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ABSTRACT 

A Polarized Helium Ion Beam for Surface Electronic 
Structure Studies 

by Allen Harrison 

This thesis describes the development of a spin- 

polarized He+ ion beam suitable for use as a- probe of 

surface electronic structure of metals. The method 

would represent an extension of ion neutralization 

spectroscopy (INS), and should provide new information 

on surface magnetism, electron correlation effects, and 

the dynamics of the ion neutralization process. 

Production of the polarized helium ion beam in¬ 

volves optically pumping helium metastable atoms in an 

rf electric discharge with subsequent extraction of ions 

created by metastable-metastable collisions. The prin¬ 

ciples of this technique and details of the experimental 

apparatus are presented. Ion currents of up to 10~ A 

were attained and optical pumping absorption measure¬ 

ments suggest a beam polarization of 8 to 10%. For a 

moderately low beam energy, about 150 eV, an ion density 

at the target surface of roughly 2 X 10 A-cm- with 

an energy spread of about 30 eV was attained. 

A specific experiment is proposed in which the 

polarized He+ beam would be used to probe the surface 

magnetic properties of nickel. 
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I. INTRODUCTION 

Both the geometrical and electronic properties of 

the surface layers of crystalline solids are profoundly 

different from bulk properties. Since interactions with 

the outside world (eg. catalysis) occur at surfaces, the 

nature of the surfaces becomes extremely important both 

scientifically and technologically. The chemistry of the 

solid-gas and solid-liquid interface depends, through bond 

formation, upon the electronic structure at the surface. 

The importance of determining surface electronic structure 

has stimulated development of various diagnostic probes. 

This thesis presents an extension of a highly surface se¬ 

lective technique, ion neutralization spectroscopy (INS), 

to yield information regarding not only the usual density 

of states and energy distributions of the surface elec¬ 

trons but also their electronic spin dependence. The 

uniqueness of this particular INS technique lies in the 

ability to use electronically polarized helium ions. As 

will be shown, a known helium electronic polarization al¬ 

lows inferences to be made regarding the spins of the sur¬ 

face electronic wave functions. Because electronic spins 

determine the magnetic properties of solids, surface mag¬ 

netics also become accessible to study with this technique 

The thesis begins with a description of the technique 
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for producing a polarized helium ion beam. The process 

involves optically pumping neutral helium metastable atoms 

created in an rf electrical discharge and extraction of 

helium ions produced in metastable-metastable collisions. 

Following this section is a description of the experi¬ 

mental configuration for extraction of the ions from the 

rf discharge and delivery to a target surface. 

A description of INS is then presented. The dis¬ 

cussion begins with a general introduction to the properties 

of solid surfaces followed by a brief description of various 

experimental techniques for their investigation. After 

this introduction the kinetics of INS and a related process, 

metastable de-excitation spectroscopy (MDS), are presented. 

This section details both the qualitative and quantitative 

ideas underlying these spectroscopies followed by a dis¬ 

cussion of how electronic polarization of the incident ions 

brings new diagnostic power to INS and MDS. 

The last section proposes a specific experiment for 

examining the surface magnetic properties of nickel. The 

itinerant model for ferromagnetic nickel predicts spin-split 

bands for the bulk electronic states. It is proposed to 

perform spin-dependent INS with the polarized helium ion 

beam to determine the extent to which the bulk electronic 

structure is applicable for determination of the surface 

magnetic properties. 



II. OPTICAL PUMPING OF THE HELIUM DISCHARGE 

The ion neutralization spectroscopy to be discussed 

employs an electronically polarized helium ion beam. The 

following sections present the techniques for producing 

such a beam by optically pumping helium metastables and 

creating the polarized ions in subsequent metastable- 

metastable collisions. 

A. KINETICS OF OPTICAL PUMPING 

As employed in this thesis, optical pumping provides 

a means for spatial orientation of electronic spin angular 

momenta. The process was first applied to mercury by 

Brossel and Bitter^ in 1952. Colegrove and Franken^ in 1960 

3 
and Schearear in 1961 applied the optical pumping process 

3 
to the 2 S metastable atoms present in a helium discharge. 

In helium (see figure 1) the pumping process produces an 

3 
unequal population among the 2 S magnetic sublevels in an rf 

discharge where, without optical pumping, thermalizing 

processes at 300°K would tend to produce equal sublevel 

3 
populations. The pumped 2 S metastable helium atoms thus 

created are doubly forbidden to decay to the l'SQ ground 

state by 4s=0 and S —^ ^ S selection rules. 

For helium the optical pumping process proceeds as 

follows. Resonance radiation from a high intensity rf 

helium discharge lamp is directed coaxially along an axis 

defined by a weak, superimposed magnetic field. This 
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infrared radiation, at about 1.08 microns, excites transi- 

3 3 
tions from the 2 S metastable state to the 2 P states. 

After passing through an infrared pass filter, the light is 

circularly polarized by a linear polarizer and a quarter 

wave plate for 1.08 micron light. The circularly polarized 

light then induces transitions where selection rules require 

the magnetic quantum number M. to increase by +1 for right 
J 

handed circularly polarized light (RHCPL) and decrease by 

3 
-1 for left HCPL. Subsequent reradiation from the 2 P 

3 
state back to the 2 S metastable state, occurring in about 

_7 
10 seconds, proceeds by electric dipole radiation where 

+ 3 4M. = 0,-1. For example, the combination of a 2 S level 
J 

3 
with = 0 and RHPL produces a 2 P level with * 1. 

3 
Reradiation produces a 2 S level with M. = 0 or +1. For 

3 
3 

this particular example some of the original 2 S M. = 0 
1 

3 
atoms become 2 S M. =1 atoms. For either type of polar- 

3 
ized photon the equilibrium populations of the metastable 

sublevels depend upon competition between the pumping and 

thermalization processes tending to equilibrate the popu¬ 

lations of the metastable sublevels. 

3 
Production of the 2 S helium metastables involves rf 

discharge induced electron impact excitation in a glass 

cell containing helium at about 0.1 torr pressure. Appli¬ 

cation of an rf electric field forces oscillation of any 

free electrons with velocity out of phase with the applied 

field and, as long as no collisions occur, no net power 
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from the rf source will be absorbed. An elastic collision 

with an atom produces a velocity component perpendicular to 

the applied field, a change in momentum and consequent 

power absorption from the rf source. Such quasi-elastic 

collisions result in energy transfer to the electron of 
4 

only about 0.001 eV. Because the first excited state of 

helium lies 19.8 eV above the ground state, many such - 

collisions will occur before the electron gains sufficient 

energy to electronically excite a ground state atom. Upon 

reaching the 19.8 eV threshold energy, the de-excitation 

cross section for the electron increases tremendously. 

In a weak discharge in 0.1 torr helium, the steady 

9 10 -3 state metastable density lies between 10 and 10 cm 

and the metastable lifetime, limited by diffusion to the 

cell walls, is a few tenths of a millisecond. The ioniza¬ 

tion producing reactions which sustain the discharge 

involve direct helium ionization, cumulative ionization 
5 

and metastable-metastable de-excitation. For direct 

helium ionization 

He + e“ (>24.5 eV)  ► He+ + 2 e" 
the energy of the incident electron must be greater than 

the ionization energy of helium, 24.5 eV. In cumulative 

ionization 

He + e” ►He + 2 e- 

a previously excited, but not ionized helium atom, collides 

with an electron energetic enough to ionize the excited 
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helium atom. Because the metastable atoms make up the vast 

majority of excited states present in the discharge, the 

excited helium atom will generally be a metastable atom. 

Cumulative ionization then becomes primarily metastable 

ionization: 

Hem + e- He+ + 2 e~ 

Metastable-metastable de-excitation 

Hem + Hem He (11S) + He+ + e" 

involves collisions between two metastable atoms which pro¬ 

duce a ground state helium atom, an ion and an electron. 

The rates for these processes have been estimated and 

are presented in Appendix I . These rates predict that the 

bulk of the electrons and ions produced result from 

metastable-metastable collisions. 

In metastable-metastable reactions conservation of 

5 6 spin angular momentum ’ allows prediction of the electronic 

spins of the resulting ions and electrons. Table 1 lists 

the possible reactions for metastables with various magnetic 

quantum numbers, M.. For each combination of M. values for 
J «J 

the colliding metastables, the table indicates the elec¬ 

tronic spin of the product ion and electron. The table 

further indicates the number of product ions and electrons 

having spins "up" and "down". The polarization may be 

defined as the difference between particles with spin up and 

those with spin down, divided by the total number of parti¬ 

cles. For a steady state equilibrium where the number of 
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spin up and spin down electrons does not change with time, 

dn^/dt = dn^/dt = 0, the polarization becomes 

n - n, 2(N + N ) * (N. - N ) 
u d .o s/ v + - 

p    =   
nu + nd (N + N+ + NQ + N_)

2
 - N

2
 - N

2 

5 
A polarization of about 8 to 10% was achieved for electrons 

extracted from a configuration similar to that described in 

this thesis. Due to the symmetry between ion and electron 

production as seen from Table 1, the ion polarization of 

the present configuration, which has not been measured, 

should be of the same order as the electron polarization 

realized in the previous study. 

B. THE OPTICAL PUMPING SIGNAL AND PER CENT ABSORPTION 

As indicated earlier the technique of optical pumping 

3 
involves changing the relative populations of the 2 S mag¬ 

netic sublevels. In the absence of the 1.08 micron 

resonance radiation involved in the pumping process, the 

normal Boltzmann distribution equally populates the three 

3 
2 S magnetic sublevels. With introduction of the pumping 

light, the population of the sublevels changes. A quanti¬ 

tative discussion of the pumping process is presented in 

Appendix II. 

The absorption of the pumping light will be greater 

for the unpumped discharge, in which case the sublevels 

are equally populated (N+ = NQ = N_), than for the pumped 

discharge which has greater populations in less absorbing 
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sublevels (eg. N+ > NQ > N for RHCPL and AM^ = +1)* 

With the pumping light present, the unpumped condition can 

be attained experimentally by application of an rf mag¬ 

netic field at the frequency for stimulating magnetic 

3 
dipole transitions between the 2 S sublevels. With suf¬ 

ficient intensity to saturate the transitions, the optical 

pumping process is short circuited, forcing the sublevels 

to equal populations and creating an unpumped metastable 

population. The Zeeman energy splitting of the magnetic 

sublevels is AE = g Hwhere g = 2, H is the strength of 

the applied magnetic field and the Bohr magneton 

//6= ( e {4 ) / (2m c) - 9.27 X 10~^ erg-gauss-^. The 

frequency of the required rf magnetic field to induce these 

transitions and create an unpumped metastable population is 

then f = (2.8 X 106 Hz-gauss-1) * H. 

In order to characterize the degree of spin polariza¬ 

tion achieved, observation of the resonance absorption may 

be made with pumped and unpumped metastable populations. 

From such observations the optical signal, defined as the 

change in pumping light transmitted through the sample cell 

for unpumped versus pumped conditions, may be calculated. 

In Appendix III an expression is developed for the optical 

pumping signal in terms of observable quantities. Briefly, 

the larger the relative optical pumping signal, the greater 

the polarization of the helium metastables and hence of the 
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ions and electrons produced in metastable-metastable 

collisions. 

The metastable concentration within the discharge may 

7 
be roughly determined from the total absorption of the 

pumping light. However, because of uncertainties in radia¬ 

tion line widths due to broadening within the pumping lamp 

discharge and absorption line width of the sample discharge, 

the estimate may be good only within a factor of two. The 

estimate is given by 

f = A (1 - exp(BNx)) 

where f indicates the observed fraction of pumping light 

absorbed, x the optical path length through the discharge 

in cm, B the attenuation constant and N the metastable 
3 

density in number per cm . 

The high intensity pumping lamp emits radiation com- 

3 3 
posed of the individual photons from 2 P to 2 S transitions 

whose frequencies will be Doppler shifted due to the atomic 

velocities in the source. The absorbing atoms in the sample 

also will have absorption frequencies determined by Doppler 

shifts but because of lower atomic velocities in the sample 

the overall absorption frequency range will be much nar¬ 

rower than the range of photon frequencies from the pumping 

lamp. Therefore if the sample absorbs all photons within 

the range of its absorption frequencies, the transmitted 

resonance radiation will consist of the unabsorbed wings of 

the resonance line. Total absorption cannot be achieved and 
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thus the factor A ih the formula. 

The attenuation constant B depends upon the natural 

linewidth L*Jr. of the transition the Doppler breadth of the 

absorption line A >4 and the cross section for resonance 

transitions <s~ , 

D —ji- àX 
o g'îf * Ai'o 

where X is the wavelength of the absorbed line. The esti¬ 

mate for the attenuation constant B lies between 10-^ 

-12 2 -12 2 
and 10 cm and will here be taken as 10 cm . In the 

figures in this thesis where per cent absorption has been 

measured, the calculated metastable density was found from 

(% absorption) / 100 = A (1 - exp (- x B N) ) 

N = - (B x)-1 In (1 - (% absorption) / (100 A) ) 

-12 2 
with B as 10 cm , x as the sample cell diameter in cm and 

A as the asymptotic fractional absorption. 
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III. THE HELIUM DISCHARGE SOURCE 

The method for production of an electronically 

polarized helium ion beam described in this thesis evolved 

from past experimental arrangements. As discussed earlier 

in the section on optical pumping, the method involves 

3 
production of 2 S helium metastables by an rf discharge, 

their subsequent optical pumping and finally collection of 

the helium ions produced by metastable-metastable col¬ 

lisions. Previous experiments with pumped helium discharges 

have employed equivalent techniques except that the elec¬ 

trons produced in the metastable-metastable collisions have 

5 3 4 
been extracted or He ions instead of He ions have been 

8 3 
extracted. Much of the configuration used in the He 

source has been carried over to this particular source. 

A. SOURCE CONFIGURATION 

Figures 2 and 3 illustrate the pertinent dimensions 

of the ion source and electrostatic ion optics for deliver¬ 

ing a low energy beam to the target. A pyrex glass cell, 

in which is lit an rf discharge and through which the 

optical pumping radiation passes, mounts upon a metal base 

plate. The plate contains a gas inlet which counteracts 

the loss of helium through the extraction canal and thus 

maintains an equilibrium pressure in the bulb. The ex¬ 

traction canal leads to the electrostatic optics which 
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shape and deliver the ion beam to the target. Opposite' 

the extraction canal a large diameter glass tube and 

stopcock form a fast evacuation line. Also opposite the 

extraction canal a tungsten probe serves as an electrical 

connection to the discharge. Exterior to the bulb, the 

9 
high intensity helium discharge lamp, circular polarizer, 

Helmholtz magnetic field coils and Larmor coil provide 

the components necessary for the optical pumping procedure. 

B. PRODUCTION OF THE HELIUM DISCHARGE WITHIN THE BULB 

The actual process by which the metastables and sub¬ 

sequent electronically polarized ions are produced was 

described in the optical pumping section. However, pro¬ 

ducing conditions inside the bulb for which these processes 

can occur is not trivial. Contamination represents the 

most serious problem because contaminants tend to reduce 

the number and lifetime of metastables present•through the 

chemiionization reactions 

He (23S) + X >He (11S) + X+ + e~ 

where X represents the contaminant. This reaction shortens 

the thermalization lifetime T', of Appendix I, thus de¬ 

grading the steady state polarization, and produces X+ ions 

rather than the desired He+ ions. Consequently extreme 

cleanliness becomes essential. One practical qualitative 

criteria for cleanliness involves viewing the rf discharge 

through a pocket spectroscope. The presence of any band 
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or line, no matter how exceedingly faint, other than the 

strong, sharp helium lines indicates a contamination prob¬ 

lem. In past experience observation of many sharp lines 

throughout the spectrum indicated a general glass surface 

contamination problem. Observation of two broad patches 

of green haze however indicated contamination of the helium 

admitted to the discharge bulb. With the present source, 

the helium was passed through a liquid nitrogen cooled 

molecular sieve trap. The green haze remained absent 

while the trap was cooled but reappeared whenever the trap 

warmed. The procedure employed for production of a clean 

discharge is presented in Appendix IV. 

C. LIGHTING THE LOW INTENSITY DISCHARGE 

3 
To populate the metastable 2 S state for optical pump¬ 

ing, a low intensity discharge must be produced. The 

technique employed involved placing the glass cell between 

two plates of a capacitor in a rf resonant circuit so as 

to achieve the highest rf voltage possible. For sufficient 

rf voltage on the capacitor plates the free electrons, 

through atom-electron collisions, absorb enough energy to 

excite and ionize the helium atoms thus producing even 

more electrons. 

For the present experiment with 50 MHz as the frequency 

of the discharge oscillator, the capacitor consists of two 

flat copper rings which fit on either side of the pyrex 
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bulb, and an adjustable air capacitor in parallel used to 

tune the circuit. A coil of 1/8 inch copper tubing with a 

diameter of about one inch, a length of about two inches 

and six turns forms the inductor. The copper capacitor 

rings, soldered to each end of the coil, hold the circuit 

to the bulb using the inductor as a spring. The cable 

from the rf source mounts between between the beginning and 

end of the first turn of the coil. The whole circuit, 

cable included, must be resonant at the applied frequency 

from the oscillator. Resonance is achieved by tuning the 

adjustable air capacitor while checking for resonance with 

a grid dip meter. This initial tuning usually assures that 

a discharge may be lit with finer tuning accomplished by 

adjusting the air capacitor to peak the intensity of the 

discharge. 

D. PRODUCTION AND CHARACTERIZATION OF THE 

OPTICALLY PUMPED HELIUM DISCHARGE 

The required source of circularly polarized helium 

resonance radiation, providing the radiation for optical 

g 
pumping, consists of a 500 watt 150 MHz rf source exciting 

a helium filled bulb. The light produced passes through a 

linear polarizer (Polaroid type HR) and then through a 

quarter wave plate for 1.08 micron light. Quarter wave 

plates for visible light, with wavelength about one half of 

the 1.08 micron pumping light, are readily available. Two 
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of these plates with axes properly oriented with respect to 

one another provide a good 1.08 micron quarter wave plate. 

The complete process is then to form linearly polarized 

light and pass it through a quarter wave plate. The orien¬ 

tation of the linear polarizer's axis with the fast axis 

of the quarter wave plate determines the polarization of the 

pumping radiation. For circular polarization the axis of 

the linear■polarizer is set at ^45° with respect to the 

fast axis of the quarter wave plate. The linear polarizer 

may have either of two orientations with respect to the 

quarter wave plate: fast axis either +45° or -45° with 

respect to the linear axis, thus producing righthanded or 

lefthanded circularly polarized light. The polarization may 

be easily changed by rotation of one polarizer with respect 

to the other by 90°. Because this polarization, right or 

left handed, determines the population of the metastable 

state, the beam polarization changes between up and down 

electronic spins just by rotation of the linear polarizer or 

quarter wave plate and with no change in the beam configura¬ 

tion or trajectory. 

A PbS infrared detector and 1.08 micron pass filter 

intercept pumping light from the high intensity lamp after 

having passed through the discharge bulb. This PbS de¬ 

tector lies across one arm of a bridge circuit which both 

biases the detector and provides, across the bridge, an 
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output voltage dependent upon the intensity of the trans¬ 

mitted light. By monitoring the light intensity, as dis¬ 

cussed in the optical pumping theory section, a calculation 

of the metastable density may be made from the observed 

optical signal. 

The optical signal was measured as follows. The mag¬ 

netic field used to provide the quantitization axis, pro¬ 

duced by a pair of Helmholtz coils, splits the magnetic 

3 
sublevels of the 2 S metastable state in accordance with the 

Zeeman effect. For a given magnetic field H, the energy 

separation between levels corresponds to a frequency such 

that f = (2.8 X 10° Hz-gauss- ) * H, the Larmor frequency. 

Measurement of the optical signal was made by setting an 

inductive coil with impedence matched to a low power rf 

generator such that the coil's axis lay perpendicular to 

the optical pumping axis. While the coil radiated a con¬ 

stant frequency f corresponding to the Larmor frequency 

of a particular HQ, the magnetic field was swept AH about 

Hq. The detector output (vertical) and magnetic field 

(Horizontal) then produced an oscilloscope trace as in 

Figure 4 from which the optical signal was calculated. 

E. OPTICAL PUMPING EXPERIMENTAL RESULTS 

Figures 5 and 6 present measurements of percent absorp¬ 

tion, calculated metastable density and optical signal 

versus pressure for three different sample discharge inten¬ 

sities. Data were obtained by setting a low intensity 
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discharge and then slowly changing the bulb helium pressure 

Each of the three pressure versus percent absorption curves 

of Figure 5 represents a separate discharge intensity level 

and corresponding pressure versus optical signal curves are 

shown in Figure 6. 

Discharge levels may be characterized by percent 

absorption versus pressure measurements. In general the 

lower the absorption at a given pressure, the lower the in¬ 

tensity of the discharge. In Figure 5, the lowest curve 

represents the weakest self sustained discharge attainable. 

Examination of Figure 6 shows that the peak optical signal 

occurs at a higher pressure for low intensity discharges 

than it does for the higher intensity discharges. Further¬ 

more the largest optical signal, at around lOO millitorr, 

corresponds to the discharge conditions for the greatest 

metastable sublevel polarization and where the largest ion 

polarization is expected. 



IV. EXTRACTION, FOCUSSING AND DECELERATION 

OF THE ION BEAM 

A. BEAM LINE DESCRIPTION 

The ion source of Figure 2 consists of a bulb about 

three inches in diameter with a stopcock-valved fast 

evacuation line for cleaning, a tungsten anode for setting 

the discharge plasma potential and a glass mounting surface 

for matching the bulb to the metal base plate. The evolu¬ 

tion of the stainless steel base plate and ion bulb con¬ 

figuration may be found in references 11 through 15. The 

glass bulb insulates the discharge from the metal base plate 

while the Maycor (machinable Corning glass) sleeve surround¬ 

ing the metal extraction canal charges so as to form a lens 

which focusses the ion beam through the extraction 

canal.In operation, a dark dischargeless region can 

be seen forming an umbrella over the Maycor sleeve and 

extraction canal, thus lending credibility to formation of 

such a lens. Ions in the discharge, the potential of which 

is set by the tungsten anode voltage, are accelerated 

toward the Maycor sleeve, focussed through the lens, and 

exit through the canal with energy equal to the difference 

between the voltages on the tungsten anode and the metal 

base plate. 

After passing through the canal, a gap lens, formed by 
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the cone behind the base plate (see Figures 2 and 3), pro¬ 

duces a tightly focussed beam (about 1 mm in diameter). 

Because of the amount of helium gas flowing through the 

canal along with the ions, a differential pumping region 

must be formed to dispose of the unwanted helium and thus 

protect the ultra-high vacuum region surrounding the 

target. This is accomplished by passing the ion beam 

through an aperture separating two vacuum regions. After 

passing through the gap lens, a three element lens fo¬ 

cusses the ions through the aperture. A mirror image set 

of lenses then reforms the beam from the aperture into a 

narrow beam whose focus lies at infinity. The final series 

of lenses then decelerates the beam to its final potential 

for delivery to the target. 

B. TEST OF THE OPTICAL SYSTEM 

The ion optics were tested using ions derived from an 

unclean helium discharge, a standard base plate, an adjust¬ 

able gap lens geometry, the necessary apertures and lenses, 

and a Faraday cup for measuring the currents. The gap lens 

is mounted on a threaded insulating ring which facilitates 

movement of the assembly toward or away from the base plate, 

thereby allowing investigation of the optical properties 

of the exit canal. 

The current exiting the canal depends sharply upon the 

voltage difference between the tungsten anode and the base 
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plate as well as the discharge pressure and intensity. . In 

Figure 7 the ordinate of each curve indicates the current 

exiting the canal, with the abscissa, the plate voltage on 

the rf oscillator, providing a measure of the discharge 

intensity. Each set of curves corresponds to a given bulb 

pressure and each curve within the set corresponds to a 

particular voltage between the anode and the base plate. 

To allow direct comparison between sets of curves, the ordi¬ 

nates and abscissas between sets of curves share common 

scales. At low discharge intensities the discharge thres¬ 

hold, below which the discharge self-extinguishes, is evi¬ 

dent in the figures. The curves indicate that the current 

peaks at intermediate pressures. 

The gap lens focussing characteristics were examined 

next. Figure 8 presents the results of the search for the 

separation between the base plate and gap lens which yields 

the lowest beam divergence for a given voltage across the 

bulb. From the figures a separation of 14/32 of an inch, 

5200 V across the gap lens and a voltage across the bulb of 

1500 V was selected as the operating point. The energy 

spread of the extracted beam depends upon interactions be¬ 

tween pressure, discharge intensity and potential across the 

bulb because these factors determine not only the energetics 

in the overall discharge but also the character of the ex¬ 

traction umbrella over the extraction canal. Energy spreads 
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of 30 - 10 V were measured with, a retarding plane energy 

analyzer. 

The ion optics downstream of the gap lens deliver the 

beam through a small aperture which in the test apparatus 

simulates the division between two stages of differential 

pumping. The lengths, spacings and voltages on the various 

lens elements are given in Figure 3. Very tight focus was 

achieved at the point where the beam passes through the 

aperture and a phosphor screen indicated a beam diameter of 

less than 1 mm. Furthermore no steering or deflection 

plates were required to pass the beam through the aperture. 

The last two lens elements decelerate and deliver the beam 

to the target. In this arrangement, the last element has a 

voltage between 0 to 200 V less than the bulb plasma poten¬ 

tial (the voltage on the tungsten anode in the bulb) and 

provides control of the kinetic energy of the beam delivered 

to the target. Although there exists a much improved method 

of beam deceleration, this crude method delivered at an 

energy of 150 V roughly 60% of the initial beam from the 

extraction canal through the end aperture of Figure 3 with a 

divergence of roughly 20°. Testing of the optics system was 

done with an unclean helium discharge and therefore the ion 

currents include not only the desired helium ions from 

metastable-metastable collisions but also chemi-ionized im- 

_7 
purity atoms. However the observed ion current, about 10 A, 

corresponds to currents previously observed with similar 
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g 
sources. With, these values, an ion current density on a 

target surface 3 cm from the end of the optics system of 

—8 —2 
Figure 3 is roughly 2 X 10 A cm . 



V. THE VACUUM-SOLID INTERFACE 

The spin-polarized ion beam described in the pre¬ 

ceding sections was developed for application to the study 

of crystalline surfaces. The following sections present a 

qualitative description of the vacuum-solid interface and 

ion neutralization spectroscopy (INS), and a discussion of 

techniques other than INS that have incorporated electron 

spin dependent measurement capabilities. 

A. DESCRIPTION OF THE VACUUM-SOLID INTERFACE 

The ion cores of the solid present to the electrons 

a periodic potential which degenerates at the surface into 

a vacuum barrier, as illustrated in Figure 9.^ The vacuum- 

solid discontinuity gives rise to surface states above the 

conduction electron band which may contain electrons bound 

close to the surface. Figure 9 also displays the electronic 

wave function amplitude near the surface for various ener¬ 

gies in the band and for the surface state. Notice that the 

electronic wave function is non-zero outside the crystal and 

these "tails" form the basis for interaction between an 

incoming particle and the solid. 

At the surface, geometric rearrangement of the ionic 

cores, as well as electronic rearrangement, may occur. The 

ionic cores, in an effort to minimize their energy, may 

undergo dilation, contraction or complete rearrangement with 
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respect to the bulk solid. These rearrangements cause cor¬ 

responding changes in the electronic charge affecting crea¬ 

tion of surface states and alteration of the electronic 

tails outside the crystal. For absorption of atoms to the 

surface, these tails determine the chemistry of the sur¬ 

face. Thus the energies and space localization of the 

electrons at the solid surface hold the key to understanding 

the properties of the vacuum-solid interface. 

B. INVESTIGATION OF THE SOLID SURFACE 

In order to investigate the electronic configuration 

at solid surfaces, various techniques have been developed. 

Those techniques used to study spin dependent electronic 

structure include capture of electrons from the surface by 

high energy charge particles, field emission and photo¬ 

emission of electrons, and, as proposed here, low energy 

ion neutralization and metastable atom de-excitation spec¬ 

troscopies. A brief description of the first three tech¬ 

niques follows in this subsection and a more detailed essay 

on the ion neutralization and metastable de-excitation 

spectroscopies, pertinent to the present experiment, are 

presented in the next section. 

The electron capture experiment attempts to measure the 

spin polarization of the electrons present at the surface of 

a ferromagnetic metal. Figure 10 illustrates achematically 

.. . . 18,19 this spectroscopy. ’ Specifically an ion beam of fast 
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(about 150 keV) deuterons scatters at grazing incidence 

along the metal surface. The ion beam passing over the 

crystal is only partially neutralized (about 30%) by the 

electron capture process; electrostatic deflection of the 

ions in the scattered beam leaves the neutral deuterium 

beam for examination. Due to hyperfine interaction the spin 

polarization of the captured electron transfers to the 

nucleus of the neutralized deuterium atom. The nuclearly 

polarized deuterium atoms strike a tritium target and the 

asymmetry in angular distribution of ««.-particles resulting 

4 
from the T(d,n) He reaction is a measure of the deuterium 

nuclear polarization and hence the polarization of the 

captured electron. 

Electron capture experiments indicate a surface elec¬ 

tron polarization of nickel to be positive ranging from 32% 

on Ni (110) to 9% on Ni (120), for measurements made at an 

o 20 
incident beam grazing angle of less than 0.3°. With an 

increase in incidence angle the distance of closest approach 

to the surface by the incident ion should decrease. Results 

19 
for such an experiment on Ni (110) gave polarizations of 

-96%, 5% and 9% corresponding to reflection angles and dis¬ 

tance of closest approach to the surface of 0.2° at 0.18 nm, 

0.5° at 0.07 nm and 0.8° at 0.03 nm. Thus for Ni (110) a 

very negative electronic polarization was observed far from 

the surface. 
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A review of field emission processes has been given 

21 22 23 
by Feuchtwang et. al. and other authors. ’ The field 

emission of electrons from a metal surface involves electron 

7 
ejection by a high'electric field, 3 to 6 X 10 V/cm, which 

lowers the vacuum barrier at the surface and allows elec¬ 

trons to tunnel from the metal into the vacuum. Figure 11 

illustrates the conduction band of the metal and the vacuum 

24 
potential barrier. The applied electric field forces the 

barrier presented to the electrons to curve downward in 

energy thus allowing tunneling through the barrier. The 

resulting distribution of electrons, j (E), with energy as 

barrier width increases with decreasing energy. Thus 

measureable currents of emitted electrons may be obtained 

only from the top 2 to 3 eV of the conduction band. Another 

limitation of field ejection stems from the limited number 

of materials usable as emitters. The experimental arrange- 

3 o 
ment involves formation of a sharp tip of about 1CT A in 

radius acting as a cathode across which is placed a high 

potential. The ejected electrons are accelerated by the 

field and impinge upon a fluorescent screen forming.a 
Q 

greatly magnified (about 10 times) image of the electronic 

structure of the various crystal surfaces presented by the 

tip. For polarization analysis, reflection plates guide 

the emitted beam of interest through a hole in the fluores- 

25 
cent screen. 
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FIGURE II 

after Plummer (ref. 24) 
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Among magnetic materials, experiments have been per- 

26 27 28 29 
formed on Ni ’ ’ and Fe. For iron, spin polarization 

values of 25%, 20% and -5% were found along the [lOO] , 

[ill] and [lio] directions respectively. Notice that the 

measured polarization depends greatly on direction. A 

positive polarization indicates electrons with magnetic 

moment parallel to the magnetization direction. For nickel, 

polarizations of -3% along [lOO] 2^’2^ and 6% along 

[lio] 2^ have been observed. The Mott-scattering technique 

used for polarization measurements has such a low scatter- 

-4 
ing efficiency (about 10 ) that the count rates are 

typically 10 cps. Because of the low count rates, polari¬ 

zation versus energy measurements are not feasible. Field 

emission polarization calculations22 ’tend to agree 

qualitatively with the experimental observations, especially 

with regard to the sign of the measured polarization. 

Photoemission involves the excitation of metal electron 

by a photon and subsequent emission from the metal surface 

24 
as illustrated in Figure 12. For escape from the solid 

to occur the photo electron must arrive at the surface with 

sufficient energy to surmount the surface barrier (i.e. work 

function). Between the time of photon absorption and 

emission from the surface an electron may undergo elastic 

and inelastic collisions. The inelastic collisions create 

problems in data interpretation because separation of 
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elastic and inelastic electrons is impossible. Although an 

ultraviolet photon has an extinction distance of about 

100 2, the excited electron has an escape depth of about 

2 to 5 2 before inelastic scattering occurs. Because oî 

the inelastic scattering, about 30% of the ejected elec¬ 

trons come from depths of 0 to 5 2 and the ejected electrons 

will be a weighted average over crystal layers. The spin 

polarization of the emitted electrons, just as in field 

21 31 
emission, has stimulated much theoretical ’ and experi- 

32 
mental interest. Of particular interest to this experi- 

35 30 
ment are theoretical predictions0 ’ and experimental 

35 30 
results0 ’ on photoemitted electron polarizations. In 

particular electron polarizations of 42% for Fe, 30% for 

Co and 26% for Ni have been observed. Measurements of 

polarization versus incident photon energy reveal for Ni 

(100) a negative polarization, about -30% at ejection 

threshold, rising to over +30% and back down to about 0% 

34 30 
at high incident photon energies. ’ • -This negative 

threshold polarization matches Moore and Pendry’s theo- 

retical calculation. Eib and Alvarado0 assert that the 

electron spin polarization measured for photoemission at 

threshold on nickel represents the bulk density of states. 

Because the emitted electrons are strongly weighted in the 

37 
surface-normal direction, the field emission of electrons 

from nickel yields the spin polarized density of states for 
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the surface at the Fermi level. Therefore deductions re¬ 

garding the change in electronic spin with depth from the 

surface may be obtained from these two types of experi¬ 

ments. 



VI. THE PROCESS OF ELECTRON EJECTION FROM 

METALS DUE TO INCIDENT IONS 

38 
Oliphant and Moon reported in 1930 on "the libera¬ 

tion of electrons from metal surfaces by positive ions" and 

presented an early theoretical treatment for the ejection 

39 40 
of secondary electrons. ’ In their theory they pro¬ 

posed that the neutralization of an incident ion induced 

field emission of the secondary electron. They were also 

the first to suggest a tunneling mechanism by resonance 

capture as an alternative to ion induced field emission. 

41 
Cobas and Moon presented in 1944 both theory and experi¬ 

mental evidence for a two step process of resonance 

neutralization of the incoming ion followed by Auger de- 

42 
excitation of the neutralized, excited atom. Schekhter 

proposed in 1937 an Auger neutralization process which be¬ 

haved as a one step direct neutralization process. Begin¬ 

ning in the early 1950's, Hagstrum began work with slow 

noble gas ions on various metal surfaces. In 1954, he 

published a detailed article presenting a theory of elec- 

43 
tron ejection from metals. As the processes involved 

in secondary electron ejection became better understood, 

spectroscopy of the ejected electrons associated with ion 

neutralization evolved into a method for probing the 

44 
electronic structure of the surface monolayer of a solid. 
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The next few sections endeavor to explain the basic pro¬ 

cesses involved in ion neutralization spectroscopy (INS). 

This spectroscopy forms the basis for the proposed analysis 

technique for study of spin dependences of surface elec¬ 

trons . 

A. INTERACTIONS BETWEEN THE METAL AND INCIDENT 

IONIZED OR EXCITED NEUTRAL'ATOMS 

Figure 13 illustrates the possible electronic inter¬ 

actions between a metal surface and incident helium ions or 

metastable atoms. The figure, which because of its shape 

may be referred to as the triangle diagram, shows four 

distinct interactions involving the three states of the 

atom-metal system located at the corners of the triangle. 

These three states of the system are represented in nota- 

“f* ^ 

tion similar to a chemical equation. The symbols X , X 

and e ” represent an ion, a metastable and an electron in 
m 

the metal repectively. The prefixes to e^” indicate the 

number of electrons present in the metal. Note that hori¬ 

zontal arrows involve no change in the total number of 

electrons in the atom-metal system while arrows with a 

vertical component represent processes in which an electron, 

indicated by e ”, is ejected into the vacuum. Each of the 

four possible processes will be discussed in the following 

paragraphs. At this point, however, note that only Auger 

processes and not the resonance processes produce ejected 
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electrons. 

Figures 14 and 15 qualitatively illustrate by means 

of energy level diagrams the four possible transitions: 

resonance neutralization, resonance ionization, Auger 

de-excitation and Auger neutralization. Each process in 

the figure involves a potential well, to the left, repre¬ 

senting the metal and a potential well, to the right, 

representing the incoming ionized or neutral atom. The 

vacuum potential level, indicated by VL, is the horizontal 

line above the two potential wells. The metal, assumed to 

have a smooth, structureless surface, is characterized by 

0, the work function, and £a, the bottom of the electron 

conduction band which lies between 0 and é0 . The incoming 
I 

ion or metastable is characterized by , the ionization 
t 

potential, and E , the energy of an excited state above 
X 

the ground state of the atom at separations between the 

metal and the incident particle for the particular time 

which the figure illustrates. An unprimed E^ and Ex cor¬ 

respond to the ionization potential and excited state 

energy at infinite separation. In the figures solid 

circles represent the position of electrons before the 

transition, indicated by arrows, and open circles repre¬ 

sent vacancies before the transition. The electrons in the 

conduction band form a continuum of energy states between 

0 and €.a. 
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In the resonance neutralization process an electron at 

energy =< below VL resonantly tunnels adiabatically to a 

corresponding level of the incoming ion «=< below VL. For 

this process to occur an energy level of the neutral atom 

must have an energy state resonant with the energy of the 

tunneling metal electron. Obviously resonance neutraliza¬ 

tion requires 

Resonance ionization, which is just the reverse 

process of resonant neutralization, produces ionized atoms 

from incoming neutral atoms. An electron from the neutral 

atom resonantly tunnels to an unoccupied level above the 

conduction band in the metal. Because the electron must 

tunnel to an unoccupied level, resonance ionization 

requires 

The next two processes, Auger neutralization and Auger 

de-excitation of Figure 15, require simultaneous radiation¬ 

less transitions involving two electrons. In contrast to 

the resonant processes, one of these electrons may be 

ejected from the metal. 

In Auger neutralization two metal electrons simul¬ 

taneously make an equal magnitude jump in energy. Initially 

the two electrons are located at energy ©< and^9 below VL. 

One electron at energy @ gains potential energy and moves 

£« < / - Ex‘ < 
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into the continuum above VL while the second electron 

loses an equal amount of potential energy and neutralizes 

the incoming ion. The energy of the ejected electron and 

its upper and lower limits are 

E* (%> - Ei - * - p 
^ee^minimum ~ ^i ~ ^ ^-o 

■^k maximum = E^ - 2 0 

Furthermore for production of any ejected external electrons 

E| > 2(3 

The Auger de-excitation process may be considered as 

two equivalent processes. Two electrons are involved, one 

at energy ^ below VL and the second, an excited atomic 
1 

electron, at energy E above the ground state of the 
A 

neutral atom. The two equivalent processes indicated in 

the figure differ as to which electron will be ejected into 

the continuum—an electron from the atom or one from the 

metal. As indicated, a ground state atom and an ejected 

electron result from either process. The energy of the 

ejected electron in either event is 

Ek <V - K - 0 
For an incident ion, one competing process involves 

44 
radiative neutralization. However, Shekhter has shown 
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that because of the relatively long radiation lifetime, 

—8 
about 10 sec, compared to the time which a thermal 

-12 particle spends near a surface, about 10 sec, the proba- 

_7 
bility of radiative neutralization is low, about 5 X 10 

Another possibility is tunneling between the ground state 

of an incident ion and a core level of the solid. Re¬ 

quiring close energy proximity, about 10 eV, this process 

is dominated by the Auger processes. 

This completes a qualitative discussion of the 

processes making up the triangle diagram. A more detailed 

treatment is presented in Appendices V and VI. 

B. ELECTRON POLARIZATION EFFECTS IN ION NEUTRALIZATION 

AND METASTABLE DE-EXCITATION SPECTROSCOPY 

Consider now the electronic processes available to an 

incoming electronically polarized ion or metastable. For 

Auger neutralization of a polarized ion to the ground state, 

the neutralizing electron, due to the Pauli exclusion 

principle, must have spin opposite to that of the electron 

on the incident ion. The polarization of the electron 

ejected from the metal will depend upon the existence of 

corelation effects between the neutralizing electron and 

the ejected electron. Little is known about the strength 

of such correlations and, as will be discussed later, one 

of the proposed experiments involves a search for such a 

correlation by measuring the polarization of the ejected 
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electron as a function of incoming ion polarization. 

For resonance neutralization to an excited state of 

the neutral atom, the neutralizing electron may have spin 

up or spin down. The population distribution among the 

resulting excited atomic states depends upon available 

energy levels of the atom, and the spin dependent energy 

and density of states for the neutralizing electron. In 

particular, for an incident ion with electronic spin up, 

3 
the possible metastable states are 2 S with M. = 0 and +1 

J 

for spin-down and spin-up neutralizing electrons respec¬ 

tively, and 2^S with a spin down neutralizing electron 

only. However, because the 2^S state lies 0.8 eV higher in 

3 
energy than the 2 S state, neutralization may occur only to 

the triplet state if the Fermi level of the metal lies be- 

3 1 
tween the 2 S and 2 S atomic energy levels. Even assuming 

that neutralization to both singlet and triplet states is 

possible, the neutralizing electrons originate at different 

energies and corresponding densities of states. 

Following resonance neutralization, either resonance 

ionization or Auger de-excitation may occur. If resonance 

neutralization has occurred, resonance ionization cannot 

occur because the energy of the excited atomic electron 

would lie below the Fermi level of the metal. The only de¬ 

excitation process remaining available is Auger de- 

excitation which may go by one of two equivalent channels. 
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One channel has the excited atomic electron going to the 

ground state while a conduction electron from the metal 

absorbs the lost energy and is ejected from the conduction 

band. Alternatively, an electron from the metal tunnels to 

the atom and drops to the atomic ground state while the 

excited atomic electron absorbs the lost energy and ejects 

from the atom. However, because of the selection rule of 
o 

AS ^0, the 2 S metastables can de-excite by the second 

process but not by the first process. 

As presented earlier and in the Appendices, an incoming 

particle will undergo one of the Auger processes on one 

side of the triangle diagram (Figure 13). An incoming ion 

will Auger neutralize and an incoming metastable will 

resonance ionize and then Auger neutralize if the Fermi 

level of the target surface is below the energy of the first 

excited orbit of the incoming projectile. Alternatively, an 

incoming ion will resonance neutralize and then Auger de- 

excite or an incoming metastable will Auger de-excite if the 

Fermi level of the target surface is above the energy of the 

first excited orbit of the incoming projectile. Therefore, 

according to the accepted model, identical total yields and 

energy distributions are expected regardless of whether the 

incoming projectile is a metastable or an ion. However, 

recent experiments call into question the validity of the 

model in that measured distributions do not always appear 

to be the same. To date, however, no experiment has been 
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reported in which either ions or metastables could be 

projected onto a common target surface. In the apparatus 

3 
under construction a 2 S helium metastable beam, in addi¬ 

tion to, the ion beam described in this thesis, will be 

available. This will enable direct comparison of distri¬ 

butions for metastable and ion projectiles on the same 

surface. 



VII. PROPOSED EXPERIMENTS 

A. THE APPARATUS 

The apparatus under construction consists of two beams, 

one of low energy, electronically polarized helium ions and 

the other of electronically polarized helium metastables, 

an ultra-high vacuum chamber containing a target surface, 

low energy electron diffraction (LEED) optics and electron 

analysis equipment consisting of an electron collector, 

energy analyzer and a Mott electron polarization analyzer. 

Figures 16 and 17 illustrate the beam trajectories and two 

possible analysis arrangements. The production and de¬ 

livery of the polarized metastable beam will be the subject 

of a thesis by T. W. Riddle. Both beams will be avail¬ 

able to a single target in the ultra-high vacuum target 

chamber. 

3 
The helium 2 S metastable source forms a beam line to 

the left in Figures 16 and 17. Briefly, a beam of helium 

3 1 
atoms containing both 2 S and 2 S metastables originates 

from the electron impact metastable source. The 2^S 

metastables are quenched by a spiral resonance lamp leaving 

3 
the 2 S metastables and ground state helium atoms in the 

beam. The triplet helium atoms, after being optically 

pumped, enter the target chamber. The ion beam, described 

in this thesis, forms the ion beam entering the target 

chamber to the right. 
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Inside the target chamber, a movable LEED electron gun 

and optics allow characterization of the crystal target 

orientation and cleanliness. An ion bombardment gun facili¬ 

tates the cleaning processes for various targets. A col¬ 

lector serves to capture ejected electrons from the surface 

for total electron yield measurements. A solenoid is 

available to magnetize targets. A Stern-Gerlach magnet 

arrangement lies on the far side of the target chamber to 

polarization analyze the metastables from the helium metas¬ 

table source. The target may be rotated thus allowing 

measurements to be made at various beam trajectories. A 

Mott-analyzer allows measurement of the spin polarization 

45 
of the ejected electrons. 

B. INITIAL EXPERIMENTS 

Ion neutralization and metastable de-excitation 

spectroscopies are very surface selective because they 

examine electronic wave function tails extending from the 

surface into the vacuum. In contrast to field emission, 

which has a probe limit of about 2eV below the Fermi level, 

ion neutralization can probe to about lOeV below the Fermi 

level. With such selectivity and range, several new types 

of surface electronic structure experiments become possible. 

Recent publications have reported results inconsistent 

with, accepted Auger ejection models in that measured 

electron distributions were found to be different for ion 
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neutralization and metastable de-excitation spectro- 

46 47 
scopies. ’ On the basis of the theoretical model 

presented in this thesis, the results should be identical. 

One of the first proposed experiments will be to compare 

the electron energy distributions for ion and metastable 

beams on the same target surface. Another experiment will 

explore the degree of spin correlation between incident 

ions and/or metastables, and the ejected electrons by means 

of Mott polarization analysis of the ejected electron. 

However, the most interesting experiments involve 

ferromagnetic materials. Because the ion and metastable 

spectroscopies are so surface selective they enable exam¬ 

ination of the electronic configuration at the outermost 

surface layer of magnetic materials. Although much is 

known about bulk magnetization properties, little is known 

about surface magnetics. For instance, the existence of 

21 26 33 34 
magnetically dead layers has been speculated. ’ ' ’ 

With the proposed apparatus separate measurements of spin- 

up and spin-down surface electron distributions and 

polarizations will aid in determination of the surface 

magnetic properties. 

One ferromagnetic material of particular interest is 

nickel. Figure 18 depicts the Brillouin zone, the Fermi 

surface for spin-up and spin-down electron bands, the 

energy bands along several symmetry directions and density 

of states for nickel. This figure and the following 
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FIGURE 18B 



67 

discussion refer to the bulk properties of nickel. 

The ferromagnetic properties of nickel may be partially 

explained by a combination of band and itinerant electron 

models. The iron group transition metals, including 

nickel, display characteristics described by such a model 

where the Pauli exclusion principle produces spatial and 

momentum distributions for the electrons dependent upon 

the relative orientations of their spins. Itinerant elec¬ 

tron exchange effects, which are tied to the metallic 

nature of the conduction electrons and localized magnetic 

moments, describe much, of the magnetic character of nickel. 

In the itinerant model the electrons remain on a single 

atom for such a short period that formation of atomic S 

do not appear. For the purpose of this thesis only the 

band-itinerant electron model will be presented briefly. 

8 2 
First imagine a group of nickel atoms ( [ArJ 3d 4s ) 

coallescing to form a crystal. As the atomic spacing de¬ 

creases, the 3d and 4s electronic energy levels fan-out as 

in Figure 19 due to the falling potential barrier between 

ions, producing an overlap of the 3d and 4s levels giving 

the 3d and 4s crystal electronic bands. The electrons in 

the bands move freely from ion to ion throughout the 

crystal retaining some of their atomic 3d and 4s character. 

Without spin dependent effects, the density of states of 

these bands may be depicted qualitatively by the upper half 
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of Figure 20 with the 10 N electrons filling the 3d-4s 

bands to the Fermi level. 

However, the 3d-like electrons in the itinerant elec¬ 

tron model have spin-dependent energies as a result of the 

48 49 
itinerant electron exchange interaction. ’ This energy 

splits the spin-up and spin-down bands by 

A£(k) - £Ck, 1 ) - £ (Î, t ) 

which, on the average, is proportional to the magnetiza¬ 

tion. For nickel the average energy shift, 

A € « 0.25 to 0.4 eV, 

depends almost entirely upon 4 N = (Nf - Nj )» the number 

difference between spin-up and spin-down electrons per 

48 
crystal volume. 

The net effect of exchange interactions may be repre¬ 

sented by an intense molecular field which acts to align 

the 3d electrons. Allowing M = A N yUg to be the net mag¬ 

netization of the sample, then the molecular field in¬ 

fluencing the electron, where X is the molecular field 
t 

constant, is given by M - X (4Nytf ). The exchange inter¬ 

action energy may be derived from the magnetic energy den¬ 

sity of the field as 

Eex » - J* ( X M)dM = — X M2 

Referring to the top half of Figure 20, transfer of 

one spin-down electron to the spin-up band reduces the 
*) 

exchange energy by } ( AN —2.), and increases the 
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kinetic energy (due to the electron being moved into one of 

the higher energy unoccupied spin-up states) by 

d = 2 / (N (£p ) ) where N( €j,) is the density of states 

at the Fermi level. For spontaneous magnetization then the 

decrease in exchange energy must be greater than the in¬ 

crease in kinetic energy, -2 XyWg2 > 2/N(£p).49 

For the example of coallescing nickel atoms, spon¬ 

taneous transfer of electrons from the spin-down to the 

spin-up band produces the configuration of minimum total 

energy shown in the lower half of Figure 20. The densities 

of states of nickel are such that with this model the rela- 

tive shift between spin bands, X AN^U& , allows the 3d spin- 

up band ta fill with 5 N electrons while the 3d spin-down 

band fills to the Fermi level with 4.4 N electrons. The 4s 

band contains the remaining 0.6 N electrons with equal spin 

populations. Thus an exchange interaction is responsible 

for ferromagnetism in nickel and produces a spin dependent 

electronic density of states. 

For an incident polarized helium ion the neutralizing 

metal electron must have spin opposite to that of the ion. 

Therefore, for spin dependent electron state densities such 

as nickel, the total ejected electron.yield can be expected 

to depend upon incident ion polarization. The ion polari¬ 

zation can be selected to be spin-up or spin-down and thus 

will probe separately the spin-down and spin-up 3d bands 
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respectively. The contribution of ejected electrons from 

the 4s band, which has the same density of states for both 

electronic spins, will however, contribute a spin inde¬ 

pendent background. 

In conclusion, the extreme surface sensitivity of this 

spectroscopy allows measurement of surface magnetic 

properties where other spectroscopies measure an average 

over two or more atomic layers. Furthermore, the method 

should permit determination of the surface Curie tempera¬ 

ture, and the temperature dependence of the saturation 

magnetization. 



IX. CONCLUSION 

This thesis presents a new approach for the study of 

spin dependent electronic processes at metal surfaces. The 

technique involves an extension of ion neutralization spec¬ 

troscopy in which pre-selected electronic polarization of 

the incoming particle (ion or metastable atom) allows in¬ 

ferences to be made concerning surface magnetism, surface 

electronic structure, and the dynamics of ion neutraliza¬ 

tion and metastable de-excitation processes. 

Production of electronically polarized helium ions 

involves optically pumping helium metastables in an rf 

discharge and extraction of the ion produced in subsequent 

metastable-metastable collisions. An experimental ar¬ 

rangement for production, extraction and delivery of the 

polarized helium ion beam has been described. 

In addition, the pertinent properties of candidate 

target metallic surfaces were outlined and use in spin 

dependent surface spectroscopies were surveyed. A detailed 

introduction to ion neutralization spectroscopy and the 

related metastable de-excitation spectroscopy appears in the 

appendix. 

Finally, a proposed configuration of the experimental 

apparatus and analysis capabilities was presented. Initial 

experiments are proposed. One particularly interesting 
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experimental area involves the determination of surface 

magnetic behavior of nickel. The bulk electronic spin 

character of nickel is discussed in the thesis along with 

results of other investigators on surface magnetic proper¬ 

ties obtained by spectroscopies that are less surface 

specific than the method proposed in this thesis. 



APPENDIX I 

OPTICAL PUMPING KINETICS 

The ionization producing reactions which sustain the 

discharge in the sample bulb involve direct helium ioni¬ 

zation, cumulative ionization and metastable de-excitation. 

The electron production rates for these processes have been 
5 

estimated and are given by 

(electron production rate) = (reaction cross 
section, <T” )* 

(relative velocity, v, of colliding particles) * 

(Number density of particle one, n^) * (number 

density of particle two, n 

For the specific processes the production rates are 

Direct Ionization— 

(He + e" (>24.5 eV)—* He+ + 2e_) 

T? (>£*-S sV) 

Ci Ç X /0~'° Æ.V) 

Electron-metastable cumulative ionization— 

(Hem + e” —♦ He+ + 2e~) 

=* 3. A. X /03 

Me (>*7eV) 

/rr& ( > -v. 7e.v) 
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(^'6) = ^ ^ ^ ^ (~> 3. 8 e*V) 
d£C c 

^ 0.97 X/03 /n^Q>3.$&v) 

Metastable-metastable ionization— 

(Hem + Hera  rHe^S) + He+ + e”) 

jg = IT; P ( 

— A ^ x/û~7 *6'\4t)
i 

where 

= ground state ionization cross section 

averaged over the electron velocity distribu¬ 

tion 
i ft 9 

- 3 x 10 cm (ref 50) 

^"A = average cross section for singlet and triplet 

ionization 

« 6 x 10~15 cm2 (ref 51) 

0%. = metastable-metastable de-excitation cross 

section 

^ 10-14 cm2 (ref 52) 

v = relative velocity of colliding particles. For 

8 —1 
direct ionization v ct 3 x 10 cm-sec for 24.5 

eV electrons; for electron-metastable cumula- 

7 -1 
tive ionization v 9 x 10 cm-sec and 

7 -1 
8.1 x 10 cm-sec for 4.7 and 3.8 eV 
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electrons respectively; for metastable- 

metastable de-excitation v — 2 X 10 

cm-sec”^. 

Nge = density of ground state helium atoms. 

Ns = triplet and singlet metastable densities 

respectively. 

For a typical N. : N ratio of 3 : 1 and a 
b S 

total metastable density of 8 x 10^ cm-3’ ^t 

and Ng are 6 X 10
7 * * 10 and 2 X 1010 cm-3 

respectively. 

The average electron energy for a weak helium discharge has 

5 6 
been estimated to be about 2.5 eV with a density of about 

7 _3 
7 X 10 electrons-cm . These values imply that the bulk of 

the electrons and ions produced result from the metastable- 

metastable collisions. 



APPENDIX II 

QUANTITATIVE PROPERTIES OF OPTICAL PUMPING 

The technique of optical pumping involves changing 

3 
the relative populations of the metastable 2 S helium 

magnetic sublevels. Without the 1.08 micron pumping 

radiation, the normal Boltzmann distribution equally 

3 
populates the three 2 S magnetic sublevels. With the 

introduction of pumping light, the relative population 

among the sublevels changes. A quantitative formulation 

5 
of this process is now presented. 

3 
Allow the magnetic 2 S sublevels to have populations 

described by where i = -, 0 and + corresponding to the 

M. values of -1, 0 and +1. The pumping process begins 
J 
3 t ii 

with a 2°S metastable atom in the ilzlM. level absorbing a 
«J 

t h 
pumping photon and being excited to the & magnetic sub- 

3 "fc h 
level of the 2°P states. The kl sublevel is one of the 

3 3 
nine sublevels associated with the three 2 P states, 2 PQ, 

3 3 
2 P1 and 2 (see Figure 1). This process proceeds with 

a rate proportional to the product of the intensity of the 

pumping radiation causing the transition, the absorption 

t h. 3 
probability for a transition from the i 2 S sublevel to 

th 3 
the k 2 P sublevel and the initial population of the 

4* H Q 
il 2°S sublevel. Using the symbols F, Bik and N^ to 

express these dependencies respectively, the loss of 
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il îi 3 
population in the 1 2a sublevel becomes 

7 
-Z F N. B., 

fc«I 1 lk 

To complete the'pumping cycle, those atoms pumped to the 

3 3 
2 P states return to the 2 S state by spontaneous emis- 

t hi 3 
sion. The rate of repopulation of the ic 2'3S sublevel 

i# h 3 
involves a two step process where an atom in the j 2'3S 

"t 3n 3 
sublevel excites to the K 2°P sublevel and then spon- 

"t ii 3 
taneously radiates back to the i^ 2°S sublevel. Allow- 

3 
ing A^ to be the Einstein coefficient for 2 P (k)  *• 
3 

2 S (i), then the rate for this process may be ex¬ 

pressed as 

É 
FN

J v Aw 

In competition with the optical pumping process, 

thermalization tends to restore the normal Boltzmann 

distribution. Using N to represent the total population 

of the 2°S state and i\* to represent the characteristic 

lifetime of the thermalization process, the thermaliza¬ 

tion rate may be written as 

+ (1/3) N - N± 
7p 

where the Boltzmann factor yields essentially equal 

3 
populations for the 2 S sublevels for weak magnetic 

fields such as employed in this experiment. 

Thus the il 2'3S sublevel obeys the following 
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population rate equation: 

d N N. % FN. B., , 5 F N. B.. A. . 
i _ _< l ik 4- 4L <> j jk ki 

* fît fe«l 

+ (1/3) N - N. 
/v> 
I 

The pumping light consists of resonance radiation 

from a high intensity helium rf discharge lamp. The light 

is composed of three lines: DQ, and indicated in 

Figure 1. The intensities, positions and shapes of these 

53 
lines have been examined and the and Dg transitions 

found to be unresolvable and for this thesis designated 

as D3. The intensities of the lines DQ, and 
may 

be described by a relative intensity ration of K : L : 1. 
5 

Previous work suggests that the relative intensities are 

roughly in the ratio of 0.4 : 1.3 : 1 but this ratio can 

only be regarded at best as semiquantitative. . 

In helium with n = 2, L-S coupling accurately repre¬ 

sents the atomic state which allows the electric dipole 

transition probabilities to be obtained from the dipole 

54 
matrix elements given by Condon and Shortley. The 

transition probabilities and have been tabu- 

51 
lated using these matrix elements and are presented in 

Table 2 for RHCPL with selection rule 4M. = +1. 
«3 

"t h *3 
The populations of the i 2°S sublevel may be now 

calculated using the transition probabilities of Table 2 
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and assuming a steady state where dN^/dt is set equal to 
3 

zero. Allowing the three magnetic sublevels of the 2 S 

corresponding to M. = +1, 0 and -1 to have populations 
J 

of N+, NQ and Irrespectively, the steady state population 

densities become 

N+ = (2 N / q) * fl + jrF(8 + 12L + 4K) + 

(3 / 4) * (rF)2 * (1 + L) * (5 + 9 L + 8 K)J 

NQ = (2 N/q)*[l + 4 r F (3 + 3 L + 4 K)j 

N_ * (2 N / q) * £l + 4 ^ F (3 + 3 L)J 

where 

q = (3 / 2) * ( r F)2 * (1 + L) * (5 + 9 L + 8 K) 

+ Y F (14 + 18 L + 8 K) + 6 



APPENDIX III 

THE OPTICAL SIGNAL 

The optical signal is defined as the change in pump¬ 

ing light transmitted through the sample cell for pumped 

versus unpumped conditions. Allowing 1^^ ^ and I to 

represent the transmitted light intensity in the unpumped 

and pumped conditions respectively, with the superscript 

(j) corresponding to contributions to the transmitted 

light from the D. component of the pumping radiation, the 
3 

optical signal is then 

AI = 21 4 = 21 (I - I tt*) 
j^o j=o u P 

Because A I depends upon geometrical factors, a more con- 

3 
venient and meaningful measure for the degree of 2 S atom 

alignment depends on the optical signal normalized to IQ, 

the total transmitted light of the unpumped population, 

A I 
AI      Ô =ro 

Io 
i: 

a. 

j so 
*u 

In terms of the absorption probabilities, the inten- 

sith ratio K : L : 1 for DQ, and D2 components of the 

pumping radiation and population of the sublevels, the ab¬ 

sorption components may be written as 
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I^(°) 2< (2 K) * (1 / 3) * 

IuCO s (3 L) * (1 / 3) * 

*(6L) Ml / 3) 

I a 6 * (1 / 3) * N + 

+ ( 1 / 3 ) * N 

= (10 / 3) * N 

I (°> - (2 K ) * N_ 

Ip
(1) - (3 L) * (NQ + N_) 

X - 6 * N + 3 * N„ + N 
p O - 

where the numbers in parentheses indicate the (j) value. 

Substitution of the previously obtained values for = NQ, 

N+ and N_ yields 

àT KCS+QJL + M) <2, f'p -+- Cl 
—   - -  ^    
T0 /o -+■ <?/, + 3.K ù>+- Ct + -+-/8J- VPŸ~0^)(.£*-9J*+2H) 

N 

N -+• (3 L) * ( 1 / 3) * N 

* N 

3 * (1 / 3) * N 



APPENDIX IV 

TECHNIQUE FOR PRODUCTION OF A 

CLEAN HELIUM DISCHARGE 

A sample cell and gas handling system shown in 

Figure 21 incorporates the following features: 

1. A cold trap to capture contaminants flowing 

from the primary helium source. 

2. A variable leak valve of clean ultra-high 

vacuum quality. 

3. A high quality, bakeable stainless steel and 

glass gas handling system. Attached to the 

system a thermocouple gauge and ionization gauge 

tube measure the operating and base pressure of 

the system respectively. 

4. A valved pump-out line to high vacuum for the gas 

handling system. For the pyrex bulb, a stopcock 

valved line to high vacuum for helium flow and 

cleaning procedures. 

Bulb preparation consists of chemical cleaning, glue¬ 

ing the bulb to the base plate, high temperature baking 

and finally lighting a high intensity discharge within the 

bulb while flowing clean helium through it. The cleaning 

procedure is as follows: 

1. With the coldtrap isolated from the helium inlet 
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and the gas handling system, a mechanical pump 

evacuates the trap. While pumping, the trap and 

and associated stainless tubing is flame torched 

to purge contaminants from the tubing and the 

sieve material. The trap is next immersed in 

liquid nitrogen, the mechanical pump valved off 

and the valve to the gas handling system opened. 

At this point helium admitted through the variable 

leak valve will be cleaned by the trap before 

entering the bulb. 

2. Before admitting gas to the system, the gas hand¬ 

ling system itself must be clean. The cleaning 

process involves opening the high vacuum valve to 

the handling system and evacuating. To remove con¬ 

taminants from the lines, an extended high tempera¬ 

ture bake, about 24 hours at about 150°C, is 

necessary. In this particular case, electric heat¬ 

ing tapes are wrapped around the components of the 

system such that all of the system may be kept hot 

and to prevent contamination baked from one section 

from sticking to another. The acceptable base 

pressure measured by the ion tube should approxi¬ 

mate within a factor of three the high vacuum 

pressure. The system should be able to retain this 

low base pressure, which for this present apparatus 

—6 
was commonly 2 X 1G~ torr, with the high vacuum 
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line valved off and the only pumping being through 

the exit canal of the bulb. 

3. Having achieved a clean helium gas input to the 

bulb, the bulb cleanliness itself becomes im¬ 

portant. Before mounting the bulb to the base 

plate, the bulb should be cleaned chemically as 

follows: wash well with soap and water, acetone 

rinse, rinse well with water, clean with a solu¬ 

tion of water, nitric acid and hydrofluoric acid 

for about 10 minutes, rinse well with water and 

finally rinse with clean isopropyl alcohol to dis¬ 

place any remaining water and which will, after 

evaporation, leave a clean'inner surface. Bulb 

mounting consists of using Varian Torr Seal epoxy 

to seal the bulb to the metal base plate. 

4. After reaching high vacuum, the bulb, with the fast 

pumpout valve open, is baked at about 300°C for 

about 12 hours to aid in release of any contami¬ 

nants. The base plate temperature should be moni¬ 

tored so as not to exceed 110°C to prevent the 

epoxy from scorching. The stopcock should be 

cooled by a fan to keep the lubricating grease from 

melting. Heating was done with aluminum foil 

wrapped flask heating mantles with a mercury ther¬ 

mometer inserted between the mantles. 
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5. A high intensity helium discharge ignited in the 

bulb after baking provides essential additional 

cleaning. In this step helium flows from the gas 

handling system through the base plate to the bulb 

and out through the quick evacuation line. The 

present system cleaned well with a bulb pressure 

of about 700 millitor and a plate power to the high 

intensity rf source of about 400 watts. The dis¬ 

charge was too intense to observe directly by eye 

and the bulb was hot to the touch. 

6. Initial observation of a low intensity discharge 

with a hand held spectroscope initially shows many 

contamination lines spread over the entire spec¬ 

trum. Cleaning the bulb with cycles of high in¬ 

tensity flowing helium discharges followed by low 

intensity discharge observation continues until the 

contamination lines disappear. With a flowing high 

intensity discharge, the contamination lines should 

be impossible to see after 12 hours. Slight con¬ 

tamination should be remedied with a short, in¬ 

tense discharge period. 



APPENDIX V 

INTERACTION ENERGIES OF THE APPROACHING 

ATOM AND THE METAL 

An incident particle and the metal may interact by the 

following mechanisms: (1) van der Waals attraction, (2) a 

repulsion due to Pauli exclusion which produces an inter¬ 

action between the electron clouds of the metal and the in¬ 

coming particle and (3) Coulombic image force on the ions 

approaching the metal. 

The van der Waals attraction, as derived by Prosen and 

55 
Sachs, depends upon the polarizability, , of the parti¬ 

cle and the momentum of the fastest electron in the metal, 

km, and is given by 

-(2ir)~3 oc e2 V k 2 s-2 In (2k s) v ' m m ' 

t km » (2 m 

43 
Hagstrum estimates the van der Waals interaction to be, 

for ions and metastables on a metal with €.F about 6.4 eV 
g — X o 

and k of about 1 X 10° cm and s in a, to be 
max ’ 

-1.83 X 1023 s"2 In (2 s) eV 

where for helium the polarizability, , for the neutral 

25 3 
atom is 2.16 X 10 cm and for the metastable atom is 

25 3 
57 X 10 cm . The value of the van der Waals interaction 

for helium at separation s of 2 8 is 0.014 eV and, as to 
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be seen later, is essentially negligible. Because the 

polarizability of ions is much lower, the interaction may 

56 
also be neglected. Appelbaum and Hamann also present 

a variational calculation where the energy of attraction is 

2 
-e 

4 (s - d) 

S57 
Mavroyannis tabulates values, 

using these formulas and his own, for the van der Waals 

interaction for rare gases on metals. 

The Pauli repulsion interaction may be approximated by 

the form 

B exp (- b s) 

because such an exponential function has been found to 

closely represent interaction within crystals and between 

free atoms.Various values for b, b. for ions, b 
’i ’ n 

for neutral atoms and b for neutral metastable atoms, 
m ’ 

have been obtained ranging from 5 to 2 8 Hagstrum 

argues that values of b. = b =58"^ and b » 1.5 8 

are most appropriate. The value of bm appears lower than 

b^ and bQ because of the low outer electron density of the 

metastable atom. On close approach to the metal, meta¬ 

stable, ionized and ground state neutral atoms should have 

interactions resembling that of an atomic core with the 

metal and therefore an adjustment to the above form of the 

interaction energy must be made in the case of metastable 
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to make it equal to that of both the ionized and neutral 

atom. Thus the addition term, exp (- s), is added 

to the interaction energy for the metastable. 

The interaction of the charged ion and the metal 

surface is just the image potential: 

“ -3.6 eV 
4s s 

for s in 2. 

The three interactions explained above may then pro¬ 

duce the following separation dependent energy terms in 

43 
eV for incoming particles: 

E (ground state neutral and metal) = 

Bn exp (- bn s) 

E (metastable and metal) = Bm exp (- bffl s) 

+ B. exp (- b. s) - 1.83 X 107 k2 oc* 
i * v i m m 

s-2 In (2 k, s) 

E (ion and metal) = B^ exp (~b^ s) - 3.6 / s 

where for helium 

s * separation in 2 

B 
n 

= 0.36 X 105 eV 

B 
m 

* 1.13 X 102 eV 

B. 
l 

ss 0.03 X 105 eV 

bn 
= 5 2 -1 

bi 
= 5 2-1 

bra 
s 1.52' -1 

c< 
m 

» 57 X 10~25 cm 
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k 3 (2 /w / )4 in cm-'*’ 

Figures 22, 23 and 24 show these interaction energies for 

helium versus the separation s between the incoming particle 

8 —1 
and the metal with k = 1 X 10 cm" 
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FIGURE 22 
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APPENDIX VI 

CONSEQUENCIES OF THE INTERACTION ENERGIES 

1. RESONANCE TRANSITIONS 

With reference to Figure 14, the two resonance pro¬ 

cesses, resonance neutralization and resonance ionization, 

may be described by the quations 

X+ + effl~ (-©<.)  ► X111 (neutralization) 

X111 —► X+ + e ”(-<*.) (ionization) 

where the metal electron, e is at energy below the 

VL. The resonance neutralization process requires $ <" =<. < e0 

and the resonance ionization process requires 

where 0 and €.a denote the top and bottom energies of oc¬ 

cupied states of the conduction band of the metal as before. 

Notice that there are no ejected electrons; all electrons 

remain in the metal or on the atoms. 

Consider the potential energy of the incoming ion at 

infinite separation and an electron at 0 (i.e. at the Fermi 

level) in the metal. The potential energy of this system 
t 

is E^ + 0. For an incoming metastable atom, the correspond¬ 

ing potential energy is E- 0, where the unprimed symbol 

indicates the value at infinite metal-particle separation, 

is independent of the type of atom, ie. Z, this may be taken 

as the zero of potential energy. The metastable potential 

on this scale is then E. - 0 - E . Then the interaction 
1 X 
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energy discussed in Appendix V becomes an additional term, 

dependent on separation, added to these energy values. The 

metastable energy is E. - 0 - E + E (metastable—metal). 
X X 

3 
For helium 2 S, Ex equals 19.8 eV and E^ is 24.6 eV. With 

an increase in 0, the metastable curve will move lower in 

energy. 

Figure 25 illustrates the potential energies of an in¬ 

coming metastable and of an incoming ion with an electron 

at 0 in the conduction band. The metal electron levels fall 

into two groups: the levels in the filled portion of the 

conduction band between 0 and £0 and the unfilled levels 

above 0. The potential energy of the ion-metal electron 

system now may be represented by an infinity of levels: one 

set below the ion and electron-at-0 curve and another set 

above the ion and electron-at-0 curve. Figure 26 indicates 

these two bands of system energy levels. The bands consist 

of curves with the same shape as the drawn ionic curve but 

shifted up or down in energy due to the potential energy of 

the metal electron in the ion-metal electron system. 

The Franck-Condon principle as applied to these assumed 

adiabatic processes requires that an electronic transition 

affects neither the momenta nor the positions of the metal 

nuclei and incoming atomic nuclei. Therefore the transi¬ 

tion occurs at a constant separation. Furthermore because 

these resonance transitions do not have a particle to carry 

away any kinetic energy, the transition must not involve a 
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change in system potential energy. 

This conservation of potential energy for the resonance 

processes may be viewed as follows. In Figure 26 a loss of 

potential energy would involve a vertical transition at s 

between two states of different potential energies. To 

conserve potential energy transitions between any two par¬ 

ticular levels occur only at the level crossing points at a 

particular separation. The transition process involves two 

cases. First, the metastable atom potential curve may lie 

below the potential curve for the ion and metal electron- 

at-0. As illustrated in Figure 26 such is the case for 

helium at s>sc. An incoming ion and a metal electron at 

level ®c below 0 (and of course greater than £a) may con¬ 

vert to a metastable atom at s>s . This resonant process 
c 

must occur at the crossing point of the metastable curve 

and one of the infinite number of ion-metal electron curves. 

For a transition at a particular separation, one of these 

ion-metal curves describes the new ion-metal electron 

system. Notice however that at separation sQ the metastable 

curve crosses over the ion-metal electron-at-0 curve. At 

this separation—the critical separation—and at smaller 

separations the above neutralization process is no longer 

possible and a second channel opens. 

In this second process, resonance ionization, where the 

metastable level lies above the ion-metal electron at 0 

level, the metastable may release its electron into one of 
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the infinite number of unoccupied electronic levels 

above the Fermi level of the metal. 

The Franck-Condon principle enables one to calcu¬ 

late the energy °< of the metal electron involved in the 

transition. Because the resonance transition occurs at 

constant separation s, the potential energies of the 

initial and final state may be equated. As stated be¬ 

fore, the resonance processes are 

X+ + e ~ ( - oc ) 2=5 ^ 
m v y 

» I 
Equating energies requires E^ - Em - ©< = 0. Then with 

i ' 

E^ = E^ + E (ion-metal) and Em = E^ + E (metastable- 

metal), it follows that = E. - E + E (ion-metal) - E 

(metastable-metal). This will then hold for both 

resonance neutralization and resonance ionization. 

The above discussion points out that for helium there 

exists a critical separation sc beyond which only 

resonance neutralization may occur and at inside of which 

only resonance ionization may occur. Figure 27 illus¬ 

trates a system (eg. for noble gases other than helium 

and neon) in which only resonance ionization may occur. 

Figure 28 gives an energy diagram of the metastable 
t 1 

level, E. - E , including the interaction energy versus 

the separation between the metal and atom. The critical 

separation may be determined from this figure by finding 

at what separation the metastable level energy is 0 

below VL. 
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2. AUGER TRANSITIONS 

The Auger neutralization process, consisting of n 

electrons initially in the conduction of the band of the 

metal and an incident ion, may be written as 

X+ + n e ” ►X + e” + (n-2)e- 
m e v ' m 

where X+ and X represent the ionized and neutral atom 

respectively, e^” indicates the metal electrons and e - 

the ejected electron. From Figure 15 and the above 

formula note the loss of two electrons from the metal as 

indicated by (n - 2). 

The potential energy of the initial system, 

•f — 

X + n em , is just the interaction energy for an ion and 

a metal, E (ion and metal), as discussed in the pre- 

ceeding appendix. Figure 23 illustrates this energy, with 

the energy at infinite separation taken as zero. 

The final state following Auger neutralization, 

X + e - + (n - 2) em~, has energy consisting of the sum 

of two components: the interaction energy E (ground state 

neutral and metal) and a band of ejected electron ener¬ 

gies. Referring back to Figure 15, one notes that the 

loss in potential of the electron neutralizing the incident 

ion must equal the gain in energy of the ejected electron. 

Consider that a particular electron in the conduction band 

drops down to neutralize the ion. A second electron, at 

any energy in the band, simultaneously gains the same 
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energy. Subtracting off the work function 0, one notes 

that the band structure is simply projected on the 

distribution of the ejected electrons. Note that the 

energy limits on the final band of states, excluding the 

perturbation of the interaction potential, has limits 

as predicted of E. - 2 £0 and E^ - 2 0. Figure 29 de¬ 

picts the energy versus distance for the X+ + nem~ and 

X + e ~ + (n-2) e ~ systems with respect to the infinite m m 

separation energy of the X+ + n em~ system. 

The Franck-Condon principle demands that the tran— . 

sition from initial to final state occur at a constant 

separation and therefore on this energy diagram all tran¬ 

sitions are vertical. The ejected electron, which car¬ 

ries away any energy difference between the two levels, 

may have maximum and minimum energies, E. and 
K msix 

Ek min' as indica’ted dn Figure 29, dependent on the 

separation. This dependency is easily seen from the 

figure and is a result of the interaction energy. This 

important result predicts ejected electrons with energy 

greater and lesser than the previous limits set at 

E^ - 2 0 and E^ - 2 , respectively. 

The Auger de-excitation process is similar to the 

Auger neutralization process. The Auger de-excitation 

process begins with an incident metastable atom and n 

electrons in the metal's conduction band of the metal, 
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and ends with an unexcited atom, an ejected electron and 

(n - 1) electrons in the conduction band. 

Symbolically then: 

f + n e '  *• X + e"+(n-l)e~ 

Figure 30 illustrates the potential energy de¬ 

pendence on separation for the initial state, where the 

interaction energy for the incoming metastable was given 

previously as E (metastable-metal), and the final state. 

The final state has energy levels analogous to those 

levels found with Auger neutralization. In this case only 

one electron leaves the metal and so the energy levels 

span, at infinite separation, from E - é to E - 0 
X X 

which is one-half the width of Auger neutralization. In 

similar manner to that in Auger neutralization, the inter¬ 

action energy at smaller separations modifies these levels 

as shown. Furthermore, because of the Franck-Condon 

principle, the energy of the ejected electron is just the 

vertical potential energy loss between initial and final 

levels. Minimum and maximum electron energies E, & k mxn 

and E, , exist analogous to those of Auger neu- 
k max 

tralization. 

From Figure 29 for Auger neutralization one notes 

that the magnitudes of E. . and E, have maxima at & k min k max 

infinite separation and decrease at smaller separations. 

From Figure 30 for Auger de-excitation, the energy limits 
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increase at small separation due to the metastable inter¬ 

action energy rise. Figure 31 illustrates the separation 

dependence of the kinetic energy of the ejected electron. 

The figure gives the energy shift due to the interaction 

of the particles with the metal. For a particular process, 

Auger de-excitation or neutralization, the extrema of re¬ 

action energy, E, or E. . , will vary with sépara- 
K mcix HI tnin 

tion as indicated in the figure from the value at in¬ 

finite separation. Thus for Auger neutralization the 

Ev will be (E.-2 0) plus the separation dependent A E 
j£ ulcLX X 

of the figure. For Auger de-excitation, the E,„ „ will 
K max 

be (E - 0) plus the dE of the figure. Note that for 

Auger de-excitation that the earlier limit of E - jJ may 
A 

now be exceeded with consideration of the interaction 

energy, and such behavior has been observed by Hagstrum. 

3. MULTI-STAGE PROCESSES 

From the triangle diagram of Figure 13 note that the 

possibility exists for an incident particle shuttling 

between ion and neutral states by means of successive 

resonance ionization and resonance neutralization 

processes. This subsection will present a general dis¬ 

cussion of such multi-stage processes and some important 

details. 

The first of the multi-stage processes to be con¬ 

sidered involves an incident ion which first resonantly 
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neutralizes and then Auger de-excites. Assume that the 

Auger de-excitation process occurs instantaneously at a 

separation sa- Define a probability PQ (S, VQ), de¬ 

pendent upon separation s and the velocity of the inci¬ 

dent ion, for an incident ion remaining an ion up to s. 

This ion may, for s>s , resonantly neutralize and, as 
c 

discussed in a later appendix, the decrease in ion popu¬ 

lation is given by PQ1 (S, Vq) = exp £-exp(-a(s-s ))J 

where s is the separation at which the transition 
m 

probability for an incoming ion is maximum. For s<s 
c 

those metastables formed at s >s may now resonantly ionize 
c 

and thus an increase in ion population may occur. The 

probability that an incident ion remains an ion is, for 

s < s , then 
c' 

(Po (A,^) ~ / + ¥r 

ey.pl- e%p£-A."<> 

Figure 32 illustrates P_ versus s>s and s<s for 
0 c c 

different incident velocities from slow, 1, to fast, 5. 

Note the decrease in the number of ions for s > s . Note 
c 

however the fast reversion of metastables back to ions for 

s < s . For curve 3 the velocity is such that s = s . 

Because the incident particle has a constant momentum, the 

separation scale is related to the time spent as either 

metastable or ion. The PQ distribution of the figure 
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indicates the rapid return of resonance neutralized ion 

back to ions for s<s . Because of this rapid re- 
c 

ionization, the metastable remains a metastable for a 

short time and therefore Auger de-excitation of the 

metastable is infrequent. Furthermore the figure il¬ 

lustrates that at a particular separation higher veloci¬ 

ties produce more metastables. The cross-over of the 

curves occurs because initially for s >sc slow particles 

become metastables with greater probability than faster 

particles but for s <sc slower particles re-ionize faster 

than particles with greater velocity. Therefore the 

possibility of Auger de-excitation increases. 

For incoming metastable atoms a three step, see-saw 

process similar to the one just described does not exist. 

The key to this phenomena is that only for s < s can meta- 
c 

stables convert to ions and once this occurs they cannot 

reconvert. Thus if Auger de-excitation of the metastables 

does not occur for s>sc> as indicated in Figure 28 and 

32, the metastables convert to ions and Auger neutrali¬ 

zation follows. Metastables follow this two-step process 

with few metastables undergoing Auger de-excitation. 

Hagstrum and Becker investigated the interaction 

of incident metastably excited He+ (2s) and doubly ionized 

4*4* 

He ions on Ni (100) and Ni (110) surfaces. The process 

involves resonance neutralization followed by 
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autoionization. Auger neutralization and Auger de¬ 

excitation compete with this two-stage process. Figure 

33 illustrates the relationship between the competing 

processes, the resonance neutralization-autoionization 

two-stage process being horizontal and the competing 

Auger processes vertical. The resonance neutralization 

process involves a metastably excited helium ion, He+(2s) 

with a metal electron, e^-, going to a neutral doubly 

excited helium atom, He (2s ). The autoionization 

process proceeds with one of the excited electrons going 

to the ground helium ion state and the other electron be¬ 

ing ejected from the atom. The Auger neutralization of 

the metastable He+ (2s) ion, competing with resonance 

neutralization, involves two electrons from the metal with 

one going to the IS state of neutral helium and the other 

carrying off the lost potential energy as kinetic energy. 

Likewise the Auger de-excitation process of the doubly 

excited helium atom, competing with autoionization, re¬ 

quires one metal electron and results in a singly excited 

helium atom and an ejected electron. As the velocity of 

the incident particle increases, the tendency for the 

competing Auger processes to occur increases and because 

the processes occur closer to the metal surface (in the 

figure this is indicated with dashed lines). Figure 34 

shows the various levels to which metal electrons may 
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resonantly tunnel into the doubly excited helium atom and 

the work function 0 for the (100) and (110) faces of 

niqkel. Note that the levels are taken with respect to 

He+ (2s) as the zero level. The states to which tunnel- 

2 1 3 2 1_ 
ing can occur are than (2s ) S, (2s, 2p) P, (2p ) 1) 

and (2s, 2p) ^P. Broadening produces from these levels 

two "bands" of states allowing this resonant step to be 

written as 

He+ (2s) + e _ •* He (1D, 1P) 
m 

He+ (2s) + e  «-He (1S, 3P) m 

Notice that of the Fermi levels shown only the (100) lies 

sufficiently high to provide a neutralizing electron for 

the He (1D, 1P) band. 

The next step of Figure 33 produces by autoioniza¬ 

tion a ground state Is helium ion and an ejected elec¬ 

tron. Because the autoionization occurs close to the 

metal the particle-metal interaction energy has shifted 

the levels from those at infinite separation. Therefore 

the energies of the ejected electrons are about 0.6 eV 

higher than those electrons ejected in free space auto¬ 

ionization. 

Figure 35 shows the potential energy for the various 

helium ions and metastable helium atoms versus their 

separation from the metal. The infinite separation levels 

lie to the right; the lesser separations to the left. In 
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this figure the resonance neutralization transitions occur 

at s^rn. The helium ion potential energy forms an infi¬ 

nite group of levels starting at He+ (2s) + em~ (- ©c ) 

with the metal electron below the vacuum level. Of 

this infinite number of curves only those that cross 

curves of the excited helium neutral at sx are indi- 
trn 

cated. Because there is no ejected electron to carry 

away energy, the Franck-Condon principle allows transi¬ 

tions only at the indicated crossing points. In the 

figure these resonance transitions were all chosen to 

occur at s. 
trn 

Autoionization processes occur closer to the metal, 

in Figure 35 at sta^- The final He+ (Is) state lies 

below the intermediate states with an ejected electron 

carrying off the difference in potential energy. Note 

that the energy of the ejected electron increases at lower 

s, . and quantitatively the ejection energy is, based on 
L al 

the interaction energy modification of the energy 

Ej^oo) for the process occuring at infinite separation 

with 

A3 X /0 

— (D.+ (.A-5 ) 
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Values for Ek (co ) between the two levels may be found 

from Table 3. s. . has been reported as 4.7 2 with 0.77 
t 2L1 

eV of image interaction and 0.07 eV of van der Waals 

' 61 
interaction for E. (s .) about 0.7 eV for Ni (110). 

£ tai 

The upward shift of the doubly excited state neutral 

helium bands shown in Figure 34 and the subsequent dif¬ 

ference in transitions with Ni(110) and Ni (100) surfaces 

may now be considered. The doubly excited helium levels 

shift with metal-atom separation by the difference be¬ 

tween the ionization energy of He+ (2s) at infinity 

(E^ ** (co ) ) and at separation s (E^ ** (s)), E^ ** (s) 

-E^ **■ (co ). Figure 35 contains the level of He+ (2s) 

with an electron at zero kinetic energy in the vacuum cor¬ 

responding to the ionization of the doubly excited helium 

levels. The expression for the energy difference between 

+ - ** 
He (2s) + e (o) and the He at a separation s cor¬ 

responds to the aforementioned difference and is 

Ei ** ' (s) = Ei ** (eo ) - 3.6/s + o.64 s2 *• 

In (2.5 s). 

The shift E^^ ** (s) - E^ ** (co), upon comparison with the 
f 

earlier formula for Ek (s), is just 

Ei ** * (s) - E± ** (co ) = -Ek' (s) + Ek (co ) 

Thus assuming that autoionization occurs at about the same 

separation as resonance neutralization, the energy shift 

is about 0.7 eV. With Ni (110) having 0 = 4.7 eV and 
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FOR He , He , He 

a 

a 

a 

a 

a 

b 

c, d., « 

b 

b, ci 

c# e ^ f 

c â * 

h 

b—e 

b—e 

a 

a 

a 

a 

a 

a 

79 -O 

76-Q 

75.6 

72 . ^ 48.3 

64.2 40 . B 

64 -2 39-6 

63 - 6 39.0 

63 - 1 38.5 

62 - 3 38.3 

60. X 35.5 

60 .O 35.4 

S3 -7 35.1 

5Q .3 33.7 

57.3 33.3 

24.6 O 

22 -3 

22 -7 

20.6 

19.8 

O 

He +(5 s) 

He + (4s) 

He + (3a) 

He + ( 2 a ) 

He° (2s, 4s) 1S 

He° (23sp+)1P 

He° (2Si 3p)3P 

He° (2s, 3s 

He° (2s, 2P)1? 

He° (2p2 )1D 

He° (2p2 )3P 

He° (2s, 2p) 3P 

He° (2s2 )1s 

He + (Is) 

He° (is. Ss)^ 

He° (Is, 3S)
3

S 

He° (Is, 2s )1S 

He° (Is. 2s)3S 

He° (Is2 )as 

0 

2.2 

3.4 

6.1 

0 13.6 

1.2 

1.8 

2.3 

2.5 

5.3 

5.4 

5.7 

7.1 

7.5 

0 40.8 54.4 

1.7 

1.9 

4.0 

4.8 

24.6 65.4 79.0 

a C • XSÏ — Moore , Atomic Energy Levels. Nat. Bur. Std. 

Ciareular No. 467 (U- S. GPO, Washington, D. C., 1949) 

b M • E - Ftxadd, Phys. Rev Let . JL5., 580 (1965) 

c CT _ -AV _ Simpson, S. R. Mielezarek, and J. Cooper, J. 

| Opti - Soc. Am. 54 . 2 69 (1964) 

à. N — Oda, E. Nishimura, and S. Tahira, Phys. Rev. Lett. 

24 - 42 (1970) 

e J' — A. - Simpson, G• E. Chamberlain, and S. R. Miel- 

czarrek, Phys . Rev. 139. A1039 (1965) 

f F* P* - Madden and K. Codling, Astrophys. J. 141,. 364 

(1365 ) 

g N- G - Berry, «X . Desesque lies, and M. Dufay, Phys. 

. A 6 . 600 (1972) 

h J - 7L- Tech and JT. F. Ward, Phys. Rev. Lett. 27., 367 

(1371) 
TABLE 3 
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Ni (100) having 0 = 5.1 eV this 0.7 eV shift forces the 

"band" about 0.4 eV above the Ni (100) Fermi 

level as indicated in Figure 34. 



APPENDIX VII 

QUANTITATIVE ASPECTS OF THE ION 

NEUTRALIZATION TRANSITIONS 

In order to discuss the nature of the ejected elec¬ 

trons due to incident ions, expressions for the rates and 

transition probabilities for the various processes must 

be discussed. The following paragraphs serve to introduce 

these functions by following the method employed by 

« . 43 
Hagstrum. 

1. THE RATE AND PROBABILITY FUNCTIONS 

Allow R^(s) to be the rate per unit time that a par¬ 

ticular electronic process will occur at a separation s 

from the surface. This function may be expressed as an 
/ 

exponential rate function R^ (s) = A exp (-a s) decaying 

with separation from the metal. The probability that the 

incoming particle with approach velocity v perpendicular 

tp the surface will not have undergone a transition upon 

reaching separation s may be represented by the proba¬ 

bility that a transition will now occur in the ds region 

about s for the incoming particle may be expressed as 

P^ (s, v) * ds. Similar functions for an outgoing par¬ 

ticle may also be defined and represented by P° (s, v) 

and P° (s, v). 

The change in the probability that the incoming 
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particle remains in the ds region about s and the proba¬ 

bility that no transition has occured up to s: 

^ Po Rit ( ^ PP ( &> ‘t/0 ^ ^ 
few 

The probability that a transition will occur at s is the 

change in probability for no transition having occurred 

over a distance ds: 

ûLZL> Po* C&, tr) 
% 

fit* l»,*) 

Similarly for an outgoing particle 

6t 
&ÙU p°(Atp) 

UjV') 

— P+CA>\ 

-tr 

(R;fc (4.) 
nr 

Po c », -^) 
p° 

Then the probability functions are explicitely 

fif (»,■*) = ev-p £4, ~ aUPj 

f° (»,v) = e-y-p l J* 

Using R. (s) = A exp (-a s) the P (s, v) functions 
v O 

PO
X
'CA)IT)= eicp ê*p 

Po° (A,V) — (-a"*) ~i]J 

are 
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Then the transition probability function P (s, v), 

with R (s) as above, becomes 
"v % 

Pt (Apr) — ^v= Po" Cv) i-CL/u) 

-—~ 'ir' ^ ûL v" Y'f C.—A' 'P) ^ 

P£CA*?P) = /A!
1
 L^pC-^^-j]■*] 

The function P^ (s, v) has a maximum at s = s where 
t ’ m 

s^ = a ^ * In (A/av) and P^ (s v) = a/e. Furthermore 
m ' t m, ' 

P. (s, v) and P (s, v) may be rewritten as, with 
w O 

exp (a sm) + A (a v)”
1, 

P0^ (A}ir) = &%pf 

Po (Atir) = ^p[ C^ [***P -f\] 

PJC. (Apr) — ^ <sy'/3 [-GT-pf-afa -styP]—tLp-sty 

Pt (Apr) ~ ^ ^p<ffeicp(A/Pi)[Gxp (-Ap) -l] 

These depend only on s^ which in turn depends upon v. The 

shape of the functions does not change but as v changes so 

does the placement change of sm with respect to s. 

P* (s, v) and P1 (s, v) are shown in Figure 36. 
"C o 
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The probability that a process will occur on the in¬ 

ward trip to the metal is given by the integral of the 

transition probability and is 

Sc°°pèu» d-A.' = /- 

— ! - eO'-p 

Figure 37 plots this function for various values of s^. 

43 The mean distance at which a process will occur is just 

Z ^ V [A! * Pit C^'y 

^ C + JL/TL. (âV) ^ (z^)] 
where c = Euler's constant = 0.577 and 

ZV-JT ‘
1
‘ 

A (a v)"1 will be about 100 and so (x) will be negli¬ 

gible and thus leave i = C a-^ + sm. The Auger processes 

have been found to occur at a rate such that a lies be- 

8 —1 
tween 2 and 5 X 10 cm and (s - s ) is a few tenths of 

m 
43 

Angstrom thus leaving s about equal to s^. From figure 

37 one observes that transitions occur in a narrow region 

about s . 
m 

2. AUGER NEUTRALIZATION 

In the solid, the conduction band density of states 

may be represented by N ( 6 ). For the Auger neutraliza- 
c 
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tion process the electrons at and (3 below the vacuum 

level may be represented as having energy (& + A ) and 

( £ - A ) above the bottom of the conduction band. For a 

given £ , o < £■ < , a particular ejected electron 

energy, E, (e ~)'in Figure 38, is specified because 
Ô 

— 
1 

E. (e )=E.'-(«<-*-fi) = E. -2 €0 + 26.. Each pair 
K 6 1 i X 

of «< and ^3 electrons has a corresponding € and A value. 

While £ and <£0 effectively specify E, (e ~) there are an 

infinite number of A values corresponding to electron 

pairs about £ which satisfy the energy requirement. The 

probability that this process will occur for a given pair 

of electrons at 6 + A and £ -A depends upon 6 and A 

andmay be designated F ( e , A )• 

The probability that a transition will occur in ds 

about s is given by P^ (s, v). With a given rate for 

transitions occurring at s, (s), the probability for a 

transition producing an electron with d about 

may be represented by s) cL . The energy 

distribution of the electrons for transitions occurring 

over all s is then 

^ (Sk) P& (&> v) H. C^k) 

which is the sum over all separations of the product of 

the transition probability at s and the probability of 

this transition creating an electron with energy . 



FIGURE 38 
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P^ (s, v) has been obtained earlier and , s) 

must now be determined. 

The Auger transition involves creation in the metal 

of an electron at energy with respect to the bottom 

of the conduction band. The density of states available 

to this electron may be represented by N ( ). Allow 

N ) and N ) to represent the den- 
c c 

sity of states of the electrons at ©t and ^ below the 

vacuum level but in the conduction band and F €1" ) to 
represent any dependence upon £ * and £n

 that the transi¬ 

tion may have. The total transition rate at s is then 

Sin ~ C 

Because (s) includes the total transition rate, re¬ 

gardless of energy, the product R^ (s) * Pk C
£te) dek 

gives the probability for transition involving an electron 

with energy cLe^ about . Integration will lead back 

to the total rate and so 

£&(*)= Séft d-G-i RjtC^) PkCek)^) 
fit == (RjttAÙ fk.C€k.^Âj) d, 

where note that extends over the unfilled states 

starting with and extending to infinity. Combining 

with earlier equation 
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RjbOb)  fj'étt-'1 7fc. Cè') ?fc. (&) ï~Cè ') é. ") 7j (èk) Xr/1/ 

and the following formula for ^ As ) is obtained: 

where . If ( €.k) 4, ) must be 

defined as zero. 

The distribution of electrons escaping the metal 

depends on PQ ( ), the escape probability. The energy 

distribution for escaping electrons is then 

where < ) is the distribution of excited electrons 

at éfc inside the metal. The escape probability depends 

on the vector velocity of the electrons. Allowing 

P ( Q , ) diSi. to give the incremental escape probability 

is the angle measured with respect to the surface 

normal, P ( ) becomes 

fffct&'de'djik ÎM 

7?o(^lC) — C-*.) 

for an electron with velocity vector in about & where 

Pe.(e*) ==• fd-p- PCe,e*) 

The total observed electron yield is just 
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where a change of variable from to E^, see Figure 39, 

has been made. Now N. ( <£.L ) may be written as X 

=^fdv p!t (.A,if) ■*" 

ff tie’tie " Tic.ÇelTkCé") S»n 
JfftWoWoU* 7U ce) afc Ce') F&, « ") m* ) bn 

Consider a simplified case of Auger neutralization 

where the density of states for the metal electrons, 

N ( <£ ), is constant for all values of and <£?" . c 
t 

Consider the transition occurring at s. where E. = E. 
v JL J» 

by allowing the P (s, v) function to be sharply peaked 

at s = s . The distribution of the excited electrons in 

the metal, (£ ), determines the probability for elec¬ 

tron production about . With P^. (s, v) sharply 

peaked at s^, the above equation becomes 

"Ÿlji C<£ fo) ~ sfc (.éO 7Jc,C^>,S) £ AN 

With e'=e-ù , e;/=e+A and Ek' = Ei' - (oi+fB ) 

= 6^'éo = Ei - 2 (£ + 60 ) for an <3te , 6 is a 

particular value and 

ŸfxC^n) — CONSTANT J d A 7lc,C6'd) ?lc,C& /-A) 

In Figure 39 the initial election states are shown in the 

shaded Area with the effective ionization energy of the 
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incoming ion illustranted in the lower right section. 

Curve 1 for N^ ( ) corresponds to the case discussed 

above for a transition occurring at s^—>co , ie. where 
f f 

E^ = E^. Curve 2 corresponds to flL ( ) for E^ at s^. 

Notice the downward shift in energy. By using a Gaussian 

curve to account for Auger energy broadening, curve 2 of 

Figure 39 becomes curve 3. These curves correspond to 

44 
what may be found typically for incident helium ions. 

With an escape probability curve P ( Su ) the external 

secondary electron distribution NQ (Ek) is obtained. The 

escape probability curve will be discussed later. The 

Rj. (s) and (s, v) function are also illustrated. 

3. AUGER DE-EXCITATION 

Now consider the Auger de-excitation process. This 

transition process involves two electrons just as does 

Auger neutralization. However, the electron in the atomic 

excited state has a definite energy and therefore sets the 

energy below the VL, (3 , of the metal electron. In 

analogy with the discussion on Auger neutralization, see 

Figure 40, define ££ fe, —£* and define the transi¬ 

tion rate 

(A') F Câ’) TlcCé') 7} fek) S 

where the functions F^ ( ), Nc ( ) and N ( 6^ ) are 

the analogous counterparts for Auger de-excitation of the 
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functions defined earlier for Auger neutralization. 

Similarly 

foL&' TfcCs1) F**(&') $** 
pts>, \ — 

^ k; . ffote' cteK TtcteO FA Ce')7lC^) SPù 

-Çov G:k> ép 

= fd^b P^°u,v) Pk. Cek.,V) 
Ÿfo (é-k) ^ C&k) Pe C<Gk) 

— feCGk) fdv C.A fir) pkC^Ky*) 

rco 

Yfrb = Jo (ez) 

Consider the Auger de-excitation process where 

AD / p
t (s, v) is very sharply peaked at s = s and F ( £ ) 

is constant over the filled band of metal electrons. Then 

AD 
N. ( ) is proportional to N (<£.). If we take, in 
X c 

Figure 39, N ( £. ) to be a constant between £»o and €.F c 
AD 

and zero elsewhere, ) becomes a constant over 

width . (See Figure 41 where the triangle shaped 

function is the ( £fe) for Auger neutralization and the 

AD 
rectangular function is N. ( <£. ).) These N. ( £ ) 1 K* 1 
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FIGURE 41 
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functions spread due to energy broadening and shift in 

energy due to metal-particle interactions (indicated by 

A, and A^in the figure). For a mixture of Auger neutra¬ 

lization and de-excitation, a hump will appear on the high 

energy tail of N. ( <£u ) (in the figure neutralization 
1 

dominates de-excitation). 

As discussed earlier with reference to Figure 32, 

the branching ratio between the Auger neutralization and 

de-excitation channels depends on the velocity of the 

incident ion. Hagstrum has done an experiment in which 

increasing the energy of the incident ion resulted in a 

shift of the ejected energy distribution to higher ener¬ 

gies suggesting a shift toward the two stage process 

62 
(see Figure 41). Hagstrum also recently reported 

direct observation of resonance neutralization of helium 

ions to excited helium atoms followed by Auger de- 

... . 63 excitation. 

4. THE ESCAPE PROBABILITY 

The escape probability, PQ ( Gj*, ), depends upon the 

velocity vector of the electron with energy via 

P (© , ). An electron approaching the surface from 

inside the metal refracts at the surface such that 

60S &X. “ €-o) <605 
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where and So are the angles inside and outside the 

metal made by the velocity vector with the surface normal. 

For escape from the metal &0 < $0°. For ^.greater than 

some critical angle, Oc , electron escape is impossible. 
- 0 /êo \A- 

For &0—7Û , Gi — 6>c and C-os Sc = (êMTJ • The escape 

probability is given by 

Pi  S^ ^K
^ 

where in dLsi} ranges from zero to Oc. The P (SU,;£k) 

distribution predicting the direction of the velocity 

* 
vefctor as a function of is not directly obtainable. 

Hagstrum concludes that P is nonisotropic and 

is weighted in a direction so as to enhance electron 

escape. Figure 42 illustrates how PQ ( £K) depends upon 

for (1). P (O'ijé-k) = constant and for (2) P ( 6.^ ) 

biased in the forward direction. Hagstrum uses here 

!-(tt -for €*.>£■© 

with a value given by experimental data of f = 2.2. This 

is the curve illustrated in Figure 39 and used in determi¬ 

nation of the illustrated N (E, ). Note that as expected 
O JfeC 

the asymptotic limit gives one-half of the created elec¬ 

trons escaping the metal. 
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