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ABSTRACT 

An experimental apparatus i.s described which provides a spatial 

decay of the excited species from a helium discharge. This "flowing 

afterglow" has been constructed and the helium metastable atoms 

He(23S are seen to decay over a distance of approximately 30 cm at 

a helium flow, rate which produces a pressure of 0,1 Torr in the afterglow. 

The Ke(2-^S-^) atoms can be polarized using a high intensity helium 

lamp which produces circularly polarized light. The light propagates 

in the direction of a weak magnetic■field which produces Zeeman splitting 

of the energy states of the metastable atom. Polarizations of the 

metastables reach 60$. 

The thesis describes the production of polarized electrons from 

Penning reactions of the form 
C\ 

HeU^) + X —* HeCl^) +'He+ +'e~ 

mj = +1 0 0 +i +j 

between polarized metastables (m. = +1) and impuidties (m. = 0), 
* V J 

A detectable electron polarization will lend credence to the Wigner 

spin rule and make possible a study of the spin dependence of Penning 

ionization reactions. 

Extraction of electrons from the afterglow and analysis by the 

techniques of high energy Mott scattering are also described. No 

electron polarization measurements have yet been' made due to difficul¬ 

ties in extracting and collimating the electron beam. 
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CHAPTER I. Scope 

A) Earlier Work 

The production of a beam of polarized electrons, which could be 

used conveniently in connection with atomic beam experiments and high 

energy nuclear scattering experiments, has been awaited eagerly by 

physicists since it became apparent that much more information could 

be obtained by "labelling" the spin of the electrons in a beam. Spin, 

of course, is a vector quantity analogous to the angular momentum of 

a rotating body (Houston, 1959). The characteristic values of the com¬ 

ponent of electron spin in a prescribed direction are . Having 

defined an axis and prepared an unequal number of electrons in the two 

eigenstates of spin, one obtains polarized electrons where the 

polarization P is defined as follows: 

<<*•> 
whore cTx, <Jy and ^"z are the Pauli matrices 
and the pure states for electrons can be 
written l®<> 35 Co) and l f3> c 
corresponding to spins up and down, respectively. 

For a beam the polarization is 

whore g^ is a weighting factor representing 
the fractional population of a. particular 
spin state 

So that for electrons with .spin up ) and electrons with 
u 

spin down (~j 'ft ) the polarization with respect to a prescribed direc¬ 

tion becomes 

p- 2 life, <“ 



and since 
<ot| (JK l s O , <£\<y*l£>:=0 
•3 & 

<<* \ «> = \ < p, \ G&\ j6> - - l 

thus 

P = MU - ”d 
Nu.+ % 

Beams of polarized electrons have been produced, but an efficient 

beam characterized by good energy resolution, high current and con¬ 

siderable polarization has not yet been obtained. Experiments which 

utilize polarized electrons to examine a polarization effect normally 

measure a scattering asymmetry. The measurements of interest are 

+ A and N£ + ANg, where the difference is written 

N - N2 ± ( A N + A N2) 

In order to see the asymmetry experimentally, a relationship must be 

valid, i.o. 

N1 - N2 « k( A (Nx + N2)) « k >nr 

where k = the constant relating the ratio of signal to noise and 

A (i!n + N^) = YN* = the uncertainity in counts. 

It can be readily seen that the asymmetry can be varied linearly 

by adjusting the polarization. But that varying the asymmetry by 

changing the intensity of the beam involves the relation - N2 AJ k 

so that here a quadratic relationship is seen. Thus a typical measure 

of the ability of a beam to achieve a good asymmetry is the expression 

P2I. 

The following-beams have been obtained and can be compared for 

desirability: 

1. Mott scattering of unpolarized electrons (Kessler, 1966) 

creates a beam of 10“^3 a. with polarization; P^I—7.2 x 10“^a. 
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2, Photoionization of neutral K atoms passed through an inhomo¬ 

geneous magnetic field (Long, 1965) gives 10 ^2a. with 50$ polarization: 

P2I = 2.5 x 10~13a. 

3. . Electrons from-beta decay (Van Klinken, 1966) are polarized, 

with the polarization proportional to -v/c; however, the shielding 

necessary for a source large enough to produce reasonable intensity 

would make this approach impractical. 

4, Metastable-raetastable reaction in helium discharge (McCusker, 
ft ft 

1969) gives 10$ at 10 a, P I = 1 x 10“-^a. Reaction is He(2^S]L) + 

He(2%i) = He(21S0) + He
+ + e“ 

5. Field emission of electrons from Gadolinium crystals (Muller, 1967) 

gives 8$ polarization and a current near 10**?a. but it has not yet been 

collimated into a beam. 

This thesis presents a technique of production of a. polarized electron 

beam which is a next logical step to the pulse afterglow measurements 

of McCusker (op. cit.) in which an increase in polarized electron produc¬ 

tion beyond that of item 4. (above) was observed. In order to obtain 

a continuous electron beam, the pulsed afterglovr was replaced by a con¬ 

tinuous afterglow. This was possible using a near sonic flowing helium 

discharge exhausted through a large cross section pyrox tubs which 

• sets up a spatially varying but temporally constant afterglow. Of course, 

the obvious advantage of a time independent afterglovr is the ability to 

sample any part in order to exploit the decay of short-lived states and 

maximize production of polarized electrons through metastable-raetastable 

or Penning reactions. 



The flowing afterglow technique was developed by Ferguson, et al. 

primarily for measurement of ion-molecule reaction rate constants 

(Schraeltekopf, 1963? Ferguson, 1965). Flowing systems had been used 

in the past in the analysis of neutral reactions (Schiff, 1964) but 

the velocities of the atoms therein were low, and consequently, charged 

species were absent over most of the reaction region. The necessity 

for supersonic flow to increase the ion density led to the hydrodynamic 

techniques which are utilized in this experiment to produce a separa¬ 

tion of short-lived states from the long-lived helium metastable state 

(2^S^) from which the polarized electrons may be produced. The study 

of a flowing afterglow by Schearor (1968) has led to predictions of a 

significant improvement in polarized electron yield from a flowing 

helium afterglow. 

Penning reactions (Kruithof, 193?) can be utilized to increase 

the yield of polarized electrons. The form of the reaction is 

HeU^) + X = He(2130) + X+ + e“ 

The importance of this reaction is due to the fact that, assuming a 

°2 
realistic reaction cross section (a few A ), a large flux of impurity 

atoms introduced into the flowing afterglow will react with practically 

all the metastable helium, thereby creating a very large number of 

electrons. The reaction Ke(2^S^) + He(2^S^) He(l^So) + He + e 

has a very large cross section (10 cnr) but the population of meta¬ 

stables in the afterglow cannot be as easily adjusted as the density 

of impurities. 
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The technique of optical pumping, (Kastler, 1950) is also used in 

this experiment. The purpose of optical pumping is to selectively 

orient, in the presence of a magnetic field, a particular magnetic 

substate of the metastable atom. The polarization of the photons with 

which the metastables are pumped can be varied and the yield of polar¬ 

ized electrons obtained from reactions between these metastables, 

measured. Helium metastables have been pumped in a discharge (Scnearer, 

1961) but the efficiency of this process was low. By increasing this 

efficiency, it has been theorized that the yield of polarized electrons 

may be increased substantially. 

Electron optical techniques are used to extract the electrons from 

the afterglow. The techniques utilize a large electrostatic field 

perpendicular to the flow tube. Electrons passing the extraction 

canal are attracted to the inner electrode of the extractor, which 

is biased positive with respect to the afterglow region and extraction 

canal. Once the electrons are extracted an electrostatic focussing 

and steering system is used to prepare a well collimated beam of 

electrons for Mott polarization analysis. 

The Mott analyzer was constructed by McCusker (1969) and has 

been taken over with only minor changes for use with the flowing after¬ 

glow experiment. The analyzer has three main parts: An accelerating 

column increases the energy of the electrons sufficiently that they can 

be analyzed by Mott scattering techniques. An electrostatic velocity 

analyzer is used to prepare transversely polarized electrons. 
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Finally, a scattering chamber with symmetrically placed particle 

counters is used to detect scattered electrons from a gold foil target. 

An asymmetry in counting of elastically scattered electrons from the 

target gives a measure of the electron polarization. 

As can be easily seen, the success of the flowing afterglow tech¬ 

nique in producing polarized electrons is critically dependent upon 

proper utilization of the techniques of flowing afterglow, optical 

pumping, and electron optics. Each technique is well understood and 

no insurmountable problem has been anticipated in combining them. 

B) Present VJork 

The flowing afterglow has been constructed and is now operational. 

High speed exhaust of an intense microwave discharge through a Laval 

nozzle provides a spatial decay of the metastable population over a 

distance of more than 30 cm at 0.1 Torr, Within this-region it is 

convenient to optically pump, inject impurities, and extract electrons. 

Measurements of percentage absorption of pumping radiation versus 

pressure have been made and indicate the relative ease of obtaining a 

large metastable concentration over a distance suitable to a particular 

experimental requirement. Next, measurements of the optical resonance, 

indicative of the number of m'etastable atoms optically oriented, shows 

that a pressure of about 0.1 Torr is most desirable for efficient 

pumping. Other considerations are the effect of pumping speed, pump¬ 

ing efficiency, nozzle configuration and discharge excitation source 

efficiency on the metastable population. 
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The discussion of the afterglow includes an analysis of the pro¬ 

duction and loss of electrons and'helium metastable atoms. Also, the 

metastable-motastable and metastable-impurity reactions are studied 

in order to evaluate an expected polarization. Although polarizations 

of are predicted, a considerable attenuation in polarization may 

occur due to secondary electron production at the extractor (McCusker, 

1969). 

The electron extraction system has been constructed. A strong 

* electric field is adjusted to maximize the flux of extracted electrons 

while minimizing undesirable side effects, which include arcing within 

the afterglow tube and a d.c. discharge between the extraction elec¬ 

trode and the extraction canal. 

The discussion of the extraction system includes a detailed analysis 

of the various extraction problems, which have so far been very diffi¬ 

cult to overcome. Solutionsto these problems have necessitated lowering 

the extraction potential considerably which,of course, reduces the 

• electron flux. Also, the size of the extraction canal has been reduced, 

thereby increasing the ratio of secondary to primary electrons in the beam. 

In spite of the reduced extraction efficiency, an electron'beam has 

been obtained in the Mott scattering chamber. The polarization of the 

beam could not, however, be measured because energy analysis of the 

beam indicated that the electrons had been scattered prior to imping¬ 

ing on the gold foil. Incorrect alignment of the beam is the only 

thing delaying the appearance of polarization data here. 
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The material discussed under the heading "Mott Scattering" has 

been taken largely from McCusker (196?). The basic scattering theory 

is reviewed and an analysis of some expected counting errors is made. 

. C) Future Work 

Several important goals of this experiment have not yet been 

achieved and for that reason work is continuing. 

Polarization measurements will be made on electrons extracted 

from the afterglow and the spin dependence of Penning reactions will 

be studied by comparison of polarizations from riietastable-metastable 

and metastable impurity reactions using several different impurites 

(C>2, h'21 Ar, Xe, etc.). 

Electron currents will be optimized through the use of several 

different extraction configurations. Also, the ratio of secondary 

electrons to primary electrons in the beam will be minimized by using 

the largest allowable extraction canal. 

By using a filter lens as an energy analyzer the polarization and 

current versus energy of extracted electrons, can be studied. 

Finally, a flowing afterglow will allow studies of the other 

constituents of an afterglow and make the extraction of polarized 

positive ions possible. Reaction rate measurements can be made, 

using this technique, for Penning and ion-neutral reactions at 

thermal energies. 

Notes Figure 1 shows the overall experimental layout. Figures 1A, IB, 
and 1C show closeups of the three main .components of the apparatus. 
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CHAPTER II 

-Flowing Afterglow Dynamics 

This chapter will be concerned with the explanation of the 

development of the flowing afterglow technique for the production of 

polarised electrons. Three main topics will be included; they are; 

first, the "buffer discharge" which discusses the means by which the 

desired helium species are spatially separated from unwanted species; 

next, the "afterglow constituents" which discusses production and loss 

of helium metastables, ions, and electrons through the length of the 

afterglow'; and, finally, "optical pumping" which includes orientation 

of reactants for Penning reactions and utilises the Wigner spin rule 

to explain the predictions of high polarisation of electrons at the 

extraction region. 

A) Buffer Discharge 

1, Flow of Buffer through Iaval Nozsle 

The "buffer1' or background substance used in this experiment is 

helium. The main reasons for its use are first, its simplicity, 

being atomic as opposed to diatomic (H£, 0^, N-j, etc.); next, the 

fact that it has a relatively uncomplicated excited state structure; 

and finally, that it possesses a 19.8 ev metastable state with zero 

orbital angular momentum which can be optically pumped and can also 

ionize any Penning impurity other than neon. The helium gas is inject¬ 

ed into the system at a rate of approximately 130 std' cc/sec through the 

inlet of a converging-diverging Iaval nozzle (Schmeltekopf, 1963). 
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A high speed vacuum pump with a speed at 0.1 Torr of approximately 

525 l/sec is attached through a length of pipe to the outlet of the 

nozzle maintaining a large pressure drop across the nozzle of from 

760 Torr to 0.1 Torr. This pressure drop and the shape of the nozzle 

causes the rapid acceleration of helium atoms through the nozzle and 

gives them a velocity on the order of 10^ cm sec”-*-. 

The mechanism by which the Laval nozzle maintains this large pressure 

drop and also increases the rate of flow of gas particles in the nozzle 

can be explained generally as follows 2 

It is known that the velocity of sound in a substance consists of 

the propagation of a pressure disturbance of differential magnitude. 

2' 
The velocity of sound can then be written a = dP 

df 

where P = the pressure . (A-l-l) 
P - the density 

From the conservation of mass 

f v ^ = constant (A-l-2) 

where v = particle velocity 

A = cross sectional area of the nozzle 

so that a differential equation can be written 

sLe 4. iLi. + <8 A. Q 
p V A (A-1-3) 

Next a differential form of Bernoulli’s equation, which is merely 

conservation of energy, can be written from 

P *(• |THV
2 + mgh = P’ + 1 ^ + mgh’ 

P - P» + -§m(v2 - v’2) = 0 with h = h» 

namely, dP + ■§• vdv = 0 
P 

(A-l-4) 
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Assuming a functional relationship between- p and P, i,e. entropy 

is conserved along the stream, equation (A-lrl) can be substituted in 

(A-1-4), so that 

ar dp + vdv - 0 
r (A-l-5) 

and substituting from (A-l-3) for dP_ , the above equation becomes 

P 

dA = dv [v^ - ll 

A v [a^ J (A-l-6) 

which is the equation from which the basic shape of the nozzle can be 

understood. When the velocity of the stream is locally subsonic 

(v < a), the velocity increases as the area decreases. Thus, on the 

inlet si.de of the nozzle a converging shape is called for. When the 

local velocity reaches sonic speed, an increase in velocity necessitate£ 

an increase in area. Thus, on the outlet side of the nozzle a diverg¬ 

ing shape is called for. Furthermore, if v = a, then dA is zero, so 

the area of the cross section must be stationary; also, from the second 

derivative it is seen that the area must also be a minimum. Nozzles 

with these characteristics have been fabricated (Fig. 18, p 109) and 

are producing the high velocities required for the experiment. 

2) Buffer Discharge in Nozzle ' 

In order to produce the species required in the afterglow (see Fig, 2), a 

discharge must be ignited and maintained in the nozzle, A location 

for excitation of a discharge is picked along the nozzle, since it is 

in this region where the helium atoms, are moving rapidly and where 

discharge excited species will spend the minimum amount of time before 
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flowing out into the larger, cross section afterglow region. McCusker 

(1969) and Hill (19&9) used low level discharges where the excitation 

source was a radio frequency resonating circuit of low output power, 

approximately five watts. This configuration, of course, was suitable 

because the experimenters -were using the discharge itself as the vehicle 

in which to examine the excited helium states, and they knew that a 

strong discharge created considerably more hot electrons, thereby 

destroying the ability to orient the desired atomic states,- 

Considerations of the amount of electron production in the nozzle 

discharge of the flowing afterglow is of l.ittle' importance since the 

engineering of the afterglow presumably will provide for the spatial 

separation of discharge created electrons from the desired excited 

species. For this reason, and in order to create as many helium meta- 

3 
stable atoms (He 2^S^) as possible, a highly energetic discharge is 

desirable. A cw magnetron operating at 2^50. MHz suppli.es the excita¬ 

tion energy for the nozzle discharge. The magnetron power supply is 

coupled to the flowing system by a microwave cavity (Fig. 19, p 112) 

which sits astride the nozzle and can be positioned anywhere along 

the length of the nozzle. By adjusting the coupling of the cavity, 

a minimum amount of energy transmitted by the magnetron will be re¬ 

flected, so that an efficient dissipation of power within the cavity 

will result. Also, much of the power loss within the cavity will occur 

in the nozzle where electrons accelerated by the electric field collide 

inelastically with atoms which then results in a net absorption of 

energy from the field,. Note in Figure 3 the relation between diathermy 



Figure 3a, Early Nozzle Design Showing Percent Absorption at 
10 cm into Afterglow as Function of Pressurfe 

PRESSURE (MICRONS Hg) 
Figure 3b. Latest Nozzle Design Indicating Additional Stability 

and Reproducibility of Absorption 
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percent power, which refers to the magnetron, and percent absorption, 

which measures the number of metastable states available for reaction. 

The coupling cavity can be thought of as a simple R-L-C circuit with 

total impedance 

Z = R + -_1) 
u>c 

where vJ = the frequency 

c = tunable capacitance of cavity 

The resonance condition is obtained by tuning the cavity capacitance 

until the brightness of the discharge is maximized. This is the con¬ 

dition at which the imaginary term in the Z expression above disappears, 

and total power delivered by the magnetron is absorbed by the resistance 

of the cavity, which, of course, includes the losses in the nozzle. 

The normal operating power level of the excitation source is about 

fifty watts, which is an order of magnitude above the power dissipated., 

in the static discharge experiments. There are several advantages to 

the use of this type of so\irce: (Fehsenfeld, 1965) 

a) it produces a high concentration of excited helium species 

b) with no need for internal electrodes it is much simpler to use 

c) it produces little electrical interference 

d) there is no high voltage hazard 

Of course there are disadvantages too; the main one is the production 

of 584 A ultraviolet photons corresponding to the transition 2^P - l^'S, 

A fraction of these photons, through a Doppler shift of the emission 

line (Ferguson, 1965), can traverse the length of the flow tube and 

produce ionization near the extraction canal. Ferguson (3.965) observed 
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an error in rate constant caused try this effect in the reaction 

N2
+ + o2 o2

+ + N2 

but not in any other reaction studied. For the phase of the current 

experiment using Penning impurities, a part of the electrons produced 

o 
at the extractor could possibly come from the 584 A photons. However, 

since the effect has not yet been observed In argon, consideration of 

ultraviolet photons has been neglected in Section B, 

3) Buffer Flow in Afterglow 

The balk flow of buffer gas in the afterglow region is defined 

as, (Ferguson, 1965) 

v = Qb (atm cnP/sec) x 760(Torr/atm) x T(°K)   (A-3**l) 
° (cm^) P(Torr) 273.l6(°K) 

where Qb = the flow rate 

a = the radius of the flow tube 

P = the pressure in the flow tube 

T = the temperature of the buffer gas 

For the pressure region of interest in this experiment (0.1 Torr), 

-1 
the flow rate adjusted for temperature is approximately 130 atm cc sec 

4-1 
which, when placed into equation (A-3**l)» gives vQ = 1.25 x 10 cm sec . 

Before coming to the conclusion that the velocity at all points in the 

afterglow is Vq, one must consider that the flow characteristics of a 

plasma must be considered differently in regions of high pressure and 

low pressure. The pressure in the region preceding the nozzle is high 

so that viscous flow occurs (Dushman, 1962), i.e. the probability of 



21 

a particle striking another particle is much greater than the probability 

of the particle striking a container wall. The region of the polariza¬ 

tion analysis of electrons extracted from the afterglow is in the pressure 

range near lx 10 3 Torr and flow is molecular, i.e. the probability is much 

greater that a particle will strike a container wall than another par¬ 

ticle, The flowing afterglow region has a pressure of 0.1 Torr and here 

the flow should be considered to be a combination of viscous and molecular 

flow. Of course, impurities are injected into the afterglow region so 

that some effect will be felt due to them. But the effect is so small 

for low impurity concentration that it will be neglected, so that the 

velocity profile in the afterglow region will be determined only by the 

buffer gas. 

The Knudsen number (Dushman, 1962) is a qualitative indicator of 

the. type of flow characteristic of a system. The Knudsen number 

L/a < 0,01 is the condition for viscous flow 

where L = the mean free path of helium at the pressure 0,1 Torr 25°C 

a = the radius of the tube 

For this apparatus L = 1.47 x 10”^ cm and a =5 cm, so consequently, 

L/a ~ 2.9 x 10"3 which puts the afterglow well into the viscous flow 

region. For purposes of' comparisoiijWhen L/a > 1,0 the flow is 

molecular and for 0.01 < L/a <1.0 the flow is in a transition region. 

The Poiseuille equation is the most familiar of the viscous flow 

equations. For the flow through a straight tube of circular cross section, 

(A-3-2) 

Q = Pa (P2 - P3) 
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where Q = the flow rate defined as the product of the volumetric 

flow rate across a plane and the pressure at.which it is measured 

/7j = the viscosity of helium' at 25°C = 1986 x lO--^ cgs units 

1 = the length of the tube 

Pa = the mean of P-^ aftd Pg 

Explicit in the writing of the Poiseuille equation are four 

assumptions:' 

(1) the gas is incompressible 

(2) the flow is fully developed 

(3) there is no turbulent motion of the gas 

(4) the flow velocity at the tube walls is zero 

Each assumption will be considered in turn. 

In the case of the first assumption, the compressibility of the 

gas can be neglected if 

I’M2 « 1 

where M is the mach number of the flow, defined as the ratio of the 

velocity of the flow to the velocity of sound in the gas,which is 

approximately 9 x 10^ cm sec"^ for helium at 25°C. In this experiment - 

v 2d 1.3 x 10^ cm/sec so that |-M^ % |(lj3)^ ~ 0.01 which shows 

that the Poiseuille equation can be applied. 

The considerations of the second assumption are that, as a viscous 

gas flows into a tube, the frictional forces encountered at the walls 

/ 

tend to slow the stream of gas relative to the central core near the 

tube axis. The flow is continually modified until it reaches a steady 

profile of velocity which it keeps throughout the passage down the tube. 
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When the profile becomes steady, the flow is said to be fully developed 

The distance along the tube required for the gas to fully develop 

its flow pattern is (Dushman, 1962). 

d = 0.227 aR (A-3-3) 

where 

R = the Reynolds number = 1.4lx 10**^ MQ^ 

a 
M = the atomic weight 

Qb = the flow (130 atm cc sec”^) 

'•'l = the viscosity 

For this apparatus aR-; 39 cm which means that the characteristic 

parabolic profile of velocity is obtained approximately 9 cm into 

the afterglow. The not effect of the transition to parabolic flow is 

to lower the flow rate for a given pressure difference between the 

ends of the tube. 

When the Reynolds number exceeds a critical value, the flow 

becomes turbulent and the pressure difference between the ends of 

the tube exceeds those calculated from the Poiseuille equation. 

For smooth tubes the critical value is R > 1000 so the figure of 

R = 8 for this experiment is well within the tolerances. 

Since the conductance f of the tube is defined by 

Q - f(P2 - Px) (A-3-4) 



(A-3-5) 

thus from equation (A-3~l\ 

f = fT&4 Pa 

8 

It can be seen that a plot of f versus Pa should go to zero as Pa goes 

to zero. The fact that it does not exactly go to zero indicates the 

necessity for adding a terra to the conductance, representing the 

" slipping!' of the gas over the walls of the tube; thus, the velocity 

of the gas at the walls cannot be considered to be zero. Although slip 

is normally considered only in the transition region, it will be useful 

to check the expression for conductance including slip with the usual 

expression (A-3-4). The molecular conductance is 

fs(cc sec“l) = 30.48 a-Vr.y* 
1 \M/ 

where T = the buffer temperature (°K) 

M = the atomic weight of the gas 

The total conductance is obtained as 

F = f + zfs 

where z = a pressure dependent term (Dushman, 1962) 

which in this case is 0.81 

The axial pressure gradient can then be written 

  

AX “ .* ?o.v!-s^frV^ 

(A-3-6) 

(A-3-7) 

(A-3-8) 

As a test of the importance of the slip term in the pressure expression 

several measurements of pressure were made at different points in the 

afterglow region and the ratio A_P was determined. At 0.1 Torr and 

Ax 



130 atm cc sec ^ flow, the ratio A P was consistently determined to be 

-1 AX. 
0.^ micron cm . The measured distance between pressure sampling points 

was approximately 20 cm with the extractor at approximately the half 

way point. Using the original Poiscuille equation (A-3-2) the predic¬ 

tion is 0.7? micron cnT^j while tho slip corrected equation (A~3~8) 

yields 0,6l micron cm~^. Although very little can be concluded from' 

comparison of the experimentally obtained pressure gradient with those 

calculated, it must be assumed until demonstrated otherwise that some 

slipping probably does occur and that for this experiment, the form 

(A-3-8) for Poiseuille’s equation is tho desired description. For 

example, using the experimental A.P with equation (A-3-8) 

AX 

Position Poiseuille 

Optical Pumping Lamp 

Impurity Injector 

Extractor 

Pressure Monitor 

118 microns 

112 microns 

106 microns 

100 microns 

Experimental 

112 microns 

108 microns 

104 microns 

100 microns 

Finally, the axial pressure profile (A-3-8) and equation (A-3-2) 

for the bulk flow lead to the average axial velocity At any point along 

the tube. For normal laminar flow 

v(r) = vQ £l - (r/a)
2J 

where v = average velocity at a point 

vc= flow velocity as defined in (A-3-2) 

r ~ the radial position in the tube' 

(A-3-9) 

A.nd combining the contribution of viscous flow and slip, the radial 

dependence of the average flow velocity is written,assuming no 
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intei'action between the contributions, as, 

v(r,x) = v(x) |~2f (1 - r2/a2) + ZfsJ (A-3-10) 

The following conclusions have been drawn from the analysis of the 

flow profile in the afterglow. Since diffusion loss terms in Section B 

are inversely proportional to velocity, the slowing down of the par¬ 

ticles in the region at the outlet of the nozzle could increase the 

diffusion of electrons. But the diffusion coefficient is inversely 

proportional to pressure, so that what obviously results in the afterglow, 

except for small changes in the velocity profile, is a fairly stable 
* 

diffusion of particles independent of the pressure gradient. However, 

the variation of pressure, hence the flow velocity, is reflected in the 

rate of loss of helium metastables, since dn ^ 1. This means that if 
dx v 

average velocity Is based on a pressure measurement In the early after¬ 

glow the velocity -vail be too low. Accordingly, rate constants will 

be too low. In the experiment described in this thesis, the pressure 

measurement is taken at a point approximately 10 cm downstream from 

the extractor, so the pressure measurements of 0,1 Torr at that point 

will load to velocities incorrect by about 20 Thus in order to , 

correct for this error, the calculated velocity of vQ - 1,25 x 10^ em/sec”' 

was reduced to v = 1 x 10^ cm/sec in reaction rate determinations. 

To avoid this problem^the pressure should be measured at a spot centrally 

located between nozzle exit and extractor. Design modifications can 

easily be made to incorporate this suggestion, although the efficacy of 

introducing a measuring device in the reaction region could be questioned. 



B) Afterglow Species 

l) Constituents of a Helium Afterglow 

In the active discharge there are many atomic species present. 

When these species are swept into the afterglow region, the radio 

frequency excitation is no longer present so that the excited species 

immediately begin to decay. Electrons and ions either migrate to the 

walls or recombine. Neutral excited atoms also diffuse and react 

with other constituents of the afterglow. Since the lifetimes of 

most excited species are on the order of microseconds or less, they 

can be neglected in favor of the two long-lived excited states He(2'5S-j_) 

called the triplet metastable atom and Ke(2%o) called the singlet 

metastable atom. The lifetimes of both metastables in the afterglow 

are limited more by diffusion or collision than by radiation. 

Because this afterglow7 is operated at low pressures (approximately 

0.1 Torr), any neutral molecular constituents of the discharge will be 

assumed to have dissociated upon introduction into, the afterglow. 

"f* 

Ferguson (19&5) measured the ratio of Hop to He in a helium after¬ 

glow; he obtained a ratio of 0,1 at a position about two feet into 

the afterglow in very pure helium at 0.4 Torr and 300°K. One can 

assume from this that a small quantity of molecular ions are present 

at 0.1 Torr, but that they rapidly diffuse tc the container walls 

as do the atomic ions. Molecular spectral lines can be observed 

in the helium afterglow but most probably belong to impurities present 
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in the buffer source. It will be readily apparent in-the following 

paragraphs that possible harmful effects from not considering 

either molecular reactions or the present level of impurities in 

the buffer source have not been observed. 

For most of the calculations the following approximate particle 

densities upon entry into the afterglow region will be used. 

density of electrons = 1 x 10^ cm“3 (Ferguson, 1965) (Byerly, 1967) 

density of triplet metastables = 1 x 10^ cm--) 

the plasma are either diffusion to the walls followed try neutralisation 

by wall—recombination processes or recombination with an oppositely 

charged particle within the plasma volume. In order to examine the 

possible mechanism of diffusion, one uses the expression obtained by 

Detye (1923) which measures the distance over which deviations from 

charge neutrality can occur. 

density of singlet metastables = 3 x 10^® cm-^ 

(McCusker, 1969) (Byerly, 1967) 

2. Ambipolar Diffusion 

The processes determining the loss of electrons and ions from 

(B-2-1) 

(for this apparatus <§» 0.1 Tohr) 

where 

•Te = the electron temperature 

k = the Boltzmann constant 
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e = the electron charge 

ne = the electron density 

Since for this experiment is much smaller than the dimensions 

of the afterglow tube, the ions can hold their electrons during diffusion 

and the ■” linked” diffusion is called "ambipolar”; if the dimensions of 

the container were smaller than the electrons and ions would diffuse 

independently which is called ”free” diffusion. 

Any experimental measurement of ambipolar diffusion is complicated 

by the addition of the effect of recombination of electrons and ions 

in the plasma. Loss of electrons by recombination can be written as 

follows: (Oskam, 1963) 

where is the recombination coefficient 

(B-2~>2) 

At low pressures in the afterglow (0.1 Torr), the measured recombination 
^ o 3 | 

coefficient (Johnson, 1950) is o(. ~ l O which, 

leads to a loss term 

(B-2-3) 

which can be seen to be small for 

low electron densities. 

In order to consider diffusion, the following equations must 

be considered: 
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(B-2-4) 

VN 
which is called Fick’s Law and 
represents a^current of parti¬ 
cles from a region of higher 
density into a region of lower 
density 

where 

J = current of particles 

D = the diffusion coefficient 

N = the density of particles 

and M -v. V.J - O (B-2-5) 

which is the continuity equation 
relating net flux of particles to 
time rate of loss of density. 

Combining both equations 2-4 and 2-5 and converting their general 

form to the case which applies for ambipolar diffusion 

brie. 
for a constant Da (B-2-6) 

where 
Da = the ambipolar diffusion coefficient 

n = electron density 
e 

The ambipolar diffusion coefficient is obtained by considering 

the diffusion coefficients and mobilities of electrons and ions. The 

mobility is defined as the constant of proportionality between the drift 

velocity and the electric field. The general expression for Da in terras of the 
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mobilities and diffusion coefficients can be simplified using the 

Einstein relation for D+, the free diffusion coefficient for the ions, 

D+ = —M* (B-2-7) 

k = the Boltzmann constant 

' T+ = the ion temperature 

Mjf - the mobility of the ion 

e = the electron charge 

Oskam (1963) uses the Einstein relation, noting that for the after¬ 

glow T = T , and obtains a very good approximation for Da, viz, 
+ — 

bcL. *>4-0 + T~/T+ ) ~ (B-2-8) 

At 0.1 Torr, Oskam (1963) measures the effective mobility of the 

(B-2-9) 

where Po is the reduced pressure 

po = P£2Z& 
T+ 

Therefore, for T+ = 300°K, Da = 5.^ x lO'* cni^ sec
-'*'. 

Please consult Appendix 1 for a consideration of electromagnetic 

field effects on ambipolar diffusion, since fields are used in the 

afterglow apparatus and do change Da somewhat. However, for the 

following calculations, Da from equation 2-8 will be used. 

ions defined as 

13cmav'W 
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Next., the characteristic time for diffusion can be calculated using 

the expression 

(B-2-10) r _ Aa 
1 - TT~ where A is the characteristic 

diffusion length for the 
afterglow boundary used 

For diffusion from the axis to the walls of a cylindrical container 

A. is obtained by using the lowest mode* of the time independent 

diffusion solution (zero of a Bessel function of the first kind) 

of McDaniel (1964, eq. 10-8-42) 

'/A* = (B-2-1D 

In the flowing afterglow at steady state, only the radial diffusion 

will be of interest so 

'fa * = 
i 

H-.S on1 (B-2-12) 

Therefore, from (2-10) 

.. U-.3 T 
5".4 * toJ 

Sec. - _ 7. 8 * \o~xl sec 
(B-2-13) 

And, for'an electron density of n .the electron diffusion loss G ' 

rate is, since ne = f(r,z) e^/'t'o 

^ „ vae 
* * ~ • 

C^c.3 * \*3 * Cc'W (B-2-14) 

*For an accurate determination of A , combinations of higher diffusion 

modes must be included, since the lifetimes of the higher modes are not 

negligible and not all of the diffusing species are found exactly on the 
yr' -4 

axis. For example, 'T 2 - 1,8 x 10-^ sec*X3 = 0.6 x 10 sec and 
a ’ 

X4 = 0.2 x lO^sec. 
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Next, combining recombination and diffusion losses eq. (2-3) and 

eq. (2-14), one obtains 

t 

dJ: 
icr* U*')1' - ().3xlo3) [jie"] 

(B-2-15) 

*1^.^ - b fip(oVe.b'<: 

Q. neto) - o_ n eto') e>*-K b 

U = lo ^ cJ?v\e 

cWr 
- \0* - 1.3 < 

LwfcCpM C lOU eg v\e ^ - io,+ - I. 3 x to14 

So it can be seen that for low electron densities the recombination 

term is negligible, but for a density of interest in the afterglow, recom 

bination cannot be neglected. One therefore writes the approximate loss 

term, including roc.ombination, as follows: 

ft (j.) _ (J.3xu>3> ttc.(p3 gf1,3*1?3* (B-2-16) 

~~ lo-®r,eW(|.e:»-?xioH^ |.3KIO? 

3. Electron Production Reactions 

In the discharge, electrons can be produced directly by ionising 

collisions between 24.5 ev electrons and ground state atoms, 

he. Cl 4* Q. C^I.Sev) 4- ^ QJ“ 
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Also, electrons of somewhat lower energies (approximately 5 ev) 

can ionize helium metastable atoms, 

MtCa^SO He+ + 2eT 

lUCa's-o) + G" C 3-^GV) —^ H«.+ + 

But in the afterglow, electrons rapidly come to thermal equilibrium 

at the background temperature of the gas}and the percentage of electrons 

with energy sufficient to produce direct ionization becomes negligible. 

Therefore, the only reactions which can produce electrons in the after¬ 

glow aro indirect and involve one of the following alternatives, 

Hs. (aH/) VWC^S,} -—^ He4* -!• HeO •+ e.*" 

*fr WeCa'Se*) ^ He4, •{* Hc(l'So) + 

He ca1 S>0^ + Hc(a*So^ ■—He* -h ffeCi'So) + c“ 

The singlet metastable state lies above the triplet metastable and 

although a transition between them is forbidden radiatively, a spin- 

exchange reaction can proceed exothermically as followss 

He.(S'So') + eT —He + eT .+ 

The cross section for this reaction has been measured for thermal 

electrons by Phelps (1955) to be C ~ 3.x 1(T*^ cm^. 
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Tho density of 2^SQ at the outlet of the nozzle can be considered 

to be 3 x 10^® era ^ and the population of electrons 10^* era so one 

can write for the time rate of loss of singlet metastable atoms due to 

spin-exchange^ 

= - a v [er] 
(B-3-1) 

where v is the relative velocity 
of electrons and raetastables and 

C H are concentrations 

and setting (B-3-2) 

dji_ - v dn 
dt dx 

where y is tho stream velocity, approximately 
1 x lu* cra/sec. 

vvOO* WCP^ e3K n,C\) 4r n,<p:> 4 

(B-3-3) 

Next, it is necessary to consider tho diffusion of the singlet 

and triplet metastables to see the effect of the spin exchange reaction 

on the net population. Assuming the diffusion of the metastables is 

the only effect to be considered, one uses the values for Dm obtained 

by Phelps (1955). 

Dra(He Z^) ~ 4700 +250 era2 sec"1 

I)ra(He 21S0) = 4400 +500 era2 sec"1 

and in similar fashion to (2-14) the loss due to diffusion can be 

written as 
(B-3-4) 
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*3V 

- A 
3 ' ~~ C ^ .1 * \6 rU* .sec. 

(B-3-5) 

The losses in singlet and triplet metastables due to diffusion 

using the metastable populations suggested by McCusker (1969), (Byerly, 

1967)}are obtained immediately from (3-4) and (3-5) 

= — n( (o') 

C. lev\«j-fU - IOCWO 

■=. - v\7t(.o'> e.“0*'* 

(c* ItugiU s 

(B-3-6) 

(B-3-7) 

From the previous discussion some basic observations must be made. 

First, the effect of spin-exchange on the population of singlet meta- 

stables is large, as is also the diffusion loss of singlets; they amount 

together to a reduction of about 95^'of singlets in the first cm in 

the afterglow. So over the length of the afterglow it is seen that the 

singlet metastable population will approach zero. 

Next, the triplet metastable population is increased by the spin- 

exchange reaction so that the net loss of metastable atoms through 

diffusion and spin exchange amounts to only a few percent over the first 

10 cm, but over the length of the afterglow (approx. 30 cm) the triplet 

metastable population should be attenuated by nearly 90 percent as a 

result of diffusion and spin-exchange. Also the triplet population 
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should increase initially due to the large contribution of the spin- 

exchange reaction (See Figure 2). 

Now it is necessary to consider the experimentally obtained 

observation that electrons are produced in the afterglow as the triplet 

metastab-le population drops near zero. The reaction which destroys 

metastables is of the following form, 

He* + He* —* He+ + He° + e“ 

so due to this reaction, a loss relation is written as follows: 

_ i.-iycvo'13 +.3.?^vo-3Ln33 
m) b * i (B-3-8) 

3.^ Oo"3} o'i 

Z.<i -v 1.3(10*'^ n3fc>)jexpi;3.‘tOo'
3);0 - 

n3 C «o3 - 5*4- °?o <o> 

Therefore, one sees that, in fact, the motastable-metastable reaction 

can create a considerable number of electrons as the triplet metastable 

density approaches zero in the afterglow. 

The introduction of argon into the afterglow increases the loss 

of motastables through Penning ionization as follows: 

0-3Xi°
,;>CflOLrt3J (B-3-9) 

0.v\£ ^WA*-” ,Olf>c/vA1 (Bolden, 1970) 

Vl^CX') - '^3Co'> exp Z- ^3 CAr;] 



38 

so that by injecting a relatively large number of argon atoms (approxi- 

Huggins (1967) states that the argon-Penning reaction in the 5 Torr 

afterglow can be considered to be instantaneous. 

To look at electron production and loss mechanisms, one needs only 

examine the metastable reactions which create electrons in the after¬ 

glow and the ambipolar diffusion which was found previously to be the 

principal electron loss mechanism. 

For electron loss in the afterglow use as the density of electrons 

initially ne = 1 x 10^ cm“3; then, from eq. (2-16) the loss of 

electrons per unit length of afterglow can be written 

This expression indicates that if an electron production mechanism is 

present in the afterglow which can contribute as many electrons as the 

discharge, the population of discharge electrons will become negligible 

within a few centimeters of the nozzle outlet. Of course, this is the 

beneficial effect which will be exploited to obtain large populations 

of polarized electrons at the extractor region, . 

For electron production consider the metastable-raetastable 

4) Electron Population as Function of Distance 

ne(**> = Q-t3 nc.co> ex,pC-o-|3>Q 

reaction eq, (3-8) which gives 



39 

(3-4-2) 
So e.Uc-V*on ffo^c+,OH +C \oe ^ + We loss 

O-T +Wple+ mt-t^j-i-evVsIcs 

ne0o> = <B°lo ne<o> 

neC3o-) _ n%ntio) 

Note that the diffusion of electrons exceeds the production in the 

early afterglow. Of course, this diffusion depends on the initial 

electron population, and for low level discharges, where n is about 
6 

can be easily seen (Biondi, 1951). In the flowing afterglow, with 

large initial electron population, an increase in density in the 

region near the nozzle might be impossible to detect; however, the lack 

of exponential decrease 6f electron density would be apparent, which 

shows the significance of the metastable reactions as electron producer 

Of course, the typical Penning reaction, which has a smaller 

DO . 2 Q 
reaction cross section, 7 A*' for argon compared to 100A for He(2JS^), 

(Hasted, 1964) can be very effectively utilized to produ.ee high con¬ 

centrations of electrons by simply injecting into the afterglow a 

relatively high number of impurity atoms. For example, using a con¬ 

centration of argon of one part per hundred, the electron production 

would be from eq. (3~9). 

107 cm*"^, an increase in electron population in the early afterglow 

(B-4-3) 
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So that utilizing various flow rates of impurity atoms it is possible 

to quench the metastable population and produce an optimum population 

of electrons at a chosen spot. This of course, is the raison d'etre 

for the flowing afterglow. 

5) Conclusion 

To produce a high concentration of polarized electrons it is 

» necessary to allow space in the afterglow for the ambipolar diffusion 

of unpolarized electrons created in the nozzle discharge. The first 

ten centimeters of flow tube reduce the population of discharge created 

electrons by approximately 83$, according to equation (B-4-1). Although 

an exact calculation of electron loss has not been made, this rough 

estimate is sufficient proof that discharge electrons will not play 

a significant role in the physics of the plasma beyond about ten centi¬ 

meters into the afterglow. 

Also, from equation (B-3-3) it is immediately seen that the great 

majority of singlet raetastable atoms will react by spin-exchange collisions 

with electrons in the early afterglow. Triplet metastable atoms are 
i 

produced in this reaction - their production is reflected by the increase 

in motastable absorption of 1,08 micron resonance radiation over the 

first few centimeters in the afterglow (See Figure 2), This absorption 

curve shows that the triplet metastable density increases in the early 

afterglow due to spin-exchange. The extimate of metastable density of 

11-3 ' - 

approximately 1 x 10 cm is conservative and may actually be much greater. 
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Interpolations were made from Byerly’s curve (19^7, Fig. 3)t where 

he considered the absorption line width to vary from 0.07 cm--*- to 

0,20 cm ^ as the intensity of the discharge increased. If the after¬ 

glow were considered to be a region of linewi'dths 0.07 cm**^ a measure¬ 

ment of 50/° absorption in the lab, since the emission linewidth of the 

high-intensity lamp is about 0,30 cm \ would correspond to a popula- 

tion of over 1 x 10 . But, since no measurements have been made, it 

was decided to use the more conservative figures, thus the only justi¬ 

fication for the use of this approximate figure is that it gives a 

good feel for the physics of the situation and agrees with experimental 

measurements of metastable absorption in the afterglow. 

The critical spot in the afterglow for consideration of triplet 

metastable density is the point at about five centimeters into the 

afterglow where the triplet metastable atoms are optically pumped. 

The experimental measurements of triplet metastable population 

variations over the afterglow region indicate a maximum at this point. 

A rough calculation can be made of the -population of triplet 

metastables at. the point, about 15 centimeters into the afterglow, 

at which Penning impurity injection takes place, 

n3CifO # erl#£r ot a*\o'° cc-‘ 

This density agrees with the curve based upon data of Byerly (1967). 

The size of this density also indicates the capability of these meta¬ 

stable atoms to produce great numbers of electrons through Penning reactions. 



An estimate of the elctron production through quenching of these meta¬ 

From adjustment of flow of the entering impurity and consideration of 

the diffusion of the electrons created in the Penning reaction, an 

empirical optimization of electron population at the extraction canal 

can be made. Using Penning impurities then, practically all metastables 

can be immediately converted to electrons at a prescribed point. 

Of course, for more accurate analysis of species .density in the 

afterglow the following coupled differential equations must be solved: 

Electrons - 

stables with argon can be made made, for argon density 10^' cm ^ 

Singlet metastables - 

^ -K4i:elC..3-^eDD 

Triplet metastables - 
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where • / 

ka = reaction constant (cr5 ) for singlet-singlet reaction 

kb = tt it it singlet-triplet M 

kc = n it it triplet-triplet " 

kd = it it n spin-exchange ” 

ke = it it it singlet volume loss not result 
ing in ionization 

kf = it it it triplet volume loss not result 
ing in ionization 

Solving these equations is not difficult, but due to the qualitative 

demonstration earlier that the densities of electrons, singlets, and 

triplets can be approximated with fair accuracy, no accurate calculation 

will be made until needed. Of course, Penning contributions must be 

added to the above equations when impurities are injected. 

Perturbations on the sources of electrons at the extraction region 

caused by reactions between molecular species or by the ultraviolet 

photon ionization of Penning impurities have not been mentioned. Checks 

on each of these error sources can be made although there is little 

worry that they will effect significantly the production of a polarized 

electron beam from the afterglow. Molecular species can be examined by 

spectral studies of the afterglow,, while the ultraviolet photon effect 

can be measured by pulsing the discharge. 

Thus, it has been shown that a large number of electrons are avail¬ 

able at approximately 30 cm for extraction from the afterglow and that 

most of these electrons are produced in the afterglow by collisions 

between the triplet metastable atoms and other triplet metastables 

or Penning impurities. 
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Section C) Optical Pumping 

1) Optical Pumping in Helium 

Optical pumping in helium was first carried out by Colegrove and 

Franken (1958). Their experiment described an alignment of He^ atoms 

3 
in the 2 Si metastable state. Alignment in-the case of the triplet 

metastable state refers to equal population of states of the same 

|mjl but unequal population of states of unequal |mj | . 

Schearer (19&1) next obtained polarization in .the 2-^Sp state using 

polarized light as a pumping source. Of course, polarization refers to 

unequal population of states of the same |mj | so that the metastable 

atom gains a finite magnetic moment. The optical pumping technique 

of Schearer was employed by McCusker (1969) in his work on polarized 

electron production and has been carried over almost intact to this 

experiment. 

To describe optical pumping it is necessary to consider the 

diagram (Fig. 4) of the energy levels of helium. This diagram, showing 

the singlet and triplet excitation schemes for helium, indicates 

immediately why the singlet and triplet metastable states are relatively 

long-lived. The selection rules for electric dipole transitions, which 

are by several orders of magnitude the most likely radiative decay 

mechanism require that the spin must not change and that the parity, and 

orbital angular momentum quantum number, must change in an electric dipole 

transition between two levels. The singlet metastable (2^S0) is forbidden to 

decay to the ground state (l^30) since the parity selection rule would 
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be violated. The triplet raetastable (2-*Si) is doubly forbidden to 

decay to the ground state (1^S0) since a spin change as well as no 

parity change would be involved. 

In a discharge the helium atoms are excited ty electrons collision- 

ally to the two metastable states. The technique of optical pumping 

uses resonance radiation from an external helium discharge cell to excite 

the triplet metastable atoms to the next higher allowed states by 

absorption. This ensemble of atoms is placed into a region of uniform 

magnetic field in which the magnetic moments of the vai’ious atoms inter¬ 

act with the field producing the Zeeman splitting shown in the 

3 
figure. The metastable state splits into three parts, the 2P0 state 

doesn’t split, and the other *^P states split into three and five parts each. 

Suppose the magnetic sublevels are irradiated by right hand cir¬ 

cularly polarized light of the frequencies D0, Dj, Dg incident along 

the axis of the magnetic field. The electric field vector of the 

incident photons can be written for the case of right hand circular 

polarization as E(x + iy) which represents equal perpendicular components 

phase shifted by ninety degrees. The calculation of the dipole matrix 

element gives a term of the form 

. arr 

o 

which disappears unless mi ~ mf + 1 - 0 or &m = +1 • 

This restriction on A m is another selection rule, so that the transitions 

out of the metastable state will only occur from m. —> m^ + 1. The m^ = -1 
J J J 

state will absorb Do> E1$ and radiation; the mj = 0 state can onJy 
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absorb and D£ radiation; and the mj = +1 state can only absorb Dg 

radiation. Since the P states decay spontaneously without any induce¬ 

ment from an outside source there is a selection rule Am^j = 0, +1 

back to the triplet metastable state. In effect, metastable atoms of 

itij = -1 are disappearing in favor of states of m^ = +1 and the meta¬ 

stable atoms are becoming polarized. 

The optical pumping process competes with thermalizing processes 

which tend to restore the normal Boltzmann istribution of states. 

* Pumped metastables are lost by diffusion to the walls or by reaction 

with other metastables or impurities. At fairly high pressures, about 

C.5 Torr, the selectively excited P states' spins and orbital momenta 

become disoriented due to collisions and effectively mix magnetic sub- 

levels before re-radiation, so that optical pumping becomes inefficien 

(Sclearer, 1961) 

It has also been observed experimentally in the present configura¬ 

tion of optical radiation source and afterglow tube that the effective 

ness of the pumping process is very sensitive to pressure in the after 

glow region. Only at pressures between 0.050 - 0.250 Torr has the 

optical pumping resonance been observed. This resonance signal is 
l 

obtained using a depolarizing magnetic field which causes a change in 

light detector signal magnitude indicating the amount of-metastable 

polarization (see Chapter IV, Section 3). 

Figures 5a and 5b show the analog of the optical pumping parameter 

used and the experimental plot of the measurements of those parameters 

in the flowing afterglow.( For percent absorption curves see Fig 3. ) 

M/l0 measures the depth of the optical pumping signal as mentioned in 



FIGURE 5a. Analog of Optical Pumping 
Signal 

FIGURE 5b. Measured as Function of 
1 O 

Percent Absorption 
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preceding paragraphs. In Figure 5b the region on the. left side of the 

Ll/Io peak represents the area in which diffusion dominates the optical 

pumping process, while on the right side^ whore the pressure has increased, 

reactions between metastables along ••'•with P state mixing dominate. 

2, Populations of Magnetic- Sublevels 

A theoretical calculation of the polarization possible from electrons 

produced in the metastable-metastable or Penning reaction depends upon 

discovering how efficiently the metastablos can be oriented by the 

optical pumping process. The population distribution among the magnetic 

sublevels of the He(2^S^) state has been calculated by McCusker (1969), 

Stockwell(1967), and Schearer (1966). The rate equation which describes 

the sublevel population changes in the 2^SQ_ state during pumping is 

<°-2-1) cs tii ..x - 
etk p*-' 'ffcr, t- 6 

) 

where 

Ni = population density in the ith . metastable sublevel 

Bik = probability for absorption connecting the ith metastable 

state to the kth excited state 

Aki ~ probability for spontaneous emission from kth excited state 

back to ith metastable level 

Tp, Tr = times characterizing the time necessary for the pumping of 

the metastable sublevel and the time of relaxation by collisiona! 

depolarization 



50 

The relative transition probabilities have been summarized for 

A m j = +1 in Table I, McCusker (1969) from Condon and Shortley (1967^ 

where L'and K are defined.below. 

Bik 
k 

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 

Aki 

k 
i\ 2 1 0 -1 -2 1 0 -1 0 

+1 6 3 1 0 0 3 3 0 2 

0 0 3 4 3 0 3 0 3 2 

-1 0 0 1 3 6 0 3 3 2 

TABIE I 

Before any prediction can be put forth concerning the quantitative 

polarization of the metastable atoms, it should be stated that uncertain¬ 

ties in the spectral distribution of the pumping light and the absorption 

profile of the helium metastable atoms make these predictions inaccurate. 

Future measurements of intensity and absorption parameters will enable 

polarization estimates of much greater accuracy to be made. 

The spectral distribution of the D0, D]_ and D£ radiation (Fig *0 can 

be described in the intensity ratio K i L s Irrespectively. Using the 

ratio K : L : 1, the appropriate probabilities from Table I, and equation 

C-2-1, the change due to irradiation ty an external source in the triplet 
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metastable magnetic sublevel populations N+l NQ, N_ corresponding to 

mj = +1, 0, -1 respectively can be written as follows: 

(C-2-2) c8 W + _J_ 
d-t ’ rt p irt fL 

(C-2-3) cJWo _ + J- <\l\4l^0+ W+HKW.J+Jr (1-^.) 

(C-2-4) ML ^ (Ull+Zk)^ L r 

** " >T" +4rPL 
d+')L4HK)^(|-N'-) 

When steady state is reached dNi = 0 and the sublevel populations become 

‘ 

dt 

(c-2-5) wv~ ^+’kj(s’t‘iaL’l‘lVK)4*^(uu^s‘+eu*+?'°^ 

(C-2-6) Hoc^ jl 

(C-2-?) w- * ♦ 

where A" [% ^ + * tl*+1*1. + *K> + fc] 

and 
y - V J - /T 
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Tp as measured in the lab is an average value over the i levels 

and the individualcan be obtained from the lead terms of C-2-2, 

C-2-3 and C-2-4 which represent the number of atoms pumped out of each 
\ 

state. The expression for y becomes 

The optical pumping or optical resonance signal is obtained 

experimentally by subtracting the signal obtained for light passed 

through the unpumped helium afterglow from light passed through the 

pumped afterglow (Fig 5a). Since the spectral makeup of the pumping 

light is Do ! D]_ ! l>2 in the intensity ratio K : L ; 1, the optical 

pumping signal is actually made up of components of those three lines. 

In general,AI = I0 - I which for each of the three components can 

be written 

The intensity of each component is equal to the absorption probability 

times the level population, so from Table I, 

(C-2-8) 

3. Optical Pumping Signal Size 

(C-3-1) 

i 3 
(C-3-2) IQ = N 6L 

I2 = jj 10 

° 3 

Io “ I 2K 1° = N- (2K) 

11 = N~ (3L) + N0 (3h) 

12 = N„ + N0 (3) 4 N+ (6) 
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Using tho previous expressions for %, the relative signal 6l oan 

•^■o 
be calculated as 

(C-3-3) Al = £ 
l04-4,u+a.K. L6+ 

3. fr 3KX0*0 

Y<»4.+m.+ «to+ ^^ci+Qte'-m+sK) 0 
Next, V" can be written in terms of bl 'as follows, 
IT 5- - 

(C-3-4) f -» 
^y(i^O(l04 6L4AK^ AlC| _ 3 

4-y fQ».t.^U?lQ(lO»fcl.4aK^ AT of • 
0 [_ V<as-+<U.+ 8K> 

^ &(lO*4L*3X) AT 
KCSVU*&K) Xo o 

Thus, from experimentally observed &I*s one can obtain V which leads 
IQ 

to N+, Nc , and N_ from eqs, C-2-5 to C-2-7. Values of hl/lQ iri.ll be 

used in section 5 to compute N+, Not and N_ from which polarization 

estimates can be made, 

4, Production of Polarized Electrons Through Atomic Reactions 

It has been shown previously (Hill, 19&9) that for n = 2 states 

of heliumi one can apply the Wigner spin rule, which states that the 

total spin angular momentum is conserved in an atomic collision. 

Thus, it can be used in the case of metastable-metastable and Penning 

reactions in the optically pumped afterglow. The possible reactions 

are listed in Table II which is used to compile the rate of production 
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TABLE II 

He (MS) + Ho (MS ) —$* He (l^S 0 ) + He+ 

+1(N+) 0(NS) 0 +i *1 N4HS 

0(Ko) 0 •H- Mo 

+1(N+) -A 

-l(N-) 0 ±k H IN+N, 

0(No) 0(MS) 0 ±2 H *Vs iN0Ns 

0(No> 0 ±2 H 2W
0 

TN ^ 2A>io 

+1(N+) 0 +T +2. 
N N, o + 

-l(N-) 0 1 1 
'“*2 V- 

-1(N_) 0(NS) 0 i 
*"'2 

1 
*^2 N-Ns 

0(No) 0 1 1 
~2 N.N0 

+1(M+) 0 ±k 
_ 1 
•^2 -|N_K+ 4-NJ4 

—l(N__) — 

0(NS) 0(Ng) 0 ±2 -V *2 iNs
2 vN 2 

2
1NS 

0(No) ij H iNsNo 2NSN0 

+1(N+) **T • KsN
+ 

-l(Nj “2' 

1 
~2" V- 
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TABLE II (Continued) 

B. He (Mg) + Ar , He(l1S ) + Ar+ 
o 

+ e 
"u nd 

+1(N+) 0 +-I +-! N+Ar 

0(No) 0 ±1- +-s |N0Ar |NcAr 

-l(Nj 0 
1 

~2 
1 • 

~z N_Ar 

0(NS) 0 4J- 
-L2 + 2 |NsAr' |N Ar 

s 

Notes A special consideration is necessary if the concentration of Ar 

is the limiting factor in the Penning reaction. When combining 

A and B, the B contribution must be weighted by two, since it is 

twice as efficient as A in producing electrons. Furthermore, the 

B contribution must be divided by 13, the ratio of the reaction 

cross sections in A and B, If Ar concentration is not a limiting 

factor neglect this consideration. 

Also, the Ar+ configuration is (ls)^ (2s)^ (2p)^ (3s)^ (3p)^ 

which leads to the terms rA, P^. For this reason the considera¬ 

tion of the Ar+ should more correctly include the J - 3/2 states too. 
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of polarized electrons in terras of N+t N0, and N_ . The N^’s can be 

calculated using equations from Section 3. The singlet raetastable 

atom will be included in the considerations here although its popula¬ 

tion is greatly attenuated by the time the reaction region is reached. 

To use Table II consider the reactions listed)with the possible 

spin configurations allowed by the Wigner rule. The numbers seen below 

the reactants and products are the possible mj values for each; the 

mj values can be balanced on each side of the reaction like moles of 

reactants and products in a chemical reaction. To the right of each 

reaction are listed the production terms for spin up (nu) or spin down 

(nj) electrons, assuming equal cross sections for production of each. 

Noto that two reactions in A are not allowed by the Wigner rule so that 

their contribution to electron production is zero. In part B of the 

tablej argon is used as the Penning impurity, although any other atom 

except neon, which can't be ionized by the He(2^Sq) atom, could be used. 

Using another impurity, however, could change the structure of the Penning 

equation somewhat,since the atom could now have a non-zero ground state 

spin. 

The equations for the total production of electrons of spins up 

and down can bo compiled from Table II: 

(e-4 1) ^a ^ vs +t/0f'/5 + 

^ J- rd* 
(C-4-2) 
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Using tho definition of electron polarization, viz. • 

P = 
nu + na 

the following expression is finally obtained for P 

Ar 

= + Nn + 13) (N+ - N-) • (C-4-3) P = 

(Ns + N+ + N_ + NQ + ArJ
2 - N+

2 2 - N_ - 

5. Polarization Calculations 

Before it is possible to predict electron polarization for each 

value of Al/lo measured in the laboratory,the following procedure must 

be used; 

a) with & I/Io use eq. C-3—4- to obtain ^ for a particular ratio 

•K : L t 1. 

b) then use eq C-2-5, C-2-6, and C-2-? to obtain N+ N0 

respectively, in terms of N, 

c) use the values for N(2^S^), N(2^SQ), and N(Ar) from section B 

to compute the polarization from equation (C-4-3). 

A final consideration is necessary before the values of N+, N©, and 

N- can be used in equation C-4-3 for the polarization. The following 

3 
spin-exchange reaction can lower the polarization of the 2 S-^ state 

before it reaches the region of interest: 

(c-5-l) 
He(23Sq) + e~ He (23si) + e 

+1 N+ + ^ o . 

ON© + +2 +1 4 
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The cross section for this reaction has been measured by Schearer 

(1968) to be 2 x 10“-^ cm^ from which the loss of oriented metastables 

can be calculated. 

However, in the region between the optical pumping site and the 

extractor, the dominant electron production mechanism is the triplet 

metastable reactions which produce more +§ electrons than -§•, namely 

He(2
3
Sx) + HeU^) —V He(l

1
So) + He

+ + e" 

+1(N+) ' 0(No) 0 +f +f 

and (C-5~2) 

He(2
3
S1) + Ar   > He(l

1
S0) + Ar

+ + e 

+ 1(N+) 0(Ar) —> 0 +f +f 

So by comparing the production of polarized electrons from polarized 

metastableSjit can be seen that reaction C-5-1 should be written 

He(23s1) + e“ He(2
3
S1) + e" 

+ 1(N+) 0(Nq) +i 

where ^ represents an equilibria condition, which will be assumed 

for this reaction to imply no calculable change in the ratio N+ : NQ s N_ 

over the distance between the pumping region and the extractor. 

Several values of K and L have been used in developing the polarization 

curves since there is at present an uncertainty of about 30$ in their 

measurement. It can be seen from Figures 6 and 7 that in all cases the 

predicted polarization is substantial and that it .. increases as Al/lQ 

increases. 
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lo 

Figure 6. Predicted Electron Polarization as a Function of 
K:L:1 Ratio versus Optical Pumping Signal for 
Metastable-Metastable Reaction 
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The calculations, upon which Figures 6 and 7 are based, assume that 

the populations to be considered for polarized electron production are 

those populations found at about the position of the impurity injector, 

since electrons produced before this point are of little significance, 

as they will have diffused to the walls prior to reaching the extractor. 

Singlets are assumed to have disappeared, triplets to have dropped to 

about half of peak population, and argon impurities when injected are 

assumed to be equal in number to triplets. (See Fig. 8a,b) 

In this case equation C-4-3 becomes 

(C-5-4) 

PMS-MS 
N2 - N+

2.- N_ 

and 

(c-5-5) 

PMS-Ar = 2^Mo> “ N- ) ' 
3N'2 - N+

2 - N..2 

where it can be seen that the equations are independent of triplet 

metastable density. This implies that .sampling the beam in any part 

of the afterglow, as long as the singlet population can be ignored, the 

polarization of electrons should be nearly constant. Of course, 

diffusion of the polarized metastables complicates the situation, but 

it remains to be seen how large an effect this is. An experiment should 

be conducted to measure A l/l0 at points between the pumping lamp and the 

extractor. If equations C-5~^ and C-5-5 are correct, no change in 

Al/l0 should occur with change in position. 



6> 5* 
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Figure 8a, Percent. Absorption versus Pressure at 30 cm into 

Afterglow using Best Nozzle 

ARGON FLOWRATE (ARBITRARY UNITS) 

Figure 8b. Attenuation of Metastables as Function of Amount of 

Argon Injected into the Afterglow 
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CHAPTER III 

Extraction and Analysis of Electrons 

Spin polarized electrons are produced in the region of the 

electrostatic extraction system by the mechanisms discussed in 

Chapter II, In order to determine the polarization obtainable out¬ 

side the afterglow, the techniques of Mott scattering will be employed. 

Also, in ordei' to obtain as high a flux of polarized electrons as 

. possible, it is necessary to produce a large potential difference at 

the extraction canal which will accelerate electrons out of the after¬ 

glow plasma. Three topics will be discussed in this chapter: the method 

of extraction from the afterglow, the processing of the beam for Mott 

scattering, and the analysis of the beam polarization. 

A) Extraction of Electrons from a Plasma 

1) Approaches Possible 

The techniques of electron optics are employed to pull electrons 

out of the flowing afterglow. The basic method of extraction is identi¬ 

cal to that used by McCusker (1969) which was successful in extracting 

a 1 x 10~® amp beam of electrons with 10$ polarization from a low- 

level helium discharge. The adaptation of this method for the afterglow 

can be easily described. The region of the afterglow plasma can be 

penetrated radially to varying depths by a cylindrical tube with an 

insulated brass cap, shaped like a frostrum of a cone, which can be biased 

electrically. A small hole in the top of the cone allows differential 

pumping to create an environment inside the hole in which electrons 
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will not diffuse rapidly to the walls as they have been seen to do in 

the afterglow. From equation II-B-2-1 the Debye length for electrons 

at Te = 300°K and ne = 10^ cm”3 which approximates thermal electrons 

inside the extractor becomes approximately 0.4 cm. Although at first 

glance this small Lj) is indicative of ambipolar diffusion, it must be 

remembered that electrons are being accelerated through a large potential 

difference so that their energies correspond to T's much higher than 

300°K. For example, the value of T corresponding to 25 ©v electrons is 

approximately 3 x 10^ °K which when substituted in the expression for 

Lj gives 9.5 cm,which indicates that energetic electrons'will diffuse 

independently of the ions. The size of the potential through vhich the 

electrons are pulled is normally 1000 v,, so it can be seen that for 

energies of this order of magnitude, the diffusion will not be in any 

way ambipolar (see Fig. 9). 

The extraction canal is the cylindrically shaped, hole on the top 

of the brass cap. The. cap is biased to a negative potential of 1000 vdc 

with respect to ground and sets up, by conduction of charge through the 

plasma, equal potentials throughout the region of the afterglow. Electrons 

moving in the afterglow do not feel any force due to an .electric field 

since the potential is constant, until they reach the point along the 

flow tube adjacent radially to the hole in the brass cap. Inside the 

cap, a cone shaped grounded electrode creates a field in the direction 

of the brass cap, and some of the field lines extend into the afterglow. 

The force on an electron in the afterglow, due to the electric 

field, pulls the electrons into the inner part of the extractor where 
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FEEDTHRU5 (6) 

FIG. 9. ELECTROSTATIC EXTRACTOR 
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they see an attractive potential due to the potential between the 

extraction canal and the extraction electrode. The electrons are 

accelerated to 1000 ev and need only be focussed in order for the 

beam to be available for use. 

Another approach utilizes a positive potential bias of +1000 v on 

the inner electrode and a grounded extraction canal. Of course, prob 

blems with arcing, etc. in the area of the afterglow are corrected by 

this approach, but complications arise since the electrons moving 

rapidly in a region of positive potential would see a negative 1000 v 

ahead of them on any portion of the beam tube which was grounded. 

Also, for any application of the beam it would be necessary to float 

the apparatus, into which the beam was injected, at a positive 

potential. 

No other approaches to extraction have been seriously considered. 

Magnetic fields are undesirable since they would interact with the 

spins of the electrons and negate the effect of the optical pumping 

process. An unbiased extraction system would collect electrons from 

the afterglow but the currents available would be very low. 

The approach which was selected was that used by McCuskcr and it 

has succeeded in extracting a beam of approximately 4 x 10-^ a. at 

an extraction potential of 1000 v using an extraction canal of 

1.5 x 1.5 mm dimensions, 
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2) Basic Electron Optical Theory 

Electron optics is concerned with the motion of electrons through 

regions of fields where the electron motion is varied continuously 

by the action of the fields, whose values and spatial distribution 

are affected by the shape and the voltages of electrodes. 

In general, the motion of an electron through an electromagnetic 

field can be treated as a light ray moving through regions of varying 

indices of refraction. For m = constant (non-relativistic) the equation 

of motion becomes (for no magnetic field) 

• o 
m x, (A-2-1) 

The Lagrangian is written 

L-T- U - - °\Vl (A 

Using the principle of least action,'vis. 

/*a />• 
^ ( p.cSrt - i 1 m i • <fi){ s O (A-2-3) 

*» 

This expression can be compared with the familiar Fermat's principle 

of optics which states that the optical path between two points is 

the shortest of all possible paths between those two points. It 

can be written as 

k ^ cSir - £> = 
x, x. c 

O 
(A-2-4) 
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where n = c/v is the index of refraction. 

Comparing (2-3) and (2-4) one sees a relationship between n and V 

(A-2-5) 

Equation (2-5) means that,in an: electric field jthe.distribution 

of potentials V(x^) determines the refraction of an electron just as 

the refractive index n describes the refraction of a light ray in 

normal optics. An increase in potential indicates that n has increased 

which implies that the velocity in the direction of zero gradient has 

increased while the component in the direction of zero gradient has 

stayed the samo. Thus, the typical behavior of a beam passing from a 

medium of small index of refraction to a medium of larger index of 

refraction is seen in the case of electron rays. 

It» therefore can be seen that motion across increasing potentials 

serves to focus the beard in the direction perpendicular to the 

potential curves. Conversely motion across decreasing potentials 

serves to diverge the beam from the direction perpendicular to the 

potential curves. 
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Using the models of Paszkowski (1968)t the diagram of the equi- 

potential distribution in the extractor is drawn in Figure 10. The 

equivalent optical lens can also be drawn. Note that the velocity of 

the electrons in the beam during extraction is increased in the 

convex portion of the potential curves and also in the concave portion. 

But electrons have reached their high velocities through the convex 

portion of the curves where the converging effect is felt for a 

longer time. Therefore, it can be assumed that the beam will not con¬ 

verge but will cross over the axis at a point in the lens system and 

then begin to diverge slowly. To correct this divergence another 

concave-convex lens is placed into the system so that the point of axis 

crossing for the primary lens is the focal point of the concave-convex 

lens. Thus, the diverging rays of electrons can be made to converge 

at a particular point. For this experiment,the focal length of the 

lens system is approximately 19 inches, which places the beam of electrons 

at the entrance aperture of the filter lens. Here the electrons are 

refocussed, energy selected and then focussed, on the entrance to 

the accelerating column. 

The action of the focus lens can also be considered in relation 

to velocities. As the electrons pass through zero potential they see 

a series of convex potentials’ of increasingly negative energies; they 

diverge from the axis of the beam but at the same time lose energy, 

then they converge through the concave equipotentials toward the axis 

until they reach the potential of the focus electrode. When this 

occurs* ground appears before them as a series.of convex potentials 
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which causes them to bend further toward the axis as well as increase 

velocity until the electrons have again reached the velocity of the 

electrons at zero potential (corresponding to 1000 ev). 

An immersion lens, consisting of two charged cylinders separated 

from one another, can focus the beam very well using converging 

action on the low voltage side and diverging on the high-voltage side. 

The effect of the overall focussing produces a converging beam leaving 

the high voltage side. 

Three electrode, or "einzel" lenses, embody three elements mounted 

symmetrically about the optical axis in such a manner that the potential 

distribution is symmetrical about the center element and the potential 

before and after the lens is the same, (Grivet, 1965). In the beam 

tube of this experiment the configuration of the filter lens (see Section 

B) is normally that of an inzel lens with the symmetric electrodes 

at ground potential and the inner electrode (retarding plane of Fig. 12, 

p 82) at a negative potential. The action of the filter lens used 

as an einzel lens is to decelerate and focus the beam upon the entrance 

to the accelerating column. 

3) Electron Currents Obtained from the Afterglow 

Having some knowledge of the lens properties of the extraction 

system will not allow calculation of the optimum configuration to use 

in this particular experiment. The goal is to obtain as large a 

flux of primary electrons as possible, so for that reason the adjust¬ 

ment of extraction canal bias and extractor-extraction canal separation 
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is made to maximize the electric field. Arcing within the afterglow 

will prevent large potentials from floating on the extraction canal. 

A d.c, discharge within the beam'tube will prevent reduction of extrac¬ 

tor-extraction canal separation below a certain distance. The focus 

electrode acts as the interface between the extracted flux of electrons 

and the rest of the system. 

The experimental procedure for optimizing the extracted beam is 

discussed in Chapter IV, Section F. Beams have been extracted using 

various configurations of extractor and focus, but in all cases the 

beam left'something to be desired. Unlike the beams in McCusker’s 

apparatus, the appearance of the extracted beam on a phosphor screen 

was diffuse, and very little response to steering adjustments was 

observed. This evidence led to the conclusion that beam aberrations 

wero limiting the effectiveness of the extraction process. 

Three types of lens faults can be considered as possible sources 

of inefficiency; i.e, 

a) geometrical faults 

b) chromatic aberration 

c) mechanical defects 

Geometrical faults involve the principal faults which occur even in 

ideal electron lenses and with a monochromatic beam of electrons. The 

first error producing effect is called spherical aberration and results 

from the fact that the focus of electrons off the axis is different 

from those on the axis. Paszhowski (1968, p 284 ff) states that the 

amount of spherical aberration in a lens depends primarily on the diameter 
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of the lens diaphragm and gives several types of lens which reduce 

spherical aberration significantly. The application of a corrective 

measure for this fault in the afterglow experiment seemed to be called 

for, since the diffuse, low intensity image seen by the experimenter 

was symptomatic of spherical aberration. To correct this fault, the 

exit knife edge of the focus electrode was removed and the obtainable 

current was increased fcy roughly a factor of four, although the appearance 

of the image was about the same. 

The second geometrical fault is astigmatism. This defect stems 

from the fact that the focal length- depends on the coordinates of an 

element of the image equidistant from the lens.axis. As a result of 

astigmatism, depending on the position of the image, a circle, a straight 

line, or an ellipse may be observed. The magnitude of this defect is 

also dependent on diaphragm diameter. 

The next type of fault is chromatic aberration. Chromatic abbera- 

tion is induced primarily by the velocity distribution of the electrons 

and the voltage fluctuations in the electrodes of the lens. Its symptoms 

are the same as those of spherical aberration and in this experiment it 

can be partially reduced by regulating the voltages on the lens electrodes. 

Finally, the third type of fault is mechanical defects due to faulty 

fabrication of lenses, improper alignment or dirt on electrodes. These 

defects have been found in this apparatus and will be discussed in 

Chapter IV. 

Figure 11 compares the current which strikes a grounded focus 

electrode with that which is focussed into a Faraday cup placed about 
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Current at Grounded Focus Electrode Figure lib. 
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twenty inches into the beam tube. The attenuation of nearly 1000 in 

current between these two points gives one the immediate impression 

that the lens is not operating efficiently} Also, without the focus 

electrode in position, the current at the Faraday cup reaches 4x10 ^a. 

indicating again that the improvement in performance obtained with the 

focus electrode is poor. The focus electrode was biased to a negative 

potential and a current measuring instrument was floated at that potential 

to record the current striking the focus electrode while biased. Positive 

currents were measured indicating ion neutralization or secondary 

production at the focus which obscured the measurement of electron 

current. 

4) Arcing in Afterglow and Discharge in Extractor 

The original design for the afterglow experiment called for the 

extraction canal to be biased to nearly -3000 v in order to reach deep 

into the afterglow plasma for polarized electrons'. However, the fact 

was overlooked that the range of pressures in the afterglow was perfect 

for the production of a d.c. discharge. V/hen the biasing of the extrac¬ 

tion canal was attempted, arcing as well as a continuous low level d.c. 

discharge was observed between the extraction canal and the grounded 

sleeve of the extractor (see Fig. 9)» also, between the extraction canal, 

4" gate valve downstream and the aluminum nozzle-flange upstream 

(see Fig. lb) 

This problem forced the experimenter to reduce the bias on the 

extraction canal below -1400 v in order to preclude arcing through the 
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plasma. Of course, any possible external ground leaks were removed 

from the metal components, and at ambient pressure in the afterglow 

tube, it was possible to float all components to the desired -3000 v. 

The breakdown was therefore due to the conductance by the afterglow 

plasma of charge from the extraction canal to the grounded sleeve 

as well as to any other grounded component downstream from the extractor. 

A promising solution to the arcing problem lies in producing a 

discharge purposely in the region of the large gate valve, thereby 

creating a floating charge on the gate valve of nearly the same 

magnitude as the charge on the extractor. The extractor sleeve has 
* 

been coated with PVC plastic to a thickness of about 0.030 inches 

which prevents breakdown in the afterglow region. No problem was 

experienced in floating the nozzle-flange since it is on the high 

pressure end of the system with the "open” provided by the nozzle 

just upstream. 

Using this technique it was possible to float the extractor at 

-2000 v without breakdown for short periods of time. The limitations 

to this technique are first, the inability of the available power 

supplies to maintain the intense discharge in the gate valve, And 

next, the effects of a PVC coating on the extractor possibly taking 

part in the atomic reaction; as well as the likelihood of the PVC 

coating being unbonded from the metal surface or being pierced by 

electrons through microholes in the surface of the plastic coating, 

thereby causing arcing once again. 
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Other solutions to this problem have been considered. The after¬ 

glow could be kept at ground potential along with the extraction 

canal. This would necessitate’biasing the beam tube positively and 

the sleeve of the extractor as well. The positive bias on the sleeve 

of the extractor could cause arcing in the same way as it was caused 

in the earlier configuration, but, of course, it would be less likely, 

since the extractor sleeve would be much better insulated than the 

extraction canal is presently. Another solution would involve modi¬ 

fying the glass tee which houses the extractor so that the extractor 

sleeve would be outside the afterglow region. There would be far less 

likelihood of arcing or d.c. discharge in either biasing arrangement 

with only the outer cap of the extractor in the afterglow. 

The other major problem in extracting efficiently lies in the 

ability of the vacuum system to evacuate the area of the extraction 

canal so that no discharge will be lit by helium leaking slowly into 

the volume between the extraction canal and the extraction electrode. 

Kessler (1966) recommends that the vacuum at the extraction canal be 

maintained at no more than 5 x 10“^ Torr in ofder to provide for proper 

extraction beam formation. Calculation of conductances between the 

diffusion pump now being used and the extraction canal have been made 

and indicated that reduction ‘in extraction canal size from 2 x 2 mm to 

1,5 x 1.5 mru was called for. A larger diffusion pump may be necessary 

to provide the speed of pumping necessary in order to increase the 

size of the extraction canal, if that is called for by measurements 

of secondary to primary electron ratios. 



78 

5) Secondary Electrons and Space Charge Effect 

When a metal surface such as the extraction canal is bombarded 

by electrons, secondary electrons can be emitted. Of course, the 

secondary electrons will reduce the polarization of a beam of electrons 

from the afterglow since secondary production involves no spin con¬ 

servation rule. The yield of secondary electrons as a function of 

primary electron energy has been widely investigated (Brown, 1959). 

The funnel shaped design of the extraction electrode hopefully pre¬ 

vents electrons scattered off the extraction canal at wide scattering 

angles from getting into the extractor. To take account of secondary 

production, however, consider Brown’s figures which indicate that the 

production of secondaries from a copper or brass surface should be 

in the ratio of one secondary to one primary. Although a rough esti¬ 

mate of the number of electrons which will strike the extraction canal 

walls appears to be very small, secondary electrons were the major 

source of reduction of polarization by about- 80$ over that predicted 

by McCusker (1969) in the static discharge. It remains to be seen how 

large the effect of secondaries will be in this experiment. Large 

numbers of secondaries at this time have made observation of polariza¬ 

tion impossible, but these secondaries were probably produced through 

misalignment of the apparatus and soon will be removed. 

The next source of poor beam quality to consider is space-charge 

effects in the beam of electrons. A collimated beam of electrons is 

broadened over a period of time by the repulsive forces which equally 

charged electrons produce between one another, Jacob (1951) derives 
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an expression for the ratio of beam width at a distance from the source 

to the initial beam width at the source for an unfocussed beam. 

2 = \[m 1 1 j) (v) F(R) (A-4-l) 
VeW “Yji 

where z is the distance from the source (cm) 

m is the electron mass (g) 

e is the electron charge (emu) 

(#) Li - v4f/x 

;J = ew"VcM*- 

- (. - ^ ^ -- ( - {‘cAi'O tff bear* vJieO+V^i } 
\ OltyRr'a. v- 

-7 
For an initial beam of 10 amps passed through the 2 x 2 mm extrac¬ 

tion canal toward the filter lens 50 cm from the extractor, F(R) = 3.4 

and R ~ 4.1 which means that the space charge effects on an unfocussed 

beam will cause the beam to spread to a diameter of nearly 1 cm at 50 cm 

from the extraction canal. An image of approximately this size is 

observed on a phosphor screen in the path of the electrons with no 

focus bias applied. 
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B) Preparation of Beam for Analysis 

1) General 

In order to analyze a beam of electrons for polarization by Mott 

scattering techniques, a well collimated beam should be produced by 

proper focussing procedures as discussed in Section A. The beam of 

electrons should be energy selected by an appropriate filtering net¬ 

work to minimize the counting of secondary electrons produced during 

the extraction-focussing process. 

For the electron beam to be analyzed, it must be raised to an 

appropriate energy so that,being scattered at wide angles by a gold ■ 

foil, its asymmetries caused by polarization effects will be detected-. 

Also, the acceleration of the electron beam reduces its emittancet 

defined as the product of the beam radius and aperture angle; with 

the change being proportional to E~z. This is the principal reason 

that high energy Mott scattering is used so successfully in the 

analysis of electron polarization. 

To prepare the electron beam so that the polarization asymmetries 

will be maximized, it must be processed in such a way that the spin 

vector of the electrons which was polarized along the direction of 

the velocity vector of the electronsin the beam tube must bo rotated 

to a position transverse to the velocity vector. This can be very 

easily accomplished using an electrostatic energy analyzer which 

changes the direction of the electron^ velocity until the spin vector 

and velocity vector of the electrons are transverse. 

Having so processed the electron beam,it is ready for Mott 

scattering analysis. 
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2) The Filter Lens 

The filter lens used in the experiment was designed for McCusker 

(1969) by J, Kessler and is similar to the one designed by him to 

remove' inelastieally scattered electrons from a polarized electron 

beam produced by low energy Mott scattering (Kessler, 1964). The 

energy resolution is about 0.2$ or 2 ev for 1000 ev electrons. 

Figure 12 is a diagram of the filter lens which consists of five 

elements. The individual elements of the filter lens behave in a 

similar way to the elements of the. extraction lens system except 

that the middle element called the retarding plane is biased to the 

extractor voltage or just over the extractor voltage so that the 

majority of secondary electros ,which have been produced by inelastic 

•processes and thus have less energy than the primary electrons, may 

be removed from the beam. The five elements of the filter lens can 

be looked at as a composite of a decelerating converging lens and an 

accelerating converging lens in tandem. Of course, to maximize the 

current of electrons in the beam,this type lens would not be used. 

A simple three element lens could be used to decelerate and converge 

the beam in place of the filter lens. 

Since the entrance aperture is normally 2 mm in diameter, the loss 

of current through the use of this lens is large. The optimum beam 

size normally obtained at this distance is about 1 cm in diameter, so 

the current loss expected is about 98$jConsidering the 1 cm beam to be 

homogeneous. The reason for the small entrance aperture is to reduce 

sources of error due to lens aberrations as discussed in section A. 
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By accepting only electrons which have been moving very close to the 

beam axis,the energy distribution measured in the lens can be more 

validly attributed to the initial energy distribution of the electrons. 

The initial phase of the flowing afterglow experiment has utilized 

the filter lens as a three element lens by removing the retarding 

plane and biasing the retaining ring for the retarding plane negative¬ 

ly, while holding the other electrodes at ground. Also, the removable 

entrance aperture has been replaced by an aperture of approximately 

1.5 cm diameter. In this way the filter lens can be used as the three 

element lens mentioned previously, 

3) Steering and Acceleration of the Beam 

Steering for the electron beam provides the flexibility necessary 

to allow the beam to b9 corrected for misalignments which tend to 

cause the center of the beam to move off the axis of the beam tube. 

All steering used in the beam tube is electrostatic in nature(utiliz¬ 

ing symmetric potentials on opposite copper plates. This method of 

steering is more desirable than methods originally used in which one 
‘ 1 

plate 'was at ground potential while the other plate could be adjusted 

in potential with respect to the other. The new approach makes it 

possible to position a piano of zero potential at the beam axis so 

that much more responsive steering is obtained as this plane is 

shifted up-down and left-right. 

. Three points were selected as a minimum number of locations for 

steering the beam. The first set of four steering plates is located 
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in the extractor (see fig. 9), where it is used to position the beam 

more accurately at the entrance of the filter lens. The next position 

for steering plates is immediately beyond the filter lens (see Fig, 1 C) 

where the beam must be placed in the center of the accelerating column. 

Finally, a set of steering plates is seen (Fig. 1 C) at the exit of 

the accelerating column, where the set is Used to steer the beam into 

the entrance to the spin-rotator. 
s 

The accelerating column consists of a series of concentric electrodes 

which are biased in eleven steps from zero to +120 kv dc. The electrode 

systems each act as an accelerating converging lens- although neither 

the voltages on separate electrodes nor the distance between them can 

be independently varied. 

Electrons which exit the accelerating column have reached an energy 

of 120 kev which is an optimum for high energy Mott scattering of the 

beam. The only disadvantage produced'by the accelerating column is 

the necessity of maintaining all experimental apparatus beyond its 

exit at a reference of 120 kvdc. This is possible utilizing an insulated 

support for the experimental apparatus and a large isolation transformer 

to provide normal a.c, voltages. 

Also to be mentioned here are two viewing ports which are used to 

check the appearance of the beam at the exit of the accelerating column 

and at the entrance to the scattering chamber (see Figt 1 C), Within 

the beam tube, swivel mounted phosphor screens can be placed into the 

path of the beam-where the electrons striking the phosphor will cause 

them to flouresce. A portable viewing port has been Utilized to monitor 

the characteristics of the beam at the position of the filter lens. 
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4) The Spin-Rotator 

The purpose of the spin-rotator is to rotate the electron’s velocity 

vector- by that amount which will produce transversely spin polarized 

electrons. The rotator consists of two large curved plates (see Fig. 13) 

Which are biased to the proper voltage (4000 v.) to allow electrons 

of 120 kev energy to move through the analyzer without striking either 

plate. 

A rotation of ninety degrees in the lab frame will not be adequate 

to provide transversely polarized electrons. At 120 kev the electrons 

are relativistic, so that the ninety degrees in the electron’s frame,’ 

required between the spin direction and the velocity vector, corresponds 

to a different rotation in the lab frame,which Ernst be determined 

theoretically in order to design the spin-rotates.* ' to work through 

the proper angle. The equations for the proper rotation in the lab to 

achieve transverse spin polarization are by no means obvious, so their 

development will be outlined here. Consider the figure below, 

(Tolhoek, 1956) 

In the lab system, consider the 
force which turns the electrons 
through the angle £ to be in the 
y direction. 



T
O

 

86 

O 
O 

I 
B

E
A

M
 

F
R

O
M

 
•F

ig
u

re
 

13
. 
S

p
i
n

-
R

o
t
a

t
o

r
 

A
C

C
E

L
E

R
A

T
O

R
 



87 

A Py = Fy k t 

At = £ 
V 

F
y = o6. 

whore £ is the field between the plates , 
e is the electron charge, 

where v is the velocity of the electron 

But £E = pc where P 

and tPy = e € Ex 
pc^ 

v/c, therefore At = 
v pcc 

e€ Ex 
~I7~Z~ 
pc 

where is the lab angle between )A and v after the scattering. 

To look in the electron rest frame, the components of all quantities 

are the same except that^in the expression the E becomes the kinetic 

energy of the electron (E - mc^) 

Therefore A* = e &,(E - nic2) x 
electron .   

From the expressions for , the ratio of the incremental angle, in the 

lab to the incremental angle in the electron's frame of reference can be 

written 

and for a rotation of 11/2 lab = _E_  

Ay electron E - mcz 

in the electrons rest frame^the angle in the lab will become ir/2 

divided by (1 - ^electron )• so for 120 kev electrons 
(Afc lab 

ro+^.o^ TT / / n 

“ /y1- EJSa = uoO 

Therefore, in order to obtain-transversely polarized electrons 

at the entrance to the scattering chamber the electrons are moved 

through an angle of approximately 110° in the laboratory reference frame. 
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The equation for the positive and negative potentials to place 

on.the analyzer plates for proper rotation of a 120 kev electron beam 

were developed by Millett (1948) and the appropriate one is reproduced 

here. 

v = m0 in/ R2 

(i - &2)2 

where v represents the potential difference required between the two 

plates. Since one plate is positive while the other is negative, the 

potential on either becomes 

2fl 2 ±y = ±§ c ft lnfRoX 1 
U-j (1 -p2)i 

where +v and -v refer to the positive and negative plates» respectively 

For 120 kev electrons, the proper plate biases become“ i 3 >9^0 v. 
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C) Beam Analysis 

1) Basic Theory of Mott Scattering 

The most reliable method for the measurement of electron polarization 

is high energy Mott scattering (Kessler, 1966). A description of the 

phenomenon which makes spin polarization of the electron beam apparent 

is readily understood. Transversely polarized electrons entering the 

scattering chamber see, in their rest frame, positively charged gold 

nuclei moving toward them. The gold nuclei current generates a magnetic 

field of the form (~l/c)(y x E) where the field is seen between the 

nucleus and the electron. Crossing v .into E for an electron above a 

nucleus (see Figure 14) produces a magnetic field out of the paper, 

while the electron symmetrically below the nucleus sees a magnetic 

field of the same magnitude into the paper. Assuming that the polari¬ 

zation of the electrons’ spin has been prepared in a direction out 

of the paper, there will be an interaction of the form . B with each 
«*» ** 

generated magnetic field. The interaction energy of electrons passing 

above the nucleus will be increased by MB, while the interaction 

energy of electrons passing below the nucleus will be decreased by 
Cl 

M B, As a result, the trajectory of electrons passin above the nucleus 

will be bent down toward the nucleus while the trajectory of electrons 

passing below the nucleus will not be moved up as much as in the normal 

Rutherford interaction. Since the differential scattering cross 

section as a function of scattering angle (see Figure 14) is a mono- 

tonically decreasing function from forward (0°) to backward (180°) 

scattering, the polarization shift of the number of electrons counted 
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on two symmetrically placed detectors will be toward higher numbers 

for the counter on the bottom.of the chamber and toward lower numbers 

for the counter on the top. This shift will move in the opposite 

sense if the polarization of the electrons entering the chamber is 

reversed. 

The quantum mechanical derivation of the quantitative electron 

polarization will be developed in the same way as that of McCusker 

(I969). The electrons are represented as plane wave solutions 

of the Dirac equation (Dirac, 195&). 

with© and Y the usual angles associated with spherical polar coordinates. 

Defining spin orientation with respect to the rest frame of the electrons 

where the orbital angular momentum is zero, the eigenvalue equations 

I ° \ 
6 £ 

(c-1-1) 

or 
(C-l-2) 

where (c-i-3) 

for spins parallel or antiparallel to the z axis become, 

+ (C-l-4) 
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where is one of the visual Dirac matrices 

<T< 

0 \ O o 

1 O O o 
oooi 

o 0 I OJ 

o -U © o 
L Q Q O 

O O O 

k0 O i Oi 

) o o o 

o -\ o © 

O O | o 

O O 0 -I, 

(c-i-5) 

A spin direction perpendicular to z , the direction of motion,can 

be described as a superposition of states. For © - 90° and $ = 0°, - 

A = 1 and B = 1 from equation (l -3)so the wave equation becomes 

+ (C-l-6) 

which gives a projection in the x direction. For 9 = 90° and fi = 90°, 

A = 1 and E = i so that 

(c-1-7) 

which corresponds to the y projection. 

A beam of electrons is composed of individual electrons of varying 

spins, so that the polarization is defined as an ensemble average 

1 

P± = < | erc l > (C-l-8) 

where i specifies the particular direction in which the spin polari¬ 

zation is to be measured. For example, for a beam completely described 

by ^ the polarization becomes 

P* = < ^ “ I crx | - > - o 

S ~ \ 3 \ > c o 

Pg; s < l<Sg | vi'“ > - - j 

(C-l-9) 



93 

A typical beam will consist of mixtures of states so that the 

definition of P must include a sum over states, viz., 

*■” %. 3i ft (C-l-10) 

where g^ represents the probability of finding the electrons in a 

particular substate with polarization 

Note that ^ = 1 

Therefore, in general, one can describe a typical beam with 

electrons in the state ty*** and Ng electrons in the state ^ *"* 

as follows, 

(C-l-ll) 

p ~ Wi-Wfc 
Wt “4* Wj, 

where the other terms in P drop out. 

The scattering cross section for relativistic Fermions can be 

derived as follows. The asymptotic form for each component is written 

*^e.-hr un (©,$:> (1-1-12) 
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where n = 1, 2, 3» 4. And the general expression for the differential 

scattering cross section is 

|Uv>| 
9. 

JlA- (c-l-13) 

For incident plane waves along the z axis the an's are related by 

l&s-u ..lvc. . i^t-i 
(C-l-14) 

So that the differential cross section becomes 

<S-A. , JWsHli-isii JIJL. 

and the asymptotic forms can be written as they are for spin-|- scattering 

off i a spinless nucleus 

\i) .. y3 “ *(#„ *3,0 i ^ % 
(C-l-15) 

nr 

By imposing rotational invariance and reflection invariance of the 

Hamiltonian)the scattering amplitudes f^, g±2t &21* anc* ?22 have 

the following relationships 

fll = r22= f (S) 

g12 = ~&21* &12 = "g ( $ ) ^ 

and g21 = g ( © ) ,ei4 
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The values of the direct scattering amplitude f (Q ) and the 

exchange amplitude g( 0,4* ) can be determined from the phase shifts 

as follows 

9(e>-^ r p;(c^e) e>* 

These expressions have been calculated by numerical techniques (Lin, 1963). 

The result for the differential scattering cross section in terms of the 

scattering amplitudes can be written 

cS *fU lfl\ Ijl5' 
( |Alv + \a\>' } (C-l-18) 

And the Sherman function, S( © , <& ), can be defined as the polarization 

obtained by scattering a randomly polarized incident beam 

5(0)0 
(c-l-19) 

The differential scattering cross section is rewritten as 

4® - [ | + i Bed6) 1 
■ L *■ |A(* +161* J 

(C-l-20) 
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The Sherman function has been calculated for unscreened point 

nuclei by Sherman (1956). Calculations have also been made for nuclei 

screened by the electron cloud (Lin, 1964), The results of Lin’s 

calculations for 120 kev electrons on gold targets have been plotted 

in Fig. 15. 

For a transversely polarized beam of electrons, which is charac¬ 

terized by A = 1 and B = 1 }the cross section becomes 

d?<T 

<&A. 

*\y-] LI " ^ $3 

(C-l-21) 

From consideration of equation(l-2l)it can be seen that the maximum 

A_1V 
asyrametry effoct upon the cross section occurs when T ~ Sp, ’> a 

thus, the asymmetry is a maximum in a plane normal to the polarization 

direction of the incident electrons (see Fig. 16). 

The left-right asymmetry can be determined by considering Fig. 16. 
% " a

N2 
With an incident beam of electrons of polarization ' » the 

1 ^ 
intensities of the components scattered to the left and right are 

IR = IR1 + IR2;:N1 (1~s) + n2 (1 + S) 

~Lq : *L2~ *’l " ' 
J2 

(C-l-22) 

IL = IT + N, (1 + S) + N0 (1 - S) 

thus 

T _ N, (1 - S) + N? (1 + S) = 1 + SP JR “ 1  _£ —  
(C-l-23) 

\ K1 (1+S) + N2 (1 - S) 1 - SP 
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Figure 15. Differential Cross Section 
and Sherman Function for 
120 Kev Electrons 
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where )( is an asymmetry 

in scattering 

(c-1-25) 

(C-l-24) 

When Mott scattering is used as an analysis procedure, the detector 

should be placed at the angle & where the value of S is a maximum for 

(see Fig. 15). The value of 120 kev for electron energy has been 

chosen because the scattering cross section is well known to be a 

monotonically decreasing function of 0 (see Fig. 15) at that energy. 

Many other experimenters have used 120 kev as an energy at which to 

measure beam polarization (Long, 1965; Raith, 1968). However, other energies in 

this range can be used to measure the scattering asymmetry, but care 

must be taken since the analyzing power of the interaction measured 

by S will be peaked at a different value of & so that permanently 

installed detectors at 120° will not be in the most favorable spot 

to analyze the .interaction. 

High energy Mott scattering is also used as a method for polarized 

electron production. From Fig. l6,it can be seen that an unpolarized 

beam will give rise to a polarization at an angle 0 of (1^ - l2)/(li * I2) 

so that P = S(S ). This polarization is measured by a second scattering, 

so ,in this way values of S(O ) can be accurately determined (Van Klinken, 

1966a). . 

a given energy, while still preserving a reasonable counting capability. 

The angle 0 - 120° was chosen for this experiment because the energy 
o 

of analysis of 120 kev calls for an angle of 120 for a maximum S 
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2) Instrumental Asymmetries and Data Taking 

The biggest problem in conducting a valid Mott scattering 

polarization analysis comes from instrumental asymmetries. However,, 

this experiment has a built in technique for avoiding most of the 

asymmetries, because the orientation of the polarization of the 

incident electrons can be rotated through 180° by merely changing 

the orientation of the quarter-wave plate which provides either left 

.or right hand circularly polarized light for the optical pumping 

process. Of course, this operation is performed externally, so that 

no instrumental changes could occur as a result of the polarization 

shift. The cancellation of asymmetries can be visualized with the 

aid of Fig,. 17. The number of electrons scattered into detectors 1 

and 2 are: 

ft eSJUl . (c-?-1) 

»2 = *1° ft ( . 

where 1-^° is the beam intensity 

P^. is the density of the target 

are the differential scattering cross sections 

&J\. are the solid angles 

If the polarization is reversed 4 1 becomes $ 2* anc* $2 becomes fil, 

so that becomes and vice versa. 
<S.n_ 
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So for a second measurement with reversed polarizations 

V-v Pt( tLfis~ )« CO-A-. 

and by taking the quotient 

Va' » 
1  

<j> Xu 
(<X g c 4>0 \ a. 
v cfiJV. ) 

(C-2-2) 

(C-2-3) 

Thus the asymmetry labeled ^ in eq (1-24) can be written as 

(C-2-is-) 

Electron polarization measurements will be made utilizing sets of 

X $ obtained by counting with a particular polarization followed 

by a mechanical readjustment of the optical polarization,which makes 

possible a counting of electrons with opposite polarization. The 

number of counts in each measurement will be sufficient to minimize 

the statistical error as derived in Appendix IV, which is roughly 

inversely proportional to the square root of the total number of 

counts, 
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3) Faraday Cup and Counting. Electronics 

These items will be discussed in greater detail in Chapter XV. 

It -will be sufficient to mention here the general theory of the use of 

the Faraday 6up to absorb forward scattered electrons and also to pro¬ 

vide the ability to measure beam current by means of a feedthrough 

frara the absorbing chamber to an external lead to which a current 

measuring device can be attached (see Fig. 24). The counting electronics 

includes detectors, amplifiers, single channel analyzers, and scalers 

which record,as an electrical analog, the number of electrons scattered 

into the relevant solid angles. 

The Faraday cup as a collector of charged particle beams was 

originated by Perrin (1896) who used it to demonstrated the negative 

charge of cathode rays. When the incident beam strikes the end of 

the cup a non-negligible fraction of it is back-scattered with little 

or no energy loss, and, in addition, low energy secondary electrons are 

generated. To forestall this situation a small (3 v) positive bias 

is applied to the inner cylinder of the Faraday cup, and the cup is 

designed to be deep relative to the size of the entrance hole. The 

solid angle subtended by the hole is small so that the fraction of 

electrons which escape can be assumed to be at a negligible level. 

The inner absorbing cylinder of the cup is linked by a glass 

feedthrough to an external pick off where the charge collected by 

the Faraday cup can be measured by an electrometer. Characteristic 

currents expected at this position are on the order of 8 x lO"-1-^, 

measured as forward scattered electrons through the gold target foil. 
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The counting electronics utilizes a silicon surface barrier 

detector which can be considered to be a solid ionization chamber in 

which energetic electrons create free charge carriers by losing energy. 

The rate of charge carrier formation has been found to be independent 

of particle energy and ionization density over a wide range of energies 

so the response of the detector can be assumed to be linear with energy 

as long as the electron energies do not exceed the stopping power of 

the detector. 

The charge carriers are separated by an electric field within 

the silicon crystal and obtain a drift velocity which induces a 

charge in an external circuit. A charge sensitive preamplifier 

attached to the detector produces a voltage pulse which is amplified 

and transmitted to a main amplifier. From the main amplifier the 

pulse is discriminated in a single channel analyzer for proper 

voltage,within a certain voltage window,which, of course, is analogous 

to a particular energy E within an uncertainty & E. The selected 

pulses are transmitted next to scalers which tabulate the number of 

pulses, representing the number of electrons of a desired energy. 
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CHAPTER IV 

. Experimental Apparatus 

This chapter will be concerned with the detailed description of 

the equipment utilized in the flowing afterglow experiment and the 

techniques employed to obtain experimental data. The organization 

of the sections will follow the experimental layout from the buffer 

input to the scattering chamber as shown in Figure 1. 

A) Buffer Discharge 

l) Buffer Gas Used 

U.S. Navy helium gas is used as the buffer supply. It is oil-* 

free and has an impurity level of approximately 50 ppm. No adverse 

effects due to this level of impurities have been noticed in either 

the quality of the nozzle discharge or the metastable concentration in 

the afterglow. 

Initially, a liquid nitrogen trap consisting of approximately 

170 inches of 3/8" copper tubing, with 14" stainless steel insulating 

connections to the outer system, was employed. The dewar for the trap 

is a 5" I.D, x 24" deep liquid nitrogen dewar (Scientific Glass 

Blowing Company, Inc.), Since no Improvement in percent absorption 

was seen when the trap was used, it was assumed that the trapping of 

the water, carbon dioxide, nitrogen, and other impuritiestwhich liquefy 

above ??°K^in the helium supply was unnecessary. Of course, there is 

a possibility that the trapping process was not efficient enough to 
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remove the numbers of impurity atoms necessary to show a definite 

change in percent absorption. But, even if this is. the case, a 

sufficient population of metastables is obtained, without trapping,to 

provide high numbers of polarized electrons for extraction. Further 

tests of the trapping will be made, including a check of the effects 

of trapping on the optical pumping process. Under normal operating 

conditions, the nitrogen dewar with aluminum foil covering the top 

will hold its nitrogen with little boiling for about twelve hours, 

which is more than adequate to make experimental runs. However, the 

experience of this experimenter indicates that shorter runs are desired 

when the trap is used, because cD.ogging of the flow lines by condensed 

impurities occurs within about 5 hours of operation. 

The helium regulator used is a two stage helixtm regulator 

(Victor Eq\iipment Company), The mating between the helium tank and 

the regulator is effected using a #973 male-male adapter, since the 

helium tanks obtained from the source are fitted with a female nitrogen 

valve. 

The helium tanks are steel and for this reason are kept outside 

the large Helmholtz coils. The consumption of He gas is considerable 

for this experiment,with a cylinder of He used in about 15 hours. 

2) Flow Regulation 

The flowmeter is placed oh the outlet side of the helium regulator, 

between it and the nitrogen trap. The flowmeter is a ball type 

(Fischer and Porter, Co.) consisting of a gDnss and stainless steel 

ball floating on a column of the gas from the regulator. The flow 
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ranges of the two balls are, for the glass ball, from 0 to 7500 std 

cc/rnin air at 14.7 psi and 70°F, and for the stainless steel ball, 

from 0 to 14,000 std cc/min. 

The normal operating flow of helium is monitored on the stainless 

steel ball, since the helium flow corresponding to 7500 std cc/min 

of air has nearly pegged the glass ball, which is quite unstable as 

a measuring device, while the stainless steel ball rests practically 

motionless at 9.8 cm on the calibrated scale. 

The flowmeter was calibrated at the factory for air, and cali¬ 

bration curves have been provided. The flowmeter calibration for 

helium is obtained in the flowing manner: the vacuum in the after¬ 

glow is monitored for a particular flow of air at standard conditions 

which corresponds to a particular flowmeter reading; it is assumed 

that the vacuum measures a flow of a particular substance independent 

of the nature of the molecules which make it up, so that equal flows 

of air and helium will produce equal pressures in the afterglow. 

A calibration for helium was obtained in this way, the flow of air for 

0,1 mm in the afterglow was 9.4 while the flow of helium was 9.8 

corresponding to approximately 7700 std cc/min which is approximately 

130 atm cc 

sec 

Since the pumping speed is not easily regulated, and since regulat¬ 

ing the speed of the pump by allowing air into the pumping 

manifold is less desirable than varying the flow rate into the 

system, the flowmeter is used as the primary device for setting up 

the proper vacuum in the afterglow.region. 
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3) Nozzles 

The pyrex Laval nozzles used in this experiment are shown in 

Figure 18. The early nozzle design was obtained from a report of 

Schmeltekopf (1963). The early nozzle design and the optimum nozzle 

design have been compared for per cent absorption efficiencies in 

Fig. 3a, b. The stability and wide range of possible afterglow 

absorption profiles obtainable with the optimum nozzle leaves little 

to be desired. 

However, the method of venting the nozzle into the large cross 

section afterglow tube can attenuate the metastable population. An 

aluminum flange has been constructed and fitted with an HVS pyrex 

glass ball bonded with epoxy (Hysol, Epoxi Patch). The nozzle outlet 

is joined to the socket HVS fitting as shown in Figure 18 and the 

vacuum is made between the inside surface of the HVS socket and a 

small viton 0-ring mounted on the ball. As a result of this inter¬ 

face between the nozzle and the afterglow, which amounts to flow through 

a cylinder of about i'" x 1", the population of metastables will be 

attenuated slightly, A redesign of the nozzle afterglow-interface 

could increase the performance of the system somewhat, so additional 

mating schemes should be considered. 

The narrow part of the nozzle is weak and in the earlier nozzle 

models was very apt to snap at the least lateral stress. The optimum 

model is stronger than the earlier ones but still requires care in the 

attachment of helium lines or the microwave cavity. A support for 

the nozzle, consisting of two circular aluminum frames which provide 
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Best Nozzle 

Figure 18. Nozzles and Injector 



no 
,// 

rigidity using if - 20 threaded rods in three positions, has been 

fabricated. The ends of the nozzle fit into the two plates on the 

axis of the plates while the nuts on the threaded rod are adjusted 

to provide an even pressure of the plates on the pyrex glass< The 

nozzles were fabricated by the Chemistry Department glass shop. 

4) Diathermy and Microwave Cavity 

The magnetron power supply which lights the discharge in the 

nozzle is a hospital diathermy unit normally used in heat therapy 

(Raytheon Diatherm Model CMD-5). It is a’microwave generator which 

operates at 2450 megacyles with a maximum power output of 125 watts. 

The relative power output is indicated by a percent of power meter 

on the front panel. 

Microwave energy is generated in a continuous wave magnetron 

oscillator and is carried to a microwave cavity by means of a flexible 

coaxial cable. The operation of the diathermy is easy and safe pro¬ 

vided the opei'ator's manual is consulted for proper procedures. 

Several cautions which should be observed are listed here for 
t 

emphasis: 

(1) Never attempt to operate the diathermy without, the RF cable 

properly attached. Reflection of the full output back into the magne¬ 

tron could ruin it, 

(2) Don't operate the diathermy unless the blower is operating. 

(3) Always return the power control to "start" before operating. 
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Desirable features, which this power supply lacks, include a 

pulsing capability and a low ripple, A more sophisticated power supply 

has been ordered (Raytheon Model PGM-10X2) which includes both desirable 

features mentioned above. 

The impedance matching device between the power supply and the 

discharge is a microwave' cavity shown in Fig. 19. This cavity (Opthos 

Instruments) was recommended for this application by Fehsenfeld (1965), 

who determined that it had the best characteristics of several cavities 

tried. The operating characteristics include a pressure range over 

which a discharge can be lit.in helium of from 0.001 to 700 mm Hg, at 

which pressures the per cent reflected power is less than one. 

Two tuning adjustments are available. The tuning stub is used for 

coarse tuning only and sho\ild be set initially and not tampered with 

subsequently, as slight changes in coarse tuning can hurt the efficiency 

of the discharge. The coupling slider is a fine tuning control and, 

for continued usage, is the only control necessary to peak the dis¬ 

charge intensity. Since there is no electrical hazard associated 

with working upon the cavity,it is fairly safe and can be touched 

while the magnetron is on. However, there is a great deal of heat 

dissipated within the cavity, so that a hazard does exist^especially 

if the forced air cooling of the cavity is at a level below that 

which will keep it cool. The cavity should be kept as cool as 

possible to prevent damage to the nozzle. 
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ALL PARTS BRASS 
UNLESS OTHERWISE NOTED 

FIGURE 19. Microwave Cavity 
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B) Optical Pumping 

1) General 

The optical pumping apparatus consists of the following items: 

the large Helmholtz coils which provide an axis of quantization for 

the pumping process, a high intensity helium lamp with quarter-wave 

plate and linear polarizer, a light detector-oscilloscope presenta- 
L 

tion system, and modulating coil and Larmor coil with associated 

power supplies. The range of flows at which pumping takes place is 

relatively narrow and occurs between about 8,0 and 11.5 on the flow 

meter, corresponding to flows of approximately 6000 - 9000 std cc/rain. 

’ ’J 

Small changes in booster speed have no noticeable effect on the pumping 

efficiency. Large changes in booster speed were attempted but no 

comfortable adjustment of optimum speed for a.particular flow rate 

could be found. A solution to this problem would consist simply of 

attaching a copper line from the pumping manifold to a convenient 

position on the lab side of the wall, In order to provide for remote 

control of the- speed of the vacuum booster pump. 

2) Helmholtz Coils 

1 

The helmholtz coils utilized in this experiment are 6 feet in diam¬ 

eter, 50 turn, aluminum framed coils which are cooled during operation 

by a Sears water pump (see Section D). Appendix II discusses the 

derivation of the magnetic field between the coils and lists a com¬ 

puter program which can be used to compute the field at any point. 
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In order to provide for as little inhomogeneity in the magnetic 

field as possible, all magnetic materials were removed from the region 

between the coils. Only brass, copper, aluminum, or non-magnetic 

stainless steel components are used between them. 

The power supply for the coils is a large air-cooled power supply 

(Magnion HS-1365-B) designed to provide continuously regulated current 

for low impedance coils. The stability of this supply is rated at 

one part per million at mid-range. The current utilized in this 

experiment is approximately 9.8 amperes (1.42 on coarse scale) and 

corresponds to nearly 5 .gauss at the optical pumping site. 

A major caution in operating the magnet power supply is to make 

sure the circuit is continuous before turning the supply on. The 

power supply will damage itself if it works into an open circuit. 

The povrer source for the magnet supply is 3-phase, 4-wire, 208 volt, 

60 cycle, AC. 

The Heliiiholtz coils can be operated for short periods (up to 

two hours) at 10 amperes without heating damage, A simple test of 

the heat present in the coils can be made fcy touching them, since 

there is no electrical hazard, 
1 

y) High Intensity Lamp 

The lamp which furnishes the resonance light for optical pumping 

of the afterglow was designed by Gamblin (1965). The circuit of the 

200 watt, 100 MHz multivibrator which excites the discharge in the 

lamp is shown in Figure 20. Typical operating values are plate voltage 
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+1000 volts at 400 milliamperes (Kepco 1520 B Power Supply) and screen 

voltage +250 volts at 5 milliamperes (Sorenson 325 BB Nobatron). 

The multivibrator is built in an aluminum chassis which mounts 

on and slides along a length of aluminum channel which passes tinder 

the afterglow tube. R.F. energy at 100 MHz is conducted from the 

plates of the two 4CX300A tetrodes by two 6 inch lengths of 0.188 

inch copper tubing, whose centers are separated by 0.5 inches, to a 

tank coil. The tank coil consists of two turns of #10 copper wire and 

has an inner diameter of 1.25 inches, 

A button type Vycor glass lamp fits inside the tank coil. A 
« 

reservoir of helium is attached to the Vycor button to resupply 

helium to the button from which the hot gas diffuses when the dis¬ 

charge is lit. In order to increase the amount of light passing 

through the afterglow, the lamp is placed at the focus of a concave 

mirror which produces parallel light shining through the afterglow 

tube. 

A linear polarizer intercepts the light before it reaches the 

afterglow tube and produces linearly polarized radiation which is 

transmitted into a quarter-wave plate. Cellophane is used as'quarter- 

wave material - it probably sei'ves well as quarter-wave material 

because it is stretched longitudinally during the production process. 

The axes of the quarter-wave material are oriented to bisect the axis 

of the linearly polarized light,as a result the photons passed into 

the afterglow possess a circular polarization with respect to the 

axis of the magnetic field. 
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A mechanical drive is used to change the polarization of the 

radiation from the lamp by changing the orientation .of the quarter- 

wave plate. The control for the mechanical drive has been remoted to 

the position of the high voltage console. With this arrangement, the 

counters can be reset and the polarization of the radiation changed 

at the same place,in a minimum amount of time, so that a single opera¬ 

tor can increase considerably the amount of data taken within any 

time interval. 

Cooling for the high-intensity lamp is provided by a rotary 

blower channeled through 3 feet of FVC pipe from the lab floor to 

the region of the lamp. This tubing is used to keep the steel blower 

outside the magnetic field. As shown in Figure 20, flexible rubber ’ 

tubing feeds blower air upon the pbites of the tetrodes, the RF 

choke, which protects the plate power supply from reflections, and 

the lamp. 

The following lighting procedure must be used: 

a) Blower on 

b) Filaments on 

c) Plate supply to +1000 VDC 

d) Spark reservoir with Tesla coil and simultaneously 

apply screen voltage (about +240 VBC) 

e) IFF screen current is below 20 ma, adjust screeen voltage . 

until plate current jumps to about 500ma. 

f) Quickly back off on screen until plate current stays at 

400 ma. Lamp should be in "bright" mode. 
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During operation, the screen current should be monitored continuously. 

If it rises above 20 ma, the lamp should be turned off by removing 

screen current, removing plate voltage and extinguishing lamp filaments. 

Troubleshooting procedures include checking the RF choke for overheating, 

checking the solder connection between high voltage input and the tank 

coil for breakdown, and checking the plate power supply for proper operation. 

^he PbS detector is connected through a bias box to an oscilloscope. 

The output of the bias box is a signal which can be made to vary almost 

linearly with the intensity of the light incident upon the detector. 

No difficulties have been experienced with the detector, and its output 

has been consistent over many experimental runs. The detector is mounted 

coaxially on the same length of aluminum channel as the lamp, which 

faces it across the afterglow tube, 

4) Detection of Optical Resonance 

A small set of Helmholtz coils is used, to sweep the field pro¬ 

vided by the larger coils through 5 gauss where a Larmor coil per¬ 

pendicular to the axis of the large coils, oscillating at 14 MHz, will 

cause the optical pumping resonance to appear on the light detector 

output signal. 

The power supply for the small Helmholtz coils (Lambda Electronics) 

produces a trickle of current (less than 0.1a) causing the large 

field to be varied by approximately +0.3 gauss from a center value 

very close to 5 gauss. The output from the power supply is fed to a 
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transformer which is modulated at 60 cps try an audio oscillator 

(Hewlett-Packard). . The audio oscillator modulates the current to 

the small coil and also provides a horizontal sweep for the oscillo¬ 

scope (Hewlett-Packard 1320). The Larmor coil consists of a 4 inch 

cylindrical plastic form wound with 8 turns of #20 copper wire. The 

coil is placed on the aluminum lamp channel, which passes under the 

afterglow tube, in such a way that the axis of the Larmor coil is 

perpendicular to that of both large and small Helmholtz coils. The 

power supply for the Larmor coil is a radio frequency oscillator 

(General Radio) which provides sufficient power to the coil to saturate 

the optical resonance. The test of saturation is made by observing the 

resonance signal while the attenuation control at the rear of the G-R 

oscillator is backed off toward zero. As the attenuation decreases the 

depth of the optical resonance (mv) will increase until saturation is 

reached, at which time further reduction in attenuation has no effect 

upon the depth of the resonance signal. 

The stability of the resonance signal is very dependent upon the 

stability of the discharge in the nozzle for a particular diathermy 

power level. From experience, the minimum value of diathermy percent 
1 

power, at or above which the resonance signal can be easily obtained, 

is approximately 6C$> or 75 watts. Below this power level, the oscillo¬ 

scope trace exhibits a very poorly regulated vertical amplitude so 

that the resonance signal is practically obscured. Tuning can reduce 

the problem significantly, but the sensitivity of the tuning necessary 

to achieve the same sort of display obtained at a higher power level 

is considerable. 
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C) Impurity Addition 

1) Design of Injector 

The impurity injector is shown in Figure 18. It was designed 

for this experiment in order to provide an entry point for impurity 

atoms along the axis of the afterglow tube. The injector was fabri¬ 

cated by the Chemistry Department glass shop and consists of an 

HVS socket with a 0.25 inch pyrex glass-Covar insert. The injector 

nozzle is a small converging-diverging nozzle which is found at the 

end of the glass insert approximately 5 cm into the afterglow. 

Using air as a test vehicle, since the Penning reaction products, 

using air, glow very bright blue, it has been seen that the flow of 

impurity gas into the afterglow region at 130 atm cc/sec of buffer 

•gas and 0.1 Tori’ provides a secondary afterglow which reaches its 

maximum width within 2 cm of the extraction canal. The indications 

from this demonstration are that the present injector position 

is close to optimum for the extraction site now being used. In 

general, an injection site about 10 cm from the extractor is called 

for, using typical flow velocities and afterglow pressures. 

The flowmeter for impurity injection has been calibrated for air 

at standard conditions just as the flowmeter for buffer injection. 

The calibration curves are available, but, since the amount of argon, 

nitrogen, etc. injected into the stream was only adjusted to produce 

a maximum current of polarized electrons, there has been no attempt 

as of this time to calibrate the flowmeter for gases other than air. 
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2) Impurity Gases Used 

Only argon and air have been used in the Penning reaction phase 

of this experiment. Argon is obtained commercially (Liquid Carbonies, 

Inc) in 10 liter cylinders rated at a purity level of 99.998^ or 

20 ppm impurities. Since the concentration of argon gas injected into 

the afterglow is only about 1 part per hundred to achieve an optimum 

production of polarized electrons, it can be readily seen that the 

unwanted impurity lev's 1 due to the argon injection becomes 1 part in 

10? which is negligible. 

Argon appears very dark blue in the fringes of the afterglow and 

almost colorless at the center of the injection stream. The absence 

of color in the case of argon is almost as striking as the blue-white 

color of the air afterglow. 

In the case of injection of either impurity, tho characteristics 

of the afterglow are changed and any adjustment for optimum behavior 

of the afterglow region must be changed when impurities are injected. 

For example, when argon is injected into the afterglow, what appears 

to be a discharge becomes visible inside the extraction canal and 

only when the extraction bias is reduced from 1000 vde to 700 vdc 

does the glow disappear. The result of this effect creates a 

situation where the current extracted from an afterglow, which is 

kept completely free of arcing or extractor discharges, stays about 

the same because any increase, in current produced by. Penning impuritie 

is accompanied by undesirable side effects. 
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. D.) Vacuum System ’ . 

l) High Speed Vacuum Pump for Afterglow (See Fig. lA.) 

The heart of the high speed vacuum system is a large two stage 

vacuum booster pump (Stokes Model l?2l). It consists of a large 

forepump (Stokes Model 212-H) which slowly brings the system down 

from atmospheric to a few Torr of pressure (see Fig. 21) and a turbine 

type blower (Roots Model 615) which is activated at a' few Torr and can 

carry the system at very high pumping rates down to the micron range 

and below. 

Under normal operating conditions the Stokes Booster Pump is evacuat¬ 

ing 525 l/sec while maintaing 0.1 Torr in the afterglow tube. The 

normal pressure measured in the afterglow tube with no helium being 

injected is 0.01 Torr using only the forepump. V/hen the blower is 

turned on, the pressure in the afterglow tube drops to below 0.001 Torr 

where the vacuum gauge (Hastings DV-6li) no longer reads accurately. 

Normally, the blower is not used in its automatic mode since adequate 

time is available to pump the system down to the 0.01 Torr range with 

the forepurap before turning on the blower. Using this precautionary 

measure, the lifetime of the impellers, which spin in a dry housing to 

provide the blower action, should be increased. The booster pump is 

practically new, and, with good care, careful operating procedures, and 

regular lubrication, it should continue to provide excellent service 

for many years,. 
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Preventive maintenance procedures for normal operation include 

the following: 

1) Change forepump oil (3 gallons of Enco Terrestic 52) at 

3 month intervals, 

2) Change blower oil (2,5 quarts of Enco Terrestic 52) at 

4 month intervals, 

3) Check temperature of cooling water lines, 

4) Drain condensed oil and water from trap in pump exhaust at 

3 month intervals, . 

5) Visually inspect system for tightness of mounting and firmness 

of all bolts. 

Fabricated especially for use with this pump, a 57 liter plastic 

manifold acts as a buffer between the pump and the smaller diameter 

pumping line. Without this volume'of space for the pump to evacuate 

along with the flow tube, the velocity profile of the gases exhausted 

through the flow tube would not be smooth. Also, the manifold is a 

convenient spot to monitor the pressure near the pump and also serves 

as a convenient spot at which to regulate the pumping speed. A thermo¬ 

couple gauge (CVC #004) and a bleed valve (Hoke, Inc.) are attached to 

the manifold for the aforementioned purposes. A trap at the bottom of 

the manifold allows access for the removal of grit and condensation 

products which otherwise could befoul the impellers of the Roots blower. 

The manifold was constructed from 12 inch schedule 40 PVC pipe 

(James Engineering, Co.). No wear over the 10 months usage of the mani¬ 

fold has been noticed. Bonding cement is available (Cabot Solvent Cement)* 

but none has been necessary so far. 
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Between the booster pump and the pyrox afterglow tube, a device is 

needed to decouple the vibration of the pump from the glass, A 6 inch 

stainless steel bellows (Stokes, Inc.) is used for this purpose. It 

effectively reduces pump vibrations to zero on the lab side of the 

bellows. 

The support for the weight of the plumbing, between the manifold and 

the gate valve at the flow tube, is provided by the compressive fit 

of two 0.75 inch plywood boards to the lab walls. The 6 inch PVC pipe 

passes snugly through holes cut in the two boards which bolt on opposite 

sides of the lab wall. . 

A 4 inch PVC blank off is included in the pumping line to provide 

access to the pump for other experimental uses. 

2) High Vacuum System in Beam Tube 

In order to differentially pump at the extraction canal so that a 

pressure drop of from 0,1 Torr to 5 x 10”^ Torr can be maintained, the 

conductances of the tubing between that point and the pumping site must 

be evaluated in order to determine the size and type of pump required. 

Of course, a diffusion pump is required. 

The following data has been evaluated in Table III assuming the 

pumping rate, 1500 l/sec, of the present diffusion pump (NRC Model VHS-4), 

attentuated by a nitrogen trap to a speed of 800 l/sec (McCusker, 1969). 
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TABLE III 

Extraction Canal 
(mm) 

Leak Rate 
(Torr l/sec) 

Total Conductance Pressure Limit 
(mm) 

lxl 

2x2 

1.5 x 1.5 

5.6 x 10"2 

3.2 x 10"2 

1.4 x 10-2 

0.4765 

0.2885 

0.1356 

5.9 x 10“5 

3.6 x 10”5 

1.7 x 10“5 

It can be seen from Table III that the 2 x 2 mm extraction canal 

size is too large to provide good differential pumping in the extractor. 

The beam tube vacuum system consists of the large diffusion pump 

(VHS-4) nearest the extractor and another smaller diffusion pump (NRC 

Model HS-4) which is used to evacuate the spin-rotator and scattering 

chamber. With both pumps acting together, the vacuum, with the valve' 

to the extractor closed, can reach 1 x 10~^ Torr at the ion gauge (see 

Fig. 1C) while the pressure at the Phillips gauge reads 1 x 10"5 Torr. 

Both pumps are cooled try a closed circuit transformer oil (Univolt 

33) cooling system powered by a one-third horsepower water pump (Sears, 

Model 390-206). Oil is used as the coolant since the (HS-4) diffusion 

pump sits on the high voltage table and breakdown across the coolant 

would occur if water were used. Quick-cool water lines are attached 

to both pumps to provide rapid cooling of pump oil during shut down. 

The quick-cool hoses are removed by means of quick-disconnect fittings 

when the high voltage is about to be applied to the system. 

Of course, the system should not be operated above a pressure at 

which the diffusion pumps are backstreaming oil into the vacuum system. 

The monitors for proper operation of the diffusion pumps are the 
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thermocouple gauges at the diffusion pump outlets; under no circumstances 

should the diffusion pumps be operated for more than a fraction of a 

minute above 0,1 Torr at the outlet. Under quiescent circumstances, 

the outlet pressure of the VHS-4 pump is approximately 0,01 Torr while 

the outlet pressure of the HS-4 pump is approximately 0.02 Torr, When 

pumping on the 0.1 Torr afterglow through the 1,5 x 1,5 ram extraction 

canal, the outlet pressure of the VHS-4 pump rises to approximately . 

0,03 Torr while the other pump shows no increase in outlet pressure. 

The two forepumps which back up the diffusion pumps are a 260 liter/min 

forepump (Welch Model 137?) for the VHS-4 pump and a 79 liter/min fore- 

pump (Cenco HyVac 7) for the the HS-4 pump. 

3) Vacuum Safety System 

The high speed booster pump will automatically shut off the 

blower if the pressure in the pumping line goes above 15 Torr. But the 

large forepump will continue to operate so it should be manually shut 

off to prevent loss of pump oil into the exhaust. 

The diffusion pumps require an automatic safety system which will 

deactivate.them in the event that a break in the vacuum system appears, 

or the flow of water, which absorbs the heat from the cooling oil in 

a heat exchanger , falls below a preset level. Also, in either, of 

these contingencies, the quick-cool water must be turned on. For this 

reason, the safety system shown- in Fig, 22a, b was constructed. The 

system includes the following devices: 

a) A pressure switch which opens if the pressure in the exhaust 

line from the VHS-4 pump rises above 2 mm. 
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b) A flow switch (Shur-flo Inc.) which will open if the water 

supply to the heat exchanger falls below a preset value. 

c) A temperature overload switch on the VHS-4 pump. 

d) A battery operated quick-cool valve which becomes operational if 

•any of the other safeties is tripped or if the electricity 

goes off. 

A plug connector is provided (Jones, Inc.) which makes it possible 

to disable the safeties in order to operate the (HS-4) diffusion pump 

at the high voltage. 
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E) . Extraction Electronics 

1) Extractor 

In Figure 9, tho feedthroughs for bias voltages to the various 

electrodes are shown. Four feedthroughs are used to place bias voltages 

upon the steering plates. The steering power supply (Lambda, Model 28) 

is 300 v, fed through 20 k ohm potentiometers to the feedthroughs in 

such a way that the potentials on opposite plates are adjustable over 

the 300 v. The bias for the focus electrode is provided try a 0 - 2500 v, 

0 - 2 ma power supply (Kepco). The bias for the extraction canal is 

provided by a 0 - 3100 v, 0 - 10 ma power supply (Keithly, Model 246). 

In order to preclude arcing in the afterglow region when bias was 

applied to the extraction canal, the extractor sleeve and outer cap 

were coated with IVC plastic to a thickness of about 0.03 in. (Plastic 

Applicators, Inc.). The top of the outer cap was cleared of plastic 

and wiped with acetono to provide as clean a surface at the extraction 

canal as possible. However, arcing occurred at very low potentials to 

the exposed portion of the outer cap, so teflon tape was applied to within 

a'circle of radius 0.1 inch from the extraction canal. No arcing is 

observed below -1400 VDC at the extraction canal with this configuration. 

Several attempts were made to float the large gate valve in the after¬ 

glow at a potential which would preclude arcing. Several power supplies 

were tried and it was found that using a high volta-ge supply (Universal 

Voltronics, Model BAM 6.6-5) it was possible to light a discharge inside 

the valve. However, the current drawn by the discharge exceeded the 
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capability of the power supply (5 ma) and a fuse blew. When the dis¬ 

charge v;as lit in the valve there was no arciiig observed in the flow 

tube. 

In order to delocalize the arcing in the area of the extractor, a grid 

was fabricated from tinned copper wire, and it was attached to the 

outer cap of the extractor. The grid worked well, but since it was 

attached to the extraction cap, the surge of current drawn try an arc on 

the grid caused the voltage on the extraction canal and, consequently, 

the extracted current to jump. 

The most convenient arrangement obtained to preclude problems in 

the extraction of electrons demands an extraction bias of -1000 v. 

Although this bias is smaller than that desired, it should be possible 

-7 
to focus nearly 10 ' amps at the entrance to the filter lens. 

The separation of inner and outer extraction electrodes was obtained 

empirically after the optimum extraction bias was determined. Several 

separations were attempted and the minimum separation, at which a dis¬ 

charge would not light between the two electrodes, was chosen Of course, 

when impurities were introduced into the afterglow,the discharge in the 

extractor was obtained once again, so the same kind of readjustments 

were again called for. 

A recent redesign of the extraction cap was made, and the appearance 

of the area near the canal was changed; the extraction canal now is 

indented about 1 mm from the surface of the cap with the cap wall 

sloping up from the canal at about 40°. The only advantage obtained 

by this technique is the effects of a. decrease.of conductance which 



allows use of a 2 x 2 mm extraction canal. However, with a funnel 

shaped area around the extraction canal, an usually large number of 

secondary electrons will probably be swept into the beam tube. This 

design lias not yet been scrapped, but will probably be replaced in the 

next configuration ty a flat surface. 

The diameter of the inner extraction electrode aperture is 0.125 

inches and the slope of the cone shaped outer walls of the electrode 

is. 30° to the axis. 

' 2) Focus Electrode 

The original focus electrode design for this experiment (see Fig, 9) 

was due to McCusker and Kessler. The idea behind using the double 

knife edges for focussing was to obtain a converging focussing action 

at each knife edge. The width of the aperture in the knife edge is 

0,25 inches, the width of the electrode is 0.75 inches, and the length 

of the electrode is 0.75 inches. 

The opening within the extraction electrode allows, adjustment of 

the position of the focus electrode so that its center lies from 1.8 - 

2.1 inches from the tip of the electrode. It would be advantageous to 

have the ability-to move the focus electrode closer to the extraction 

electrode, 

The design of the focus electrode is very poor regarding the evacua¬ 

tion of gas from the focussing area. The size of the apertures in the 

focus electrodes has been enlarged slightly to provide for better 

pumping, but they should be removed completely if the pumping problems 
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continue, A close look at the inside of the focus electrode also shows 

that the copper of which it is composed could be machined considerably 

to widen the interior of the electrode to provide for a lower pressure 

and also to enhance the chances of the electrode stopping secondary 

electrons. 

Electrical bias can be conveniently placed on the focus electrode 

utilizing an insulated screw (see Fig. 9) with a bared' tip. The screw 

is placed into the side of the extractor and passes through a cleared 

hole in the nylon insulator until its tip binds on the focus. .electrode, 

the screw is tightened slightly and the focus electrode is ready to 

receive bias. ' 

3) Steering and Filter Lens 

The steering power supply vras mentioned in Section 1. All 

cables which supply biases within the extractor are coaxial with 

grounded outer conductors. A grounded shield has also been provided 

to keep the field lines of the feedthroughs from steering the electron 

beam. This effect was seen when a glass plate was installed at the 

position of the filter lens, and so the grounded shield as well'as the 

coaxial cables are certainly necessary for proper handling of the beam. 

The cylinder on which the steering el.ectrodes are mounted is 1,25 

inches in diameter and 1,69 inches long. The four steering plates are 

0.63 inches wide and 1,25 inches long. They are separated across the 

cylinder by 0,75 inches when mounted. 



The filter lens has, so far, been used only as a three element con¬ 

verging lens. The retarding plane is biased to a negative potential 

using a d.e. power supply (Universal Voltronics, Model BAM 6,6-5). 

A focussing arrangement which produces the best electron beam yet obtained 

calls for a voltage of -620 VDC on the focus electrode and -800 VDC on the 

retarding plane for an extraction voltage of -1000 VDC, 

The post filter lens steering plates utilize the same power supply 

as the extractor steering plates. 

The following procedure has been followed to obtain the optimum 

electron beam: 

1) Bias is raised on extraction canal to highest level without 

arcing (-1^00 VDC.)', 

2) Inner extraction electrode is positioned until discharge lights 

between it and extraction canal (about 0,08 inches) 

3) Electrode is backed off slightly.(to about 0.10 inches). 

k) Insert focus electrode to point as near to extractor as possible 

and apply bias to find maximum current with steering at Faraday 

cup downstream (about -620 VDC), 

5) Insert filter lens and apply bias to obtain maximum current 

(about -800 VDC) with steering. 
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F) High Voltage Electronics 

l) Accelerator 

An eleven-element accelerating column and its corresponding 

resistor stack (Texas Nuclear Corporation) are used to accelerate 

the electron beam to 120 kev for Mott scattering analysis. A high 

voltage power supply (Universal Voltronics, Model 130) is used to 

provide +120 KVDC to the accelerating column. 

The high voltage supply consists of a high voltage transformer 

(remoted) and a console. The supply is powered through a saturating 

core transformer and a voltage regulator (Stabiline, Model EMT 4112 B) 

to reduce the effects of fluctuations in line voltage. 

All of the electronics which are used on the high voltage side of 

the experiment is supplied with llOv, 60 cps power by an isolation trails 

former (Del) capable of delivering 6 KVA, 

2) Spin-Rotator 

The power supplies for the plates of the spin-rotator are rated at 

0. -? 6000v, 0-20 ma (Fluke, Model 408 B). The supplies have a regula¬ 

tion of 0,01$, ripple less than 0,01$, and drift less than 0,1$ per day 

after warm-up. These supplies have performed excellently and are very 

highly recommended by the experimenter. 

The analyzer plates (see Fig. 13)'were machined from aluminum and 

have a mean radius of 25.4 cm, with a separation of 0.953 +0.005 cm 

between the center of the plates. The plates are securely fastened 
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to a 0.5 inch Incite plate which provides mechanical support and electri 

cal insulation. Two automobile spark plugs have been used successfully 

as electrical feedthroughs. 

The spin-rotator must be carefully levelled in order to assure the 

proper ro'tation effect upon an incident beam of electrons. An accurate 

level is available in the Physics Shop for this uso. 

3) Steering and Beam Viewing 

Two power supplies have been fabricated to provide bias to the 

steering plates positioned at the exit of the accelerating column. 

Analogously to the supply for the other steering plates, the post~ 

accelerator steering supply provides symmetrical positive and negative 

voltages on opposite plates so that a zero potential exists in between. 

The design of the power supplies is due to Stoekwell (196?). 

The po'wer supplies are remotely controlled by means of lucite rods 

which pass through the grounded screen, which protects the operator 

from the high voltage, and are attached through short rubber tubes to 

the intensity controls of the bias supplies. 

Two viewing ports are provided to examine the characteristics of the 

beam obtained by impact upon a piece of oscilloscope screen. The screen 

pieces can be rotated into and out of the path of the beam and when in 

place, can very effectively monitor the shape and position of the beam. 

The phosphors will pick up a 10“^-2a. beam of electrons moving at 

120 kev. 
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G) Electron Polarization Analysis 

1) Mott Scattering Chamber (See Fig. 23) 

The cylindrical scattering chamber has an inside diameter of 8.0 

inches and an inside height of 8,0 inches. It is designed so that • 

the scattering takes place at the center of the chamber. The inside 

surface of the scattering chamber and all metal surfaces therein, 

except the target foils, are coated with colloidal graphite to prevent 

* a large number of secondary electrons from being scattered off metal 

surfaces into the detectors. 

The incident beam is collimated to 3/l6 inch by an aperture at the 

chamber entrance. The mount for the Faraday cup is coaxially located 

across the scattering chamber from the collimator with the target 

holder in between. The length of the mount plus the depth of the 

Faraday cup itself puts the carbon block,which absorbs most of the 

electrons from the beam,about 12 inches from the target foils. 

The gold foil.targets are mounted on a wheel with four target posi¬ 

tions, each of which can be placed into the path of the beam through 

rotation of an external shaft. Alignment of the targets is made 

visually through a lucite viewport on the side of the chamber. For 

purposes of beam alignment a piece of scope screen can be glued to the 

target holder and positioned so that the shape and intensity of the 

beam can be checked in the scattering chamber. 
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At the point where it strikes the foil the beam is collimated to 

a circle of 0.25 inch diameter. The target foils can be positioned 

along the beam axis to within 0.1 mm of the center. ' 

The gold’ leaf targets (The Hastings Co,) are self-supporting with 

a thickness of 1 x 10 ^ cm. They are considered to be relatively thick 

targets which introduce some multiple scattering within the target. 

To account for this multiple scattering, the results of an extrapola¬ 

tion to zero target thickness due to J. Kessler are used (see Fig. 24). 

This extrapolation reduces the value of S(8 ) used in the analysis of 

polarizations from 0.378 to 0,26. 

The steps in the foil mounting procedure are listed here. 

1) Clean the holder insert with methanol, 

2) Spray the insert with high vacuum leak sealant (Space Environ¬ 

ment Labs. Inc,). 

3) Quickly drop the insert lightly onto the gold foil, 

4) Use a very sharp, static-chai'ge-free knife to separate the excess 

gold foil from the edges of the insert. 

5) Carefully place the insert into the target holder and screw it 

tight. 

• 2) Electronic Counting System (See Fig. 25) 

Two surface barrier detectors positioned symmetrically at 120° to 

the forward direction detect the scattered primary -electrons, The 

depletion depths of the detectors(Ortec, Model SB-EE150-60) are 120 

and 100 microns respectively which correspond . to 160 and 145 kev. 
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Electronic noise caused by corona on the high voltage electronics 

can be eliminated through careful check of all possible corona sources 

as well as by wrapping the detectors with several layers of aluminum 

foil (Reynold’s Wrap). ' 

3) Beam Current 

The Faraday cup has been described in general detail already 

(see Section C, Chapter III). In this section it will be necessary 

to discuss the evidence which led the experimenter to conclude that 

elastically scattered electrons would not be obtained in the present 

configuration. 

The currents in the Faraday cup at the scattering chamber were 

initially measured at 5 x 10”^a< indicating a weak but analyzable beam 

of electrons. However very few elastically scattered electrons were 

observed, and when the target was swung out of the path of the beam 

and a blank space put in its place, the current jumped by a factor of ?. 

This behavior is indicative of large numbers of low energy electrons in 

the beam, probably secondary electrons produced through collisions 

of the beam with the walls of the beam tube. 

In order to-investigate this phenomenon the scattering chamber will 

temporarily be attached directly to the accelerating column and a check 

of the beam make-up at this point will be made. If there are large 

numbers of low energy electrons at this point, the accelerating column will 

be removed and the beam make-up will be analyzed closer to the extractor. 
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A typical curve showing the resolutions of a peak of elastically 

scattered electrons is shown in Fig, 26. The.widths of the resolu¬ 

tions possible with these detectors are about 20 kev-. 

Collimators are used to provide a solid angle for beam sampling 

of approximately 2.0 x 10“^' steradians. Lead is used inside the 

detector collimators to protect the detectors from x-rays which can 

be produced by the acceleration of the electrons. 

A vacuum feedthrough connects the detector to its associated 

preamplifier (Ortec, Model 109). The electronic block diagram, which 

traces the pulse representative of an incident electron from the 

detector to the scaler, is shown in Fig. 25. The detector produces 

a pulse in the preamplifier by induction of a capacitive charge due 

to the drift of carriers in the detector. The pulse is amplified 

once and sent to the amplifier (Ortec, Model 410), a single channel 

analyzer (Ortec, Model 420), and then a scaler (Ortec,- Model 431). 

The two scalers are operated master-slave so that when one scaler 

reaches a predetermined number of counts it-shuts both scalers off. 

The detectors are biased to $0 v. by a separate detector control unit 

(Ortec, Model 210). 

The analysis apparatus has been shown to be in excellent working 

order. The detectois were calibrated using an Am source of 5.4 

Mev alpha particles and the unit pulser (Ortec, Mode], 419) was calibrated 

from the 5.4 Mev alphas down to 120 kev for an electron beam. The 

pulser analog of the 120 kev electrons was very easy to pick up and 

indicated that the electronic counting system -was operating perfectly. 
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CHAPTER V 

Conclusions 

A) Accomplishments 

The afterglow apparatus has been constructed and has demonstrated 

its ability to provide a spatial decay of helium triplet raetastable 

concentration from a maximum at the optical pumping site to approxi¬ 

mately 20‘p of the maximum at the extraction canal. Singlet metastables 

„ can be seen to decay very rapidly by spin-exchange reactions with 

electrons in the first few centimeters of afterglow. 1 

The flowing afterglow can be optically pumped very easily at the 

pressures around 0,1 Torr in the afterglow. The optical resonance 

signal is sensitive to the quality of the nozzle discharge and as a 

result can best be seen with the magnetron at 6 Op power level and with 

careful tuning of the microwave cavity using the coupling slider. 

Best A I measurements correspond to polarized metastable populations 
Jo 

.as high as 65$. 

Using rate equations for polarized electron production from metastable- 

metastable reactions, the experimenter estimates polarization of electrons 

in the afterglow will reach 35$. Using the Penning reactions the polari¬ 

zation is predicted to rise near 50$. 

Electrons have been extracted from the afterglow. The flux reaches 

10~'a. at a sampling position approximately 50 cm from the extractor. 



148 

The beam can be focussed and steered, and, although not as 

intense as McCusker's beam, it can be passed through the accelerating 

column, around the spin-rotator and into the scattering chamber. 

All analysis electronics is operational, and the test pulser has 

been calibrated using a 5 Mev alpha source. 

B) Weaknesses 

The key to successful analysis of electron polarization is the 

proper handling of the beam between the extractor and the scattering 

chamber. In the present configuration a current of 5 x 10“^-a. is 

obtained at the Faraday cup of which only 1 part in 10 will pass through 

the target foil, which normally only attenuates a beam slightly. Of course, 

this indicates that the beam is being scattered at least once somewhere 

in or beyond the accelerating column. Hopefully, the beam can be 

properly collimated without major changes to the optical configuration. 

The level of extraction is below that desired for this experiment, 

because of adverse effects of the potential difference which exists 

within the afterglow. An experiment should be conducted to float the 

beam tube at positive bias, leaving the extraction canal at ground. 

Higher extraction potentials would be possible with this configuration. 

However, the present configuration can be used for preliminary measure¬ 

ments with low currents. 

The electron optical configuration is unsatisfactory. This is seen 

from the demonstration that the flux of electrons is attenuated by 

1000 from the focus electrode to a Faraday cup 50 cm into the .beam tube. 



Various configurations of focus electrodes should be tried, keeping in 

mind that double lenses or small apertures will effect adversely the 

ability of the vacuum system to- differentially pump at the extraction 

canal, 
> 

An indented extraction canal with a maximum hole size of 2 x 2 mm has 

been used because of its decreased conductance. However, the sloping 

walls give rise to additional secondary electrons in the beam, and as 
i 

a result, it should be replaced. In order to use a 2 x 2 mm flat extrac¬ 

tion canal, a larger diffusion pump or a more direct pumping path must be 

used. 

The polarized electrons have not yet been analyzed because of a few 

electron optical problems which should be correctable momentarily. 

Optimization of the extraction system for the production of a high 

current of polarized electrons will be more difficult and might involve 

a major configuration change. 
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APPENDIX I 

Effect of Magnetic Field on Ambipolar Diffusion 

The diffusion of charged particles in the flowing afterglow 

apparatus is complicated by the existence of an electric field at the 

extractor and a magnetic field throughout the afterglow region. The elec 

trie field can be neglected since it is only felt at the position of the 

extractor whore the beneficial effects of a boost in electron motion 

through the extraction canal are welcome.. 

The presence of a magnetic field causes an interaction of the form 

(v x B) between the moving charged particles and B field which gives 

rise to a force F = q/_ (v x B). 

This,force causes a curvature of the particle trajectories making 

it more difficult for the charged particles to reach the container 

walls. Motion along the field direction produces no force since 

v x B = 0, so it can be seen that the diffusion becomes anisotropib, 
A* A 

Also motion in any other direction but the field direction is impeded 

by this force. Thus the diffusion coefficient becomes a tensor. 

Of course, in the limit of zero field strength the tensor degenerates 

to a scaler. 
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The purpose of this experiment is not to describe the diffusion 

of electrons and ions in the helium afterglow, but to justify the 
* f 

premise that most of the electrons extracted at a position 30 cm 

into the afterglow were not created in the discharge. In order to 

justify the premise, one need only obtain a gross expression for the 

loss of electrons due to diffusion, to see if the losses over the 

distance to the extractor effectively remove most of the discharge 

created electrons. 

In Fig 27 consider diffusion in the y direction uninteresting 

since the distance to a wall in that direction is many times larger than 

the distance to another wall, as well as the fact that motion in the 

y direction will be slowed considerably due to the large magnetic 

•effect. The only remaining direction in which diffusion needs to be 

considered is the y direction. Defining the cyclotron frequency 

wb as 

wb = & B which for B = 5 gauss becomes 

Wb = 1.2 x lc/* sec“^ 

The radius of curvature is obtained from w^ for He ions as 

r = v = 1.3 x 105 cm = 11 cm 

Wb ‘1.2 x 10^'sec"1 

so that an ion moving from the exit of the nozzle toward the wall 5 cm 

away would traverse a distance of 5.3 cm along the arc of the 11 cm 

cyclotron curve. Obviously there is a noticeable effect upon the 

diffusion coefficient from consideration of ‘this additional path length 

before neutralization. 
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The tensor representation for the effect of a magnetic field on 

diffusion in three dimensions is calculated by McDaniel (1964) and 

has the following form 

D = DT DH 

~DH DT 

0 

0 

0 0 D 
11 

where Dj is the diffusion coefficient for motion perpendicular to the 

field direction caused by the v x B interaction. DJJ 'is the diffusion 

coefficient in the presence of the induced E field perpendicular to 

the direction of motion and B field direction caused by the Hall effect. 

Du is the diffusion coefficient for motion parallel to the direction 

of the field which is equivalent to Da for eq, 4. 

Using McDaniel's expression (10-9-10) for D in terms of w^, the 

diffusion matrix becomes 

D = 5.4 x 103 72 0 

-72 5.4 x 103 0 

0 0 5.4 x 103 

It can be immediately seen that if the non-diagonal matrix elements 

are neglected, the diffusion tensor degenerates into a scaler of value 

DA = 5.4 x 103 cm^/sec. 

A further comment concerning experimental observations is that the 

strength of the magnetic field does not affect the current of extracted 

electrons. It is concludedtherefore^that 

further investigation of the magnetic field effect upon diffusion is not 

necessary until the location of the point at which the afterglow is sampled 

. for electrons is moved closer to the outlet of the nozzle. 
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APPENDIX II 

Magnetic Field of Helmholtz Colls 

It is of interest to determine the magnetic field intensity at 
t 

several points in the system to get an idea of the variation of the 

homogeneity of the field as the electron moves through the system. 

The field at any point in space due to a loop of wire can be written 

according to the law of Biot-Savart 

'c 5 M *£ 

Let I/ = 1 so that the integral of interest is c 

eg » C 
p1- 

Referring to Figure 28, the elements of the integral can be obtained, as 

Figure 28, 

P = (R sin 0)2 + z^ + (r - R cos O 

= R^ + z^ + r^ - 2r R cos © 



Components of Q becomes 

Pr - "p" Reea.©) 

' p (O 
'P® 1 (5 '&**•» © 

1* 

In terms of © the differential unit of length around the. circle is 

eJ-P — R» /O/U. © Grv- c$ @ 

so that the cross product becomes 

«Uxp © +(&i=x^f)£, 

In taking the integrals the & term should vanish since it is symmetri¬ 
cal about the origin. cm does become zero which leaves two integrals 

to calculate for the value of the. field. 

o 

^ Otfra- & cP <9   

^1-'+ Ra"+ V1"— elv R 

air 
f CR2* — V* Rfcffvi*© *) cS & 
o R^Vv*1*** 2.\r 

A computer program was written to compute the elliptic integrals 

above and add the components contributed by another coil making up the 

normal Helmholtz configuration. The dimensions of the coils were 

radius R = 3 feet and separation from z = +1.5 to z = -1.5 so that the 

position. ’ of the center of the coil is designated r = 0, z = 0. 
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The input to the computer was a single point (r, z), the output was 

and ^ z . 

r 

B 5500 FORTRAN COMPILATION 

FILE 5= COIL, UNIT=READER 

INTEGER CODE 

10 READ (5,101) CODE, R.Z, N 
101 FORMAT (II, 2E10,7,15) 
IF (CODE,Eq.., 9) GO TO 99 
Z= Z + 1.5 

H= 6.2831853/FLOAT(N) 
SUMA=0. ■ 
SUMB"0. 

y= z - 3. 
INDEX=0 
2 1F (I ., NE,0.AND.INDEX.NE.N) GO TO 3 
FACTOR-1. 

GO TO 5 
3 lF((((l/2)* 2). EQ.I) GO TO 4 
FACTORS. 
GO TO 5 
4 FACTOR-2. 
5 THETA =H*FLOAT (INDEX) 
ARG=COS(THETA) 

SUMA=SUMA + 3. *FACTOR*(Z*ARG/(Z*Z+9.+R*R-6.*R*ARG)**1.5+(Z - 3.)*ARG/( 
]2*(Z - 6.)+l8.+R*E-6.*R*ARG)**1.5) 
SUMB=SUHB+3. ^FACTOR* ((3.“R*ARG)/(Z *Z+9.+R*R-6. *R*ARG)**1. 5+(3. -R*A 
lRG)/(Z*(Z-6, )+l8, +R*R-6,*R* ARG)**1.5) 
IF (INDEX.GE.N) TO TO 6 
INDEX—INDEX+1 
GO TO 2 ' 
6 BR-H*SUMA/3. 

BZ«H*SUMB/3. 
Z=£~1.5 
PRINT 102,R,Z ,ER,BZ 

102 FORMAT (//lOX,nAT (R.Z) = (" ,F8.4,V* ,F8.4,»("/lOX,"WE HAVE BR = " 
1, E14.8 /1.8X,'1BZ *='",E14.S) 
GO TO 10 

99 STOP 
END 
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DATA READ OUT 

1. AT (R,Z) = ( 
' WE HAVE BR = 

BZ = 

2. AT (R,Z) = ( 
WE HAVE BR = 

BZ = 

3. AT (R,Z) = ( 
WE HAVE BR = 

BZ = 

4. AT,(R,Z) = ( 
WE HAVE BR = 

BZ = 

0.0000, 0.0000) 
0. 
.19981695E 01 

0.6667, 0.0000) 
0. 
.1995968CE 01 

0,6667, 0.6667) 
.35995132E-02 
.20069092E 01 

0.6667, 1.6667) 
.10299042E 00 
. 3.8838248E 01 

The points selected for calculation of the magnetic field were 

1) The Optical Pumping Site where B_ 
z 

Br 

2) The extractor where B 

Br 

3) The gate valve into where 

beam tube Br 

4) The entrance to the where B 
z 

filter lens B 
r 

= 5 gauss • 

" 0 

= 5 gauss 

= 0 

= 5.04 gauss 

= 1.7 x 10“3 gauss 

= 4.77 gauss 
=£> Deflection 

= 0.25 gauss 
of 3 

From this data it can be seen that the only point at which the 

electron will experience a force due to a radial magnetic field of any 

magnitude whatsoever will be between the gate valve and the filter 

lens where it is traveling at speeds from 1 kev to 200 ev,assuming the 
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extraction potential and retarding potential used in this experiment. 

In conclusion then, very little adverse effect upon the polarization 

of the electron is' predicted in the low energy region of the apparatus 

due to field inhomogeneities. For the purposes of this experiment the 

polarization of the electron will be considered to be a constant vector 

in the low energy region. 

* 
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APPENDIX III 

Mott Scattering Errors 

l) General 

Tolhoek (1959) summarized the most significant sources of error 

found in electron scattering experiments. These are a) inelastic 

scattering, b).exchange of incoming electrons with an electron in the 

target, c) multiple scattering, i.e. scattering through a large angle 

by a succession of small angle scatterings, d) plural scattering, 

i.e. scattering through a large angle by two successive large angles, 

e) back scattering from the walls of the scattering chamber and Fara¬ 

day cup, f) statistical counting errors, and g) instrumental asymmetries 

The first three sources have been shown to be negligible when targets 

less than about 200 M. g/cm^ are used (targets used in this experiment 

are 193 <ng/cm^) (McCusker, 1969). 

2) Plural Scattering 

Plural scattering can be visualized with reference- to Fig. 29a. 

The polarized beam is scattered once with an asymmetry dependent upon 

the angle of scattering (90° in Fig. 2.9a), The second scattering leads 

to a different polarization, .The problem is to determine the total 

.correction due to the double scattering. 

Figure 24 gives a plot of the slope of the Sherman function as a 

function of target thickness as determined by Kessler for 120° and 

120 kev. The value of S(+,© ) corresponding to a thickness of 195 
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a ) Plural Scattering 
Within Target 

TARGET 

Figure 29. Sources of Scattering Errors 
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2 
Mg! cm is -0,26 +0.01, For electrons with a polarization of 0.1 

the intensity ratio becomes 

Ip - 1-t. SP = 0,975 

•ID 1 - SP 1.025 

3) Back Scattering 

In order to reduce scattering from the walls of the scattering chamber 

and the Faraday cup back through the target and into the detectors, the 

scattering chamber should be as large as possible. 

The scattering of an incident beam can be visua].ized using Fig. 29b as 

scattering into several definite regions: 

a) Directly into the Faraday cup (0-5°). 

b) On the sides of the tube leading to the Faraday cup (5-10°), . 

c) On the annular ring on the side of the chamber (10° - 20°). 

Using the differential cross section measurements of Lin (1963) the 

contributions of item c) are estimated to be negligible. 

Scattering from the sides of the tube is mostly small angle scatter¬ 

ing so that b) can also be neglected. 

A test of the contribution from region a) was made by Kessler by 

placing a counter very close to the target foil facing the Faraday cup. 

He determined that very few electrons would be back scattered and then 

. o 
scattered by 60 at the foils into the detector,so that this contribu¬ 

tion is also negligible. 
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4) Statistical Error 

The statistical error of the polarization measurement is (Kessler, 1966) 

A p- fa: 

which is derived as follows: The polarization is 

P = 1 /11 u - nd ) 
S \"u + nd ) 

The rms error of a function f(x,y) caused by errors Ax and is 

and for f = c / x - y \ 
\x + y) 

/\ *f r C 4X' AxM-x*’""'* 
■ **ii~iiM 4 fag ii ainummi in 

I (*-*3)* 

so that v?ith P = f, C = l/S, x = i^, y = n^, A n = (r^)2 and 

I. 
A ~ (n^)2 the result is 

AP = TT—"TVL ( > - )'/j- 

For example, if S = 0.25,. P = 0,1 and the total number of counts is 10 

AP = 0.013 

jr 
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