present we could operate at lower source pressures 

and higher upper oven temperatures. Table IV-2 shows the beam com-

positions at different settings of the velocity selector under our 

I 

operating conditions for LiI, NaI and NaBr. It is seen that at the 

higher velocities we would have a beam that consisted almost completely 

of monomers,. Thes~ values were calculated from thermodynamic quantities 

(6HlOOO and 6sl000) taken from Ref. 6 for the dimerization of alkali 

halides. Since Maxwell-Boltzmann velocity distributions have to be 

assumed for both dimers and monomers in calculating the percentage 

composition of dimers at a given velocity, the values are only 

approximate, for we know that the actual velocity distributions are 

different. These values ,will b~ used in our data analysis later and 

further discussion will be continued in later sections. 
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Table IV-2. Alkali halide beam composition a·t different velocity selector 
settings.* 

Alkali 
Halide 

LiI 

NaI 

NaBr 

* These 
enough 
range. 

Source Pressure 
(Torr) 

Beam Temperature Velocity (104 em/sec) 
(OK) 

0.4 1013 1. 79 

3.14 

5.16 

7.26 

10.10 

0.5 1093 2.72 

4.44 

6.16 

7.91 

8.82 

1 1153 2.13 

3.93 

6.32 

8.80 

10.03 

are not the only velocity settings used in the experiments, 
to demonstrate· the importance of dimers within our measured 

% Dimer 

24.7 

16.2 

4.9 

0.6 

7.6 10-4 

15.9 

. 6.5 

1.5 

0.2 

0.06 

34.2 

22.5 

7.2 

1.1 

0.3 

but are 
velocity 
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2. Electron Gun 

The electron gun used in these experiments was that described in 

\ 

Chapter II. Thus we were able to operate at an emission current 

level' between 0.5 rna and 1 ma without producing mercury metastable 

states higher in energy than the 63P
2 

state. This is especially important 

because we will show later that the higher metastable states will also 

produce excited alkali atom emiss'ionlines. 

3. Photon Detection 

The system described in Chapter II was employed here. For LiI, 

a 6067)\ interference ;filter was used, while the 5889Afilter was used 

for both NaI and NaBr. The lifetimes of these excited states of alkali 

atoms are short enough so that any excited alkali atoms ,produced in the 

collisions would radiate before leaving the photon collection area. The 

geometry of our focusing .. optics gives a total solid angle of collection 

of l.2'1T above and below the collection zone. Polarization of the 

emitted radiation which may be important in direct energy transfer 

between atoms* is probably not sO.in these cases where'an actual chemical' 

reaction occurs. 

4. Electron Gun Voltage Variation Experiments 

An experiment was perform~d in which the plate and collector voltages 

of the electron gun were varied while the velocity setting for the 

NaBr beam.was kept constant. The results of the experiment ~s shown in 

* * In the '5350.1\ line studied in the Hg + Tl system the emission is from 
a 28

112 
level. Hence, the angular distribution of photon emission is 

isotropic. 

I 
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/ 

Table IV-3. If we refer backt6 the mercury excitation function in 

Chapter II, we will notice that a positive photon signal is observed 

when the electron gun voltage is set at either of the peaks,/i.e., at 

6 and 10 volts respectively. In between, the relative cross section 

drops to a negative value~ Thus this indicates that both the mercury 

3 6 P2,0 and higher metastable states cari,lead to reaction with the 

production of excited alkali atoms. However, with the'resolution of 
, , , 

our electron, gun, we are certain that we are only looking at processes 

3 
involving the mercury 6 P2,0 sta~es. 

As far as experimental procedure and data collection is concerned,. 

* we followed the same procedure as ~n the Hg + II experiments. Thus 

no further description is necessary. 

/ c. Data Analysis 

Basically, the same procedure as that discussed in Chapter III is 

used in all stages of the data analysis. The difference arises from 

t?e nature of the background;noi~e. During the alkali halide experiments, 

we o~ten had sudden pressure ~ises when the alkali halide ovens cold shields 

were not cooled fast enough ai the liquid nitrogen trap of the velocity 

selector was being filled. The photon counting has to be interrupted 

until the background pressure had dropped back to a low enough level. 

There is often a difference between the background counts before and 

after the interruption. Thus if the data on the background is 

submitted to the computer in the usual way, the curve fitting procedure 

may give a curve that oscillates rapidly near the point of interruption. 

Therefore, it is decided that the data should be analysed by hand. 
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Table IV-3. Effect of electron gun voltage on· the relative 

* cross section for the reaction Hg + NaBr. 

Election Gun Voltage 
(volts) 

6 

10 

12 

Relative Cross Section 
(Arbitrary Units) 

2.2±0.7 

-2.3±0.8 

0.92±0.9 

-0.19±1.0 

Relative Velocity 
(104 em/sec) , 

4.19 

4.19 

4.19 

, 4.19 
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Another problem arose because the velocity selected beam signal 

contained contributions from both dimers and monomers. The percentage 

of each could be estimated'approximately as described in the previous 

sections. However, we 'do not know wheth~rboth the dimer and monomer 

contribute to the relative cross section for reaction or only one does. 

Consequently, we analyse 'our data in two different ways, making the 

assumption that only the dimer can contribute in.onecase and that only 

the m6nomercan coptribute in the second case. Results from these 

analyses will-be discussed in the next section. 
, 

After the approximate curve of Q leg) vs g is obtained by hand 
re 

calcuiations, the rest of the steps can be done by the computer as 

described in Chapter III. 

D. Results and Discussion 

It is appropriate to mention at thYS point that-our analysis of 

the data can only be meaningful if ~nly the monomer or the dimer is 

contributing signifi9antly to the relative cross section for reaction. 

Thus, before proceeding further, we should examine our data and see 

whether we can cla,im that the above is true. 

First, we can look at the energetics of reactions (1) through (6), 

and make comparisons between them. When we compare reactions (1) and 

(3), we can consider reaction (3) as occurring in three _steps. 

M2~2 ~ 2MX (9) 

* * Hg '+MX~M +Hg+X (10) 

(11) 

Thus, it comes down to comparing the heats of reactions of (9) and (11). 

The MXa molecule has been predicted as a stable molecule. The heats of 
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formation of LiF
2

,7 RbF
2 

and CSF
2

8 and the heats of reaction of 

reaction (9) £or the last two have be~n calculated. The heats of 

dimerization (reaction (9» _for the alkali halides are·wellknown. 6 

In all three cases, the sum of the heats of reaction for (9) and (11) 

is positive. This is probably also true for other alkali halides. Since 

reaction (10) is the same as reac,tion (1), reaction (3) is less exothermic 

and hence less. probable than ·reaction (1). Similarly,' reactions' (4) , 

(5) and (6) can be compared with reaction (2). Reaction (4) can be 
. I 

considered as occurring in two steps. 

'M
2

X
2 

+ 2MX 

* * Hg +MX+M +HgX 

(12) 

(13) 

Thlls 1"1.~"It-I:I(lll (I,) lH .1esB exothermic th,lll r<'lIctiol) (2) hy ('hp hf':1t of 

dlm~rization which is about 40 kcal/mole for the alkali halides under 

study in this project. Reaction (5) can be thought of as oocuring in 

three steps. 

Mi X
2 

+ 2MX 

* * Mg +MX+M +HgX 

MgX + MX + MXXHg 

If reaction (5) were to be as exothermic as reaction (2), the heat 

(14) 

(15) 

(16) 

of reaction of the formation of MXXHg would have to (be as exo'thermic as 

reaction (14) it;" endothermic. The M
2
X

2 
molecule is planar with the M 

and X atoms at the corners of a rhombic structure. 9 ,10 Each M atom 

is bound to its two neighboring X atoms by strong ionic bonds. On the 

other hand, the Hg-X bona is much weaker than the ionic bona between 

M and X. Thus reaction (5) is probably less exothermic and consequently 

less probable than reaction (2). Lastly, reaction (6) can be viewed 



as occurring in four steps. 

M
2

X
2 

-+ 2MX 

* * iig ;of- MX -+ M + HgX 

MX-+M+X 

x + HgX -+ HgX > 

, 2 
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t· 
t I 

The exoth~rmicity gained in reaction (20) cannot overcome the huge 

endo~hermicity of reactions (17) and (19). For example, the'heat of 

reaction is -19.7 kcal/mole for reaction (20) when X is I. The 

endothermicities for reactions (17) and (19) are 41. 2· kcal/mole and 

(17) 

(18) 

(19) 

(20) 

70.3 kcal/inole' respectively. Thus, again we can say that reaction (6) 

is much less probable than reaction (2). The conclusion from all this 

* is that the production ofl1 atoms is much more likely when the 

excited mercury atoms are colliding with alkali halide monomers from 

the view point of the energetics of the reactions. 

_ Now we shall consider the results of the two analyses assuming 

that only the dimer or the monomer can contribute significantly to 

the relative' cross section for reaction. In the case where the monomer' 

is contributing, the relative cross section is a monotonically 

decreasing function with increasing velocity. For NaI and NaBr. For 

the LiI, there is a slight rise in the relative cross section at the 

high velocity end as well. However, in the ca~e where the dimer is 

contributing, the relative cross section decreases at the lowest 

velocities and then rises steeply with increasing velocity. The rise 

is especially steep for LiI where the relative cross section at a relative 

velocity of 105 cm/sec is over 104 times the value at a relative 

velocity of about 3xl04 em/sec. Coupled with the fact that the photon 
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counting rate is still quite high at the highest velocities where the 

percentage of ,dimer is 0.3% or considerably less and about 10 times 

smaller at the ,lowest velocities where the percentage of d,imers is con-

J , 

siderable, we may conclude that it is quite probable that only the 

monomers are contributing significantly in our measured velocity range. 

Moreover, the energetics of the reactions discussed in a previous paragraph 

suggest t~is also. 

Figures IV-l and IV-2 show the results of our experiments,wfth NaI 

and NaBr. -s Trial curves assuming a velocity dependence of g averaged 

over the beam velocity distributions are shown together with the data 

points which represent the arithmetic mean of 5 to 10 measurements at 
, 

the given velocity. The error bars indicate t~e experimental standard 

deviation of the data points. It is seen that for NaI, ,the best 

value for s is 3, while that for NaBr is 3.5. The results for the 

experiment/with LiI ar'e shown in Table IV-4. The data indicates a rise 

, in the relative cross section at both the low and high velocity ends 

of the measured velocity ra~ge. For reasons that will be mentioned 

later, these results are considered to be less reliable than those 

obtained for Naland NaBr. Knowing the photon counting rates, photon 

collection efficiency and estimating the beam intensities at the 

collision zone as in the "previous chapter" we can place the cross 

* 4 section for Mproduction at a relative velocity of about 5xlO em/sec 

at 7A2 and 0.3A2 for NaI and NaBr monomers respectively. 

The rather strong velocity dependence of the relative cross 

sections for Na fluorescence production in both NaI and NaBr suggest" 

that the reaction may not occur by direct interaction. A s,tatistical 
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Table 1V-4. Velocity dependence of the relative cross 
section forLi 22p (6707A line) production in 

* the ,Hg + Li1 system. 

, 4 
Relative velocity g (10, em/sec) 

2.32 

2.88 

3.47 

4.09 

4.73 

5.37 

6.03 

6.70 

7.41 

8.13 

8.82 

9.52 

10.21 

, 

Relative Cross Section 
(Arbitrary Units) 

0.61±0.27 

0.10±0.03 

0.046±0.024 

0.036±0.010 

0.042±0.065 

0.05l±0.070 

0.08l±0.089 

0.052±0.045 

0.053±0.042 
\ 

0.033±0.017 

0.058±0.O34 

0.20±0.06 
I 

0.l3±0.05 
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model may be more appropriate. In fact, calculation will be performed 

'to determine its suitability. In any case, it seems to be qualitatively 

* correct. We can envision that as the MX molecule and, Hg atom approach 

each other, a transition complex MXHg may b~ formed with a statistical 

redistribution of the available energy among the M-X and Hg-X bonds. 

The total available energy will include the excitation energy of the 

* Hg atom, the translational energy of relative motion and the vibrational 

and rotational energy of the MX molecule. Depending on the relative 

bond strengths of the Hg-X and M-X bonds, the complex may exit along 

* the product channel with the formation of Mand HgX or reform the reactants. 

As the relative velocity increases, the probability of forming a stable 

complex diminishes and the relative cross section decreases until 

reaction (1) becomes important as the relative veloc,ity increases further 

and the relative cross section would rise with increasing velocity. 

For NaBr, reaction (1) is endothermic and the monotonically 

decreasing relative cross section gives no indication that reaction (1) 

may be becoming important. For NaI, both reactions (1) and (2) are 

exothermic. However, we did not observe a rise in the relative cross 

section at the high velocity end of the measured velocity range. Thus 

we believe that we have not reached the energy 'range where reaction (1) 

becomes important. There is one disturbing fact as we look at the 

* data for LiI + Hg which did seem to indicate a rise in the relative 

cross section at the high velocity end. The enetgetics for LiI 

suggests that its behavior should lie between that of NaI and NaBr. 

This is not true if we 'have full confidence in our data on LiI. Lithium 

'II 
iodide is by far the most unstable alkali halide we have worked with 
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in the laboratory. It is easily decomposed on exposure to light and 

moisture. Therefore, it is suspected that products of decomposition 

or impur~ties may be present in the beam during the experiment. Entities 

like Li
2
0 orLi which would be present in greater quantities at high 

velocities may alter the outcome of the reaction. Moreover, the noise 

in the datil for·L:iI is much more severe than either NaI or NaBr. Thus 

* further experiments should be performed on the Hg + LiI system to 

determine wh~th,er the rise in the relative cross section at high 

velocities is real or not. If it is true, we may have to reconsider our 

current interpretation. 

In conclusion, we have to admit that we still know very little 

*. about the nature of the reaction Hg + MX. Further experiments could 

be conducted to determine the identity, angular distribution and the 

translational energies of the product fr~gments or even the cross 

-section for production of ionic products of which reaction (8) is an 

example. Perhaps 'after all these experiments are performed successfully, 

we can begi~ to understand the process better. 
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FIGURE CAPTIONS 

Velocity dependence of the relative cross section for the 

,2, 
formation of Na4 P atoms in collisions of NaI with 
, 3 ' 

Hg 6 PO,2 metastable atoms. The error bars represent 

standard deviations evaluated from the deviation of the 

experimental data points from the mean value. The solid, 

dashed and dotted-l:lashed curves are trial curves with 

-s Qre1(g) ~ g and averaged over the beam velocity distributions. 

The kinetic energy scale is ,evaluated by setting E = I ]lg2. 

",;~' ':,t111g .; IV-2. ;. Velocity dependence of. the relative cross section for the 

2 formation of Na 4 P atoms in collisions of NaBr with 

3 
Hg 6 Po 2 metastable atoms. The error bars represent , 
standard deviations evaluated from the deviation of the 

experimental data points from the mean value. The different 

, , -s 
curves are trial curves with Q l(g) ~ g , and averaged , re 

over the beam 'velocity distributions. The kinetic energy 

1 2 scale is evaluated by setting E = 2 ]lg 
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APPENDIX • Analytic Expressions for the Admittance 
Function B(v,V) for Cases 1, 2 and 4. 

, 
Case 4 e ~2a 

Region 1 

Region 2 

Region 3 

Region 4 

Region S 

Region 6 

Region 7 

Region 8 

Region 9 

Region 10 

B
1

(V,V) 

B
2

(V,V) 

B
3

(V,V) 

B4(v,V) 

BS(v,V) 
I 
I 
j B

6
(V,V) 

1\ B7 (v,V) 

B(v,V) 

B (v, V) 

B (v, V) 

B (v, V) 

B(v,V) 

B(v,V) 

B (v , V) 

B(v, V) 

B (v, V) 

B (v, V) 

= 

B
8

(v,V) 

\ B9 (v,V) /'. 

\. B10 (v, v) 

= 

= 

= 

= 

= 

= 

= 

= 

B
1

(v,V) 

B
2

(V,V) v, (a) 
max 0 

B3 (v, V) v(a ) 
max max 

'B
4 

(v, V) v (a, ) 
o ml.n 

BS(V'V) v (a ) 
o 0 

B6 (v,V) v (d ) 
o max 

B7 (v, V) v (a, ) 
min min 

B
8

(V,V) vmin(ao ) 

B
9

(V,V) vmin(ama) 

B
10 

(v, V) 

000000000000\ 

o 000 0 0 1 0 0 0 0 0 

o 0 0 00 0 0 1 0 1 0 0 

o 0 0 0 0 0, 0 1 0 0 1 0 

1 0 0 0 '0 0 0 0 1 0 1 0 

o 1 0 1 000 0 0 001 

o 1 0 0 1 0 0 0 0 0 0 0 

o 0 1,0 1 0 0 0 0 000 

, 000 001 0 0 0 0 0 0 

\0 0 0 0 0 0 0 0 0 0 0 0 

v > v (a,) 
max ml.n 

~ v ~ v (a,) 
max ml.n 

< v < v (a) 
max 0 

< v < v (a - ) 
' max max 

<v<v o (amin) 

~v<v (a ) 
o 0 

~v<v (a ) 
(j max 

< v < v ,(a ) , ml.n min 
-

< v < v (a) 
min 0 

v ~ v (a·) 
min max 

, /111 (amin,Sx(v) ~ \' 

/

' III (amin,ao) 

III (S x (v) - e, a 0) \ 

112 (ao 'Sx(v» 

II r12 (ao ,ama) 

I, 1
12

(6 (v) - e,a ) 
x max 

12~(amin'Sx(v) + e) 

1
21

(ci , ,a ) 
ml.n 0 

121 (Sx(v),ao) 

122 (ao 'Sx(V) + e) 

\ 
\ 1

22
(a,a ) 

\ 0 max 

"\122 (6 (v),a ) x max 

(1) 

(2) 

(3) 

(4) 

(S) 

(6) 

(7) 

(8) 

(9) 

(10) 
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, 
For Case 11 and 4, since cx > e in these cases, part of the 

triangle representing B(v,\),cx) will be truncated and the admittance 

function B(v,'V) becomes quite complicated. If the B(v,'V,CX) function 

is known for a specific case, B(v,\» can be evaluated in a simi~ar way 

(i.e., by sliding a truncated triangle representing B(v,'V~CX) across 

a triangle representing D(CX». Thus thes'e cases will not be dealt with 

in detail here. 

," 
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