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ABSTRACT 

This dissertation describes a method to study the 

dependence upon electron spin orientation of ionizing 

(Penning) reactions of the type 

He(23S1) + X —» HeU-^o) + X+ + e~ 

Helium metastable 23SJ atoms are spin polarized by optical 

pumping. By measuring the spin polarization of both the 

free electrons and ions produced in such a reaction, the 

degree of spin angular momentum conservation of the reaction 

can be obtained. 

Helium gas flows at near sonic speed through a micro- 

wave cavity, in which a discharge is lit, and is exhausted 

by a high speed pump. The metastable 23S-L atoms in this 

"flowing afterglow" are optically pumped by the absorption 

of circularly polarized resonance radiation from a helium 

lamp. The resulting unequal populations of the mj sublevels 

o 
of the 2 state are then computed from the absorption signal. 

These populations are used to predict the maximum spin polar¬ 

ization of the electrons produced in the Penning reaction 



above for two types of reactant species X; helium 2^Sj_ atoms 

and argon atoms. 

Electrons are extracted from the afterglow and their 

spin polarization is measured by Mott scattering from a 

gold foil at 120 KeV energy. A method of determining the 

spin polarization of the ions by observing optical emission 

from excited ion states is described (Schearer, 1970). 

Polarization measurements of electrons produced in 

a weak, static discharge (McCusker, 1969) have shown this 

to be an intense source of polarized electron. It is ex¬ 

pected the extraction of electrons from a flowing afterglow 

will be a significant improvement on this previous technique. 

Schearer, L. D., (1970), "Polarization of Ions and Electrons 
by Optical Pumping Techniques", Second Inti. Conf. on 
Atomic Physics, to be published. 

McCusker, M. V., (1969), Ph.D. Thesis, Rice University, 
unpublished. 
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CHAPTER I 

INTRODUCTION 

The "Wigner Spin Rule" proposed by Wigner in 1927 

predicts conservation of spin angular momentum in any atomic 

collision in which the interaction of electron magnetic 

dipoles can be neglected. A violation of this rule suggests 

the formation of a relatively long-lived, intermediate state 

during the collision process. Thus, a measurement of the 

z component of spin angular moment lira, ms, in the initial and 

final states of a reaction can determine the existence of 

such intermediate states. This thesis describes progress 

to date in an experiment designed to make such measurements 

for a broad range of ionizing (Penning) reactions of the type 

He(23S1) +X  > He(l
1S0) + X+ + e (1-1) 

This reaction involves collisions between metastable 23S^ 

helium atoms and atoms of a second gas, X, with an ionization 

threshold lower than the 2JS^ excitation energy of 19.8 ev. 

(Only neon has a higher ionization threshold of 21.6 ev.) 

Hill (1969) studied the similar reaction 

1 
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He(23S1) + He(2
3S1) —> He(l1S0) + He

+ + e (1-2) 

and found that a component spin angular momentum is strictly- 

conserved. Schearer (1970) has observed circularly polarized 

radiation from excited states of Penning ions (1-1). This 

can be related to spin conservation in the reaction (see 

Chapter V). He concludes that spin angular momentum is at 

least partially conserved in the Penning reactions of He(23S]_) 

with several Group II elements having ns and nd (n+3.)s 

configurations. In the present experiment the electron spin 

orientation of the Penning electron can be directly measured 

by Mott scattering. Measuring the z component of spin angular 

momentum of both reaction products would allow a more definite 

determination of spin conservation for the collision process. 

Therefore the optical methods of Schearer will be incorporated 

into the present experiment. 

By analyzing the electron spin, reactions can be studied 

in which the ions are formed in their ground state. Measure¬ 

ment of ion spin polarization is more difficult in this 

case, requiring sources of resonant radiation (Schearer, 1970) 

If the reactant, X, is a solid, electron spin analysis can 

determine the source of electrons in the secondary emission 

process, i.e. the metastable atoms or the atoms of the target 



3 

surface. A similar experiment using gas targets of He and 

H2 was performed by Donnally et al. (1968). 

In addition to measuring the final state spin orien¬ 

tation, the value of ms for the initial reactants must be 

known. The impurity gases used have singlet (S = 0) ground 

states. The helium 2JSj_ metastables are prepared m a 

known distribution of ms states by the techniques of optical 

pumping (Schearer, 1961; McCusker, 1969). Either ms or mj 

can be used to designate the spin orientation since it is 

an L = 0 state. 

The reactions (1-1) to be studied take place in the 

afterglow of a helium discharge. Helium gas flows contin¬ 

uously through the discharge region to produce a "flowing 

afterglow". Flowing afterglow systems have been widely 

used for neutral reaction studies (Schiff, 1964) but slow 

flow rates prohibited the observation of charged species 

downstream. Schmeltekopf (1963) and Ferguson et al. (1969) 

have developed fast flowing systems for the measurement of 

ion-molecule reaction rate constants. An important general 

result of their work is a detailed analysis of the gas flow 

hydrodynamics necessary for quantitative measurements of 

rate constants from observed changes in ion concentrations. 

In the present experiment, helium gas flows at near 

sonic speed (~ 10^ cm/sec) through a microwave cavity in 
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which a discharge is lit. The gas is exhausted by a high 

speed pump through a large cross-section pyrex tube. The 

lifetime of the helium state, which is doubly forbidden 

to radiate to the ground state (1 SQ), is on the order of 

milleseconds and is determined by collisions with the 

container walls. The flow of the helium gas acts as a 

buffer to reduce these collisions. Thus the flowing after¬ 

glow provides a spatially dependent but time independent 

decay of the metastable population over a distance of more 

than forty cm at a background pressure of 0.1 Torr. Within 

this afterglow it is convenient to optically pump the 

metastable helium, inject the reactant species, and extract, 

the electrons produced in Penning collisions. 

Optical pumping is achieved by the absorption of 

circularly polarized resonance radiation from a helium lamp, 

in the presence of a weak magnetic field, resulting in a 

non-thermal distribution of atoms among the three ms levels. 

For right (left) hand polarized light, the ms = +1(-1) state 

will be preferentially populated at the expense of the other 

two states. In this sense we can speak of the "polarization" 

3 
of the 2 Sj atoms. 

The degree of polarization of the metastable atoms 

that can be obtained depends on the intensity of the pumping 

light and the lifetime of the metastable against change of 
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its spin state, or the "spin state relaxation time". As 

discussed in Chapter IV, this relaxation time is much longer 

in the afterglow than in an active discharge. 

The electrons that are extracted electrostatically from 

the afterglow are focused into a beam, accelerated to 120 KeV, 

and passed through an electrostatic spin rotator to orient 

their spin transverse to their velocity. Spin orientation 

is measured by Mott scattering from a gold foil at a scattering 

angle of 120° (Kessler, 1966, Long, 1965). The spin orbit 

interaction between the fast electrons and heavy target 

nucleus produces an azimuthal asymmetry in the usual 

Rutherford scattering at large angles. The asymmetry reverses 

for opposite spin orientation. This method, first proposed 

by Mott in 1929, has become a standard technique for electron 

spin analysis. 

A second motivation for the present experiment is the 

production of an intense beam of spin polarized electrons; 

The use of polarized electrons in atomic and molecular 

scattering experiments can yield more information about the 

scattering amplitudes than can be obtained by conventional 

investigations of cross sections (Kleinpoppen, 1968; Kessler, 1969). 

Whenever a quantization axis is defined in space by a 

magnetic field, the spin orientation cf a beam of electrons 
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can be represented by the number Nu in the mg = h or "up" 

state and in the mg — -h or "down" state. The polarization,P, 

where G* , <Ty , <TZ are the Pauli matrices and the pure states 

Several methods of producing beams of polarized electrons 

have been reviewed by Tolkoek (1956), Farago (1965), Raith 

(1968, 1969) and Kessler (1969). To date no single technique 

has been fully, developed as a general purpose source with 

suitable polarization, current, energy distribution and' 

beam emittance. A simple figure of merit for such a source 

is P2I (P = polarization, I = current), for which a value 

of 210 amps is desirable in most applications. The following 

beams have been obtained: 

1. Low energy Mott scattering of unpolarized electrons 

from Hg atoms at 300 ev and a scattering angle of 122° (Kessler, 

1966) creates a beam of lO”^ A and P = .85 with P2I = 

7.2 X 10"14. At 300 ev and 95°, P = .17, I = 10-9 A and 

P2I = 3 X 10-11 (Steidl et al. ,1965) 

2. Photoionization of a ®Li atomic beam passed through 

a six pole magnet (Raith, 1969) yields a pulsed beam with 

is defined as «r(> 

for electron spin can be written 

Therefore the polarization of a beam of electrons is 
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average current 2 x 10 ^ A with P = .78, P2I = 1.2 x 10 

Peak pulse currents were 2 x 10“^ A for 1yjsec duration and 

10 pulse/sec repetition rate. 

3. Metastable-metastable reactions in an optically 

pumped helium discharge (McCusker, 1969) produced 4 x 10”6 A 

at P = .08, P2I = 2.5 x 10"8; and 2 x 10-7 A at P = .10, 

P2I = 2.0 x 1CT9. 

4. Spin exchange between electrons and a polarized 

K beam from a dipole magnet (Farago, 1966) achieved a pulsed 

beam with average current of 4 x 10“^2 ^ with P = .10, 

p2j = 4 x 10~14. Current per JJI sec pulse was 10~8 A with 

100 sec~l repetition rate. 

The present experiment is essentially the same as 

McCusker's (No. 3 above) with the exception that he extracted 

electrons from a weak, active discharge. Advantages of his 

method are the simplicity of the optical pumping system 

and the ease of reversing the electron spin direction by 

reversing the sence of circular polarization of the pumping 

radiation. In this way, all instrumental asymmetries are 

cancelled out with no change of the electron trajectory. 

However, the energy spread of 18 ev was a limiting factor 

in its application to low energy scattering experiments. In 

the afterglow period of a pulsed discharge, McCusker found 

the electron polarization to be nearly twice that of the 
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active discharge and less sensitive to changes in gas 

pressure. 

The present flowing afterglow system was initiated 

by O'Neill (1970) to supercede McCusher's pulsed discharge 

technique. Absence of energetic electron processes in the 

afterglow greatly reduces any source of electrons other 

than reactions (1-1) and (1-2). Population of the ms= +1 

level of the metastable can approach 100% of the metastable 

population because the spin state relaxation is long com¬ 

pared to the time for optical pumping. Injection of a gas 

capable of Penning reactions can produce a large concentration 

of free electrons with high polarization. Thus, a significant 

improvement is expected in the polarization and current 

of electrons extracted from a flowing afterglow as opposed 

to an active discharge or pulsed afterglow. 

In Chapter II of this thesis, the nearly viscous flow 

of the buffer gas is described. Corrections to the diffusion 

of ions and neutrals are shown to be due to the parabolic 

flow profile. Chapter III reviews the dominant species 

observed in helium afterglows. Rate equations for metastables 

and electrons are obtained so that their concentratlon as a 

function of position in the flow tube can be obtained. The 

optical pumping process is reviewed in Chapter IV. Relaxation 

processes in the afterglow are shown to be very slow so that 
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helium polarization can approach 100%. The optical signal 

is then related to expected electron polarization. Chapter 

V describes a method of comparing the measured electron 

polarization to the expected value so that the quantitative 

degree of spin conservation can be obtained. The optical 

method of Schearer is discussed as a beneficial addition 

to our experiment. The present apparatus is described in 

Chapter VI along with a summary of Mott scattering analysis. 

Finally, the results and technical difficulties to date are 

reviewed. Several improvements in the optical pumping and 

extraction system are discussed. 



CHAPTER II 

NEUTRAL AND ION TRANSPORT IN THE FLOWING AFTERGLOW 

A. Buffer Gas Flow 

The buffer or background gas used in this experiment 

is helium. At a flow rate of 130 atm cm^/sec, the gas passes 

through a Laval nozzle at a velocity of about 10^ cm/sec into 

a large cross section pyrex tube. Gas pressure in the tube 

is typically 0.1 Torr. A microwave cavity produces a dis¬ 

charge in the nozzle to establish the flowing afterglow. 

An analysis of the gas flow taking account of axial 

and radial diffusion, viscous flow with slip at the walls, 

and impurity inlet effects has been worked out by Ferguson 

et al. (1969). Their attention was focused on corrections to 

measured binary rate constants produced by these effects. 

In this experiment, the electron polarization rather than 

the rate of electron production is of interest, so that the 

flow analysis of Ferguson et al. is not directly applicable. 

However, their general results presented here provide some 

familiarity with the hydrodynamics of the flow. Much of 

this material is derived from Dushman and Lafferty (1962). 

10 
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Typical operating parameters and constants characterizing 

this system are listed in Table I. These quantities are 

related according to: 

v0 

L 

n 

v„e 

_ Qb 760 T 
P 273.16 

= [\fT 17 N Vl 

Dvishman (196 2) 

(2-1) 

(2-2) 

O.i-Wf V„» L (2-3) 

(2-4) 

R 

U 
T 1 i 

“ 273. i 6 p Pc 

Ferguson (1969) 

(2-5) 

McDaniel (1964) 

(2-6) 

Pc = Probability of collision in (lTfl0 ) 

Pc = 18 for thermal electrons 

The Knudsen number delineates the type of flow present. 

L/a < 0.01 The flow is viscous. 

L/a > 1.00 The flow is molecular. 

0.01< L/a 1.00 The flow is in the transition 

range. 
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TABLE I 

Typical Operating Parameters and Constants 

K = Boltzman Constant = 1.3806 x 10"16 erg/° 

T = Temperature = 298°K = 25° C 

P = Pressure = 0.1 Torr 

a = Tube radius = 5 cm 

e = Density- = 2.14 x 10“® g/cm2 

N = Number Density = 3.24 x 10^-5 atom/cm2 

d = Molecular Diameter = 2.18 x 10-2 cm 

Q = Gas Flow Rate = 130 atm craVsec 

V = Gas Flow Velocity - 1.37 x 104 cm/sec 

*1 = Viscosity of Helium — 1.986 x 10~4 poise 

(poise = g cm-'-*-sec-4 

m . = Atomic Mass (grams) = 6.65 x 10~24 g 

M = Atomic Weight = 4.003 amu 

R = Reynolds Number = • 7.4 

L/a = Knudsen Number = 0.029 

VH0 
nr Mean Thermal Velocity 

of Helium 

n: 1.256 x 105 cm/sec 

— Mean Thermal Velocity 

of Electron 

m 1.07 x 10? cm/sec 

Le = Mean Free Path for 

Electron 

— 0.611 cm 

L = Mean Free Path for = 0.147 cm 

Helium 
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This system operates at a point in the transition range 

(L/a = 0.029) which is close enough to viscous flow to be 

treated as such. A characteristic of viscous flow is the 

velocity at the walls is near zero, resulting in a para¬ 

bolic velocity profile across the tube (Ferguson, 1969, III-14). 

V(0 - 1% (l- (if) ( 

The distance required to fully develop this profile is 

given by Dushman. 

A = 0.2 27 «.R 
(2-8) 

For this apparatus, d is 8.4 cm. 

A small, non zero velocity always exists at the walls 

which increases as molecular flow is approached. This is 

referred to as "slipping" of the gas over the walls of the 

tube and increases the conductance of the tube. Conductance^, 

is defined as the ratio of the flow rate to the pressure 

difference across a tube. 

Let ,• AP= a-p 
(2-9) 

There is no adequate analytic description of the flow in the 

transition range so we rely on the empirical relation form¬ 

ulated by Knudsen 



14 

F = Fv ♦ l Ft 
(2-10) 

Where 
'V 

1 

Z 

= slip free viscous flow conductance 

= molecular flow conductance 

= length of tube, A 1 = A z 

= pressure dependent number between 0.810 
and 1.00 

Therefore we can write the pressure gradient along the 

axis, z, of the tube. 

A? _ Qt _   
AT. F g ^ + Zi 3 V*e (2-11) 

Because the pressure, P(z), is a function of distance along 

the tube, then so is the average velocity V(z). To obtain 

the radial dependence of the axial velocity, it is assumed 

that the contribution from slip and viscous flow act inde¬ 

pendently and are weighted according to these respective 

conductances; therefore 

VM- ♦ 2 f] (2-12) 
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B. Diffusion 

1. Neutral Species 

This treatment of diffusion is that of McDaniel (1964, X) 

with the results of coupling between diffusion and reaction 

taken from Ferguson (1969). 

To a first approximation, diffusion in a flowing system 

with cylindrical goemetry is radial diffusion described by 

modes of the zero order Bessel functions uniformly translated 

down the tube. Since the viscous flow has a parabolic velocity 

profile across the tube, r and Z components are coupled so 

that Bessel functions are not exact. The radial diffusion 

produces axial gradients which then cause axial diffusion. 

The introduction of a reactant gas excites higher diffusion 

modes and produces axial and radial gradients that thoroughly 

couple diffusion and reaction. 

Let us first consider the simple case of a steady state 

distribution of particles, N, in a cylindrical container. 

Combining the continuity equation (2-14) with Fick's law of 

diffusion (2-15) we have: 

(2-14) 

(2-15) 
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^ w V *(° V N) (2-16) or 

We assume that metastables or ions described by N are destroyed 

at the walls and are created at the discharge source. If 

the source is turned off at time, t = 0, and assuming separation 

of variables for N, the number density at each point will 

decay exponentially in time so that 

Since the spatial distribution retains the same shape 

whether the source is on or off, the above expressions for 

N (r,© , z, t) correctly describe the diffusion of those 

particles created prior to t = 0 even when the source remains 

on as it, in fact, does. If the diffusion coefficient, D, 

is assumed to be independent of position; equations (2-16) 

and (2-17) result in 

Assuming no azimuthal or axial dependence, the solution is 

= N0 e T (2-17) 

(2-18) 

(2-19) N(ot> 
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Where njg is the zero order Bessel function and are the 

T 
zeros of the ^o, also called characteristic diffusion 

attenuation constants. From (2-18) 

N. = V>„ = ±L . (^N. D-Ti •' ' A\ 

7l £ is called the diffusion length. As shown in Table II, 

the magnitude of the attenuation constants, /lt' , increases 

with mode number, i, so that higher modes rapidly decay. 

In most applications only the fundamental mode need be 

considered. 

For uniform translation dov/n the tube we have 

(2-20) 

2 N(y> = \i = D w* 
<)-t- Jz r 

or <3 NfoQ 
<3* I:"' 

(2-21) 

The diffusion coefficient is proportional to the mean free 

path and therefore inversely proportional to the background 

gas pressure. For constant flow rate of buffer gas, the 

pressure is inversely proportional to the flow velocity, v . 

Therefore the diffusion rate, J^r', is the same regardless 

of the changes in pressure or pressure gradients down the 

tube for a given flow rate. This holds true for parabolic 
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flow as well, except for effects associated with small 

changes in the velocity profile. 

When the parabolic velocity profile is considered, 

equation (2-21) becomes 

\y(r) = D Yr N (r.z) 
dZ ( 

so that the radial part is no longer Bessels' equation. The 

solution, however, is similar (Ferguson, Fig. 4) with char¬ 

acteristic diffusion attenuation constants Y( given in 

Table II of Ferguson.. 

Thus 
j N (K) 
c> z 

£ “ (y WM(2-23) 
v

r 

TABLE II 

Diffusion Attenuation Constants for Plane and Parabolic Flow 

in a Cylindrical Tube* 

Mode Y-z** A* 
1 3 .66 5*78 

2 
l 

22.30 30.47 

3 56.96 74.89 

4 107.59 139.03 

5 174.20 222.93 

* (Ferguson ejt al., 1969) 

** Parabolic 
*** Plane 
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The S are smaller than the corresponding^.* 5 because 

the maximum density is located in regions where the velocity 

is at a maximum. Thus the particles are transported more 

rapidly and suffer less diffusion. Using the parabolic flow 

velocity, V(r), and corresponding Yl , the diffusion on the 

tube axis is reduced by a factor of three from the value 

computed from the average velocity, vQ, and the attenuation 

constants for planar flow,ru • For our tube the diffusion 

length for the fundamental mode with parabolic flow is 

/Vi“ 2.61 cm. 

The diffusion constants, Ds and DT for singlet and 

triplet metastable helium in helium are 

Dsp 440 + 50 Torr cm^sec ^ 
(Phelps, 1955) 

DtP = 470 ± 25 Torr cm^sec ^ 

where P is pressure in Torr. For all other neutral atoms 

(except H and Hj,) the product D*P is assumed to be 

D*P = 570 Torr cm^sec (Ferguson, 1969) 

The radial diffusion discussed above and reaction of the 

metastable with an injected gas causes axial gradients in the 

tube. This causes a net axial diffusion down the tube. 

Particles are transported down the tube at a slightly higher 

rate than that due to the bulk flow alone. In a continuous 

flow, particles that diffuse down the tube from zj to Z2 will 

merely replace those that have diffused from Z2 to Z3 resulting 
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in little if any net change in population due to axial diffusion 

alone. The exact equations including axial diffusion and re¬ 

action of the gas can only be solved numerically for each 

set of operating parameters as done by Ferguson. 

If the flow rate of the impurity gas are small compared 

to the flow rate of buffer gas (i.e. <.1%)/ there is very 

little change in the buffer gas density at the impurity 

injector so that there is complete mixing of the metastables 

and impurity atoms. The most dramatic effect of the reactant, 

when injected from a point source on the tube axis, is to 

greatly reduce the population of the original species in 

the center of the tube. This mixes in higher modes and 

accelerates diffusion as illustrated in Figure 10 of 

Ferguson (196 9) . 

2. Ampipolar Diffusion 

The Debye length LD is a measure of the distance over 

which deviations from charge neutrality can occur. For 

singly charged positive ions and electrons at the same 

temperature 

(2-23) 
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where Ne is the density of electrons (McDaniel, 1964). For 

very small compared to the tube radius. Even though the 

thermal velocity of electrons is much greater than that 

of the ions, any deviations from neutrality produce electric 

forces that retard the electrons and speed up the ions so 

that both diffuse at the same velocity; thus the term ambi- 

polar diffusion. McDaniel shows that the Ambipolar Diffusion 

Constant will be given by 

where D+, T+, Te are the free ion diffusion constant, ion 

temperature and electron temperature respectively. Oskam 

(1963) has measured the effective mobility, of He+ in 

a pulsed helium afterglow 

electron densities of 10^ to lO^cm the Debye length is 

(2-24) 

(2-25) 

P 

gas temperature 

pressure in Torr 

He finds 

Thus 
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Prom this 

D+ = 2.7 x 10^ cmVsec 

assuming T+ = Te = 300°K in the afterglow 

This would be true of electrons that have come from 

the discharge and have thermalized in the first few centi¬ 

meters. However, electrons that come from metastable-metastable 

reactions come off with an average energy of 9 ev (Ingraham 

and Brown, 1965). These will thermalize after n collisions 

tyy\ / . , . . 
losing an average 2 of their kinetic energy m each 

collision.. Thus 

and 

E = EP & 

D — 2 m 

- n. 
M 

M " IJXto 

The time required for the number of collisions is given by 

nJn' _ X r"Jn' r-r y S.H2 Xio1 

where V is the collision frequency and 71 is the mean free 

path. From the above expression for the energy in terms of 

n;-an average value 7l of .65 cm for these energies we find 

T = 
,6£T N\ 

m (-L i ) 
V VH C \p\ 

1.3 x 10 4 sec 
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The diffusion time assuming Te = 300° is 

= A 26*10" s«c 

This is actually too large because for an appreciable fraction 

of this time the electron energy is greater than the thermal 

energy. In addition, we are only interested in the diffusion 

out of a small volume on the axis of the tube. Therefore, the 

diffusion time given above is only a rough approximation. 



CHAPTER III 

ATOMIC REACTIONS IN THE AFTERGLOW 

In an active helium discharge, atomic and molecular- 

excited states, ions, electrons and the ground state of 

helium are present. While not all the processes are com¬ 

pletely understood, the extraction of polarized electrons 

by McCusker (1969) demonstrated the importance of cumulative 

ionization by metastable-metastable collisions. In the after¬ 

glow this is the dominant source of electrons. The higher 

excited states of helium present in the discharge decay in 

microseconds. Rydberg states with a large value of the 

principal quantum number have millisecond lifetimes but are 

assumed to have negligible densities. The remaining species 

that characterize the afterglow are He^^s-^), He(2-*-S0), He2, 

He2 + , He+ and electrons. Below 0.8 Torr, Schearer (1970) 

observes the spectral emission at 20 cm into the afterglow 

to be due almost entirely to recombination of He+ vi th thermal 

electrons. Above that pressure, increased molecular helium 

radiation is observed, apparently due to recombination with 

thermal electrons. Similarly, Ferguson finds the ratio 

He2
+/He+^0.1 at 0.4 Torr which increases with pressure. This 

is measured at a point more than 60 cm into the afterglow 

24 
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indicating the molecular ions were produced in the afterglow 

rather than in the excitation source. 

Using a microwave discharge source similar to ours, Schearer 

o . u <5 

(1970) reports a saturation of the He(2JS^) density at ^ 10 cm--3 

for 30 watts of microwave power measured at 20 cm. Density 

of He(2^S0) is at least two orders of magnitude less than the 

density of the triplet metastables. This is due to the rapid 

conversion of singlets to triplets by a spin exchange.reaction 

with thermal electrons in the early afterglow (Schearer, 1968). 

Therefore, at the beginning of the afterglow the maximum 

11-3 density of singlets and triplets is likely to be 10 cm and 

3 x 10x cm respectively in the ratio of their statistical 

weights. 

Both Schearer (1970) and Ferguson (1969) report that 

electrons from a discharge or filament source are thermalized 

in the first few centimeters. For high ionizing currents, 

11 -3 
electron density at .5 Torr was 1.3 x 10 cm m the early 

afterglow. We would expect then, at pressures of 0.1 Torr, 

a maximum initial electron density of 10-^to 10^-*-cm-^. Large 

electron densities as reported here are probably produced in 

the excitation source rather than from metastable-metastable 

collisions. As detailed in Chapter IV, removal of these 

electrons by microwave heating can increase optical pumping 

efficiency and insure that subsequent electrons are produced 
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by metastable collisions or Penning reactions. Energies of the 

free electrons from metastable-metastable collisions can be 

as high as 15 ev. Although thermalization time is shorter 

than the diffusion time (Chapter II), the velocity distri¬ 

butions of these electrons in the afterglow has not yet been 

determined so that reactions involving non-thermal energies 

should not be completely ignored. 

The reactions listed in Table III describe the processes 

of interest in the afterglow. Together with diffusion these 

account for the production, loss and spin exchange of meta¬ 

stables and electrons. In order to compare reaction rates 

by these processes, the rate of change of the density per 

-centimeter will be computed, assuming uniform translation 

down the tube with a planar velocity profile: 

where 

dDG 
<j Z 

[N±] 

OJ 

Q 

— Q v L (3-1) 
Vo 

average flow velocity (cm/sec) 

relative velocity of the reactants (cm/sec) 

density of reactant (atoms/cm^) 

density of either a reactant or a 
reaction product (atoms/cm^) 

cross section for the reaction (cm ) 

Table IV lists the numerical rate coefficients due to 

the above processes for singlet,and triplet metastables and 

for electrons. In this table, symbols are defined for each 



27 

H 
H 
H 

W 
PI 

c 
EH 

0 
-P 
0 
Ptf 

d 00 
o VO 

•H CTi /-S 
-P r H 
0 c D VO in 
0 r “OS. 0^ in 
0 CM (Ti P H 0^ VO 

ID rH 0 rH VO 
C\ P 0> 

P rH 0 P i—! 
O j d 0 0 w 

0 d PI a< % 
d -H a 0 rH tn 
0 'd rH d CO d > 0 d z 

•H d z z 1 0 o >t CD X! o 
■P 0 PQ tn 0 P^ PI 
0 •H P CM la ^ 
0 PQ < E 
co CM u CM 11 CM CM 

B II E e E 
w CM U u <V 0 a 
m S X rH H 
0 V VO 1 VO 

«: u rH u < D rH P H rH 
O u 1 0 r H 1 0 1 1 

1—1 i—1 o m X o m O o 
tn 1 z z rH vo rH rH rH z 
p o X • X X X 
0 1—1 r r H CM CO CO 
-P 
m II 1! II V 11 II 
< 

a z z a a a a a z 
e 
P 

•H 
rH 
0 
K > > 

0 0 
a, 1 

•H| 1 0 0 0 Ch 
r- C^- 

w + +. 4- 0 • • 
d I 4* o *-«s H 

•H 0 0 0 J_ PC* 
-P in CO CO X 0 4- 0 0 
U H rH rH 
0 i—I rH rH 4 4- 4- 4- 
0 ■* 
A 0 0 0 0 0 

M SJ S3 0 i rH 0 rH CM CM 
a CO CO CO CO 

•H 4- 4- 4- rH CO o rH CO + + e i— \ CM CM CM 
0 4- + 4- w- 4- + 
-p 0 0 0 0 0 0 0 0 0 
< S3 S3 ffi S3 S3 si S3 S3 SI 

f f t 
/ / V A A 

tn 
i 1 1 l /T 0 tt^S, 

rH > *> 
0 H "TH I 1 ,Q 0 0 

0 CO CO CO 0 r- 00 
rH rH CO CO -P • • 
rQ CM CM CM tn co 
0 v—' s~*' d 0 
-p 0 0 0 o -P — 
tn S3 S3 S3 •H X 0H\N 0 0 0 0 0 
0 -P 1 & 
-P + 4- 4- 0 4 4- 4“ 4- + + 
0 N 0 m 
S -—*. *«-** •H tn 0     

i 0 O H d d i—! i—1 rH 0 H 0 
0 CO CO CO 0     0 CO 4- CO CO d CO CO 

•—i rH rH CO H CO -C CO CO rH 0 CO rH 
rQ CM CM CM £ 

H 
a CM II CM CM •H CM CM 

0 tP *«—' X CO -P v_^ •s—- 
-P 0 0 0 d 0 PQ a) s 0 0 0 0 0 
CQ S3 S3 S3 •H K M SI S3 N Si SI 
0 .d d •H 
-P d •H d 
0 • • • 0 • a. • • • o • • 
S i—i CM co CH CO LD VO r>- H CO 0^ 



T
A
B
L
E
 
I
I
I
 
(
c
o
n
t
i
n
u
e
d
)
 

28 

0) 
-P 
0 

£ 
0 o 

•H in 
■P cr> 
U i—i 
0 
0 in in 
Pi in in £ 

0^ cr> O CO 
P r—I rH 0 Q CD 
0 rH £ CO CD 

1 sz CO rH 
£ 0 O 0 0 
O PA 0 & 0 p 

■H I—! 0 rH ffi 0 
-P 0 VO 0 •p 
U -£ e -£ «H p 0 K 
0 CU u a< 1 0 ^ 0 
CO O '—" o 

0 o 
0 CM CO 0 CM CO 
0 g 1 CO g o 0 o B 0 II 
p rH u 
u o X 00 m EH 

CM in ^ 1 iH 
1 • o i P 
o CM 1—1 o 0 
«H rH 4-1 
X II II X 

co CM 0 
0 0 P 

II ■P -p II 0 
0 0 

a P$ & o 0 
0 
+3 
0 
P 

£ 
0 

•H • 
A -P 0 
j£ 0 V -P 

CO 0 0 
+ H 0 •H 

H P P 

0 0 0 'd 0 
CO ffi £ P 

H + 0 PA 
i—1 + OA 

0 0 
0 CM +CM £ 
ffi 0 0 0 0 
CM M K •H P 

-P 0 
A A A 0 j£ 
I 0 £ 
1 1 1 0 

V) P 
0 0 0 *«—N 0 P 
H 0 CO CO 0 0 0 
rQ CO rH rH CO 0 EH 
0 rH rH rH 1—1 p 
-P H "— rH 0 rH 
0 0 0 • 
0 0 K ffi 0 0 O 
•P ffi CM ffi > 
0 A 0 II a + + T + JP 

1 P 0 PA 
m 0 
o 0 rH £ 0 £ CO 0 & 

CO CO 0 rH Ax J£ £ 
U3 rH CO ■H + 0 £ EH 0 
0 CM CM -1-3 a 
O 0 + 1 He 
Pi 0 0 £ 0 X 0 

w M ■H K 0 K 
0 £ 0 s B ,Q 
£ 0 £ 

i—1 1 • a • P • 

O o rH 0 CM 0 CO 
> H rH P<5 i—1 K rH 



29 

of the rate constants that will be used in the rate equation 

below. 

c( = 

P = 

X = 

e = 

P = 

vc = 

electron-ion recombination 

correction to the metastable-metastable 
collision corss section due' to spin forbidden 
collisional production of electrons from 
two m = +1 or -1 states of He(2^Si). ft is 
a function of polarization, see Chapter IV. 
For zero polarization (b = 7/9. 
production rate of electron-ion pairs from 
metastable-metastable collision 

singlet to triplet conversion rate 

Penning ionization rate (value for Argon given) 

volume loss of singlets due to collision 
induced radiation 

diffusion rates for singlets, triplets, 
and electrons 

Even without solving the coupled rate equations, some 

general results can be obtained from the relative magnitudes 

of the rate coefficients. 

1. If electron densities at the start of the afterglow 

are rougly equal to the singlet and triplet densities [lO^] 

then conversion of singlets to triplets is two orders of 

magnitude faster than loss of singlets or triplets by diffusion 

or collision with other metastables. Thus we expect the singlet 

density to decay rapidly while the triplet density should 

remain nearly constant or increase. This was observed by 

O’Neill (1970). (see Fig. 1) 
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2. The volume loss of singlets due to collision induced 

radiation to the ground state is rougly 2.5% of the diffusion 

loss and therefore will be included. The volume loss of 

triplets due to three body collisions can be neglected since 

it is five orders of magnitude less than the diffusion loss. 

3. Direct ionization of metastables by four to five ev 

electrons is important in the active discharge and early 

afterglow assuming an average energy of a few ev (Biondi, 1952) 

11 3 
and 10 electrons/cm . This source can probably be completely 

neglected in.the late afterglow due to thermalization. 

4. Recombination of electron and ion pairs will lead 

to a greater loss of electrons than diffusion whenever the 

electron density is greater than 8 x 10^® cm”^. This will 

be true at the beginning of the afterglow and possibly in 

regions of Penning ionization. Recombination will produce 

excited states of helium (n^-3) capable of Hornbeck-Molnar 

(1951) processes. 

He(n^3) + He(l1S0) —> He2
+ + e~ 

However at these low pressures, the contribution to the 

electron density by these processes can be neglected. 

5. If initial conditions are such that the electron 

density is an order of magnitude less than the metastable 

density, e.g. lO^cnf^ and lO-^cm-^, then the production of 
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electrons by metastable-metastable collisions is larger 

than their losses due to diffusion. This results in a net 

increase in electron density in the early afterglow as has 

been observed by Hill (private communication) in a pulsed 

afterglow. 

6. Diffusion reduces the initial electron density by a 

factor of six at the extractor 30 cm into the afterglow. 

Assuming 10-^cm-^ electrons initially, there would be 

1.6 x 10-'-®cm-^ electrons from the discharge at the extractor 

region. The real number is probably lower since hot electrons 

from the discharge diffuse more rapidly at first. Assuming 

also an average density of metastables at 10 cm , the total 

production of electrons by metastable-metastable collision 

over the first 30 cm is only 3 x 10®cm-^. This indicates 

that diffusion alone is not sufficient to separate discharge 

electrons from those produced by metastable collisions. Heating 

the electrons in the early afterglow with microwaves will 

enhance the ambipolar diffusion loss, and therefore remove 

discharge-produced electrons and at the same time improve the 

optical pumping efficiency (Schearer, 1968). 

7. Finally, the introduction of a Penning reactant such 

as argon will increase the production of electrons by one or 

two orders of magnitude. The reactant density may be limited 

to 1% of the buffer gas, about 3 x lO-^cm-^, to prevent large 
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perturbations to the buffer flow and insure complete mixing. 

Obviously many of these general results can be checked 

experimentally and against the exact solution of the rate 

equations to see if our understanding of the processes is 

adequate. The rate equations written below can be solved 

numerically by Runga-Kutta methods. With a few assumptions, 

the equations can be solved with the various sources of 

electrons kept separate so that resulting electron polari¬ 

zation can be predicted. 

J z 

- " if [T] [ /5T+ S] + e [£][ e] 

-p[rKM 

L. [e] = + y(£l>A L*T ] i-£9 [rf) - * lef 

￼ 



CHAPTER IV 

OPTICAL PUMPING 

The technique of optical pumping was first extended 

to helium by Colegrove and Franken (1960) and by Schearer 

(1961). Resonance light (1.08JJ) from a helium discharge 

lamp excites the 2 Sj_ —> 2J5
PQ 1 2 transitions (Fig. 2) in 

the sample, a weak helium discharge or afterglow. The sample 

is placed in a weak magnetic field parallel to the pumping 

light defining the z axis of angular momentum as constant 

in.space. A linear polarizer and quarter-wave plate are 

used to produce right (or left) hand circularly polarized 

light, imposing the selection rule Am = +1, (-1) on the 

transitions. Spontaneous de-excitation from the 2^P levels 

to the 2JSj level obey the selection rules Am = + 1, O'. The 

m-level having the lowest probability of absorption of the 

optical pumping radiation will gain atoms at the expense of 

the levels having higher probabilities of absorption. 

This process of preferential population of the magnetic 

sublevels must compete with any thermalizing process which 

tends to restore the normal Boltzman distribution. At 300°K 

and in fields of a few gauss, the Boltzman distribution among 

O 
the levels of the 2JS^ results in essentially equal populations 

Optical pumping is also limited by effects of gas pressure. 

35 
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Below ^0.03 Torr in a typical apparatus, di ffusion removes 

the metastables faster than they are pumped. Above 0.5 Torr 

the 2^P atoms will be effectively mixed among all available 

magnetic sublevels by collisions with ground state atoms before 

they re-radiate (^<10-^ sec) to the 2^S state. This greatly 

reduces the polarization attainable (Stockwell, 1967). 

- Let N+, N0, and N_ represent the populations of the 

O 

M = +1, 0 and -1 Zeeman levels of the 2 S atoms. The polar¬ 

ization is then defined as 

p N+ - N_ 

N+ + N0 + N._ 

The percent of polarization is easily determined by measurement 

of differences in optical absorption under pumped and unpumped 

conditions. A second magnetic field, oscillating at the Larmor 

frequency of the m levels (rf range) is directed through the 

sample, perpendicular to the pumping radiation. This second 

resonance induces rapid transitions between the m"levels equal¬ 

izing their populations. In the pumped condition, the m~levels 

of lowest absorption probability have the highest saturating 

populations. Therefore, when the populations are equalized 

by the saturating rf field, more light will be absorbed 

causing a decrease in the transmitted light. In the next 

section, the relation between the nagnitude of this decrease 

in light intensity, A I, and the polarization of the level, is 
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derived. In practice, the rf field is kept at a fixed 

frequency while the dc field is swept through the resonance 

condition. For a g-factor of 2, this occurs at 2.8 MHz/gauss. 

Figure 4 depicts the optical pumping signal. 

B. Relaxation Processes 

Relaxation processes existing in the afterglow are 

greatly limited compared to those in the active discharge. 

To a first approximation, relaxation can be neglected, resulting 

in polarization approaching 100% if the metastables are 

pumped over a sufficient length of time. This requires the 

use of time dependent rate equations for the m level popu¬ 

lations instead of assuming a steady state condition as was 

done for active discharges. 

In active discharges, every 23SI helium metastable lost 

by de-excitation to the ground state is replaced by another, 

though not necessarily in the same m-level. For creation and 

destruction mechanisms that are spin independent, the proba¬ 

bility that the spin state will not change in such a process 

is only one-third. The rate of change of the ith level due 

to relaxation processes alone is then written 

(4-1) 
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where N = N, + N + N + o 

1 _ 1 
?r 'm 

+ 2 » 
i I tr * 

)r is called the spin state relaxation time. The lifetime 

against de-excitation, rm, is equal to the diffusion time 

whenever metastahle-metastable collisions can he neglected 

compared to diffusion. Irj represent lifetimes against 

spin exchange processes. 

Byerly (1965) measured the spin state relaxation time 

in weak discharges and found it to he substantially shorter 

than the diffusion time. For example, at 1 Torr and 50% 

absorption, he found = 1 ms, = .2 ms; at 0.23 Torr, 

'T' <T* 1 m = .27 ms, 1 r = .20 ms. Byerly concluded that 

collision of the metastable with hot electrons (few ev) was 

the major additional contributor to the relaxation time. The 

total cross-section for 4 ev electron scattering from He(2 S^) 

was measured by Neynaber, eh aJ. (1964) to be 2 x 10--^ cm^ 

and interpreted to be due largely to the inelastic processes 

with a threshold at .79 ev such as ti'iplet to singlet con¬ 

version and excitation to the 2^P state. 

In a flowing afterglow the relaxation time depends on 

your frame of reference. Consider a small volume at a fixed 

position in the afterglow which is being optically pumped. 
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The usual steady state conditions apply as the metastables 

lost out of the volume by diffusion and bulk flow are re¬ 

placed by others from the source. Since the new metastables 

are not optically pumped, the diffusion and bulk flow can 

be considered a relaxation process. On the other hand, if 

the same small volume of gas is monitored as it proceeds down 

the afterglow tube, atoms are lost by diffusion but are not 

replaced. (We are neglecting axial diffusion and the para¬ 

bolic velocity profile.) If the gas is optically pumped over 

this path, then neither the number of metastables nor their 

polarization is in a steady state condition. The consequences 

of this time dependent situation are developed below. 

Two processes contributing to spin relaxation in the 

afterglow are 

1. He(21So) + e  ^He(23S1) + e + .79 ev (4-2) 

2. He(23Si) + e  > He(23S1) + e (4-3) 

Ms = +1 - ^ 0 + h 

The importance of singlet to triplet conversion in the early 

afterglow is noted in Chapter III; this is the only afterglow 

source of triplet metastables. After the first several centi¬ 

meters the singlet density is roughly two orders of magnitude 

lower than the triplet density. Thus singlet conversion can 

have no more than a. 1% effect on the metastable polarization. 
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Schearer measured the cross section of the second process to 

-14 2 
he 1.6 + .4 x 10 cm . He observed that the optical 

resonance signal began to decrease while the metastable 

density continued to increase as the afterglow source dis¬ 

charge 'was increased. This indicates a shortening of the 

relaxation time due to the larger density of electrons from 

the discharge. Heating the early afterglow with microwaves 

removed these electrons and the observed effect. Assuming 

the incident electrons to be unpolarized, only one half of 

them can exchange spin with triplets in the m = +1 or -1 

levels. Thus the relaxation time for the m = +1 level will be 

 i  - ^ 
[«,] Q 54 rw«3 (4-4) 

for a density of thermal electrons given by [N ]. From the 

solution of the rate equation in Chapter III, we expect a 

density of el ictrons produced by metastable collision of 

9 8 -3 10 to 10 cm . Therefore, if the initial concentration 

of electrons from the discharge is removed by microwave heating, 

the spin state relaxation time will be 10~2 to 10--1- sec. This 

is very long compared to the' 2 ms needed for the gas to 

traverse the 30 cm path. 

In principle, then, very large polarizations are 

attainable. An equilibrium ratio of populations is approached 

at a rate characterized by the time which can be measured 
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by observing the changes in absorption of the optical 

pumping light. For the steady state condition, Byerly (1965) 

shows 

3 i 
(4-5) 

^ %- % 
sr* . . . 

where ] is a characteristic of the pumping process varying 

inversely with light intensity. For tr very small, / will be 

approximately equal to 7p" which is on the order of tenths 

of a millisecond. 

This effect was observed by McCuslcer when measuring 

the polarization of electrons extracted from a pulsed after¬ 

glow. He ways, "Except for the first 50 ms of the afterglow, 

the rise of the electron polarization is approximately 

characterized by the optical pumping time, TP. Extracting 

quantitative values for the pumping time cannot be done since 

we must also account for spin exchange and metastable-wall 

collisions as well as electron production by metastable- 

4 metastable collisions." With a flow velocity of 1.4 x 10 cm/sec 

in the flowing afterglow, the pumping radiation must extend 

over several centimeters if maximum polarization is to be 

obtained. 
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C. Rate Equations and Sub-level Population 

Changes in the population of the ith metastable 

sublevel, N( , can be described in terms of (1) absorption 

of the pumping light, (2) re-emission of the resonance radiation 

and (3) diffusion to the walls. To a first approximation we 

neglect metastable collisions. The relative intensities 

of the Dc, D-^, and T>2 resonance lines in the pumping radiation 

3 3 (2 S ^— 2 PQ i 2) are given by K:L:1;(McCusker, 1969, gives 

the value of K = 0.4 + .15 and L = 1.3 _+ 0.2 as the best 

fit to available data). 

Table V gives the relative absorption and spontaneous 

transition probabilities, and Atj.1 between magnetic sub~ 

3 3 levels of the 2 and 2 PQ 1 2 states °f helium. These give 

the dependence of the transition matrix upon J and m as worked 

out by Condon and Shortley (1955) and applied to optical 

pumping by Colegrove (1959). The absorption probabilities 

given assume the selection rule of 21m = +1 imposed by 

right hand circularly polarized light incident along the 

field direction. K and L have been included to account for 

the relative line intensities. The rate of absorption out 

of the 1st level is 

“I0 F 
•CM 

IQ = average intensity of the pumping light where 
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TABLE V 

Relative Spontaneous Transition and Absorption 
Probabilities Between Magnetic Sublevels of the 
23s^ and 2^p states of Helium [Colegrove, 1959] 

A. Relative absorption probabilities for Am = +1 
along the z axis 

6Bi< 

i\ +2 +1 0 -1 -2 +1 0 -1 0 

+1 6 0 0 0 0 0 0 0 0 

0 0 3 0 0 0 3L 0 0 0 

-1 0 0 1 0 0 0 3L 0 2K 

B. Relative spontaneous transition probabilities 

6A°ti ~ 
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F = coefficient of the relative absorption 

probabilities to give the absolute probability 

At pressures of 0.1 Torr we assume no p-state mixing so that 

the rate of population of the state by emission from the 

2^P levels is 

The total rate of change of the is then given by 

d t 

X 1 3 

-IeF2.Pi*+l#Fj2>J-ei,A; 
* = i (<=( j«» 

KK (4_6) 

1
 m 

where is the lifetime against diffusion. McCusker (1969) 

has worked out the steady state sub level population that 

results from a similar rate equation with expression (4-1) 

substituted for KL/ m. However, in the present case, the 

time dependent equation for the three levels must be solved 

following a similar treatment by Byerly (1965). 
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w h ere 

1 
r Jc+ 

j r 04*0 (H-iO 

r.+ 

T p (l+ 9L+ HK.} 
X*> 36 

(4 -10 

1 
T-o 

T F ii±^ ^M 

SI 

i 

N" ^
 

7- p (f£T + <iL+8t<) 

3 4 

Solving in order for N _(t), NQ(t) and N+(t), the results are 

NtM = 
N‘ C "x/ 

) 3 + (c-')e fct-(c+0e 
1 

1 

N.M = f i’H - (c-i)e +. c erp 
~ J CH -IS) 

N M = • f ^ 1 +e"p- 

where TP- 7O-» _ / ■*• K 

Toir,--Tat) 1-2 K 

f\j° = IIS3 fhcv ( d oS lrip(el 

fv^eTc. sTa b ie-S 
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The polarization, p, as a function of the time the metastables 

are pumped is 

I'M') - M_c«) 

(«+ - in') 

Assuming k = .4 ± .15 and L = 1,3 + .2, the ratio of to 

rr 
I p- is 

- |„ oHr ± ,, C2. 

If we equate ^c-t and in the above expression for p and 

use the value ofTp~~ measured by Byerly (1965) of *ip~ = .23 ms 

at 50% absorption, then 

p ~ 1 - « * i - 

At flow velocities of 1.4 x 104 cm/sec, this time constant 

is equivalent to 3.2 cm. 

D. Optical Signal 

The polarization of the metastables is monitored by 

ovserving the change,A.1. , the amount of light absorbed when 

the rf field saturates the sublevel population. The transmitted 

light at the detector I is 
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where 1^ is the light incident on the sample and 1^ is the 

light absorbed. For each sublevel 

IA Nilol PiH (#- if) 
ti-i 

At resonance the population of each sublevel is 

N. = N 

so that the optical signal is 

AI « IT ~IT = <* ) 
C -t C<~t 

(The bar indicates resonance.) 

Because this depends on the density of metastables and the 

absolute absorption coefficients, we measure instead the ratio 

At 
tAzl *"* 

I A 
N 3. & 

X L ^ 

Using the values found in the previous section for N' we have 

41 C (i - 3Ji+ ) + () - i Lti) l 1 N / \ N /l Z / 

(H-ZC) 



49 

Again equating to jjp~ this expression becomes 

AX -1 - 
.A 

(jc * £i_ + Z>) 
3 + e'p~ 

(y- 

If our theory is correct, a measurement of % 

versus duration of pumping (length down the tube) should 

yield an exponential relaxation with a time constant 3/’-. 

The effect of relaxation can be measured from the difference 

in at two different points down the tube when there 

_ 
is no pumping in between. The factor, (f 1/3 , evaluated 

directly from equation (4-22), determines the populations 

of the N+, NQ, N_ levels from equations (4-14, 15, 16). 

In the next section the expected electron polarization is 

given in terms of these populations. 

The theory given here has assumed that the intensity of 

resonant radiation is a constant for all positions in the 

afterglow. However, measured percent absorption is 30 to 50 % 

This means that not only is the average intensity of all three 

lines (DQ, D2) decreasing but the relative intensities 

(K, L, 1) are also changing because these lines are absorbed 

at different rates. A brief discussion of this complex 

condition is given in Byerly, 1967, Appendix I. 

In Fig. 4b, measurement of the optical signal by O'Neill 

(1970) is reproduced. The afterglow was optically pumped by 
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one lamp over a distance of two cm. O'Neill explained the 

decrease at low pressure as due to the increasing diffusion 

rate and p-state mixing and metastable-metastable collisions 

(at high pressures). However, our theory predicts no change 

inAl/l^ with pressure whenever the spin exchange reactions 

(4-2,3) and p-state mixing can be neglected. O'Neill's 

data indicates that the flow velocity was increasing at 

lew er pressure so that the decrease in signal may have been 

simply due to a shorter duration of pumping. 

E. Expected Electron Polarization 

Electrons are produced in the afterglow' primarily by 

the metastable-metastable and Penning ionization reaction 

in Table III. The number of spin "up" and spin "down" 

electrons produced in each collision is given in Table VI 

assuming conservation of the z component of spin angular moraen 

turn. Since the steady state condition does not hold for the 

electron population in the afterglow we cannot equate the 

rates of gain and loss which in turn are proportional to the 

electron density. However, if we assume that the metastable 

polarization is constant and that discharge electrons have 

been removed, then the polarization of the electrons created 

will be a constant over the region of interest. For this 
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TABLE VI 

A. He (MS) + He (MS)—^He(l1SQ) 

Ms= +1(N+) 0(NS) 0 

0(No) 0 

+1(N+) 

-1 (N_) 0 

0(No) 0(NS) 0 

0(No) 0 

+1(N+) 0 

-1(N_) 0 

-1(N_) 0(Ns) 0 

0 (N0) 0 

+1 (N+) 0 

— 1 (N_ J 

0 (Ns) 0 (Ns) 0 

0 (NQ ) 0 

+ 1(1%.) 0 

-1(N_) 0 

B. He (MS) + Ar —> He(l1S0) 

+1(%) 0 0 

0(N0) 0 0 

-1(N_) 0 0 

0(NS) 0 

+ He+ + e Nu Nd 

+h +h N^s 

N^o 

±h +% ^N^T_ 

ih %NoNs JsNoNs 

±h ^N0 

+h +h NQN+ 

N0N_ 

-h -h N_NS 

-h -h N_NQ 

±h +% ^N_N+ ^N_N+ 

±h ^Ns k®s 

±h ^NSNQ ^NSN0 

+h NSN+ 

-h NSN_ 

Ar+ + e~ Nu Nd 

+h +k %Ar 

±h ^Ar ^N0Ar 

-h -h N_Ar 

±h $k ^NgAr ^NsAr 0 
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reason we are again justified in using the reaction rates 

rather than the densities to compute polarization. 

We have also removed all common factors from the 

reaction rates because the polarization depends on the 

ratio of the sum and difference of spin "up" and "down" 

electrons. In Table VI, the terms in Part B (i.e. N+Ar etc.) 

must be multiplied by two to adjust for the double counting 

(i.e. N.N and N_N.) in Part A. The ratio of the reaction 
~r O O T 

rates for the two reactions is 1/19 (see Table IV). 

Therefore a factor of 2/19 appears in the expression for 

electron polarization from the metastable-argon reaction. 

Electron polarization is defined as 

N 
u 

N 
a (4-23) 

N + u N ■ 

Thus for metastable-metastable reactions alone we have 

p = 2(V-^)( N+-M-)  
(NS

T
 * 2. (^* + ^-V’2 (4-24) 

and for the Penning reaction alone. 

p (%) 
Z (%) Ar TN+ J-M-) 

(4-25) 
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Net polarization with both reactions present is 

2 (Ns+ NC +• 

(Ns tMc w. T Aj')'2* + 
(4-26) 

From equations (4-24) and (4-25) it can be seen that 

7_ 

wfier A e*/or ^ 

(4-27) 

For a given optical signal, 4l/l^ , the electron polarization 

can be calculated. 

It is interesting to find the optimum values of 

polarization and.current attainable by metastable-metastable 

collisions alone. The largest values of polarization are 

only possible when Ns = N_ = o. In this case the polarization, 

P, and the current, I, are 

P = N+ 

N+ + h N0 (4-28) 

I = k NQ(N+ + ^NQ) (4-29) 

where k is the rate constant for electron production. Note 

that as NQ approaches zero, P approaches unity but' the current 

goes to zero. Therefore we must optimize the product P^I 

which is a simple figure of merit for polarized beams. 



Imposing the constraint that the sum of N+ and NQ is a 

constant, a simple calculation gives the ratio of N+/NQ 

...62/.38 = 1.63 for an optimum polarization of P = .765. 



CHAPTER V 

SPIN CONSERVATION 

A. Review of the Wigner Spin Rule 

For an observable quantity corresponding to the hermitean 

operator T to be conserved, T must commute with the energy 

operator H. Wigner (1927) applied this theorem to certain 

symmetry operators for which the conservation law holds 

independent of the special form of H. Thus, the conservation 

of linear momentum, total angular momentum and parity follow 

from the symmetry of an isolated system under translation, 

rotation, and inversion through the origin of all spatial 

and spin coordinates, • • 

In addition, whenever the interaction of the magnetic 

moments of the electrons can be neglected, the symmetry under 

exchange of the spatial coordinates of identical particles 

(electrons) without exchange of the spin coordinates leads to 

the conservation of spin angular momentum. This is the basis 

of the so called "Wigner Spin Rule". A simple calculation 

shows that the precessional frequency of an electron spin due 

— 8 
to the field of another electron at a distance of 10 cm is 

55 
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ro loll sec“l. The duration of a specular collision is on 

the order of 10”13 sec so that magnetic interaction can in 

many cases be neglected. Thus, the Wigner.Spin Rule is 

expected to apply in many atomic collisions. Evidence to 

the contrary suggests the formation of an intermediate, 

quasi-molecular state or the admixture of nearby states 

in the final state wave functions. 

Conservation of a component of spin angular momentum 

in the reaction 

He (23S2_) + He.(23S1)  > He + He+ + e (5-1) 

has been well documented. If the.conservation law holds, the 

production of an ion-electron pair from two metastables in 

the Mj = +1 state would be forbidden. Therefore, increasing 

the population of the Mj = +1 level by optical pumping should 

decrease the free electron density produced by this reaction. 

The shift in electron density measured by microwave techniques 

with a pulsed afterglow agreed very well with the theoretical 

predictions based on strict spin conservation (Hill, 1971). 

McCusker's extraction of polarized electrons from an 

optically pumped, active helium discharge substantiates this 

result. For a density of ehlium triplet metastables corresponding 

to 8% absorption of resonance radiation, he predicted an 

electron polarization of 32 + 8%. This figure does not include 
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contributions from direct ionization of the ground state or 

secondary electrons produced by metastables and ions striking 

the metal surface of the extraction canal. The measurement 

yielded a polarization of 10 +_ 1%. Since no determination 

of the secondary electron or other contributions was made, 

these results are not unreasonable. (Possible methods of 

isolating the secondary electron contributions in the present 

experiment are outlined in the next section.) 

An optical method of measuring the degree of spin angular 

momentum conservation for a broad class of reactions has been 

developed by Schearer (1970). Using flowing afterglow tech¬ 

niques very similar to those in the present experiment, he 

measures the.degree of circular polarization of light-emitted 

from excited states of impurity ions created in Penning collision 

with optically pumped metastable helium. A brief description 

of how this is related to spin conservation is given in section 

C. 

Polarization of the emitted light on the order of 10 to 

20 percent has been observed from the ions of Zn, Cd, Hg, Mg, 

Ca, Sr, Ba, Pb, and Yb. Since the polarization of the helium 

metastables indicated by Al/l (see Chapter IV) is also 10 to 

20%, this suggests strict conservation of a component of spin 

angular momentum in these reactions. From the wide variety 

of species tested, Schearer concludes that the effectiveness 
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of spin conservation is independent of the orbital angular 

momentum of the final ion state and the kinetic energy of 

the Penning electrons.. In addition, apparently, no long . 

lived, intermediate associative ionization complexes are 

formed. 

B. Analysis of Polarization Data 

One of the primary goals of this experiment is to 

measure the percent of spin conservation,^ , for Penning 

collisions with impurity atoms, designated by X. 

He(23S1) + X > He + X+ 4- e“ (5-2) 

The measurement of the electrons' spin orientation is inde¬ 

pendent of the state in which the ion is produced. Thus, 

reactions producing ions in their ground states can be easily 

studied, whereas the optical methods described above require 

lamps for resonant absorption. However, the major disadvantage 

is. the presence of electrons from other sources, especially 

secondary emission, which degrades the beam polarization and 

masks the true degree of spin conservation. 

Secondary electrons are produced by collisions of meta- 

stables and ions with the extraction canal surface and collisions 

of energetic electrons with the inner extractor (see Fig. 5). 

The yield of electrons for helium metastables and ions incident 
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on atomically clean tungsten has been found by several 

authors to be about 0.3 for a contaminated surface (Hagstrum, 

1954; MacLennan, 1966; Dunning, 1971; Delchar et al., 1968). 

This yield can increase or decrease depending on the nature 

and abundance of adsorbed gases and other contaminants such 

as oil (Rundel and Stebbings, 1971). An•accurate calculation 

of the number of secondary electrons that are extracted is 

not possible due to the unknown contamination of the surfaces 

and unknown extraction efficiency. Therefore, possible 

procedures for removing these effects from the data are 

outlined below. 

It is preferable to remove non-primary electrons from 

the beam before the Mott scattering. Electrons produced 

in the discharge can be removed by microwave or r.f. heating 

in the early afterglow. The energy of secondary emission 

electrons is typically a few ev. Therefore, electrons pro¬ 

duced from the surfaces of the inner extractor and focus. 

electrodes should have very low energy compared to the primary 

beam energy of several hundred ev. These will be steered out 

of the beam by stray magnetic fields. 

Secondaries produced from the extraction canal, however, 

will have approximately the same energy as the primary beam. 

Because the electrons produced by reaction (5-1) and (5-2) 

may not be thermalixed when they are extracted and because 
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of the spatial variation of the extracting potential, it is 

difficult to predict the energy distribution of the primaries. 

McCusker (1969) found only a slight increase in polarization 

by use of a filter lens when extracting from a low level, 

active discharge. A more significant improvement was ob¬ 

tained by increasing the diameter of the extraction canal 

opening. Therefore these secondaries will remain in the 

beam and must be measured by some rreans. 

To describe a method of separating the effects of 

non-primary electrons from those produced in reactions (5-1) 

and (5-2), the following notation will be used. 

■rn 

P1'P2 

P 
P 

P 

Rl' R2 

N np 

Nu/ Nd 

N 

electron polarization measured by Mott 

scattering 

polarization of electrons produced in 

reaction (5-1) and (5-2) assuming strict 

spin conservation for both 

measured polarization after correction for 

non-primary electrons 

percent of spin conservation of reaction 

(5-2). Resulting polarization from the 

reaction is pp2. 

rates of electron production by reactions 

(5-1) and (5-2) 

number of electrons not produced by either 

reaction (5-1) or (5-2), i.e. "non-primary" 

or loosely, "secondary" electrons 

numbers of spin "up" and spin "down" electrons 

from the primary reactions only 

total of electrons in beam = Nu + + N 
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The expressions for P. and P in terms of the populations 
JL 

of helium metastables and X are given in Chapter Iv (4-24, 4-25) 

If the fraction of collisions between X and He(23S-^) conserving 

spin angular momentum is f, i.e. 

He(23S-L) + X   He + X+ + (f) e + (l-f)e 

Ms +1 + 0 0 "f + % ~ *3 

then it can be seen from (4-24) that ^ = (2f-l). 

When no impurity, X, is present, Pm will be 

Pm = Nu - Nd = PX - Nnp) 

N N 

or 

N 
np 

N (PX pm) (5-4) 

This definition of Nnp assumes 100% spin conservation for 

the reaction (5-1). By controlling the path length of optical 

pumping, the polarization of the metastables, and thus P^, 

can be varied without any- other changes in the afterglow 

environment. A plot of P^ vs. P-j_ will give a mere accurate 

value for N . As a check on this method, the extracted 
il]^> 

current after reduction by should be proportional to the 

square of the metastable density. 

To determine the percent of spin conservation, ^ , in 

reaction (5-2), two experimental quantities must be measured 



62 

to find both N and P . To a first approximation we will np 1 

assume that the ratio of secondaries to primaries is a constant, 

with and without X. If the secondaries come from electron 

collisions with the walls, this assumption would be correct. 

The number of ions produced, (He+ and X+), per electron is 

a constant and therefore, if the yeild of secondares for X+ 

and He+ are nearly equal, the assumption is still good. Only 

if helium matastables are a major source of secondaries is 

the result in doubt. Half as many metastables are destroyed 

per electron produced by (5-2), btit a sufficient quantity of 

X will greatly reduce the metastable density at the extractor. 

Thus, secondaries could increase or decrease. 

When the above assumption is valid, the polarization 

of primary electrons, Pp, can be computed from Pm by 

P 
P 

P 
m 

N 

(H-Nnp) 
(5-5) 

Where N has been determined by equation (5-4), 

expressed in terms of P^ and P2 by 

P 
P 

can be 

P P P1R1+ PP2R2 
R1 + r2 

(5-6) 
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The calculation of P^, and R2 depends on the deter¬ 

mination of reactant densities and the helium polarization. 

If our assumptions are valid, the value of p from (5-6) 

should remain constant as the density of X is varied. The 

density of X.can be estimated from the input flow rate by 

assuming its distribution over the tube corss- section is 

the fundamental diffusion mode and flow velocity is equal 

to that of the buffer gas. If the effective "reaction zone", 

i.e., the region where the electrons that are extracted were 

originally produced, is iarge or is not well known, the 

densities used above will be only average values. If R2 can 

can be made large enough so that can be neglected, Pp will 

be independent of any density since P^ and P2 are independent 

of densities as seen from (4-24,25). The methods of Ferguson 

et al. (1969) can be used when further refinements are necessary 

(see Chapter II). 

From the discussion in Chapter IV, helium metastable 

polarization should remain constant over the "reaction zone" 

since relaxation effects are very small. If the spin exchange 

reaction, (4-3) is not negligible, it must be considered as 

a source of polarized electrons as well as a relaxation process. 

However, these two effects tend to cancel each other. 

The density of helium metastables is determined by the 

percent absorption of resonant radiation. This requires 
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correction for the difference between emission and absorption 

line widths and the optically "thick" nature.of the afterglow 

(see Byerly, Appendix I, 1967). 

D. Polarized Optical Emission from Penning Ions 

For many species of impurity atoms, Penning collisions 

with metastable helium populate excited state s of the ion, 

X+. Schearer (1971) describes the conditions necessary to 

observe polarized optical emission of Penning ions as follows: 

"1. Spin angular momentum is conserved in the collision. 

2. There must be a spin orbit or spin rotational 
coupling mechanism in the ion." 

"As a consequence of the selection rule AM„ = 0 for emission, 

a "pure" spin polarization of the excited ion will not in 

general be observable. The electron spin in the excited ion 

must be coupled to the orbital or rotational angular momentum 

of the excited ion. The excited ion lifetime must be longer 

than the period of precession of the electron spin in the 

magnetic field generated by either the orbiting electrons or 

the rotational motion of the ion. Thus, the required condition 

for observation of polarized emission is that LL)T» 1, where 

U) represents the strength of the interaction in rad sec"1 and 

T is the radiative lifetime." 

A good example of these conditions is worked out by 

Schearer (1970) for the reaction 
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He(23S,) - CJ( 'SJ - He (' K) + CJ +(S *0^ ) + e 

c J \i )~* CJ+(S\x) f ^ 
16 h

) 

2 
The spin states of the ^5/2 leve^ can i>e equivalently 

described in the 
b> 

and |mi/ ms^> representation 

b> - zz 
t <

ml'ms| 
mj> |ml 'ms> 

|s/i> = |2,Ss> 
s 

|3/2> = {*71 I 1 1 / + fl/5 1 3. 

1*2 > = f375 | | o,£> + 
s[2/5 1 -1' -£> 

|-C> = 0/5 | |-1,£> + W/5 1 °' -£> 

i -3/?> = .>Jl/5 |—2,^> 4- 075 |-1, -£> 

|-5/2> - I"2' -£> 

If the helium metastables are all in the m. = +1 level and 
3 

spin is conserved in the reaction, then immediately after 

the collision, only the |m^, +h'^> states will be populated. 

We expect the m^ levels to be equally populated since there 

is no prefered orbital direction in the reaction. Whenever 

id'Y« 1 the spin orbit interaction is effectively turned 

off. Radiation from the equally populated Jmp, levels 

will have no net polarization since the relative transition 

probabilities are symmetric with respect to m^. However, spin 

polarization will be conserved. 
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For the case of 0JT»1 / only IIU is conserved. Relative 

Populations of the |m_£> levels are given by 

P(„VA) 

where P(m^,ms) is the initial, relative population of the 

level. For the initial conditions assumed above 

£(11^,+ h) ~ 1 and P(m^, -h) = 0 

Therefore the relative populations of the |mj^> levels 

will be as the ratio 5:4:3:2:1:0. 

2 
Radiation to the 5 state now be optically 

polarized at the expense of the ititial spin polarization. 

For any given radiative transition the maximum expected optical 

polarization can be calculated from the relative transition 

probabilities and the metastable helium polarization. The 

optical polarization is defined in terms of the intensity 

of the circularly polarized components by 

P = I(r*) - 1 (<r~) 

It<r+) + J (<r-) 

A smaller observed polarization indicates non-conservation 

of spin or a radiative lifetime short compared to the spin 

orbit coupling. Simultaneous measurement of the Penning 

electron polarization can eliminate one of these two possi¬ 

bilities. Once electron polarization has been well correlated 
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to optical polarization for a particular reaction, the 

latter can be used as a simple monitor for electron polar¬ 

ization. 

To detect circular polarization, light from the 

reaction zone parallel to the field direction is collimated 

and passed through, a rotating quarter-wave plate, a linear 

polarizer, and into the slits of a 1/4 m grating spectrometer. 

The signal is detected synchronously by a photomultiplier 

and lock-in amplifier at twice the rotation frequency of 

the quarter-wave plate. This procedure has the advantage 

of detecting the quantity, IK)-1(0 directly. The 

application of an r.f. magnetic field at the resonance 

frequency of the metastable helium atoms destroys the 

3 
He(2 SjJ polarization and the polarization of the emitted 

radiation. 



CHAPTER VI 

APPARATUS AND TECHNIQUE 

A detailed description of the apparatus for this 

experiment was given by O'Neill (1970). A treatment of the 

optical pumping and Mott scattering systems was also given 

by McCusker (1969). A review of the flowing afterglow and 

optical pumping apparatus and a brief summary of the Mott 

scatterl ng system is included here for the convenience of 

the reader. Figures, 3, 3A, 3B, and 3C detail the entire 

apparatus. The flowing afterglow, high speed pumping system, 

and electron extraction system are operated near ground 

potential. Everything to the left of the accelerating 

column including the counting electronics for Mott scattering 

float at 120 KV DC. Lucite* rods provide access to controls 

on this table. 

A. Flowing System 

As shown in figures 3, 3A and 3B the flowing afterglow 

appartus consists of a pyrex tube 80 cm long and ten cm inside 

diameter. Helium gas is injected into the tube through a 

68 
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converging-diverging Laval nozzle and is evacuated by a Roots 

blower and mechanical fore pump. The tube is fitted with 

ports for injection of impurity gas and monitoring pressure 

at 24 and 60 cm respectively from the nozzle. At 34 cm from 

the nozzle, the electron extractor penetrates to the center 

of the tube cross section. Prior to the nozzle, the gas is 

metered through a ball type flow meter (Fischer and Porter. 

Co.) and a liquid nitrogen trap. Removing the nitrogen trap 

causes no change in the percent absorption but the effect 

on polarization of the metastables or electrons is not 

5 
known. Visual tests for impurities of^l part in 10 are 

described by Schmeltekopf (1963). The relation of nozzle 

shape to the velocity of the gas flowing through it is 

described by O'Neill (1970). At the nominal flow rate of 

130 atm cc/sec, a pumping speed of 525 1/sec maintains a 

pressure of 0.1 Torr in the afterglow region and a flow 

4 
velocity of 1.4 x 10 cm/sec. 

The helium gas is excited with a Raython microwave 

generator (Model PGM -10x2, 2.45 GHz) at the constricted 

portion of the nozzle. The cavity that couples the power 

supply to the discharge was recommended by Fehsenfeld (1965, 

#5, p. 297) as having the best characteristics of several 

cavities tried. Normal operation at 25 watts of power 

produces a pale blue afterglow that extends well down the 
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tube. Metastable density and extracted electron current are 

sensitive to the.tuning of the cavity and its positioning 

along the nozzle. 

One disadvantage of the raocrowave cavity is the pro¬ 

duction of ultraviolet photons, principally the (2-*-p-l-*-S) 

O 
584 A line as pointed out by Ferguson (1969). This line 

is resonantly absorbed by neutral helium so that the photons 

spend most of their time absorbed. However, the gas-velocity 

is greater in the Laval nozzle than in the afterglow shifting 

the emission line to the blue side of the absorption line. 

Thus, .a small .fraction.of the photons can traverse the tube 

and ionize the impurity gas (such as argon) near the extractor. 

The size of the effect can be determined by pulsing the 

discharge and gating the electron detection. Ferguson (1969) 

describes several other types of ion and metastable sources 

that reduce or eliminate this effect. 

Another problem.is the 120 cycle ripple in the power 

output of the microwave supply. Fluctuations in the discharge 

and thus the metastable density produce ripple in the light 

detector output of several hundred millivolts. The optical 

resonance signal is 20 mv. The ripple is reduced only 

by increasing the power of the microwave generator above 

60 watts power output. 
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HIGH SPEED 
VACUUM SYSTEM 

(See fig. IA) 

'f 

FLOWING 

AFTERGLOW 

(See fig. IB) 

?' •’ 
FIGURE 3 SCALE 

APPARATUS FOR FLOWING AFTERGLOW 
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B. Optical Pumping 

The optical pumping apparatus, consisting of a lamp, 

circular polarizer, and detector is parallel to the axis 

of the Helmholtz coils and perpendicular to the afterglow 

tube. The helmholtz coils utilized in this experiment are 

six feet in diameter, 50 turn, aluminum coils which are 

oil-cooled during operation. O'Neill discusses in his 

Appendix II the derivation of the magnetic field between 

the coils and lists a computer program which can be used 

to compute the field at any point. A current of 9.5 amperes 

produces a field of 5 gauss in the center of the coils. The 

magnitude of the field is constant along the usable portion 

of the afterglow tube to within 0.1 gauss in the absence of 

permeable material. The presence of mu-metal shielding 

discussed in section C can alter the field on the exterior 

of the tube near the extractor by as much as 1 gauss. 

The high intensity helium discharge lamp is excited 

by a 360 watt, 100 MHz multivibrator, originally described 

by Gamblin and Carver (1965) and discussed by Findley (1967) 

At present only one lamp is used and placed 8 cm into the 

afterglow. 

Light from the lamp is focused by a spherical mirror 

and passes through a Polaroid type HR linear polarizer, a 
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cellophane 1/4 wave plate with optical axis 45° to the 

linear polarizer and then into the afterglow tube. The 

linear polarizer can be rotated by 90° during the experiment 

so that both right and left hand circularly polarized light 

can be used to optically pump the helium. From the after¬ 

glow region, the light is focused upon a lead sulfide 

photodetector (IR Industries) which is in one arm of a bridge 

circuit. By setting the null when the discharge is optically 

pumped a signal is produced when the helium is depolarized. 

This signal is then displayed on an oscilloscope. 

The helium is depolarized by a small magnetic field 

oscillating at the Larmor frequency of the triplet metastable 

atoms. The field is produced by loops of a 'coil placed above 

and below the afterglow tube at right angles to the external 

Helmholtz field. The coil is driven at 14 MHz by a General 

Radio oscillator and Eico transmitter. The external field 

is swept through resonance (2.8 MHz/gauss) by connecting the 

output from an audio oscillator through a filament transformer 

to a smaller set of Helmholz coils. The output from the 

audio oscillator is also put into the horizontal deflection 

plates of the oscilloscope so that in effect the optical signal 

M is displayed as a function of the external magnetic field 

(Fig 4). The total light absorbed in the afterglow IQ is 

determined by measuring the change in light levels as the 
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FIGURE 4-a, Analog of Optical Pumping 
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FIGURE ltb. Measured j— as Function of 
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discharge is turned off. The total light TL from the lamp 

is similarly measured by turning the lamp off. The relative 

amount of absorbed light I /T then characterizes the meta- 
o L 

stable density in the afterglow. Significant optical pumping 

signals have been obtained over a pressure range of .05 Torr 

to .25 Torr as shown in Fig. 4. 

C. Extractor 

The extraction canal or orifice is located in the 

center of the blunt end of a truncated cylindrical cone 

(Figs. 3B, 5). The extractor canal and housing penetrates 

to the center of the afterglow tube through a "T" section 

of pyrex tube. Inside this housing the cone shaped extractor, 

focus electrode, and steering plates are mounted. Relative 

spacing of these elements can be adjusted to optimize the 

beam focus and current but only by disassembling the apparatus 

A grounded ring shields the electron path from stray fields 

at the electrical feed throughs. Most of the beam tube 

exterior, from the extraction canal to accelerator entrance, 

a distance of 70 cm, is wrapped with high permeability metal 

to reduce deflection of the electrons in the earth's field. 

The extractor is based on a design first proposed by 

Pierce (1949, p. 174) for focusing electrons from a spherical 
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FEEDTHRU5&) 

FIG. 5. ELECTROSTATIC EXTRACTOR 
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cap cathode. This is a particular case of an immersion lens, 

for which the source is inside the field of the lens. This 

type of lens has some focusing effect between the source 

and lens or extractor electrode but the beam diverges there¬ 

after (Hanszen and Lauer, 1967). Our geometry closely 

resembles that used by McCusker (1969) for extracting from 

a spherical cell. 

A focus electrode is located inside the extractor 

housing to converge the beam as it comes from the extractor. 

This focus was originally designed to have knife edges at 

its entrance and exit to increase the convergence ( see 

fig. 6). However, the knife edges were removed to increase 

the differential pumping at the extractor. The beam'spot 

at the filter lens is approximately 1.5 cm in diameter. 

Typical operating potential are: extraction canal -1000 v; 

extractor grounded, focus -65 v, steering 0 - 100 v. Potential 

on the steering plates is arranged so that the position in 

between the plates remains at ground potential to reduce 

distortion of the beam. Extraction potential is limited to 

below -1400 V to prevent arcing to the gate valve down stream 

in the pumping line and any other grounded element. For this 

reason, the exterior of the Extractor housing was coated 

with PVC except for the extractor canal itself. 

The extractor cone is made of copper while the rest of 
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the electrodes are made of brass. McCusker (1969) investi¬ 

gated the effects of copper, aluminum and graphite for the 

extraction canal and found no significant difference in the 

electron polarization. However, when anodized aluminum was 

tested, the beam current was very erratic, presumably due to 

charging and discharging of the insulator. Similarly, Ferguson 

(1969) found that extraction of ions at a few ev energy in 

the presence of oxygen atoms was reliable only when graphite 

or molybdenum surfaces were used. 

The volume behind the extractor canal is differentially 

pumped with a 1500 1/sec diffusion pump connected to the 

beam tube immediately ahead of the filter lens. The freon, 

cold trap, pumping line and extractor elements reduce the 

pumping speed to less than 800 1/sec at the extractor. This 

limits the extractor canal to 1.5 x 1.5 mm. Larger canals 

provide a lower production rate of secondary electrons. Using 

a 2 x 2 mm hole and a 1 x 1 mm hole, McCusker found the ratio 

of maximum polarization obtainable to be 14:10 in a pulsed 

afterglow. 

After extraction the electron beam must be focused before 

acceleration to 120 KeV. For this purpose a five element 

electrostatic filter lens is used (Simpson and Marton, 1961; 

J. Kessler, 1964). This lens has an advantage over a simple’ 

three element Einzel lens in thct it not only focuses the 
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beam but also will remove from the beam any electrons with 

energy below a critical value determined by the potential on 

the center electrode. 

D. Mott Scattering Analysis 

1. Apparatus 

After passing through the filter lens, the beam is 

accelerated to 120 KeV for Mott scattering. A cylindrical, 

electrostatic energy analyzer is .used to rotate the velocity 

vector of the electrons by 90° relative to their spin vector 

to obtain transverse spin orientation necessary for Mott 

scattering. This method was first proposed by Tolkoek (1956). 

Because the Lorentz transformed electrostatic field produces 

a magnetic field in the rest frame of the electron, the spin 

precesses a small amount so that the velocity vector must be 

rotated by more than 90° to achieve transverse spin rotation. 

The angle is 

]f_ £km HflcC2- 
2- rnc cz 

where E^n is the kinetic energy of the electrons. For 120 KeV 

electrons, © = 108° (McCusker 1969). The radius of curvature 

of the inner and outer plates and R2 is related to the 

electron velocity , cp, and the potential applied to the plates 
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by 

2. e 

This is given by McCusker (1969) from the earlier work of 

Millet (1948). 

The scattering chamber is Shown in Fig. 7. Electrons 

2 
scatter from gold foil targets whose thickness is 193 _+ 5 ^ig/cm . 

The self supporting targets are as thin as possible to reduce 

multiple and plural scattering of the electrons that are 

scattered into the detectors. Two surface barrier detectors 

and positioned so that the scattering angle is 120° and the 

azimuthal angles are 90° and 270° respectively. The signal 

from each detector passes through a pre-amplifier, pulse¬ 

shaping linear amplifier, and a single channel analyzer. 

Two scalors register the counts from which the asymmetry and 

polarization are computed. 

The beam current is collected in a Faraday cup whose 

back surface is 12" from the center of the scattering chamber. 

This is intended to minimize the number of electrons scattered 

from the back wall, through the target and into the detectors. 

Possible errors that are introduced into the asymmetry measure¬ 

ment by back scattering from the chamber walls and from multiple 
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and plural scattering are discussed by McDusker (1969) in 

his Appendix V. 

The beam current collected in the Faraday cup is 

reduced by 60% when the target foil is placed in the beam 

path. This is due to the large scattering cross section 

at small angles. The half-angle openings of the scattering 

chamber exit to the Faraday cup and the cup itself are 9.2° 

and 5.7° respectively. Step-wise integration of the differ¬ 

ential cioss section for 120 KeV electrons on gold published 

by Lin (1964) results in 50% of the beam scattered by more 

than 9.5°. Electrons scattered between 5.7° and 9.2° hitting 

the wall of the connecting tube may be rescattered or may 

produce secondary electrons that are collected as beam current. 

Therefore we can only be confident that at least 50% of the 

beam will not be counted. This is evident from observation. 

A simple calculation using the Rutherford cross section 

produces a similar result. 

E- Theory 

The spin orientation of an electron can be determined 

by scattering from a heavy nucleus because the spin orbit 

interaction between the two particles produces an asymmetry 

in the normal Rutherford scattering corss section. A fast 
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electron sees a transverse magnetic field in its rest frame 

due to the nuclear change. As illustrated in fig. 8, if 

the electrons' spin is also transverse to its velocity 

the interaction potential due to jr-H or -ju*H shifts the 

Rutherford scattering pattern up or down depending on the 

spin orientation. 

The quantum mechanical calculation for this effect is 

given by Mott (1929) and is outlined by McCusker and O'Neill 

(1969, 1970). The major results are as follows. The v/ave 

function of a scattered particle with spin,n, can be written 

as a sum of a plane wave and a spherical wave. 

Y = etkz + 
Ihr 

where An(6,f>) is the scattering amplitude. 

An(© , <p ) can be written as the sum of a direct scattering 

amplitude f (© ) and an exchange amplitude g ( 0 , <J> ) so that 

for the two spin states n = 1, 2 : 

Y, = e t ( f(e,) - cj(o)e *) - 

X * + Cf(9)+ gCe)e'4j e 

ikr 

F 

ck*' 

r 

The amplitudes f(© ) and g(G,0 ) can be expressed in terms 

of the phase shifts and calculated numerically (Lin, 1963,1964). 

The basic result is that the differential cross section for 

a transversely polarized beam can be written as 
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chr(^cp) 

d 

] f j + 1 ^ I j 1 ■*“ Sin ^ 

where 

l (<*9 - & ) 
|f|4 * bP 

S(0) is called the Sherman function or asymmetry function. 

For a beam of polarization 

P 
e <NL - V 

(NL + Nr) 

The number scattered into the upper and lower detectors 

will have an intensity ratio of 

I 

I 

u_ 

d 

1 + SPe 

1 - SP 
e 

Thus, the polarization can be determined by measuring the 

ratio of counts in two symmetrically placed detectors if 

S(0) is well known. S has been calculated by Lin (1964) 

for a variety of target nuclei and incident energies. For 

gold at 120 KeV energy and 120° scattering angle S is cal¬ 

culated to be -0.407. It has been measured by double Mott 

scattering to be S = -0.376 _+ 0.008 (Van Klinken, 1965; Mikaelyan, 

1963). However plural scattering in the target reduces the 
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effective value of S to -0.26 _+ .01 for a target 195 ug 

thick. This was determined by measuring S(©) as a 

function of target thickness (Kessler, 1966). 
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CHAPTER VII 

RESULTS AND CONCLUSIONS 

A. Results 
-9 

A well focused beam with a maximum current of 4 x 10 A 

has been obtained in the scattering chamber. The peak 

in the counting rate for elastically scattered electrons is 

similar to that observed by McCusker although some degradation 

of the energy resolution has occurred. However, no polari¬ 

zation has been observed. Several possible causes are 

described below. 

Early difficulties in obtaining a well focused beam 

were due to deflection of the beam by the earth's magnetic 

field over the 70 cm path from the extractor to the accel¬ 

erator. Mu-metal shielding was wrapped aroundmajor portions 

of the beam tube to reduce this effect. Electrostatic 

steering by a 20 to 40 v/cm field is still necessary to 

obtain a centered beam at the filter lens. This residual 

deflection indicates a spin precession of less than 7° from 

the longitudinal direction. Removal of some 30 cm of beam 

tube between the extractor and diffusion pump would greatly 

reduce this problem. This would also allow an increase in 
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the extraction canal diameter or a reduction in its thickness. 

Increasing the ratio of the canal cross sectional area to 

its surface area proved the most efficient method of reducing 

secondaries in McCusker's experiment. 

The same type of shielding was placed around the spin 

rotator and beam tube to the scattering chamber. The 5 gauss 

field of the Helmholtz coils which is at an angle of 108° 

to the beam after the spin rotator, caused an upward deflection 

of the beam. A field of nearly 800 v/cm is necessary at 

the entrance to the spin rotator to provide additional 

downward steering to obtain a centered spot at the scattering 

chamber. The residual magnetic field can cause a spin pre¬ 

cession of 5° to 10° since the spin is perpendicular to the 

velocity at this point and makes an angle of 18° with the 

field. The effect will be to rotate the azimuthal asymmetry 

pattern, decreasing the asymmetry at the position of our 

detectors. A better compromise between these extended fields 

of the Helmholtz coils and the necessary homogeniety over 

the optical pumping region must be reached. 

The elastic scattering peak and the amount of the beam 

collected in the Faraday cup (-~50%) is the same with and 

without the Helmholtz field. There is only a slight change 

in these quantities when the retarding plane potential in 

the filter lens is increased above the extraction voltage. 
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These results, plus the intensity and focus of the beam 

indicate that the beam is adequately controlled from the 

extractor on. The beam diameter at the entrance to the 

spin rotator is 5 mm. 

The major obstacle prohibiting a polarization measure¬ 

ment seems to be related to the extraction mechanism. When 

the entire afterglow tube is floated at the extraction canal 

potential, -1000 v, very little current is extracted. 

Polarization measurements have not yet been attempted under 

these conditions. The largest currents are obtained when 

the metal flanges on each end of the pyrex afterglow tube 

are grounded and the extraction canal is biased negative. 

Under these conditions a.greenish-white funnel of light 

extends from the extraction canal hole through the afterglow 

to the opposite wall. 

The afterglow tube is apparently acting as a diode, the 

extractor canal being the cathode and the end flanges the 

anode. The potential drop in a diode occurs in a small 

region near the cathode called the cathode fall, and is 

due to space charge effects. As discussed in Chapter II 

under ambipolar diffusion, the distance over which deviation 

from charge neutrality can occur is characterized by the 

Debye length L D ~ 84/ where nQ is the electron density. 
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For ne ^ lO^cnf^it can be seen that the cathode fall occurs 

over a very short distance producing a field large enough 

to set up a d.c. discharge. This appears to be the cause 

of light emission at the extraction. Electrons produced 

in this manner would not be polarized. Therefore the 

afterglow tube must be operated at a uniform potential to 

prevent such discharges. 

B. Conclusions 

The flowing afterglow technique has been shown to 

provide a means of investigating conservation of spin 

angular momentum in atomic collision as well as producing 

a beam of polarized electrons. As described in Chapter III, 

the flowing afterglow is a unique environment for polarizing 

helium 2 metastable atoms by optical pumping. Removing 

initial density of discharge produced electrons by microwave 

heating reduces the spin relaxation time of the 2^Sj_ atoms. 

Their polarization can approach 100% if optical pumping is 

extended over many centimeters. Therefore polarization of 

electrons produced by the metastable-metastable reaction (5-2) 

or Penning ionization (5-1) should be substantially increased 

above that of electrons produced in an active discharge or 

pulsed afterglow (see Chapter V - section A). 
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The metastable-metastable reaction is known to conserve 

spin angular momentum . Therefore, the effect of secondary 

electrons, which are inherently present in the electron 

beam, can be measured by comparing the actual and predicted 

polarization resulting from this reaction. Comparison of the 

electron and ion polarizations for Penning reactions can 

determine the number of secondary electrons when impurity 

gases are present in the afterglow. 

By observing the optical emission from excited ion states 

produced in an Penning reaction, the initial spin state of 

the ion is deduced. Measurements of the spin state of both 

the electrons and ions from a Penning reaction provide a 

very flexible method of determining the conservation of 

spin angular momentum in the reaction. It is expected, 

according to the Wigner Spin Rule, that most atomic collisions 

do conserve spin. Any violation of this rule strongly 

suggests the formation of an intermediate state in the collision 

process. The lack of observed polarization to date seems 

to be caused by a low level d.c. discharge in the afterglow. 

Creating a uniform potential in the afterglow should remove 

this effect. Several other modifications discussed above 

are needed to optimize the apparatus for its designed purpose. 
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