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ENERGY DEPENDENT ELECTRON POLARIZATION STUDIES 

OF PENNING IONIZATION CHANNELS 

John Martin Ratliff 

ABSTRACT 

Penning ionization reactions have been studied in a flowing after¬ 

glow apparatus to explore the contributions of autoionizing channels in 

reactions of spin-polarized He(2*S) with alkali atoms. Spin polariza¬ 

tion analysis of the Penning electrons has allowed us to identify a sig¬ 

nificant autoionizing channel for rubidium, and no such contribution for 

cesium and potassium. 

Using the results of this study, a model of the reaction process 

was constructed to predict the Penning electron polarization produced in 

He(23S) - polarized rubidium reactions. An attempt to measure this po¬ 

larization was made, but it became clear in the course of the experiment 

that success is possible only with a substantially upgraded apparatus. 

A simultaneous energy and polarization measurement of the electrons 

produced in reactions of polarized He(2*S) with 0^ has also been at¬ 

tempted. This initial experiment was unsuccessful but indicates that 

results can be obtained, again given an improved apparatus. 
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I. IONIZING REACTIONS 

A. PENNING IONIZATION 

1) Introduction 

From observations of reactions occurring in the afterglow of a gas 

cell microwave discharge, F.M. Penning in 1927 was lead to propose the 

existence of the reaction 

X + A —) X + A+ + e , 

where X* is a metastable noble gas atom and A is an atom or molecule of 

choice*- • 

In subsequent years many studies have been made of this type of 

reaction, known as Penning ionization, in which an excited metastable 

noble gas atom has sufficient internal energy to ionize a collision 

partner. Tho presence of this reaction in plasmas and discharges, as 

well as the desire to verify or improve on theoretical calculations, has 

helped to sustain interest in doing experimental research on Penning 

ionization. 

One standard method of studÿ is to perform the experiments in a 

sealed gas cell containing a noble gas and reactant gas A. A momentary 

microwave discharge first creates the necessary metastable atoms. Ob¬ 

servations are then made of the reactions occurring in the afterglow of 

the discharge. If the average lifetime of the metastable atom is suffi¬ 

ciently long the Penning ionization can be observed after the charged 

particles produced by the discharge have recombined. 

Gas cells have been used with much success to obtain rates for Pen¬ 

ning reactions between a variety of pairs of atoms. Less has been 

1 
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accomplished with molecular reactants, primarily because free electrons 

produced by the discharge will typically be energetic enough to disso¬ 

ciate the molecule. Consequently Penning reactions with the fractioning 

products of the molecule will compete with the desired reaction. 

To circumvent the problems with gas cells the flowing afterglow 

2 
method was developed several years ago • In this technique a steady 

flow of a noble gas traverses a discharge region which creates metast¬ 

ables. In the process of flowing from the discharge to the reaction re¬ 

gion the ions and electrons have time to recombine or diffuse to the 

chamber walls, leaving only metastable and neutral ground state atoms in 

the stream to reach the reaction region. Here the reactant gas is in¬ 

troduced into the noble gas stream for Penning ionization studies. 

While it is difficult to obtain absolute reaction rates from flow¬ 

ing afterglow experiments, the apparatus is well suited for measuring 

energy distributions of the Penning electrons and for identifying by 

mass spectroscopy the ion species produced. This is accomplished by al¬ 

lowing the electrons and/or ions to diffuse out of the reaction chamber 

through a differentially pumped aperture and into a chamber where they 

can be collimated and analyzed. In the experiments to be described 

below the Rice flowing afterglow apparatus was used not only for its 

capacity to measure the energy distribution of electrons created in the 

afterglow, but also for its capability to preferentially orient the spin 

of He(2*S) metastables into either Mj=+1 or 1 states as referenced 

to an imposed magnetic field. It has in addition the capacity to 

measure the polarization, or preferred spin direction, of the Penning 
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electrons produced by the reactions. The polarization is defined by the 

relation 

▼here It and II are the currents of H =1/2 and M =-1/2 electrons* 
8 S 

respectively* and I is the total current. 

These features of the apparatus make it possible to gain insights 

into the dynamics of Penning reactions by measuring the spin-dependence 

of the product electrons as a function of their energy. 

The work described in this thesis concerns the study of the Penning 

electrons produced in collisions of metastable 2*S helium atoms with al¬ 

kali atoms and 0^ molecules. As will be described in this thesis* an 

intermediate reaction channel .involving an autoionizing state was iden¬ 

tified in He(2*S) — Rb reactions* and no corresponding channels were 

found for He(2*S) reacting with cesium or potassium. Inconclusive 

energy-resolved electron polarization data were obtained for the 

He(2*S) — Qg Penning reaction. 

2) Dynamics of the Penning Collision 

a) Direct Channel 

If the Penning reaction occurs through an exchange interaction 

between the helium and the valence electrons of the reactant* the reac¬ 

tant will be ionized when one of its electrons falls into the vacancy in 

the helium Is level* while the helium 2s electron is ejected. The free 

electron produced in this so-called direct reaction is expected to 
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preserve the spin direction of the polarized metastahle helium, denoted 

He(2*Stt) . 

A reactant snch as argon, for example, would be expected to react 

only by the above process. This has been confirmed experimentally by 

polarization measurements on electrons produced by Ee(2IStt)-Ar 

3 
reactions , in which the polarization of the product electrons was found 

to equal the original helium polarization, 

b) Ionic Channel 

When the reactant is chemically active it may combine with the 

Ee(2*S) to form a short-lived molecule before ionization takes place. 

The Ee 2s electron can fill a valence shell vacancy in the reactant A to 

form an ionic complex [Ee+-A ]. 

Once this complex forms the chances are greatly reduced that the 

electron ejected when the complex breaks up will have the same spin as 

the original Ee 2s electron. The polarization of electrons produced in 

these reactions is therefore expected to be less than the Ee(2*S) polar¬ 

ization. 

Ionization of the reactant can occur out of the complex in one of 

two ways: (1) One electron drops into the vacancy in the Ee Is level 

while another is simultaneously ejected: 

[Ee+-A“] —> Be + A+ + e" . 

(2) A core electron from reactant A neutralizes the helium ion, leaving 

the reactant in an autoionizing state. This autoionizing state then de¬ 

cays by electron ejection: 

[Ee+-A~] —> Be + A** 9 
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followed by 

A** —> A+ + e" . 

The energy of the ejected electron is determined by the requirement 

that the total pre-collision energy be conserved. Thus the electron 

energy distribution reflects such things as the internuclear potential 

of the collision pair when ionization took place and the final state of 

the reactant ion. These and other details of the electron energy spec¬ 

trum will be discussed more fully below, 

c) Autoionizing Channel 

In some instances a quasi-resonant transition can occur in which 

He(2*S) + A—>He + A . This is different than the autoionizing process 

described above in that an ionic quasi-molecule is not formed. It will 

be demonstrated below that Penning ionization via this channel does oc¬ 

cur in He(2*S)-Rb reactions. 

B. POSSIBLE CONCURRENT REACTIONS 

The Penning reactions described above are not the only processes 

occurring in the afterglow which determine the number» energy and spin 

of the extracted electrons. 

One common reaction is electron exchange» where a free electron 

collides with a bound» atomic electron such that» loosely speaking, the 

formerly free electron stays in the atom and the formerly bound electron 

is freed. Consider for example a Penning reaction followed by an 

exchange reaction, with relative spin orientations as shown: 
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He(2*S) + Rb —> He + Rb+ + e”(t) , 

followed by 

e“(t) + Rb(5s*) —> e"(l) + Rb(5st) . 

The kinetic energy of the free electron is unchanged by the exchange 

collision, but its spin orientation may be altered as in the reaction 

shown. This can occur because the valence level of the atom is not com¬ 

pletely filled so that it can accomodate an incoming electron of either 

spin. A completely filled shell would only be able to accept an elec¬ 

tron having the same spin as the electron ejected from the shell. 

Undesirable free electrons can be created by any of the following 

reactions: 

1) He(2*S) + A . —) He + A * + e » surface surface 

2) He(2*S) 
, . + — 

+ He(2*S) —> He + He + e , 

He(21S) 
.+ — 

3) + A —> He + A + e • 

Electrons produced when a He(2*S) collides with the chamber surface 

(reaction 1) can be a significant source of background electrons, 

particularly at energies of 2 eV and less. Two trends do help to 

suppress these electrons: First, the electrons formed at the surface 

will tend to diffuse back into the surface. The surface-produced elec¬ 

trons that are detected must therefore be the ones created in close 

proximity to the extractor aperture. Second, a large Penning reaction 

rate for the gas being studied will leave few metastable atoms intact to 

collide with the surface of the chamber. 
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But when dealing with low count rates or low energies a method must 

be found to decouvolute the surface contribution from the measured 

signal. One method of achieving this will be discussed below (III.E.2). 

The 15 eV electrons that would be produced by reaction 2 were not 

observed, indicating that the metastable helium density was small enough 

to make this reaction negligible. This is consistent with calculations 

of the reaction rate under conditions prevailing in the flowtube. 

Reaction 3 is a Penning reaction, but for our purposes it is an un¬ 

desirable one. The He(21S) has only an Mj=0 state and can therefore not 

be polarized. The Ee(21S) will produce an electron energy spectrum 

similar to Be(2*S) but unpolarized and shifted to higher energy by 

0.8 eV. the difference between the energies of the He(2xS) and Ee(2*S) 

states. 

The relative amounts of Ee(2*S) and Ee(21S) created in the dis¬ 

charge has been previously measured and found to be approximately 95% 

4 
and 5%. respectively . This ratio was deemed acceptable for the pur¬ 

poses of our experiments. 



II. THEORETICAL CONSIDERATIONS 

A. POTENTIAL CURVE MODEL 

1) Attractive Entrance Channels 

The Penning electron energy distribution can be understood in terms 

of an internuclear potential curve model for the colliding reactants. 

As an example Fig.l shows an idealized collision of a metastable and a 

ground state atom, consisting of only one entrance channel and one 

exit channel V+. We can use energy conservation to immediately obtain 

an expression for the energy E of the ejected electron in terms of pre- 

and post- collision quantities: 

+ E^(®) + E = V*(®) + E^®) 

or E = V#(®) - V+(®) + Ek(®) - E£(®) 

*=Eo + Ek(«) - E^(®) eq.l 

Here Ej,(®) and E'(®) are the pre- and post-collision energies, 

respectively, of the nuclei, and EQ = V^t®) — V+(®). 

The entrance channel is embedded in a continuum of possible exit 

channel states due to the continuous density of kinetic energy states of 

the ejected electron. 

To proceed further with this model it is useful to first invoke the 

Born-Oppenheimer approximation. By doing so we assume that the nuclear 

motion is slow enough that the electronic configuration at a particular 

internuclear separation R will be identical to the configuration for nu¬ 

clei fixed at that separation. Another way of saying this is that the 

electronic configuration will depend on R but not R. 

8 
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This implies that in this approximation the positions of the nuclei 

will not change during the transition from to V+ because of the 

swiftness with which the electronic configuration rearranges. The 

kinetic energy of the nuclei are unchanged by the transition because the 

electronic motion is independent of R. Therefore the transition is 

'vertical* (referring to a transition such as that labelled E in Fig.l), 

Vgl(Rt) —> V+(Rt) where R is the separation at which the transition 

takes place and E^(R ) ■ E^(Rt>. 

The energy of the ionized electron can now be written as 

E = V*(Rt) - V+(Rt) + 

« VRt) - V+(Rt)*AV . 

Within the BornrOppenheimer approximation, which is applicable at 

thermal energies, the Penning electron spectrum will reflect the differ¬ 

ence in the entrance and exit potentials. The relative number of elec¬ 

trons produced at a particular energy will depend on the transition 

probability W(R) that the reaction will occur at separation R. The 

Heisenberg uncertainty principle then requires that an energy width 

T*(R)= hW(R) be associated with the entrance channel, that gives a meas¬ 

ure of how much the entrance channel overlaps in energy with the exit 

channel continuum. The width T^R) typically has its maximum value near 

the Vf potential barrier at small R and falls off to zero as R->®. 

As is evident in Fig.l the majority of electrons will have energies 

less than E . o 

For Penning electrons to have energies greater than E = EQ + E^(«°) 

then from eq.(l) it is seen that E^40) < 0. This means that a bound 
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State (XA)+ is formed» with the energy released by binding going to the 

ejected electron. 

2) Repulsive Entrance Channels 

If the entrance channel >is repulsive» as in Fig.2 » then AV will be 

greater than Eq. The electron spectrum will therefore appear only at 

energies above E^» in contrast to the attractive system of Fig.l whose 

energy spectrum fell largely below Eq. The spectrum in this case is 

also narrower and has a more pronounced dependence on E^ (or more 

generally on the average kinetic energy kT). 

If X is a noble gas atom then there will be only a weak interaction 

in the exit channel between the ground state noble gas atom and A*. The 

potential Y+ will therefore be quite 'flat', i.e. it will vary only 

slightly with R. For example, the well depth of the He(lxS)-K+ poten¬ 

tial has been found to be only about 0.02 eV **. There will be little or 

no possibility that a bound state (XA)+ will form. 

3) Effect of Intersecting Autoionizing Channels 

We now need to consider the consequences of having an autoionizing 

channel in close proximity to V*. The internuclear potential of 

** 
He(l1S) — A will be only weakly dependent on R because of the helium's 

closed Is shell and small polarizability. An example is shown in Fig.3 

for a reaction such as Ee(2IS) + Rb. 

If the autoionizing state is a spin doublet its potential curve 

will not cross the doublet entrance channel of the curve. This 

avoided crossing will divert the atoms from the entrance to the 

autoionizing channel. The finite kinetic energy of the atoms may. 
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however, enable the system to diabatically 'jump' the energy interval 

and continue on the entrance curve. 

If the symmetries of the entrance and autoionizing states are not 

the same a crossing will be allowed and the autoionizing curve will only 

be reached through coupling of the electronic state with angular 

momentum of the nuclear motion. 

When and if the system gets into an autoionizing configuration the 

resulting Penning electrons will have a narrow energy distribution due 

to the small variation in AV from the autoionizing to the ionized atom 

channel. Of course it may be the case (as with rubidium) that there is 

not one but several autoionizing channels in the vicinity of the en¬ 

trance channel. The resulting electron distribution will then be a su¬ 

perposition of the contributions from each of the channels. 

V 
4) Effect of Intersecting Ionic Channels 

For some reactant species an ionic channel [X+-A ] is possible. In 

this configuration the internuclear potential is strongly attractive. 

Because this causes a large variation in AV the electron energy distri¬ 

bution arising from this channel is typically very broad. 

5) Molecular Reactants 

A potential curve model does not describe the collision process for 

molecular reactants as quantitatively as it does for atomic reactants. 

The internuclear potential depends not only on the internuclear separa¬ 

tion but also on the spatial orientation of the molecule and its initial 

vibrational and rotational states. It is nevertheless still possible to 



15 

describe most of tbe features of tbe Penning electron energy spectrum in 

terms of tbe potential curve model, as will now be done for-O^. 

B. APPLICATION OF MODEL TO 02 STUDY 

A preliminary study was recently made with tbe Rice afterglow to 

determine tbe energy dependence of tbe polarization P(E) of electrons 

produced in He(2sStt) - 0^ reactions. Tbe data suffered from a lack of 

good reproducability due to small signal to noise ratio. Nevertheless 

tbe preliminary results did indicate that future success in measuring 

P(E) could be achieved by improvements to tbe apparatus. 

In anticipation of this we will to review tbe existing experimental 

data within tbe framework of tbe potential curve model (Fig.4) in order 

to make a qualitative prediction of P(E). 

The entrance channel state of tbe He(2*S)-0.(*) collision pair 
2 g 

will determine tbe accessibility of tbe ionic channel He+-0_ (*77" ) and 
*• g 

tbe autoionizing channel He-O^ . A particular collision pair in tbe 

entrance channel can form either a singlet, triplet, or quintet spin 

state. The ionic channel can be either a singlet or a triplet state and 

is thus accessible from two of tbe possible entrance channels. Tbe 

** 
relevant autoionizing channel is most probably tbe 0^ state which has 

a series limit of 0-+(BaS )# energy of 19.812 eV, and is a triplet z g 
7 

state • Therefore, of tbe three entrance channels only the triplet can 

reach the autoionizing channel. 
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Spin can also be nsed to determine which final 0^ states are ac¬ 

cessible from which channels. The quartet states 0-+(tL*TT ) and 
4M U 

0-+(b4S~ ) are accessed via quintet and triplet channels, while the 
*• 8 

doublet states 0-+(Aa77r ) and 0_+(Xa77" ) arise from the triplet and 
2 U 2 g 

singlet channels. 

Let us now consider the electron spectrum shown in Fig.5. On sta¬ 

tistical grounds the quintet entrance channel will be most prevalent. 

It is therefore not surprising that the quartet peaks are most 

prominent. They are also shifted to slightly higher energies than the 

nominal (infinite collision pair separation) energy, as expected for 

9 
Penning ionization from a repulsive entrance channel . 

The broad 'background' underlying the peaks is probably due to 

9 
transitions from the ionic channel . A strongly attractive ionic poten¬ 

tial could supply the large variation in AV needed to produce a broad 

energy distribution. The 0_+(Aa77* ) peak is shifted to an energy lower 

than its nominal energy, which indicates that the attractive, ionic 

channel is its largest contributor. 

The peaks of the 0_+(Xa7T ) state are not shifted, and its vibra- 
8 

tional levels are well resolved. This suggests that the peaks arise 

from the autoionizing channel, the absence of a peak shift being due to 

** + 
the flatness of the potential curves in both the He-O^ and He-O^ 

channels^ and the coincidental near-resonance of the Ee(2*S) and 0^** 

states 
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It is also significant that the populations of the vibrational lev¬ 

els are not vhat would be expected from the Franck-Condon factors for a 

vertical transition from the 0^ ground state. 

The 0_+(X*7T ) peaks also show a significant decrease with increas- 
* 8 

9 10 ing collision energy * . This can be accounted for by noting that the 

probability of a diaba tic 'jump* across the ionic-autoionizing avoided 

crossing becomes more likely as the collision energy increases. In this 

way some of the triplet ionic channels that would have entered the an- 

toionizing channel will now continue in the ionic. 

The temperature dependence of the quartet 0^+ states is much weaker 

than that of the Xa77” state^*^. This is to be expected given that the s 
quartet (>2

+ states have a large contribution from the quintet entrance 

channel, which is relatively unaffected by collision energy. 

With the above interpretations we can make qualitative predictions 

of the electron polarization from an experiment with polarized He(2*S). 

The two 02
+ quartet state peaks should have a large contribution from 

the quintet covalent entrance channel and will therefore be highly po¬ 

larized. This polarization will be degraded to the extent that ionic 

channel contributions fall at the same energies. The energy region 

around the A*77" peak and just above the a477" peak should almost all u u 

arise from the ionic channel and will probably have a significantly de¬ 

graded polarization as a result of spin-orbit and spin-rotational cour- 

pling in the collision complex. The X177 peak is most likely the 
8 

result of autoionization and will therefore also have a degraded 

polarization. 
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A recent Rice afterglow experiment determined the net polarization 

of all the electrons produced by He(2*Stt)-0^ reactions**. The elec¬ 

trons were found to have a polarization of 30% that of the He(2*S) reac¬ 

tant. This is approximately the same percentage that the quartet 0^ 

states contribute to the total electron yield in Fig.5. This suggests 

that the ionic contributions to the electron yield are essentially unpo¬ 

larized. The autoionizing channel yield is too small to enter into this 

argument. 

With successful energy-dependent electron polarization measurements 

the reaction mechanisms can be more completely revealed. 

C. POLARIZED HELIDM(2*S) - ALKALI REACTION 

Gas cell afterglow measurements have shown that the Penning ioniza¬ 

tion reaction rate for He(2*S) and an alkali atom has an unusually large 

12 variation with alkali species, as shown in Fig.6 . Previous theoreti- 

13 cal calculations had indicated only a slight variation in 

cross-section. To explain this discrepancy it was proposed that the 

availability of autoionizing channels in Rb and K, channels not con¬ 

sidered in the theoretical treatment, could account for their larger 

Penning cross-sections. As indicated in Fig.6 autoionizing states of Rb 

and K may have a near-resonance with the He(2*S) Penning entrance chan¬ 

nel while the autoionizing states of Na and Cs do not. A closer inspec¬ 

tion of autoionizing state energies (Table 1) reveals several closely 

spaced states of Rb that could be expected to cross the He(2*S)-Rb 
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entrance channel potential (recall Fig.3)• The well depth of the 

He(2*S)— alkali potential has not been measured for rnbidinm bnt it is 

presumably comparable to those of sodium and potassium, which are 

approximately 0.73 eV and 0.59 eV, respectively^^. 

The K antoionizing states are not as dense as the Eb states in the 

appropriate energy range, nor are they as close to the resonant energy. 

This might qualitatively explain the variation in the measued reaction 

rates of these alkalis. Some of the lowest fou or five potassium au- 

toionizing states may have an energy close enough for the He(l1S)-K 

potential cuve to cross the He(2*S)-K entrance channel. The two 

quartet autoionizing states will probably cross the entrance channel but 

they can only couple to a quartet entrance channel. Without more 

knowledge of the shape of the autoionizing channel potentials it is im¬ 

possible to know if other channels actually cross. 

The Penning electron spectrum of any one of the alkalis consists of 

only one peak at roughly 15 eV. The energy spectrum alone is not suffi¬ 

cient to detect the existence of an autoionizing channel, but a measue- 

ment of the spin polarization of the electrons produced by polarized 

He(2*S) can yield this information. Recall that ionization directly out 

of the entrance channel will produce electrons that preserve the polari¬ 

zation of the He(2*S) atoms. If a significant number of reactions 

proceed instead via an intermediate channel the product electron polari¬ 

zation can be decreased. 

By considering the various possible spin configurations of the 

He(2*Stt)-Rb collision it is possible to obtain an estimate of the 
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effect of intermediate autoionizing channels on the product electron po¬ 

larization. 

The possible configurations are shown in Fig.7. The quartet chan¬ 

nel can lead to formation of an autoionizing state as shown. Regardless 

of which of the two outer electrons comes off. this channel will produce 

only electrons oriented parallel to the helium spin. Defining this 

direction as positive polarization, we say that this channel will pro¬ 

duce electrons having polarization P=1. i.e. (+) 100% polarized elec¬ 

trons for 100% polarized Ee(2tS) reactant. A direct transition from 

this entrance channel to the final, ionized atom channel is forbidden by 

spin conservation. 

The direct doublet channel produces electrons having polarization 

P=1. The polarization will be reduced if a doublet autoionizing channel 

is accessible. Unlike the quartet autoionizing state with its aligned 

spins, the two excited electrons of the doublet state have their spins 

anti-parallel to one another. Spin conservation requires that an elec¬ 

tron can only fill the 4p core hole if its spin is aligned anti-parallel 

to the spin state of the 4p core. The 4p level takes on a |SM >=likr> 
S JL2, 

spin state when a H =-1/2 electron moves over to the helium ground 
8 

state. Because of spin-orbit coupling, however, this spin state is not 

an eigenstate. It will evolve in time, periodically taking on a !”•» ^ 

component. This will give both of the outer Rb electrons, regardless of 

their spin orientation, a chance to drop into the 4p core hole. The 

probability that an electron will drop will be proportional to the 

probability that the 4p level is in the appropriate spin state. Because 



27 

the period with which the spin state oscillates is probably several ord¬ 

ers of magnitude smaller than the lifetime of the antoionizing state» it 

is sufficient to consider only the time-averaged probability of the 4p 

level being in a Mg=+l/2 or, -1/2 state* As is shown in Appendix 1» 

these probabilities are 

+1/2 
11 
27 

and P 
-1/2 

8_ 
27 * 

during the time evolution of a Mg=+l/2 state» or 

+1/2 
11 
8 -1/2 

Similarly, an antoionizing state starting in a M =-1/2 state leads to 

p .11 p 
-1/2 8 *+1/2 * 

The electrons dropping to the core come from different initial 

states, so differences in the transition probabilities are expected. It 

is also possible (but probably unlikely -see Note) that the more ener¬ 

getic electron will make one or more radiative transitions to lower au— 

toionizing states before the 4p level is filled and an electron ejected. 

The ejected electron could then possibly have an energy lower than the 

analyzer threshold and consequently not be detected. To represent the 

transition inequalities contributed by all processes other than the 

spin-orbit coupling described above, we assume that the transition 

probability of the outermost electron is smaller than that of a 5s elec¬ 

tron of the same spin by an unspecified factor x. 

The net polarization of the product electrons is given by 

P f P + 
*2r2 f4P4 * 

where P is the polarization resulting from a given channel (doublet (2) 

or quartet (4)) and f is the fraction of reactions occurring via that 
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channel* with f^ + f^ “ 1. 

In the above discussion it was seen that P^«l. The polarization of 

the doublet state channel is given by 

P2 " faPa + fdPd » 

where f and P are defir-d as above with #d’ signifying the direct chan¬ 

nel and *a’ the autoionizing. The polarizations are 

and P 

as given in Fig.7, with e = 19/8. 

V1 
x-c 

a x+c * 

Then pa * f.<p. - pd> • 

4 2x . 
" 1 ' Ï+Ô *« • 

The total polarization can therefore he written as 

P 1 - f f 
x+c *a *2 • 

The actual values of the relative reaction rates f. and f. are un- 
Z 4 

known* hut the repulsive interaction potential of the quartet channel 

would almost certainly make it much less reactive than the doublet chan¬ 

nel. 

NOTE: The lifetime against electron ejection from an autoionizing state 
is typically much shorter than the lifetime against radiative decay. We 
would therefore expect radiative transitions to have a negligible effect 
on our data. A search was made for the presence of electrons having an 
energy less than 15.6 eV, which would indicate pre-autoionization 
radiative transitions. None were discernable above the surface ioniza¬ 
tion background. Since a radiative transition is generally most prob¬ 
able between closely spaced levels any transitions occurring before 
autoionization would probably net remove much energy from the atom. The 
energy analyzer had a transmission window of more than 1 eV* so several 
radiative transitions could take place and the autoionized electron 
would still be detected. 
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D. HELIUM(2*S) - POLARIZED RUBIDIUM REACTION 

To complement the above calculation we now consider He(2*S)-Rb 

reactions in which the rubidium, rather than the helium, is spin polar¬ 

ized. 

Several different channels are possible in this reaction. Because 

of a lack of knowledge of these processes it will be necessary to make 

several assumptions before arriving at an expression for the product 

electron polarization. 

First we will assume that the quartet channel is sufficiently 

blocked by the repulsive potential to be insignificant. This leaves us 

with five channels available from the three possible helium metastable 

orientations tl, it, and 4 4, as shown in Fig.8. 

The relative reaction rates of each channel are unknown, although 

He(2*Stt)-Rb experimental results combined with the above theoretical 

expression can be used to determine the relative rates fft and f^ of au- 

toionizing and direct channels. 

The polarization of a particular collision configuration in 

Fig.8 is calculated as in Fig.7. It is then necessary to assign a rela¬ 

tive reaction rate to each configuration. 

The helium metastable atoms are presumably created with equal 

numbers in each of the three states, so if we assume that the reac¬ 

tion rates are equal then the Mj=0 and M^=-l states each give rise to 

half of the observed Penning electrons. (Recall that the Mj*l helium 

state and Mj=l/2 rubidium state leads to a quartet channel which we 

assume does not react.) 
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Hie ti and It metastable orientations together make up the Mj=0 

state. Again assuming equal reaction rates for these orientations, each 

will contribute to 1/4 of the total autoionizing channel rate, with the 

Hj^-l autoionizing rate contributing 1/2. The polarization of the au¬ 

toionizing channel electrons is therefore 

pi ATÇ 1 xc-1. . i 
a 2 x+c 4 xc+1 4 * 

as can be seen from Fig.8. 

In the direct channel only two of the three initial orientations 

lead to Penning ionization. Direct channel 3 in Fig.8 will not react 

because it would require the Rb 5s electron to flip its spin. This is 

quite improbable given the typically small magnetic dipole interactions 

involved, and the time scale of the collision. The contribution from 

the Mj*=0 helium state therefore comes only from configuration 2 of the 

figure. 

Assuming that the two allowed reactions proceed at equal rates the 

total direct channel polarization will be zero. The total polarization 

is then 

P - f P . a a 

This is shown in Fig.9 as a function of x for various values of f . 
ft 



III. APPARATUS AND EXPERIMENTAL PROCEDURE 

i 

A. FLOW TUBE AND EXTRACTOR 

Figure 10 shows a schematic of the experimental apparatus. High 

purity (99.995%) helium enters through the arm of a 10 cm diameter pyrex 

T-shaped tube after passing through a microwave discharge. The ions and 

electrons recombine or diffuse to the walls so that the flow at the 

pumping region contains only neutral ground state and metastable helium. 

The reactant can be introduced at any desired position along the 

flowtube by means of a perforated ring at the end of a stainless steel 

tube. For the alkali atom reactants an oven is mounted outside the 

reaction region. Its heated nozzle protrudes into the reaction region 

and directs the alkali vapor against the flow of helium. The Penning 

electrons are extracted by applying a -100V bias to the flowtube such 

that the electrons are accelerated through the 2.5 mm diameter extractor 

aperture, and are then collimated by electrostatic lenses. Differential 

pumping maintains a vacuum of about 1x10 ^ torr in this chamber and 

1x10 ^ torr in the Mott spin analysis chamber. The helium gas column 

4 
moves through the flowtube at a speed of approximately 1x10 cm/s. and a 

pressure of 100 to 125p. It is exhausted by a Roots blower and mechani¬ 

cal pump. 

B. OPTICAL PUMPING RADIATION 

1 ) Hel ium 

The helium metastable atoms are polarized by illumination with 

33 
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17 
circularly polarized He(2S—>2P) radiation from a helium lamp • This 

radiation, which defines the quantization axis of the metastables, 

transfers angular momentum to the atoms when it excites them to the 2P 

state. Consider the case where the radiation is right-hand circularly 

polarized. An atom in a 2S state will be excited to a 2P(Mj+l) 

state. (See Fig.11.) This state will decay radiatively by an electric 

dipole transition with selection rule AM^O,*!. The final 2S state will 

be M., M.+l, or M.+2 (assuming the states exist). In the course of 
J J 1 

several cycles of excitation and decay the atom will have ended up in 

the Mjsl. state, after which additional cycles will not affect it. 

The spin orientation is stabilized by a magnetic field of approx¬ 

imately 1 Gauss, parallel to the polarizing radiation and imposed over 

the entire apparatus. 

The helium lamp radiation passes through a filter which is opaque 

to all but the 1.08p (2S—>2P) radiation. This passes through a linear 

polarizer and a quarter-wave plate, then through a glass window into the 

flowtube. The linear polarizer can be rotated to produce either right- 

or left- hand circularly polarized light, which enables it to create ei¬ 

ther Mj=+1 or —1 He(2*S) states. The polarization of the metastable 

stems is then defined by the expression 
N - N_ 

P B — 

N. + N + N * 
+ o - 

where N is the number density of atoms in that m state, 
in 

The efficiency of the optical pumping is such that a He(2*S) polar¬ 

ization of approximately 25% is achieved. 
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2) Rubidium 

The procedure for polarizing the rubidium atoms follows along the 

same lines as for helium. The resonance radiation for the Rb(5S—>5P) 

transition is supplied by a dye laser containing LD 700 dye, pumped by a 

krypton ion laser. Two lines exist» ^^j/2—^^3/2^ a* "^0 11111 axu* 

14 
(5SI/2—*t 795 nm . The laser was tuned to one of these lines 

by observing the fluorescence of the vapor in a rubidium ampoule. 

The laser beam was transported into the reaction region of the 

flowtube by a series of mirrors. A linear polarizer and quarter-wave 

plate circularly polarized the light before it entered the flowtube 

through a glass window. 

C. ENERGY ANALYZER 

The retarding grid energy analyzer consists of three parallel wire 

mesh screens whose planes are oriented perpendicular to the electron 

beam axis. The two outer grids are held at ground potential while the 

voltage of the center grid can be varied to act as a high-pass energy 

filter. The energy resolution» obtained in a previous study**, is 

approximately 0.5 eV. 

The transmitted electrons enter the Mott chamber for spin analysis» 

where they can be detected by a channeltron placed in the chamber» 

diametrically opposite the entrance aperture. 

The retarding grid can also be used in conjunction with polariza¬ 

tion measurements» as will be explained below. 
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D. MOTT CHAMBER 

The electron polarization is determined by Mott scattering from a 

18 
gold foil • The Mott scattering chamber consists of two concentric 

cylinders with electron beam entrance and exit apertures and apertures 

for 120° backscattering from the foil. The scattering plane is perpen¬ 

dicular to the quantization axis as defined by the polarizing radiation. 

Electrons entering the chamber are accelerated from 1.4 kV at the outer 

cylinder to 60 kV at the inner cylinder. They strike the foil mounted 

insi'o the inner cylinder and those that are scattered by 120° travel 

back to be detected by channeltrons located outside the outer cylinder. 

The majority of electrons are not scattered by the foil and continue 

through the rear aperture into a beam trap. 

The foil is held at -300 V relative to the inner cylinder (i.e. at 

59.7 kV) to stop ions formed by electron bombardment of the foil adsor¬ 

bates from being accelerated into the channeltrons. 

The electron polarization is determined from the scattering asym¬ 

metry by the expression 

p = 1 IN(0). - N(-e>] r s [N(e> + N(-e)] * 
10=11 wlth x„NOi_ 
S (X+l) wltJl * N(-0) * 

where N is the nnmber of electrons detected at a particular angle in a 

given interval» and S is the Sherman function» defined such that P ■ 1 

for completely polarized electrons of a specific energy elastically 

scattered from a foil of given composition and thickness. 



39 

Hie Sherman function for onr particular Mott chamber has been found 

to be S(120#,60KV)= 0.236 when scattered electrons suffering up to 

1.4 KeV energy loss are counted. 

Because of such things as electron beam misalignment» differences 

in channeltron efficiency» or stray magnetic fields» an artificial in¬ 

strumental asymmetry alters the ratio X of the counts. To eliminate 

this asymmetry two consecutive measurements of N(O) and N(-0) are made» 

one for each of the orientations M.=+l and -1 of the polarized reactant. 
J 

If the polarization is rotated 180° then N(^0) -> N( + 0). The in¬ 

strumental asymmetry will not» however» be rotated» so it will be can¬ 

celled if X is determined by the relation 

N(e) Nf(-8)I 1/2 
N(-0) N'(6)J 

where the prime denotes the rotated polarization. 

E. DATA ACQUISITION 

1) Energy Measurements 

The pulses produced in the channeltrons by the 120° backscattered 

electrons were recorded by counters using standard techniques. Rateme- 

ters were also used in parallel with the counters as monitors and to 

provide a 0-100 mV analogue output proportional to the count rate. 

A channeltron at the rear of the Mott chamber was used to obtain 

energy spectra. 

Simply observing the count rate of electrons transmitted through 

the retarding grid energy filter as a function of grid voltage would 
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yield an integral curve of the energy spectrum. To in effect differen¬ 

tiate this curve a lock-in detector vas employed. As the retarding grid 

was slowly increased the lock-in added a small, oscillating voltage to 

the grid. The consequent variation in the count rate was fed to the 

lock-in via the output of a ratemeter (set for smallest damping con¬ 

stant). By integrating the counts during each half of one cycle of os¬ 

cillation and subtracting one from the other, the count rate curve was 

effectively differentiated, yielding a standard energy spectrum. 

The channeltron was enclosed in an aluminum cylinder containing an 

entrance aperture. The aperture size could he reduced with an aluminum 

blade manipulated from outside the vacuum chamber. This was necessary 

in some measurements to avoid over-taxing the channeltron. Then polari¬ 

zation measurements were being made, plates in front of the rear chan¬ 

neltron were set at voltages designed to trap the unscattered electrons. 

2) Polarization Measurements 

The He(2*S) polarization, referred to as the base polarization, was 

measured by observing the electron polarization of the reaction 

He(2*S) + Ar —> He + Ar + e , 

2 
which is spin-conserving . 

To obtain the polarization of an alkali peak the retarding grid 

voltage was set at the low energy edge of the peak. The polarization 

was measured as a function of rubidium density. A relative measure of 

the density was obtained by measuring the area under the alkali energy 

peak, 
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Obtaining the polarization of electrons in a particular energy 

range E^< E ^^'is slightly more complicated. IVro sets of the four N(9) 

values are required, one with the retarding grid set at E^ and one with 

the grid at E^. Each is then subtracted from its corresponding N^, 

(e.g. H^-ej-N^-e)) and the se differences are used to calculate X and 

obtain the polarization. 

For measurements done over a large energy range, such as for 0^. 

several consecutive polarization measurements are made at each energy 

interval between zero and a chosen maximum energy, and then again at 

each interval going from the maximum bach down to zero. This was done 

to detect and correct for any systematic drifts in the operating charac-* 
t 

teristics of the machine. 

Electrons created by de-excitation of a He(2*S) at the surfaces of 

the chamber wall can contribute a significant background, particularly 

at energies below about 2 eV. Our method for removing this from the 

data is as follows. First a polarization curve P(E) is obtained for 

both the Og reactant (including a surface contribution) and for the sur¬ 

face alone. Data for both are taken in succession at each energy inter¬ 

val so that we obtain not only the polarization P(E) for the combined 

O^/surface reaction and P (E) for the surface reaction, but also the 
* s 

ratio of count rates R(E) between these reactions at each energy inter¬ 

val. 

Having obtained the polarization and count rate ratio curves it is 

then necessary to determine the extent to which the surface reactions 

are suppressed by the presence of the 0^ reactant in the 0^ polarization 
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measurements. We cannot simply use R(E) because it is the ratio of sur¬ 

face only reactions to oombined 0^/sur face reactions. To obtain a quan¬ 

titative measure of the suppression we measure the count rate ratio 

(without/with Oj) for electrons having energies above that of any 0^, 
Penning electron. This ratio is the fraction by which the surface con¬ 

tribution is suppressed when the 0^ is present. Multiplying this ratio 

by R(E) gives the necessary ratio — the ratio of the surface to the to¬ 

tal count rate at a given energy, denoted f (E). s 

The 0. polarization P (E) can now be deconvolved from the measured * f 

02/surface polarization P(E): 

P(E) = fr(E)Pr(E) + fsP8(E) , 

or 

pr - r^h5>IP<E> - Ve» • 
s 

3) Exchange Reaction Measurements 

The effects of exchange reactions (see I.B.) on the polarization of 

Penning electrons can be measured with little trouble. 

The decrease in electron polarization caused by exchange reactions 

(see I.B.) must be determined independently to distinguish it from po¬ 

larization degradation due only to the Penning reaction. Exchange reac¬ 

tions are observed by first introducing argon gas into the helium flow 

between the pumping region and the extractor. With a sufficient flow of 

argon the helium metastables will all be destroyed via Penning reactions 

and their polarization will be completely transferred to the product 
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electrons. These electrons then travel down the flowtnbe to mix with 

the reactant gas and then he extracted for polarization measurement. 

y 



IV. EXPERIMENTAL RESULTS 

A. POLARIZED HELIUM(2*S) - ALI XI REACTION 

1) Data 

The data from the polarized helium - alkali experiments is summar¬ 

ized in Figs.12-14. Each point on a graph vas obtained by averaging the 

polarizations determined by several consecutive measurements of N( 0) 

and N'( 0) (see III.E.). 

The exchange reaction curve shovs the electron polarization result¬ 

ing from the reactions 

He(2*S) + Ar —> He + Ar+ + e“ , 

folloved by e (t) + alk. ——> e (?) + alk. * 

vhere the spin of the product electron is determined by the condition 

that the total spin of the alkali valence electron and the colliding 

electron is conserved in the collision. Observing this reaction in con¬ 

junction vith the alkali Penning reactions served to clearly indicate 

that the decrease in electron polarization as alkali density increases 

is caused by spin exchange occurring after the Penning reaction. 

To a first approximation the exchange process rate vill be propor¬ 

tional to the alkali density and yield a polarization P = PQ - CIJ * 

vhere PQ is the polarization in the absence of exchange* c is a con¬ 

stant* and tj is the alkali density. This type of dependence is 

demonstrated in the data. 

The graphs also indicate that some process other than exchange is 

occurring in the rubidium Penning reactions vhich causes a significant 

degradation of the electron polarization. Figure 12 shovs that the 

44 
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polarization of electrons produced in He(2*S)-Rb reactions is signifi¬ 

cantly less than the He(2*S) polarization even after exchange depolari¬ 

zation is taken into account. The fact that this degradation is 

independent of rubidium density means that it is a consequence of an 

isolated He(2*S)-Rb reaction. The autoionizing channel is an obvious 

mechanism to explain this degradation. 

The polarization of the Rb Penning electrons was approximately 

P=0.7 relative to the helium base polarization. This empirical result 

combined with the expression for P derived in part II.C. yields 

°-7 -1 - 5; f.f2 • 

0r f. ” °-3 2^ ' 

for the fraction of reactions f occurring via the doublet autoionizing 
ft 

channels. Figure IS indicates the value of f for a given value of x 
A 

and f^. As stated above the repulsive He(2*S)-Alkali interaction will 

almost certainly make the quartet channel much less reactive than the 

doublet channel, so that f is approximately 1. Then, depending on x. 
ft 

f is somewhere between 0.5 and 1. It seems likely that x is approx- 
ft 

imately 1. which puts the autoionizing fraction f close to 0.5. 
ft 

The potassium curves (Fig.13) show a definite absence of 

polarization-degrading processes (excepting exchange). As seen in 

Table 1 some of the lowest potassium autoionizing states are close to 

the entrance channel energy of 19.8 eV (nominal) • The two quartet 

states will almost certainly cross the entrance channel, while the 

doublet states are probably too low or too high in energy to cross the 

entrance channel at any point other than very small R. where all the 
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potential curves become repulsive. The presence of the quartet autoion- 

izing channels might qualitatively explain why the Penning cross-section 

for potassium is slightly larger than sodium's (see Fig.6). The absence 

of depolarization indicates that no doublet autoionizing channels are 

present. This does not, however, rule out quartet autoionizing channels 

because the spin of the product electron is not degraded by this chan¬ 

nel. 

As with potassium, the cesium curve (Fig.14) shows no evidence of 

polarization degradation due to some intermediate channel. None of the 

Cs autoionizing states fall in the required energy range, so this chan¬ 

nel is forbidden. The absence of degradation in cesium and also potas¬ 

sium indicates that no reactions occur via a non-resonant pure ionic 

channel as discussed in II.A.4. 

2) Sources of Error 

The vertical error bars on the Figs.12-14 indicate the standard 

deviation of the values of the polarization measured at the particular 

alkali density. These errors were in all cases larger than the counting 

statistics error for a given polarization measurement. 

The He(2*S) polarization varied by a few percent from day to day. 

To allow comparison of data taken on different days the helium polariza¬ 

tion, referred to as the base polarization, was measured by observing 

the electron polarization of the reaction 

He(2*S) + Ar —> He + Ar+ + e" . 

As described above, this reaction is spin conserving. Before being com¬ 

piled the data was normalized to a base polarization of 25%, which was 
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V 

close to the average base polarization. 

There irere also variations in the measurements during the course of 

a day. possibly due to such things as changes in the helium flow rate, 

changes in the helium pumping lamp, and changes in the type and amounts 

of impurities in the flowtube. Though these variations caused rather 

large deviations from the fitted lines through the data points, it is 

important to note that both the Penning and exchange data points at a 

particular density value deviate from the fitted lines by the same 

amount and in the same direction. 

A relative measure of the alkali density vas obtained by measuring 

the area under the alkali peak of the electron energy spectrum for each 

density. Two possible sources of error vere apparent. 

The first vas a consequence of the difficulty in sustaining a con¬ 

stant oven temperature over an extended period of time. Variations in 

oven temperature changed the alkali density by as much as 40% at very 

low densities, but typically less than 10%. TVo energy spectra vere 

taken at each alkali density, one before and one after polarization 

measurements vere made. If the alkali peak areas vere different an 

average of the two vas used. 

There vas a not inconsequential error associated vith the measure¬ 

ment of a peak area. In particular it vas often not completely clear 

vhere the background stopped and the peak began. Nevertheless the un¬ 

systematic component of this error vas at most about 10%. 

From the He(2*S)-Rb graph and the model for this reaction discussed 

above we can estimate that approximately 50% of the reactions occur via 
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the autoionizing channel. This result vas used to predict the result of 

the helium — polarized rubidium experiment (see II.D.) that will now he 

discussed. 

B. HELIUM(2*S) - POLARIZED RUBIDIUM REACTION 

1) Power and Spectral Density of Pumping Radiation 

The frequency distribution of the laser is shown schematically in 

Fig.Id. The linewidth of the laser, defined by the envelope of lasing 

modes, was 15 to 20 GHz. with a mode spacing of about 300 MHz. This was 

sufficiently wide to span all the hyperfine structures. 

When pumping a transition care must be taken to insure that the 

transition linewidth is not so narrow as to fit between adjacent laser 

modes. If this occurs very little pumping will take place even though 

the nominal laser linewidth overlaps the transition line. 

As seen in Appendix 2. the transition linevidths are about 1 GHz. 

due to Doppler broadening. Because approximately three laser mode lines 

can fall within this transition width it would at first seem that the 

rubidium would be sufficiently illuminated, but it is necessary tp real¬ 

ize that an individual atom will be illuminated for only a short time. 

These atoms produce unpolarized Penning electrons whose presence will 

bring the total measured electron polarization down. During this time 

the atom will make only a few collisions with the helium buffer gas, so 

its velocity, and hence its transition frequency, will not change appre¬ 

ciably. It thus becomes quite probable that those atoms having a tran¬ 

sition frequency falling between the laser modes will not suffer enough 

velocity-changing collisions to move their transition frequency into the 
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frequency range of a laser mode. To prevent this situation the laser 

was modified to allow us to modulate the mode frequencies in time. By 

repeatedly shifting the mode frequencies hy an amount equal to the mode 

spacing the time-averaged spectral density could he distributed over the 

entire laser line envelope. This would insure that a mode line coin¬ 

cided with the transition of a particular atom during a portion of the 

atom's time in the laser beam. An electro-optic crystal was placed in 

the laser cavity to frequency modulate the laser light. By applying a 

time dependent voltage across the crystal its index of refraction was 

sufficiently changed to shift a mode hy one mode spacing, about 1.5 GHz. 

This shifting occurred at a rate of 200 EHz. 

Losses in the modulator and at mirrors reduced the available laser 

power to only about 7 mV. The cross-sectional area of the beam was 

approximately 5 cm*. Assuming that the modulator distributed the laser 

power over a frequency range of 15 GHz. the excitation rate would he 

approximately 3KHz (see Appendix 2) . Unfortunately the attainable power 

was probably too small to optically pump the rubidium atoms appreciably. 

Given an average rubidium velocity of about 10 cm/s and a laser beam 

-4 diameter of about 2 cm we would expect an atom to spend about 10 s in 

the beam. This corresponds to an average of roughly 0.3 transitions per 

atom, which is a disturbingly small number. 

2) Experimental Results and Model Prediction 

Because the experiment was run using a relatively small rubidium 

density to avoid radiation trapping (see Appendix 3). the electron count 

rate was approximately 50 Hz. This led to rather poor counting 
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statistics. Counts were only accumulated for 90-180 seconds because 

longer times would have introduced errors due to changes in the operat¬ 

ing characteristics of the apparatus (see IV.A.2.). It should he noted 

that errors in the measured counts are compounded by the calculations 

used to obtain the polarization from the raw data. Considering the 

counting statistics and the variation in polarization obtained by 

repeated measurement, it would probably not have been possible to detect 

a polarization of less than about 5%. 

Tith the Penning reaction proceeding through the autoionizing chan¬ 

nel 50% of the time (i.e. f =0.5)» and assuming that the ejection of ei- 
ft 

♦ ft 
tier of the two highest energy Rb electrons is essentiftlly the s&me 

(i.e. X-l)» the experimental result is in fair agreement with the model 

described in II.D. and summarized in Fig.9. Unfortunately there is no 

direct evidence that the rubidium atoms were actually polarized» and the 

experimental result is also what would be expected from unpolarized ru¬ 

bidium. The existing experimental setup precluded a direct» independent 

measurement of the polarization. Several processes which might destroy 

the rubidium polarization were duly avoided or not pertinent to the ex¬ 

periment (see Appendix 3). In light of the calculation showing that an 

atom was experiencing only about 0.3 pumping transitions it is probable 

that the rubidium was in fact never polarized. To assure polarization 

the pumping radiation intensity would have to be increased by about a 

factor of 100 while keeping the same beam cross-sectional area. This 

much power cannot be coaxed from the laser» but a significant effective 
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increase could possibly be achieved by using a system of mirrors to have 

the laser beam make multiple passes through the reaction region. 



y. CONCLUSION AND FUTURE EXPERIMENTS 

The experiments described above bave demonstrated the usefulness of 

polarization measurements of energy-resolved Penning electrons in iden¬ 

tifying particular reaction channels* After removal of loir energy backr- 

ground electrons by a retarding grid transmission filter* polarization 

measurements were made of electrons produced in reactions of an alkali 

with polarized He(2*S). The degree to which polarization was conserved 

in the reactions allowed us to infer the presence of a doublet autoion- 

izing channel occurring in at least half of the He(2*S)-Rb reactions* 

and the absence of such a channel in He(2sS) reactions witk potassium 

and cesium. 

An attempt was also made to obtain a rough energy-resolved polari¬ 

zation curve P(E) of the He(2*S)-02 Penning electron spectrum* which 

contains considerably more structure than alkali Penning electron spec¬ 

tra. The low count rates and poor energy resolution proved too great 

for this experiment to ^be successful. Plans are now underway* however* 

for modifications to the apparatus that will remedy these problems. The 

most major changes will be installation of a high resolution energy 

analyzer and a much more efficient Mott analyzer. Vith these and other 

improvements we hope to identify* using both P(E) measurements and 

energy spectra* reaction channels in reactions of He(2*S) with 0^ and 

other molecules such as Cl^ and SO^ which have complicated Penning elec¬ 

tron spectra. 
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APPENDIX 1 

Evolution of an |SMg> State Through. Spin-Orbit Coupling 

Consider a system having angular momenta L=l, S=l/2. If the system 

has a spin-orbit perturbative interaction the angular momentum eigen¬ 

states are IJM^>, where 

J-L+S, ... IL-Sl* , and Mj=J» • • «_J. 

A particular |LN.>|SM > state can be expressed in terms of the 
X s 

eigenstates: 

ll,l>l“> - ,11 
*2’2? 

|1.0>|1|> - f'M>- h 
C illy 
i l2‘2? 

ll.-l>lj.l> - If - J II ,11 
'3 '2*2' 

If 'fi> * , fl ill) 
f3 '2*2' 

li'0>li "»> * If 'f1> ♦ , 
IT ,1 -L 
13 '2* 2‘ 

The time evolution of a system which starts in a particular |LS> state 

at t=0 is iLJOlSM >(t) * SC IJM.> exp(-ie> t) 
Is * m j ' m 

where the C |JM.> are obtained from the |LS>(t=0) equations above, and 
m j 

(o =E /<. where E is the energy of the H, state, 
n in n j 

Now suppose that the system is in a |l,M>|j,^ state at time t=0. 

1 - 1 The probability that this state will have acquired a |l,M’>|~, ~> com¬ 

ponent at time t is 

PM * Ç{<l,M»|<j,”|lî{ll,M>|^>(t)} 

with the |LS> states expressed in terms of the eigenvectors. 
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The only non-zero tens in the snm is the one for 

H'4 

The total probability for finding the system with M =-1/2 is the average 
8 

of the probabilities P„ for the three possible initial values of M: 

The calculation of a probability P^ proceeds as follows: 

PM»0 * |«l.ll<2-~2lHll.0>l£,£><t»|2 

HF —r t _ ££ e~ ioit 12 

= jC 1 - cos(5« t) I, 

where -fiSco is the energy difference between the J=3/2 and 1=1/2 states* 

Similarly, P^» 0 and P^- P^Q. 

The total probability is thus 

P * 1 - cos(6(0 t) }. 

The 4p level spin-orbit splitting hSu for rubidium autoionizing 

14 states is greater than 0.1 eV, which corresponds to 6(o>10 s-1. The 

cosine term in P is therefore probably oscillating very quickly relative 

to the average lifetime of the autoionizing state, so we need to con¬ 

sider only the time average of P, which is just 8/27. Thus a rubidium 

autoionizing state produced with M =1/2 will at some later time have a 
8 
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probability of 19/27 of baying M#*l/2 and a probability of 8/27 of bay¬ 

ing M *-1/2. s 



APPENDIX 2 

Transition Line Broadening Mechanisms 

To successfully pump all the rubidium atoms the pumping radiation 

must span the frequency range of all the necessary rubidium transitions. 

To' investigate this we first need to take into account both the 

linewidths of each transition and the hyperfine splitting of the ground 

and excited states. 

Rubidium has two naturally occurring isotopes» mass numbers 85 and 

87 in relative amounts of 72% and 28%» respectively. Table 2 shows the 

hyperfine splitting of the relevent levels for each isotope. The na¬ 

tural width of each level is on the order of 10 to 100 MHz. The largest 

87 
hyperfine splitting» 6834 MHz» occurs in the Rb 5S state. 

It is also necessary to consider transition linewidth broadening 

due to the relative motion of the rubidium atoms in the reaction region. 

This broadening occurs because the radiation frequency the atom sees is 

Doppler shifted from the actual radiation at to 

1>0<1 - v/c) , 

where v is the atom’s velocity component parallel to the radiation 

direction. With the rubidium atoms averaged over a Maxwellian velocity 

20 distribution the half width of the resulting Gaussian linewidth is 

A»-2V0 VS?1”'*) . 

For the rubidium AV~ 1 GHz» which is at most comparable to the largest 

hyperfine splitting. 

Line broadening can also be induced by collisions. The collisional 

broadening is produced in part by the change in the total energy state 
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Rb85 1=5/2 Rb87 1=3/2 

# of 
F states 

AV (MHz) # of 
F states 

AV (MHZ) 

5*Sl/2 2 3036 2 6834 

5*P3/2 4 225 4 510 

5*Pl/2 2 363 2 818 

Table 2. Total hyperfine splitting of Rb 5s and 5p levels* with 
total nnmber of F states within the frequency band, (ref.19) 
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of an atom due to the introduction of internuclear forces between atoms. 

In this respect there is an analogy with the energy width of Penning 

electrons. The internuclear separation at which the transition takes 

place will determine the energy of the emitted photon when energy con¬ 

servation is imposed. 

A quantum mechanical contribution to broadening occurs because col¬ 

lisions will induce transitions from the atom's excited state» thereby 

decreasing its average lifetime. By the uncertainty principle this 

shorter lifetime leads to a larger indeterminacy in the energy of the 

transition. 

Studies of collisional broadening indicate that the helium density 

13 of our reaction region (10 cm*) is not sufficient to cause significant 

21 broadening 



APPENDIX 3 

Optical Pumping of Rubidium 

a) Collisional Depolarization 

The spin polarized rubidium atoms were produced by optically pump¬ 

ing them from their 5S ground state to either the 5^/2 oc ^P$/2 state* 

A dye laser containing LD 700 dye provided the necessary lines, 795 nm 

for the SP^/2 an<* ^80 1101 f°r the ^3/2* 17 shows the states 

of each level and the relative transition probabilities between the 

states, given by the appropriate Clebch-Gordon coefficients. 

Polarization of a rubidium atom is in principle very straightfor¬ 

ward. The atom continually absorbs a photon of a particular angular 

momentum (+1 or -1) and decays, until it ends up in its M.=+l or -1 
J 

state. 

Problems quickly present themselves, however, in actual experi¬ 

ments. If a rubidium atom does not suffer any collisions with other 

atoms it will be polarized as described above, but its lifetime as a po¬ 

larized atom will be short due to collision with the chamber wall. This 

—4 typically occurs within about 10 s at thermal energies. An alkali atom 

will usually not ’bounce’ off a surface but will instead stick to it. 

To delay this deposition the rubidium can be surrounded with a 

'buffer gas'. Because the ground state rubidium is spherically sym¬ 

metric it will not interact strongly with another spherically symmetric 

atom such as a noble gas atom. In fact the cross-section for 

spin-disorienting collisions between rubidium and helium has been found 

—25 22 
to be 3.3x10 cm2 , many orders of magnitude less than the total 

23 cross-section . 
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Our afterglow lias a helium buffer gas at a pressure of about 

-14 0.12 torr. Assuming an elastic scattering cross-section of 1x10 cm* 

and 300 K gas temperature the mean free path of a rubidium atom in the 

buffer gas will be ~0.5 mm. , 

An order of magnitude estimate of the fastest time in which a ru¬ 

bidium will hit the chamber wall can be obtained from the one dimen- 

24 — 
sional diffusion equation , z* = 2Dt . Given a value of 4.400 cm*/s 

22 for the diffusion coefficient D of rubidium in helium and z~5 cm. 

-3 
t~10 s. In this time the atom will probably have been carried out of 

4 
the reaction region by the 1.4x10 cm/s helium gas flow. Ve can there¬ 

fore assume that the buffer gas will keep the rubidium atoms away from 

the walls for a sufficient length of time. 

The average spin disorientation or relaxation time due to a given 

process with cross-section cr for collisions of a rubidium atom with 

particles in a gas of density q is 

x « [qoV] 1 » 

where V is the average relative velocity of the collision. For relaxa¬ 

tion by collision with the helium buffer gas r~10+^s so this relaxation 

process is obviously non-existant in our afterglow. 

Ve also must consider the consequences of a rubidium in its excited 

state colliding with another atom. The excited state does not have a 

spherically symmetric wavefunction and will thus be more susceptable to 

Mj changing collisions than the ground state rubidium. 

Collisional mixing will change the effectiveness of optical 

pumping. For example consider the two extreme cases where there is no 
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mixing, and where complete mixing populates all the excited states 

equally. 

First consider the D1 o+ line, 5S—MP^yj Fig.17. In the ab¬ 

sence of mixing one 5S M.=-l/2 atom will end up in the M.=+l/2 state for 
J J 

every three (—1/2) state atoms pumped, for a pumping efficiency of 1/3. 

If there is complete mixing in the excited state then there is an equal 

probability of decay to either ground state. Polarization is then 

accomplished only because the pumping radiation is depopulating only one 

of the two ground state levels. The efficiency in this instance is 1/2. 

For the D2 a+ line Fig.17 indicates that the pumping efficiency 

will be 2/3 in the absence of mixing. With mixing the (+1/2) -> (+3/2) 

transition becomes significant. Those atoms excited to the (+3/2) state 

will be distributed evenly among the ^eye^s ao that on average 

they will decay back into one H. ground state as often as the other. 

The same applies to atoms excited from the (-1/2) state to the (+1/2) 

when there is mixing. Since the 5S states axe repopulating at the same 

rate the optical pumping must depend on a difference in the depopulation 

rates. Because the (+1/2) state is being pumped three times as quickly 

as the (-1/2) state there will in fact be a build-up of atoms in the 

(-1/2) state, which is the opposite of the no-mixing result. 

_o 
The 5P excited states have lifetimes of the order of 10 s. The 

average time between collisions in our reaction region was about 10 ^s 

so there was probably very little collisional mixing. 
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b) Radiation. Trapping 

The rubidium gas mnst be optically tbin for optical pumping to be 

successful, i.e. the probability must be small that a photon crossing 

the chamber vill excite a rubidium atom. This is necessary to avoid ex¬ 

citation of a rubidium by a photon emitted from a previously excited ru¬ 

bidium atom. The emitted photon vill not necessarily have the same \ 

polarization as the pumping radiation and vill consequently subvert the 

pumping process if it is absorbed. To avoid this depolarizing effect 

the density of rubidium atoms must be lov enough that the probability of 

an emitted photon exciting an atom is much smaller than the probability 

of a pump beam photon exciting an atom. This is equivalent to having 

the mean free path of a photon be much longer than the reaction region 

dimensions. 

The photon mean free path is defined as L « [crq] ^ , 

vhere q is the rubidium number density and a its photo-excitation 

cross-section. The apparatus configuration vas such that ve could not 

observe the attenuation of the laser beam after it passed through the 

reaction region. Had this been possible it vould have been easy to 

determine L from the relation 

I(x) = IQexp(-xoq) « Ioexp(-x/L) . 

Instead an estimate of q vas calculated and L determined from q and or. 

The calculation of q and L are given in Appendices 5 and 6, respec¬ 

tively. The validity of the assumptions made in the density calculation 

are questionable, but given its result the mean free path is at least an 

order of magnitude larger than the pumping region dimensions. 



69 

Because of the uncertainty in the density calculation the experi¬ 

ment vas performed with the rubidium density kept to the smallest amount 

that vould yield a measurable electron signal, 

c) Pumping Region 

The reaction region volume filled by the laser beam extended from 

the top to the bottom of the region and had a circular cross-sectional 

area of approximately 5 cm*. Electron polarization measurements were 

made vith'the beam in different positions. One position vas directly in 

front of the oven nozzle, vhich presumably exposed all the rubidium 

atoms to the pumping radiation. Other positions tried vere between the 

nozzle and the extractor aperture, and directly in front of the aper¬ 

ture. These positions vere chosen because of the possibility that the 

measured electrons vere created by reactions occurring near the extrac¬ 

tor, and that pumping the rubidium just before it reacted vould not give 

it time to disorient its spin. 



APPENDIX 4 

STIMULATED TRANSITION RATE 

The Einstein B coefficient for transitions from state 1 to state 2 

B„ 
12 “ 8nhV* * 

where A is the natural decay rate of state 2. The B coefficient for 

transitions from state 2 to state 1 is 

B21 " ®12 » 

where is the degeneracy of state i. 
* 

For a radiation density per unit frequency p the stimulated emis¬ 

sion from state 2 is 

Ac» £i 
W
21 " 

B
12 

P " 8nh g2 
p * 

The laser power» with frequency modulation» was 7 mV and the beam's 

cross-section was approximately 5 cm*. The quantity p can be estimated 

by assuming that the laser power was evenly distributed over the 15 GHz 

linewidth. 

p —rz—7 Y V-ii V ** 3x10 
2* J s cm-* . r c (5 cm*)(15 GHz) 

26 
The rubidium 5P^y2 state has a spontaneous decay rate A «= 34 MHz and 

a transition frequency V ** 3.8x10*^ Hz • 

The degeneracy of this state equals that of the ground 

state» so g2 «= g2. 

Thus B12 = B21 - lxlO
27 cm»/Js* . 

This yields a transition rate V - 3000 Hz. 
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APPENDIX 5 

Calculation of Rubidium Density 

The flow of rubidium tbxougb the nozzle will be estimated by assum¬ 

ing one-dimensional diffusion. Some pertinent quantities are: 

nozzle length ■ 12 cm 
_2 

nozzle cross-sectional area A = 2x10 cm* o 

oven temperature T ■> 525 X 

The oven temperature corresponds to a vapor pressure of between 0.1 

and 0.2 torr. This is very close to the helium pressure, which suggests 

that a diffusion model may be appropriate. 

The one-dimensional diffusion equation is 

la = âîa 
at ax** 

a*Ti 
We are interested in a steady-state solution, so gxa~0 which implies 

that q is of the form q -bx + qQ , 

with x measured from the oven end of the nozzle. 

The flux, i.e. the number of atoms crossing a unit of area per unit 

time, is J * -ojj . 

so the total flow per unit time through a cross-section of the nozzle 

is N » JA « DbA . 
o o 

In steady-state this will be equal to the number of atoms removed from 

the reaction region per unit time. In a rather crude approximation we 

will assume that the density at the nozzle tip is equal to the density 

throughout the reaction region, and that the atoms are carried out of 

4 
the region by the helium, which flows at a velocity v of about 10 cm/s. 

The flowtube has a cross-section A^ of about 88 cm*, so 
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Therefore » h 
vAfn 

DA 

which gives ns n 
1 + 

LvAj. 

DA 
o 

The diffusion coefficient is given by the relation 

D = 

where p is the gas pressure, 

mass. 

 2  R*nT 
3/rTpar v M * 

a the gas cross-section. and H the atom* s 

For self-diffusion of the rubidium in the nozzle we have 

-14 
p » 0.1 torr, M « 86 amu, a » 10 cm*, and T 55 500K, 

which leads to D® 500 cm*/s. This gives TI ** 10 ^ TI , 
p 1 _ 

With TI » ■” 
35 10 cm-* 

O KX 
9 

we arrive at TJ ~ 10 cm-*. 



APPENDIX 6 

Photon Mean Free Path 

The mean free path is given by L = [<rq] * , 

where n is the rubidium density and a is its photo-excitation 

cross-section. 

c is approximately given by 27 

a - 2emcA3> * 

where A is the half-width of the rubidium transition and / is the os¬ 

cillator strength for the transition, 

Amca g. 

This gives 

8n*eaj>» gj * 

ne*A g- 

For the rubidium 5S—transition 1=795 nm, gj=g2ls2, and the decay 

rate A = 34 KSz. 

This gives 

L ~ 10(A~^tBjl cm, 
ULcm-*J 

For A3?*» 1 GHz and n ~10y cm-*, L ~ 100 cm, which is about two orders of 

magnitude larger than the rection region dimensions. 
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