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ABSTRACT 

The ejection of electrons associated with the Auger neu¬ 
tralization of No, ^ and N+ ions at the (100) face of a tungsten single 
crystal and a polycrystalline molybdenum surface has been studied for the 
first time in the energy range 10 to 30 eV wider controlled surface condi¬ 
tions. The dependence of the electron yields and energy distributions on 
ion energy has been investigated in detail for the above ion-surface combi¬ 
nations. A detailed description is given of the ion beam used in these 
studies. Ions are generated in a low-pressure discharge, electrostatically 
focussed and mass-analyzed by a refocussing magnetic spectrometer to remove 
undesired ion, neutral and metastable species. The ion kinetic energy 
spread is low ( approximately 0.4 eV at half-maximum) and the beam intensity 
is as high as 10“° amperes. The combination of ultra-high vacuum techniques 
to lengthen the time required to reach adsorption equilibrium after flashing, 
and special guarding and analog data-reduction techniques to reduce instru¬ 
mentation time response, permitted the study of transient adsorption effects 
as well as the more usual equilibrium studies. Suri ace structure has been 
established by optical and electron-transmission microscopy, and by X-ray 
back-diffraction. Surface contamination was inferred using the retarding- 
field diode technique, permitting measurement of work function which is 
sensitive to surface adsorption levels. 

The fact that the electron yields for diatomic ions are 
considerably lower than those for the inert gas ions treated well by 
Hagstrum's theory led Propst and Lflscher to propose that the neutralized ion 
may be vibrationally excited as a consequence of the interaction. They 
suggested a qualitative procedure by which the inert-gas theory could be 
modified. In the present report, a quantitative calculation has been 
performed in this low-energy regime for which kinetic broadening effects may 
be safely neglected. The simplified theoretical treatment provides good 
agreement with Propst and Lüscher's data for 50 eV N2 ions on polycrystalline 
tungsten, using a value of the escape parameter f (the anisotropy of excited 
metal electrons) taker, from Hagstrum's work. A slightly larger anisotropy 
permits good agreement with the present data for the (lOO) face of a tungsten 
single crystal, indicating a stronger focussing of electrons towards the 
surface normal, a result found by Hagstrum for the case of single crystal 
semiconductor surfaces. This observation is further substantiated by data 
for the H2 ion which was chosen because of its great similarity to N2. 
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I. INTRODUCTION 

It has been slightly more than a decade since the achieve¬ 

ment of Sputnik I extended the flight regime to free-molecule flow, placing 

the emphasis on gas-surface collisions compared to collisions among molecules. 

It might be said that the great interest in the area of gas-surface inter¬ 

actions is centered on an attempt, still not yet achieved, to understand 

and formulate the complex boundary conditions for what are otherwise the 

simplest of flow fields. It is not unreasonable that the expanding tech¬ 

nology which firs« posed the problems of satellite aerodynamics now permits 

their simulation in the laboratory, and in particular, this laboratory. The 

use of high-energy molecular beams to simulate satellite flight and methods 

of generating them are described in a review by French (^-). The energy 

regime of interest corresponding to a stream of molecules having the directed 

velocity oí satellite flight is 8-15 eV for nitrogen, and since extreme 

difficulties exist in developing nozzle source molecular beams for energies in 

excess of 10 eV, ion-exchange beams are an attractive alternative. It was 

thus natural to consider the construction of this type of beam in conjunction 

with nozzle source beams, and a low energy ion beam was constructed v2) from 

a design used by Amdur and Mason''’) and Utterbackv^). In the conventional 

arrangement, the ion beam is permitted to enter a neutralization chamber of 

pressure of the order of 10^ torr, from which perhaps 1(^ of the incident 

ions leave as neutrals and ti.e remaining ions are removed electrostatically. 

Unfortunately, the effusive neutral flow from such a chamber is so excessive 

as to make clean-surface experiments with non-inert gases very difficult. A 

reduction in the chamber pressure merely reduces the proportion of neutralized 

ions, so that the "signal-to-noise ratio" remains fixed at an unacceptably 

low level. Consequently, rather than pursue the iutral-surface interaction, 

it was decided to investigate the ion-surface interaction using satellite- 

velocity atmospheric ions for which data was almost non-existent. As will 

be later described in detail, the ion-surface interaction at these energies 

is essentially ion neutralization and consequent electron ejection to satisfy 

energy conservation. Information concerning the neutralization process is 

implicit in the number and energy distribution of ejected electrons. It is 

the purpose of this thesis to observe these indicators of the neutralization 

process under varying, but well-established ion and surface conditions. This 

mechanism is partially responsible for local electron and ion densities 

different from ambient produced by motion of a satellite at altitudes between 

120 km and 300 km and which results in increased effective cross-sections 
ioi high frequency radiation. In addition, the net flux of assorted particles 

and radiation at a satellite surface will determine the surface charge of the 
vehicle and the nature of the plasma sheath. 

The probability of ion neutralization is essentially unity 
at metallic surfaces, so that with minor reservations concerning directional 

and energy perturbations, neutral beam scattering experiments of the type 

performed by O'Keefe and Frenchl5) could be performed using charge-exchanged 
beams lor which the neutralization takes place at uhe surface itself, removinn 

problems associated with effusive flow, and with at least an order greater 

conversion efficiency. This point will be discussed more fully in section 6 

but it emphasizes the fact that the use of molecular beams as a gas-dynamic 

tool is a recent development,and is yet another motive for undertaking this 

type of research. The conventional charge-exchange beam is the result of 
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interest in crossed-beara reaction experiments where no surface interaction is 

involved, and with the ease of hindsight we can caution against adapting 
solution of one specialized ar';a to another 

the 

The study of electron ejection from a metal surface by im¬ 

pingement of ions has received considerable attention in the literature and is 
summarized by Massey and Burhop(o) and Kaminskyw). Unfortunately, most of 

the work performed prior to 1950 is inconsirtent due to the unspecified nature 
of the surfaces involved. 

There are two reasonably distinct mechanisms by which 
electrons may be ejected from a surface as a consequence of ion bombardment. 

At energies above an ill-defined threshold of several hundred eV, ions eject 

electrons by a kinetic mechanism in which appreciable momentum is transferred 

from the ion to lattice atoms and subsequently to bound electrons in a manner 

that is still poorly understood. Nevertheless, this mechanism exhibits a 

strong dependence on incident energy in contrast to the mechanism at low 

incident ion energies which is the so-called "potential" ejection or Auger 

(radiationless) state transition, described in detail in section 2 and 
Appendix A. 

At this point, it suffices to say that two metal electrons 
are involved, one of which neutralizes the ion and the other absorbing the 
energy released by this transition. 

A number of theoretical models for this process exist 
principaHy evolving from the experimental and theoretical work of Hagstrum 

(Ö-14) which in turn is based on the earlier work of ShekhterUS) and Cobas 

and Lamb(lD). These models are first-order perturbation theories in which 

the Coulomb interaction between the two participating electrons is .the pertur¬ 

bation which causes the transition. A slightly different approach is taken 

by Propst in that the radiation field established by the neutralizing 

electron is the perturbation that excites the second electron. The role of 

the incoming ion is to provide a low-lying vacant electronic level fbr the 

Auger process. A new approach using the quantum mechanical theory of scatt¬ 

ering has been derived by Wenaas and Howsmon(10) which removes some objection¬ 

able elements inherent in the former theories and appears to correctly describe 

the experimental data. The essential criterion is that the ionization pot¬ 

ential, Ei} of the incoming ion must exceed twice the metal work function, i.e. 

a = (Ei - 20)> 0 in order that an external (secondary) electron be produced.' 

Energy "a"ais the maximum kinetic energy attainable by an 

ejected electron if the mechanism is independent of the ion kinetic energy 
and is well substantiated by experimental work. 

4 tt u iiyl Aside from the work of Hagstrum. probably only that of Propst 
and LöscherV Vaneev20), and Mahadevan et al^), can be considered 

sufficiently well specified with respect to gas adsorption. It is desirable 

for comparison with theory that the ion energy be as low as possible, and only 

Hagstrum has used incident ion energies below 50eV. The only work pertinent 

to the present tungsten experiaents is that of Propst and Löscher who have 

published data for 50eV He+, N2\ H2+ and 02+ ions incident on a clean poly¬ 

crystalline tungsten surface. Vance and Mahadevan have published data for 

these ion species at a polycrystalline molybdenum surface at energies higher 

than the present work. There is excellent agreement with the extra polation 

of these higher energy results t he pertinent low-energy regime presently 
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considered. A summary of representative secondary electron yields at the 

minimum published ion energies is shown plotted in Fig. 1 against the "energy 

excess for the mechanism (E^ - 20 > 0) for tungsten and molybdenum surfaces. 

No attempt to apply a simple linear behaviour to the process is intended 

(although it is a good approximation), rather the straight line is used merely 

to illustrate the fact that the yields for diatomic ions are uniformly lovr 

than a corresponding inert gas of similar ionization potential, ard that the 

theory of Auger emission while it can account reasonably well for the inert 

gas yields does not include a mechanism describing the true behaviour of 

diatomic ions. It is this behaviour in particular which is of interest in 

this work, since the atmospheric species n£, N and Hg are considered. Propst 

and Luscher kl9) made the reasonable suggestion that since diatomic ions have 

the ability to vibrate and rotate, perhaps the neutralized ion is excited in 

these modes and that this energy sink is absorbing energy otherwise used in 

electron ejection. They suggested a procedure by which the inert-gas theory 

of Hagstrum could be modified to include the possibility of molecular vibration 

in the final state. A quantitative calculation of the Nj?-tungsten interaction 

is given in Appendix A which predicts reasonably well the experimental results 
of both Propst and Löscher and the present work. 

Although the preliminary ion beam previously described was of 

adequate intensity and reasonably monoenergetic, the purity was questionable, 

since the neutral component (possibly excited) as well as undesired ion species 

remained an integral part of the beam. Magnetic ion selection was sub¬ 

sequently employed in the version described in this report, as well as some 
re-arrangement of the lens operation. 

The experiment has illustrated and emphasized the effects of surface 

contamination; it has been the aim of this thesis to specify as completely 

as possible the physical and chemical properties of the target material. Even 

with this ability it is necessary to perform the desired experiment on a 

sufficiently short time scale because of gas adsorption. A large amount of 

effort was spent in perfecting the apparatus to satisfy this requirement with 

the result that we are able to observe the transient effects of adsorption on 

the energy distribution functions which to our knowledge is the first time 
this has been done. 

In summary, the intention of the experiment is to obtain data con¬ 

cerning the yields and energy distribution functions of secondary electrons 

produced at metal surfaces by the impact of atmospheric ions in the satellite 

velocity regime. In particular, we wish to infer from the observations the 

likelihood of molecular excitation as a result of neutralization, and to 

observe the effects of ion kinetic energy and surface contamination on the 
process. 

2. THEORETICAL DISCUSSION OF THE AUGER PROCESS 

2.1 Review of the Inert-Gas Theory 

In the ion energy range under study, we are concerned with those 

processes which occur sufficiently far from the surface that primarily the 

incident particle s potential energy is of interest. There are three possible 

types of electronic transitions involving an ion near a metal surface namely, 

resonance, Auger and radiative. We are concerned here with the radiationless 

(Auger) transitions since the probability of radiation accompanying ion 



neutraU^Uon is extremely low (~ 5 x 10-7) even for ions of thermal energies. 
This is because the characteristic radiative lifetimes (~ 10-8 sec) by far 
exceed the time spent by the ion in the vicinity of the surface {~10-l1*sec). 
The ions must therefore be neutralized by processes involving tunnelling of 
metal electrons through the surface barrier. Figure 44 shows a sketch comm¬ 
only used to describe the situation that exists when an ion approaches a metal 
surface. One electron (2) falls into the vacant atomic level by either process 
A (Auger Neutralization) or possibly by the two-stage process B (Resonance 
Neutralization and Auger de-excitation). 

The energy released in this transition is then absorbed by a second 
electron (1). As long as the relative velocity between incident ion and 
metal surface is much smaller than the orbital velocities of atomic electrons, 
the neutralization process can be treated as quasi-stationary (adiabatic) by 
time-independent perturbation theory. In the treatment by Propst (17), the 
perturbation that excites the second electron is the radiation ^ield estab¬ 
lished by the first metal electron in falling to the atomic ground state. A 
second approach, by Hagstrum (10,13), is that the Coulomb interaction between 
the two participating electrons is the required perturbation. Although in 
the non-relativistic limit, the two methods are equivalent, the second method 
has yielded more profitable results to date, and will be considered here. 

An entirely different approach, removing the somewhat artificial 
concept of quasi*stationary calculation of the transition matrix elements, is 
under consideration by Howsmon and Wenaas (l8). This involves the application 
of the quantum-mecharical theory of scattering rather than the previously- 
used perturbation theory, but it is difficult at this time to predict the 
behaviour of other than simple ion species. 

It may be argued that although there are excited molecular states 
available for the resonance neutralization process B, the two-stage process is 
unlikely on both theoretical and experimental grounds. Firstly, it is clear 
that the number of participating electron states in the metal is limited and 
that the variation of energy levels near a metal surface further restrict the 
possibility of resonance neutralization since such transitions must usually 
occur at larger ion-surface separations, where the transition probabilities 
for either process are low. Secondly, the form of the electron energy dist¬ 
ributions resulting from Auger de-excitation is quite different from the 
experimental functions, which closely resemble those predicted on the basis of 
Auger neutralization alone. Thus the theoretical treatment will be entire]”- 
restricted to the consideration of the Auger neutralization process. We wish 
to calculate the distribution in kinetic energy, N0 (Ek), of electrons out¬ 
side the metal (the observable products of the phenomenon) in terms of 
parameters associated with the ion and the metal. The total electron yield 
7i, is then the integral of N0(Ek) over all energies Ek. N0(Ek) is related'to 

« e^\trl-bUtl0n in ^nergy of excited (Auger) electrons inside the metal, 
Ni (Ek), by a probability of electron escape, Pe (Ek), expressing the fraction 
o e ectrons oí energy Ek which have sufficient energy and appropriate dire¬ 
ction to surmount the surface potential barrier. 

The form of Pe(Ek) v'ill depend strongly on the angular distribution 
of Auger-excited metal electrons prior to escape, but always rises from zero 
at the vacuum level, Ek = E0, to a value approaching 0.3 at large Ek. The 
principal adjustment of theory to experiment is provided by parametric 
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variation of this function. All ions approachir^ the surface will not un¬ 

dergo Auger neutralization at the same distance from the surface, but the 

probability of neutralization will be distributed in distance s in a peak¬ 

shaped function, having a maximum at s = sQ. The resulting integration over 

distance may be avoided if it is assumed that all transitions occur at a 

single ion-metal separation. This simplifying procedure is equivalent to 

assuming a mean value of transition distance that is close to s0 without 

serious effects on the theoretical result. If an exponential rate function is 

assumed, the width at half-maximum of the transition probability function may 

be estimated as less than 0.5 A(independent of ion velocity v0), while the 

value of s0 is velocity-dependent but of the order of *4 to 5 A. Furthermore, 

the over-all probability of Auger neutralization rapidly approaches unity at 

low values of v0 so that in the energy range under study essentially all ions 

will participate in an Auger transition before the ion gets close enough for 

other means of its neutralization to become operative. This result is in 

agreement with the observation of very low reflection of ions as ions at low 

incident kinetic energy. Under the above assumptions, the N^E^) distribution 

will thus be proportional to the product of the number of initial and final 

states resulting in the excitation of an Auger electron of energy E^. It is 

implicit that the transition probabilities are independent of these initial 

and final states, that is, every combination is equally probable. The dep¬ 

endence of NiiE^) on the conduction band state density NC(E) may now be seen. 

Equating the energy liberated by electron (2)(Fig. 44) to that gained 

by electron (l) leads to a statement of energy conservation: 

E + E_ = 2E = E. + 2E - E, ' 
12 k o i 

where E is the mean value of E-^Eg and E^' is an effective ionization energy 

which will in general differ from the free-space value E^ due to the ion- 

metal interaction. At large s0 considered here, this interaction is princi¬ 

pally an attractive image potential (Coulomb) such that E^'(s0) *E. - 3-6/s0 

where s0 is in Angstroms, and large with respect to the surface lattice 

constant. The upper limit on E^, the kinetic energy of a free Auger electron 

can now be seen to be 

(E, ) = E = (E.' - 2 0 ) 
v k'max a v i ^ ' 

when both electrons are taken from the top of the conduction band at energy 

E=Ep-(E0 - 0 ). At low incident ion energies, the observed energy maximum of 

free electrons will thus provide an estimate of E^' and hence s0. From the 

conservation of energy statement, electrons populating the energy interval 

dE at Ej^ and Eg will produce excited electrons in the element dE^ at (E^ + 

E0) as will all pairs of electrons symmetrically located at A about a mean 

energy E. Thus we should expect Ní(E¿J to be proportional to an integral 

over the product of state densities in the conduction band, that is, prop¬ 

ortional to ICE) given by 

where the integration stops when either the top or bottom of the conduction 

band is reached. This is the so-called Auger transform. We further expect 

the N^(E^) distribution to be proportional to the density of final states 
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available to excited electrons, N(E) which has a value only for E> Ej,. Thus 

Ni(VEo) = G* N(VE0)* T HVSSo-Bi’) 

where 0 is a normalization factor obtained by setting the area under the 
Bi(Ek) distribution equal to one electron per incident ion. i.e. 

00 

1 
G 

N(Ek+E0).T MVZEo-Ei') dEk 

By this means, the theory yields an Auger electron distribution normalized per 
incident ion, which may be compared with normalized experimental distributions 
only if Auger neutralization is the only neutralization process occuring. 

The problem of how these excited electrons escape from the metal must 
now be considered. A fraction of such electrons have a component of momentum 
Pn normal to the surface that exceeds the surface barrier E0, viz 

Pn > E 
2m “ 0 

This condition defines a momentum cone of half-angle 0C where 

such that the momentum vectors of electrons which escape lie within this cone. 
An alternative view may be obtained by considering refraction of the electron 
trajectory at the surface barrier. For a given Ek, excited electrons outside 
the cone defined by 0C are refracted into the surface plane, and do not leave 
the metal. If we assume that the angular distribution Pp (0i,Ek) is isotropic, 
\atir) the escape probability is then given by 

Ek > 0 

Ek< 0 

The angular distribution is probably peaked in the direction normal to the 
surface, however, sine* the theoretical N0(Ek) distributions obtained for the 
isotropic assumption re consistently lower than experimentally-measured 
distributions. We can therefore either assume that the angular distribution 
resembles an oblate spheroid, or that it is bi-modal having two isotropic but 
different distributions for 0 less than or greater than 0C. The latter tech¬ 
nique in employed here, since the resulting fitting parameter ( the ratio of 
these probabilities) is readily comparable with other work. The artificial 
discontinuity in angular distribution is not as serious as it seems, since 
integration over angles removes the dependence on the form of the angular 
distribution. By setting f2 = Pfji/Pfip Pfil and are the angular 
probability functions for 0 < 0C and 0 > 0C respectively (Fig.49), we may 
derive a parametric escape function 
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Ek > ° 

We expect the parameter f to describe the "focussing" of excited metal 

electrons by atom centres, and should thus be a strong property of the solid 

itself, and depend weakly on the particular ion-surface combination. In 

terms of the above function, we may now calculate the external electron energy 
distribution function N0(Ek) as 

N0(Ek) = Ni(Ek + E0). Pe(Ek) 

and the total yield as 
00 

n = / "0 0¾)¾ 
0 

This procedure of calculation omits several mechanisms which broaden the 

energy distribution N0(Ek), principally the dependence of transition rate on 

distance and the finite lifetimes in initial and final states (Heisenberg 

broadening). These effects are difficult to incorporate from the outset of 

the derivation. It is simpler to neglect these effects and calculate a 

simplified solution which may be modified at a later stage by convoluting the 

Auger transform T(E) with a Gaussian function which accounts for the several 
broadening mechanisms. 

It may be stated here that only by this means can the effect of ion 
kinetic energy be incorporated into the theory. 

This procedure is valid for low incident ion energies, but for the 

very low energies considered in the present work the value of considering 

broadening effects is questionable. Further comments will be made on this 
subject in Sec. 2.2, and Appendix A. 

2.2 Extension of the Theory to the Case of Diatomic Gas Ions 

It was hypothesized earlier that the failure of the relatively 

successful inert gas theory to predict the observed electron yields for 

diatomic gas ions was due to vibrational excitation of the neutralized mole¬ 

cule. Vibrational excitation only is considered because the energy quanta are 

large compared to those for rotation, but in addition the vibrational periods 

( ~ 10-14 sec) are compatible with the time scale of the interaction. The 

rotational periods are typically two orders greater in magnitude. For the 

purposes of discussing this process, it is somewhat more convenient to consider 

rather than the system of Fig.44, one comprised of the incoming ion and all 

electrons in the metal (taken as n in number). This state is transformed into 

the isoelectronic system of the neutralized molecule (possibly excited), a 

free electron, and (n-2) metal electrons. Hence, we may write for the initial 

state (Fig.45) considering the case of diatomic nitrogen, 

7. 



(A) N! + ne N^, ion in ground state, n metal electrons ¿ m ¿ 

The final state will lie intermediate to systems (B) and (C) below. 

(B) Np+(n-2)e +e. N? molecule in ground state, (n-2) metal electrons, 

1 free electron 

(C) 2N+(n-2)e +e Two N atoms in ground state, (n-2) metal electrons, 

1 free electron 

The potential curves corresponding to the above systems may be represented as 

in Fig. Í45, realizing that the exact shapes of the curves are unknown, but 
that the representations may be qualitatively useful. For large ion-surface 

separations, the potential energy of state (A) is assumed to be zero, and 

independent of the ion kinetic energy. The attractive portion of the inter¬ 

action potential is due to the Coulomb (image) forces, while the repulsive 

(Pauli) interaction at close range is due to atomic core overlap. For the 

ion-surface separations of interest, however, the interaction potential is 

closely given by the l/s dependence alone. System (B) is derived from the 

first by removing an electron from the metal to neutralize the ion, and 

absorbing entirely the excess energy with a second (excited) metal electron. 

If both electrons are taken from the Fermi level, then at large separation, 

the potential of state (B) is (E^-20) below the first (i.e. the excited 

electron has a maximum energy). There are, however, n^ combinations of the 

two electrons possible, corresponding to a band of energy states extending 

upwards from the latter curve to that representing the case of both electrons 

taken from the bottom of the conduction band. For every such potential curve 

there is in addition a band of vibrational states extending upwards to state 

(C) which is displaced from curve (B) by the dissociation energy of the 

nitrogen molecule, 9*8eV*. The potential well for state (C) has a depth 8.4 

eV which is twice the binding energy of a nitrogen atom at a tungsten surface. 

From energy conservation, only those final states lying below state (A) can 

result in the formation of a free electron. Under the assumption that the 

Franck-Condon principle is valid, transitions occur vertically at a given ion- 

surface separation, s, so that the energy interval between such a final state 

and state (A) is the electron kinetic energy Ek. This is equivalent to assum¬ 

ing that the electronic transition affects neither the position nor the mom¬ 
entum of the molecule. 

It may be seen in Fig. 45 that dissociation of the molecule is not 

possible at large s0 but is conceivable at close proximity due to the 

relatively large binding energy of the nitrogen atom to the surface. It is 

also apparent that the maximum kinetic energy of excited electrons may exceed 

or be less than the value (£¿-20) depending on the detailed nature of the 

molecular interaction potentials at close range. The effect of the vibration¬ 

al states will be to produce a large increase in the density of the final 

states lying close to the initial state (A). Transitions to these states will 

result in excited electrons of lower average energy and hence lower probabil¬ 

ity of escape. The electron yield should therefore decrease in accordance 

* There is some doubt concerning the dissociation energy of the 

nitrogen molecule. Assuming the dissociation products + *3 the value is 

9.8eV, while a more popular choice is 2D + 2D(7.37 eV)^?). 
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with experiment. We will attempt to quantitatively calculate the new Np(Ek) 

distribution without knowledge of the close-range interaction (large s0) by 

modifying the procedure used by Hagstrum (10,13) described in summary in 

section 2.1. We again essume that all transitions are equally probable, and 

further stipulate that the molecule is not dissociated by the interaction, 

ensuring ion kinetic energy conservation. The energy available for excitation 

is at most [E^ (so)-0 ] so that only at large s0 is dissociation energetically 
possible; the transition probabilities are low in this case and it is unlikely 

that the entire energy excess is absorbed by the molecule alone. Small an- 

harmonicity of the vibrational oscillator may be included by writing the 
vibrational energy levels as (^4) 

Ev = hcue (v + ' hcwexe (v + I)2 + . 

where v is the vibrational quantum number,w is the vibrational wave number 

(2360 cm-1), w X is the anharmo.iic constan? (l4.46 cm-1), c is the velocity 

of light, and h is Planck's constant. As shown to scale in Fig.45, vibrat¬ 

ional quantum numbers up to v=25 are possible at large sQ, although this 
value may be exceeded if the transition occurs at close range (in general, 

at, high incident energies). With the consideration of vibrational excitation, 

the vertical displacement from initial to final state becomes the sum of 

Ek and Ev. For a given vaiue of Ey, there is a probability density function 

NV(EV) which is proportional to the number of permissible states of electron 
energy Ek, subject to the inequality 

V2Eo ¿ <Ek * V ï Ei-2f9 
This is an expression for the range of states available for final state (B); 

a negative value of Ek is permissible, but implies that the electron cannot 

escape the surface barrier. The density of final states available to excited 
electrons is N(E) so that 

(Er20 + E0-E7) 

Nv(Ey) = C Jn(E)<íE 0<Ey<Ed 

where the upper bound is obtained from the above inequality and is a function 

of Ev itself. The result of this calculation for a 1/2 power N(e) distri¬ 

bution is shown in Fig.46. It is a distribution favouring low vibrational 

excitation as expected, and is truncated at the dissociation limit. For 

Ey above (E^-20) the production of an external electron is not possible. The 
energy conservation equation now becomes 

E1 t E2 . ifE . <Ek * Ev) * 2Eo - E'j 

so that in calculating the number of initial states resulting in an excited 

electron of kinetic energy Ek, the appropriate Auger transform is now 

i (V V 2E - e; ) 

The inclusion of vibrational excitation results in a shift of the Auger 
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transform to lower energies providing the mathematical means by which the total 
electron yield is reduced. Since numerous values of Sy are possible for a 
given E^, we must weight the Auger transform by NyÍEy) and integrate over all 
permissible values of Ey. Similarly, in calculating the number of final 
states available for a given Ejç, we must consider that for each value there 
are a number of values of Ey such that the level has a degeneracy (v^ + 1) 
where v^ is the vibrational quantum number corresponding to an energy of 
(Ea-Ek) or Ed, whichever is smaller. The formulation for the distribution of 
excited electrons prior to escape thus becomes 

W Eo) = Cu(V l) N(V Eo)J W T 
Ev 

where G is again a normalizing constant so that we obtain one excited electron 
(which may or may not escape) for every incident ion. Using the parametric 
escape function PeÍE^) ve again obtain the observable free electron distrib¬ 
ution function 

4(E.+ E +2E -E’,) dE, 
¿ k V oi K 

N (E, ) = N, (E + E ). P (E. ) o k' i'k o' e k' 

In Appendix A, specific expressions for these functions are cal¬ 
culated for the (N£ - W) system at low incident ion energies. These results 
should also be applicable to the (h£ - W) system since the ionization pot¬ 
entials are nearly identical. Furthermore, although the dissociation energy 
of N2 is twice that of H2, the vibrational levels are approximately twice 
as dense, so that we expect approximately the same results. 

Although the spatial distribution of free electrons was not 
experimentally obtained due to the small current levels available, an estimate 
of the form of this distribution was attempted. With reference to Fig. 49, 
consider an electron inside the metal approaching the surface at angle with 
respect to the surface normal, at polar angle 0 , and possessing energy 
(Efc + E0). The trajectory undergoes a refraction at the surface, so that the 
free space angle 92 is given by 

1 sii^ 9^ 

sin^ 92 E +E 
0 k 

From this relationship, we previously obtained the critical angle 9C ( a 
function of EjJ , for which the angle 9,. = 7r/2. The probability that an 
electron is found in a solid angle sin^1d91d0 with energy (Eq+E^) is pro¬ 
portional to the excited energy distribution Ni(E0+Ek) and the parameteric 
angular probability function Pfl^E^) given by 

Hence, the number of electrons in this elemental solid angle prior to escape 
is 

N. (E + E. ). P_ (E, ) sir.9 d9 d0 dE,, i 0 k' ííj k7 ix k 
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These electrons are refracted into an elemental solid angle sin0 dQ£ d0 out- 
aide the surface related to the former solid angle by a realtionship obtained 
from the diffraction equation, namely 

sinö d9 = 
i i 

1 - 
E +E o k 

cos02 
cZZT i 

sin9 d0 
2 2 

The number of electrons per unit solid angle at 02 due to electrons character¬ 
ized by (Eo+Efc) and 9^^ is thus 

Vl’V = vw pni(v Ek) 1 ' V Ek. 

"cos 9 

COS0 
i-1 

dE, 

To obtain Jfi(02) the total number of electrons per unit solid angle 
at 0£ (the form of an experimental measurement) we would like to integrate over 
all energies. However, we cannot separate physically (or mathematically) the 
«ariables 0j,Ek since any combination yielding the same value of 0 through 
the diffraction relation are equivalent for purposes of calculatinf the total 
flux. Consequently, we must sample points uniformly from the distribution of 
these two variables, and sum over all combinations yielding electrons in 
dii2 at 02, viz. 

W =Ijd <VEk> 
(0 E )- 

i, k 
0 

2 

The incremental angles A0a must be chosen so that we sample uniformly in solid 
angle-space since only the probability density (Ek) is independent of 0 
and not the number of electrons found in a unit solid angle at 0^ The details 
of this procedure are given in Appendix A and Fig. 52. The result is that the 
angular flux Jß(02)is definitely non-cosine in nature, possessing a strong 
lobe towards the surface normal. Although the scatter is large due to the 
selection of a relatively large sampling unit, the distribution is reasonably 
well approximated by a spiral, i.e. 

{it 0 'N CK0 < 7T 
Jn (0£) - K V 2 ‘ V 2 " 2 

A cosine distribution normalized to the same area is shown for comparison. 

3 • EXPERIMENTAL APPARAT US 

3.1 Description 

The apparatus used is shown pictorally in Figs 2,3 and schemati¬ 
cally in Figs ^,5. Figure 2 stresses the instrumentation involved and shows 
the two equipment racks, the left one being principally the vacuum system 
controls (getter-ion pump control units, baxeout control and pressure gauges), 
and the right one primarily ion beam and experimental instrumentation. Figure 
3 shows clearly the ion beam envelope and the experimental flange which is 
designed so that the entire target assembly may be withdrawn intact with its 
electrical connections. Figure 4 is a schematic diagram of the apparatus 
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showing the location of internal components. Briefly the system operates as 

follows. Gas is admitted from storage bottles through a metering valve into 

the ion source, where ionisation by electron impact is performed. Ions are 

extracted from the source and accelerated to an energy suitable for magnetic 

mass analysis by the 60-degree sector-field analyzer. The desired ion species 

is subsequently decelerated and focussed in two stages on the target T. 

Secondary electrons produced by this interaction are energy-analyzed by app¬ 

lying varying potentials to the collector sphere S, and observing changes in 

the collector sphere current Is. The target assembly is shown in detail in 

Fig. 5, and contains devices for both removing adsorbed gases and detecting 

their presence. 

3.2 Vacuum System 

The apparatus may be conveniently separated into three distinct 

pressure regions: the ion source, lens system, and interaction chamber, of 

which only the latter requires ultra-high vacuum techniques. For reasons 

described in the next section, the most suitable pressure for the ion source 

is in the 10"^ torr range, so that the intervening regions prior to the inter¬ 

action chamber must reduce the background pressure by approximately six orders 

of magnitude. The charge-retention property of vacuum pump oils eliminates 

standard oil-diffusion pumps from use in this type of apparatus, since even 

with heavy trapping (which is both expensive end inefficient) a surface film 

of oil will almost certainly form on the lens surfaces. 

If the beam were to strike such a surface, charge will be retained, 

violating a basic assumption of electrostatic lens theory that the lens 

surfaces are equipotential. The effect is an oscillation of the beam inten¬ 

sity and position with a time constant of the order of minutes. The alterna¬ 

tives are getter-ion pumps or trapped mercury diffusion pumps. 

The former were chosen because of simplicity of operation without 

the necessities of constant fore-pumping and trapping, immunity from power 

line failures and the high degree of cleanliness possible. There are dis¬ 

advantages, however, and these include high cost, low pumping speeds for 

inert gases ( which can produce pressure instabilities), stray magnetic fields 

and backstreaming of the "working fluid", charged particles. The latter two 

factors were of some concern in this work. Two 75 ¿/sec diode pumps were 

used for the lens and spectrometer regions as shown in Fig.4, and a 100¿/sec 

pump of the newer triode type for the interaction chamber. The .010" dia, 

orifice separating the ion source from the second lens region is a comjromise 

between the magnitude of the extracted ion current and the gas load on the 

75¿/sec pump required to maintain a sufficiently low pressure in the lens such 

that elastic scattering is negligible. 

The entrance and exit apertures of the mass spectrometer (8 mm. 

dia) may then be used to differentially pump the remainder of the system. 

The entire vacuum envelope is constructed of type 304 stainless steel, and 

bellows are incorporated to permit alignment of the various sections utilizing 

external adjustment screws. The bakea'ole ultra-high vacuum interaction chamber 

is approximately l8 inches in diameter and is sealed using copper-gasketed 

shear-type flanges of the commercially available type, with the exception of 

the upper lid of the chamber which is sealed using an OFHC copper 0-ring under 

a compressive loading of approximaoely 2,000 Ibs/linear inch. The remainder 
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of the vacuum system is sealed using viton 0-rings which are not bakeable 

beyond 200°L, but which permit the voltage isolation of the ion source and 

spectrometer tube, which are not at ground potential. Mylar sheet is used 

to prevent electrical contact of these flanges, and appears to be a material 

compatible with vacuum in the 10-9 torr to 10-8 torr range. The remaining 

insulators in the unbaked portion of the apparatus are of Teflon, while boron 

nitride has been used exclusively in the bakeable chamber. 

The pump-down procedure is as follows: A rotary two-stage mechanical 

pump (Welch 1402) in series with an efficient liquid-nitrogen trap is used to 

reduce the system pressure to approximately 10-3 torr, at which time the 

isolation valves may be closed and the three getter-ion pumps should readily 

start. After approximately 30 minutes have elapsed from the commencement of 

the pump-down procedure, the svstem pressure is 10-6 torr or better, and over¬ 

night will further drop to 10-8 torr or less, depending on the nature of 
contamination introduced. Strip heaters of 6 kw capacity are attached to 

the interaction chamber permanently, and are turned cn at this time. The 

heaters are thermostatically controlled, and may be applied in a timed cycle 

with the protection of an interlock with the getter-ion pump control. 

Thermocouples are attached at several points on the chamber surface to monitor 
temperature variations with location and time. 

Although the heaters are capable of raising the chamber temperature 

to 450°C (and have done so), it is preferred to set a ceiling of 300°C and 

extend the baking period to perhaps 24 hours. Considerable difficulty was 

experienced with cracking of the large upper seal during cool-down, if the 

baking temperature exceeded this limit. It appears that the 0FHC copper ring 

suffers excessive creep and permanent set at these elevated temperatures and 

loads. This limitation is of little consequence in the present case since 

the attainable base pressures are dependent on the pressure-time product in 
the baking period and not the absolute temperature level. 

If the standard precautions concerning the handling of components 

have been followed, the base pressures in the system, as read by the getter- 

ion pump control units are ~ 5 x 10“9 torr in the unbakeable sections are 

~ 5 X 10“ torr in the bakeable interaction chamber rising into the 10"9 
torr range during beam operation. 

No special precautions were taken concerning the purity of the 

source gas, since the installation of a magnetic ion analyzer removes the 

danger of beam contamination. The metering valve is in series with a shut 

off valve, however, so that the inlet line may be evacuated ensuring the inlet 
gas is up to the stated commercial high purity level. This is of little 

consequence, since as is described in Sec. 2.3.3* the major source of ionic 

impurities prior to magnetic analysis is due to the evolution of gases from 
within the vacuum system itself. 

Finally, a baffle to prevent electrons and radiation emitted from 

the getter-ion pump from reaching the collector sphere was installed, which 

operated most efficiently if maintained approximately +300 volts above ground. 
The positive potential deliberately attracts such electrons and although 

the secondary electron yield is greater than unity, the electrons produced at 

the baffle have insult.jient energy to escape. By contrast, if the baffle is 

made electron-repelling, the efflux will be slightly reduced, but the back- 
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streaming electrons will merely be deflected sind strike the lower surface of 

the interaction chamber where their numbers will increase at the first colli¬ 

sion, since the sum of reflection coefficient and secondary electron yield ex¬ 

ceeds unity. The latter point is illustrated by the fact that although the 

high voltage within the pump body is negative (electrons are effusing to ground 

potential above), the net current reaching the baffle at ground putential is 

positive (approx. 2 x 10”2 amperes/torr). This is possible since the electrons 

have energies of several hundred eV as determined by biasing the baffle. For 

most metals 7e is unity at incident electron kinetic energies of 200 eV. 

By applying a positive bias of several hundred volts, tte spurious 

current reaching the collector sphere from this source was reduced from 5 x 

10"-> amperes/torr to about 5 x 10"? amperes/torr which is well below the 

noise level of the instrumentation at the operating pressures. 

3»3 Ion Bea, 

3«3*1 Ion Source 

The operation of the ion source has been described in considerable 

detail in Ref.2, and only a review of the important aspects will be included 

at this time. The operation of the source may be classified as ionization 

by electron impact in a low-pressure discharge of the Townsend type, in which 

an electron source (heated filament) is required to maintain the discharge. 

The electron energies are restricted to less than 30eV to limit the production 

of metastable ions, although the production of metastable molecules is opti¬ 

mized at these energies. In addition to ionizing electron-molecule collisions, 

a number of secondary emission processes are active at the cathode, such that 

a considerable enhancement of the discharge current occurs, most of which is 

ion current. The main objective is to produce a monoenergetic ion beam of 

sufficient intensity, and since the final ion energy at the target is deter¬ 

mined by the sum of its initial kinetic energy and the source-target potential 

drop, we demand that the ion temperature in the source be maintained close to 

room temperature and that the extracted ions are formed in a region of small 

potential gradients. The former restraint implies that the source plasma be 

highly diffuse without electron-ion thermalization, and the latter that the 

extraction field penetrating the source should be weak. In the absence of 

plasma or space charge effects, the final ion kinetic energy distribution will 

be determined solely by the fringing electrostatic field established by the 

extraction electrode outside the source orifice, and will lie entirely at 

energies less than the nominal energy indicated by the source-target potential 

drop. At high electron beam currents and low source pressures we would 

expect a negative space charge depression of the potentials in the source 

that would shift the ion kinetic energy distribution to lower energies by 

several volts. As the gas pressure in the source is increased, ionization 

will yield sufficient positive space charge to cancel the electronic space 

charge. Hagstrum(8) has in fact observed the ion kinetic energy distribution 

t0 excead the nominal value due to this effect. In the present experiment, 

it is believed that all three effects are active, since although the electron 

current is sufficiently high that space charge effects are present (established 

by observing the source voltage-current characteristic in the absence of the 

source gas), the maximum in the ion kinetic energy distribution lies only 
slightly (approx 0.75 eV) below the anode potential. 

The typical operating conditions are filament-to-anode potential 



difference 30 volts, discharge current 100 ma., source pressure 10"^ to 10-2 
torr, and extracted ion current approximately 10*7 amperes maximum. The 
cathode is a spiral-wound tungsten wire of .010" dia., and is heated by a 
regulated current of approximately 8 amperes DC. 

Since it is pertinent to the operation of the ion source, the effect 
of charge-transfer ions on the kinetic energy distribution should be mentioned. 
The region immediately outside the source orifice is relatively dense since 
the source is generating a classical room-temperature molecular beam in 
addition to the extracted ion flow. Ions moving along the beam centerline 
with low energies at this point are highly capable of symmetric charge trans¬ 
fer reactions (4) which result in the formation of a second family of ions, 
distinctly separated in energy from those formed within the source at the 
nominal beam energy. If this region has a positive potential relative to the 
target it is possible for these ions to reach it, but in a poorly-foeussed 
manner since the lens potentials are established for the principal family. 
This effect has been deliberattjyobserved, and substantiated by the obser¬ 
vation that the relative populations in the two groups ia sensitive to the 
extraction potential and the source pressure. It is a simple matter to ensure 
that the potential structure does not favour this effect, and the required 
extraction potential can be readily estimated by requiring that the center- 
line potential at the source orifice (which may be derived from Ref. 26) be 
below target potential. By the latter analytic method, or by observing the 
required extraction potential such that the location of the low-energy charge 
transfer family is shifted below target potential, a minimum extraction kinetic 
energy of about 30 eV is required to ensure no charge-exchange ions in the 
beam at final focus. 

3.3.2 Lens System 

The ion beam on leaving the ion source is subjected to the action 
of four electrostatic lenses of various types, for which a detailed des¬ 
cription is available in Ref. 26 for example. The electrostatic lens charts 
referring to point-focus lenses of circular cross-section to be found there 
are derived from electrolytic tank or rubber models and are in a form readily 
adaptable for design of lenses in the absence of space-charge effects. Lenses 
having rotational symmetry about the lens axis were used throughout the 
present apparatus because of their well-established properties and ease of 
manufacture and alignment. There is also a focussing action of sorts obtained 
in the double-aperture lens consisting of the source orifice and the .000 inch 
orifice in the extraction electrode which draws ions from the discharge(1st lens) 

Attached to the extraction electrode is a 10 cm. cylinder, 43 mm. 
inner diameter, which together with the following concentric cylinder of 
length 24 cm. and 34 mm. inner diameter constitutes the second lens, (Fig.4). 
The second tube is mounted on the aperture plate at the spectrometer entrance 
so that the gap between the cylinders permits pumping of the lens interior by 
the 75 1/sec getter-ion pump below. The first lens produces a virtual image 
on the source side of the apertures, so that a diverging cone of ions enters 
the second lens which is accelerated to a nearly parallel focus at the spec¬ 
trometer entrance. The appropriate lens voltage (kinetic energy) ratio is 
about 6.3 compared to the chart value of about 7, so that at this point, the 
beam has been accelerated to approximately 200 eV and is focussed to a 4 mm 
diameter spot. We may neglect the existence of the mass spectrometer until 
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the next section, since it is a refocussing type which reproduces the con¬ 

vergent beam at the exit aperture where the 200 eV beam diverges into the next 
lens. The ion beam is now decelerated by the 3rd and 4th lenses to the desired 

incident kinetic energy. The third lens is a two-cylinder lens consisting of 

identical tubes 18 cm. long and 34 mm. inside diameter, with an axial separ¬ 
ation of 3 mm, and operated at a voltage ratio of about 4. An aperture plate 

is attached to the second tube, and constitutes one half of the double-aper¬ 

ture 4th lens which may be operated at a variable voltage ratio from 3 to 15 
with very little change in focal length, provided the ion beam is nearly 

parallel at entry. Both apertures are 8 mm, in diameter and are separated by 
the same dimension. The second aperture plate is very close to the collector 

sphere which, when used to retard electrons emitted from the target, will have 

a slight focussing effect. The insensitivity of the 4th lens focal length 

(40 mm) to the voltage ruLiu enables the maintenance of beam focus under these 
conditiois. The other advantage of this configuration is that the low energy 

beam need not be transmitted over a long distance which permits higher space- 

charge- limited current levels. For a given geometry and ion energy there is 

an upper limit to the current which may be transmitted, and it may only be 

attained if the initial convergence of the charge column is in accordance with 

tue Universal Beam Spread Curve (27). The extent to which these considerations 

apply is discussed in Sec. 3«3.5, however, it may be stated here that we. have 

attempted to match this upper limit throughout the lens system. It is of no 

avail to exceed the space-charge limit of a subsequent stage, in fact it can 

be undesirable since it implies that particles will strike lens surfaces and 
apertures. 

After some initial evaluation of the lens system in a moderate- 

vacuum test facility, no further mechanical adjustments were deemed necessary 
in the completed system. 

The lenses operate at fixed geometry, and focus is achieved by 

of potentials supplied by a voltage divider network incorporating 
ition potentiometers (Bourns series 3640). 

is Spectrometer 

In order to study the interaction of ions with surfaces as proposed 

leriment, it is imperative that the surface is bombarded with a 

•wn ion species, and that unwanted uncharged components are eli'ect- 

ed. The main concern here is that metastable molecules, which are 

•piously by an impact-type ion source operated near threshold, are 

prevented from reaching the target. The products of metastable de- 

at a surface are highly similar (if not identical ( 10)), to those of 
.tralization process under study. It is also important that the 

i species be in a known state with regard to rotational, vibrational 

nie excitation. This latter point will be discussed in section 6.3* 

ments indicate that a deflection instrument should be used, and not 

it device such as a crossed electrostatic and magnetic field analyzer. 

, since the ion beam is divergent on entering the analyzer, higher 

n of the instrument will be obtained if direction-refocussing is 

Although this effect was first observed by Dempster in 1918 using 
e deflection field, it is a general property of wedge-shaped mag- 

s for which the particles are refocussed at a deflection angle equal 

e between the Held boundaries. If a divergent beam of ions of 



equal momentum enters the magnetic field perpendicular to the field boundary 

and is deflected such as to leave the field normal to the other field bound-' 

ary, there will be refocussing of the ion paths as described analytically by 

Stephens (20). The nature of the focussing is such that the entry and re¬ 

focussing points are colinear with the apex: of the wedge-shaped field. 

For ease of beam operation, it is desirable that all potentials 

remain fixed so that by varying the magnetic field strength any desired ion 

species may be focussed onto the target. An electromagnet was constructed 

similar to one described by Nier (29), and is capable of deflecting ion 

species up to 50 a.m.u. The mean radius of curvature of the instrument is 

5-5 inches, and the pole gap spacing is 13/16 inches, allowing a small clear¬ 

ance around the vacuum envelope whicn is reduced to a thickness of 3/^ inch at 
this point. The yoke and pole pieces are constructed of commercially pure 

core iron, and the field intensity is supplied by two inter-changeable series- 

connected coils each containing 160 turns N0.16 awg enameled copper wire. The 

coil resistance is approximately 1 ohm, so that the power is delivered at low 
voltage and high current, which makes a solid-state constant-current supply 

ideal for the purpose. The flux density obtained by this method is linear 

with coil current in the range of interest from 100 to 800 gauss and has the 
value 143 gauss/ ampere and a remnant flux density of about 30 gauss. This 

calibration was performed at the centre of the pole face using a Hall-effect 

probe (Bell No. BH-206), which was also used to obtain a flux density traverse 
along the beam trajectory. 

/ •« irin8in£ of the field is such that the flux density is reduced 
to 1/e times the peak density at about one poj.e gap spacing beyond the pole 
boundary. Allowance was made for this in estimating the location of the wedge 

-field boundaries, and in addition the entire electromagnet is radially ad¬ 

justable so that the instrument transmission may be maximized. No shimming of 

th? pole pieces was attempted since as pointed out by Stephens (28), this field 

inhomogeneity fulfills to some degree the conditions for third-order refocu¬ 

ssing and is net disadvantageous. The remnant flux density profile was 

similar in shape, and it was not found necessary to reduce it at any time 
The required magnetic flux density is given by 

B2 = 2-08 X 10 y ,m. (gauss)2 

where V is the spectrometer voltage with respect to the source, r is the 

trajectory radius (cm) and (m/e) is the mass-to-charge ratio in a.m.u. For 
the present case, this expression reduces to 

b = 147 ( (eauss) 

for the spectrometer at 200 volts. Mass spectra may be thus accurately ob¬ 

tained by using the Hall probe output mentioned earlier to locate mass number 

on the abcissa on an X-Y recorder without introducing the non-linearities of 

the coil voltage-flux dnesity relationship. The mass-resolution of the 

instrument is limited primarily by the aperture dimensions relative to the 

radius of curvature, secondly by the inherent momentum spread of the incident 

ions and only slightly by the initial divergence of the beam. Using relations 

developed by Stephens (28) we can analytically account for the observed mass 
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resolution Am/m of about 0.03. The energy spread permitted by the exit 

ÎÎtrnîtlS/PP^0Xl?ftely ^/E = ^°25 S° that analy2er Performs no velo- 
fïn?ti0n/rn a 81^.100 species, since the beam energy spread is typically much less (Sec. 3.3.4). 

via* A îî“10 spectra obtained by magnetic analysis are shown in 
figs. b and 7 for nitrogen ana nydrogen sources respectively, and some dis¬ 
cussion appears in section 3.3.5. 

3«3«^* Beam Performance 

The ion beam has been repeatedly operated using Nn and Ho as source 
fiction l?TfhteSi UPM° eV’ and the intensity obtained affinal focus as a function of the ion kinetic energy there is shown in Fig.9. The divider net- 
Zt theon MPPÍÍ lenS POtentials has referencedgto the ion 3^^^0 
that the ion kinetic energy at locations other than the target is independent 
of the anede potential. This convenient arrangement permits the ion beam 

Potential) to be continuously varied while maintaining lens 
focus, as illustrated in the figure. The behaviour of the intensity-energy 
iJTthe'fiSr? that.at l0W ener6ies there are space-charge repulsion effects 
in the final lens since the ion energies are fixed elsewhere in the system. 
V ÍS !h0Wn f0r comParison- At higher energies, the intensity 
these tî^smitSd hU[n^r °f ÍOnS generated in source» «»d the fraction of these transmitted by the mass spectrometer. In fact, above 20 eV kinetic 
energy, the beam intensity is almost constant at about 6 x 10-9 amperes ( 
approx. 3 x lOlO ions/second) which is the "emission-limited" value. The 

Stab!a üver a Perioci of ®any minutes and except for electrical 
fluctuations, variations are due to drift in the ion source properties of 
emission current, pressure and gas composition. 

.. . densities obtained for the N+ species are a few percent of 
those for due to the low ratio of cross-sections for 30 eV electrons while 
the maximum H2 intensity is of the order of i0-9 amperes. It is lowei partly 

lí thÍT,r.. ín l0n Cr08S-"ctlon ‘x1' “i“1» because the «ole fraction of H2 in the source will not reach the level attainable for No which is the 
COnstJt^ent am°ng others in that portion of the vacuum system. 

íniirn* ®xam5le^ No evidence of H+ ions was observable outside the 
source, although under conditions described in Sec. 3.3.5. relatively hich 

the tri*atomiC H3 ion could be produced. líe kîneîiclnergy 
spread of the beam was estimated bÿ retarding the ions at the target. The 
raaultant d stribution function is highly similar to that reported ¡¿evíSusly 
( >2), and is independent of the particular nominal energy. 

4. 4 .. .Tb® distribution exhibits a decay towards lower energies charac¬ 
teristic of the source potential distribution such that the width at half- 

.Tr^of'lX50* °f aU l0nS "lthln ' °-5 eV ran«e' ““ ^ 

Althmmh + Jh!r! li“ibations t0 the apparatus that should be emphasized. 
Although the majority of ions are well-focussed at the target to perhaps a 
j mm. dia, spot, the variation of beam focus with ion energy is such that at 
tout 10 eV the fraction of Incident ions «lasing the tfr^ï a^d eSik^ tl 

e^ctr°n collector has reached a few percent. The apparatus if then 
unsuitable for electron-emission yield studies since the typical value»of ^ 
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are of this order. Furthermore, the beam focus will deteriorate at higher 

energies if strong negative potentials are applied to the electron collector 

sphere as in the electron-retarding field analysis. These considerations have 

limited the study of electron energy distributions to those for ions of 15 eV 

kinetic energy or greater, for which negative potentials of up to 8 volts may 

be applied to the spherical collector without serious lens failure. The total 

yields may be obtained to slightly lower energies, however, since the sphere 

is electron-attracting in this mode. The lens failure is more rapid for the 

lighter ion species which suggests that the mechanism is at least partly 

megnetic in nature, most likely due to the stray getter-ion pump fields. The 

above constraints do not apply if the beam is to be used in a field-free 

environment for aerodynamic simulation, for example. For this purpose, flux 

simulation of up to 3 x 1011 ions/cm2- sec is possible, at 3eV or greater. 

3•3•5• Discussion and Remarks 

The ion spectra of Figs. 6 and 7 always contain, though in variable 
proportions, a group of peaks from mass number 12 to 19 which is present 
regardless of the inlet gas source. They must therefore be characteristic 

background gases in the source, either desorbed from the cathode filament or 

by the discharge, or evolved from the getter-ion pump. Getter-ion pumps are 

known to liberate not only gases inherently trapped within the electrode 

structure but also gases that have been previously pumped. An extreme illu¬ 

stration of the latter is the so-called Argon-instability characteristic of 

all getter-ion pumps in varying degree. Stainless steel even at room temp¬ 

erature is a source of hydrogen, and accounts for the predominantly hydrogen 

background found in the bakeable interaction chamber about which we shall 

have further comment in section 4.3.2, Evolution of gases from either the 

surface or bulk of metals heated in punp s and the source can account for the 

ethane-methane group of C+(l2), CH+(l3), CH^ (15), CRÍ; (l6) as well as ammonia 
NHj (17). Oxygen appears both as a diatomic ion Og (32) and as the atomic 

species 0^(16) as well as reacting with the source gas producing N0+(30) and 
as observed by extending the normal (m/e) range, also in the oxide forms 

N2Û+(44) and NOg^S). Water vapour HgO^lS) and its radical 0H+(l7) are both 

to be expected, as veil as fluorine (I9) which can be attributed to the teflon 
insulation 1 and viton 0-rings used in the unbakeable sections. When using 

hydrogen as the source gas, this group remains present, but in addition we 

observe two peaks of roughly equal peak height at mass numbers two and three. 

Although it would be desirable to produce atomic hydrogen ions in such large 

concentrations it cannot be expected from the cross-section ratio which is 

only a maximum of ,005 at the optimum electron energy of over 100 eV. Never¬ 

theless, it was initially proposed that the peaks were in reality at mass 

number 1 and 2, and that the spectrometer behaved in some non-linear fashion 
at low field strengths. The point was conclusively resolved by briefly 

operating the source on helium and noting (as shown in Fig.8) that its location 

was exactly in accord with the abscissa calibration. It was then postulated 

that as a consequence of the discharge rather than purely electron impact 

collisional processes, the triatomic ion is being produced by the reaction 

+ H2 ♦—» + H (thermal) 

which is discussed by both Goodyear and von Engel (30) and Varney (31). The 

onset energy for this reaction is thermal only, and the cross-section is 
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large * on the scale of the primary reaction 

Hg + e Hg + 2e (15.4 ev) 

* Saporoschenko J. Chem. Phys 4?, 2760, (1965) states that the reaction is 
exothermia (1.17 eV) and estimates the cross-section to be ~ 50 x 10"^cm2. 

A requirement that there must be a large excess of neutral hy¬ 
drogen available is certainly satisfied since the degree of source ionization 
is very low. Strong evidence for this reaction is shown in Fig. 8, in which 
the dependence of the relative conceitrations of HÍ, HÎ is observed as a 
function of source pressure. The current of Hp rises finearly with pressure 
while that of rises quadratically as expected. Varney (31) reports that 
the abundance or exceeds that of H2 when pressures in the source exceed a 
surprisingly low value, between ICT2 and 1CT1 torr. We observe (Fig.8) that 
the ratio of peak heights is unity for a source pressure of approximately 3 
x+10-2 torr in agreement with Varney. Finally, even though the amount of ” 
H to be expected is small, we nevertneless observe none down to current 
levels four orders below that of H^. It must be concluded that the snail 
quantities of H+ in the source are highly reactive with considerably larger 
concentrations of active gas ion species, and that recombinacion of H atoms 
into unexcited molecules is highly probable at these pressures, especially at 
the souj-ce walls. The recombination coefficient at a tungsten surface is 
believed very close to unity (30) so that in addition to recombination at the 
cathode surface, we can expect the entire anode to be effective since after 
many hours of operation the source walls are coated with evaporated filament 
material. 

Problems of space charge were referred to in section 2.3.2. and 
will be briefly discussed. We will calculate the maximum space-charge limited 
current value for each section of the lens system for Nt ions, according to 
reference 27, making reasonable estimates of the beam diameters. Consider the 
extraction tube for ions of 35 eV diverging into the second lens,where the 
beam occupies approximately a 1 cm diameter disc. The maximum current possible 
is 2 x 10“7 amperes. The beam is then accelerated to 200 eV and focussed to a 
diameter of 4 mm by the second lens tube for which the maximum current is about 
3 x 10-7 amperes. The beam now enters the spectrometer and by considering the 
lack of refocussing normal to the plane of curvature, the maximum current 
beyond the spectrometer exit aperture is estimated to be one-third the incident 
current, or 1 x 10“7 amperes. This is exactly the maximum current possible 
in the second 3rd lens tube, in which the beam is decelerated to typically 70 
eV. The final lens has a short focal lengt.i, but at the minimum working energy 
of 10 eV the current limit is 2 x 10-0 amperes for the use of half the lens 
aperture, or approximately 1 x 10-7 amperes for a 30 eV beam. Thus the limi¬ 
tation throughout the system is uniformly about 1 x 10"7 amperes, which from 
Fig.9 is slightly greater than ten times the limiting current between 20 and 
30 eV ion kinetic energy that represents the total current reaching the 4th 
lens. This means that we are operating at roughly ten percent of the space- 
charge-limited current at all locations assuming that the beam configuration 
is optimum, which is unlikely. The most severe limitation occurs in the final 
lens at low energies, even though the sphere diameter is as small as the 
desired analyzer resolution permits (sec 3.4.3.). It is interesting to note 
that the charge column length which minimizes the ion current reaching the 
sphere (a beam minimum at the target) is twice that which maximizes the target 
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currei ( a beam minimum midway between hth lens and target), and that the 
ratio oí appropriate ion currents would be 0.25 since the dependence on 
length is quadratic. This is borne out experimentally, indicating that in 
performing electron emission experiments, the final lens must be adjusted so 
as to minimize positive sphere current, i.e. maximize negative current reach¬ 
ing the sphere. 

Finally it is worthwhile to suggest possible improvements to the 
ion beam system. The source would be more efficient for the same gas load if 
molecular beam techniques were employed to provide a high local density in the 
region of ion-formation only, and if in addition the ionizing electron beam 
were magnetically collimated. Vance (20) has used this combination, forming 
the molecular beam by flowing the gas through an array of parallel channels 
as treated by Giordmaine and Wang (32). The fringing magnetic fields origin¬ 
ating in the getter-ion pumps could possibly be reduced by shielding although 
this is difficult without reducing the effective pumping speed. If a red¬ 
uction in beam signal were accepted, the mass resolution of the ion analyzer 
could be improved by reducing aperture dimensions, with a corresponding in¬ 
crease in the effectiveness of differential pumping. The problems associated 
with the deterioration of the final beam focus when electron-retarding fields 
are present in the collector sphere could possibly be somewhat alleviated by 
placing a saddle field (einzel) lens (26) before the sphere. Some functional 
coupling could be employed to maintain beam focus during this mode of operation, 
as used with success by Hagstrum et al (33). 

3-^ Interaction Assembly 

3^-1. Target Mounting and Heating 

The target used in the experiments is cut from a zone-refined 
single crystal, has the form of a disc, 6 mm in diameter, and 2 mm thick and 
is heated by electron bombardment. Three mounting holes have been provided 
around the periphery, but the experimental requirements dictate the mounting 
system. The principal concern is that the target must cool rapidly enough 
that e/.periments may be performed before an appreciable amount of gas is 
adsorbed. Immediately after target heating to approximately 2,500°K we know 
that regardless of the mounting system, the target will cool rapidly by means 
of radiative heat transfer to the intermediate temperature range at which 
conduction or diffusion dominate. The time spent in this purely radiative mode 
is of little concern, since the duration is very short (seconds) and the stick¬ 
ing probability for adsorbable gases is very low at these temperatures. The 
interval of importance is that following radiative heat transfer, during which 
it is desirable to cool the target rapidly. A target mount was constructed as 
shown pictorally in Fig.5. The target is cooled in liquid nitrogen and fitted 
into a recess at the end of a hollow molybdenum sting, which in turn is 
attached to a copper block which acts as a heat sink. Holes are drilled 
through the wall of the molybdenum section to provide power to a heating fila¬ 
ment situated directly behind the target disc, and also to present a section 
of relatively high thermal resistance between target and heat sink. The exact 
selection oí thermal resistances is of great importance, since it is a comp¬ 
romise between required heating power and cooling time, hence careful analysis 
was performed during design. The thermal inertia of the molybdenum and copper 
sections is not negligible so that the cooling mechanism is a combination of 
conduction and diffusion. The analysis was made assuming distinct sections 

21. 



between target and thermal ground and matching conditions at the boundaries. 

A time-dependent solution is obtained consisting of a summation of eigen¬ 

functions of which only several terms are required to estimate the behaviour 

at large times, i.e. we are interested in the total time to reach 600°K (t) 
for example. The final configuration chosen resulted in a value t ~ 8 
seconds in contrast to a time of 80 seconds assuming purely radiative heat 
transfer, so that we are able to perform experiments very soon after flashing. 

The heating filament is a spiral configuration of .015 in. diameter tungsten 

wire, and is biased negatively at up to 1.5 kV rms by a full-wave bridge 

capable of delivering 400 ma. In operation the rear surface of the target 

is bombarded by an electron current of typically 300 ma at 1 kv for a period 

of about 10 seconds. There is a discrete pressure pulse observable due to the 

target degassing and further application of heating power merely begins to 

remove adsorbed gases from the entire target assembly, raising the interaction 

chamber pressure unnecessarily. The copper base is mounted on a frame using 

boron nitride spacers and may be moved radially in the vacuum chamber within 

a tube attached to the experimental flange (Fig.4), by which the entire exper¬ 

imental arrangement may be removed intact. The radial adjustment is used only 

for the initial beam-target alignment, while external adjusting screws are 

used to adjust toe chamber position by means of a bellows section. Once ali¬ 

gned, the experimental assembly may be withdrawn and replaced without the 
need for further adjustment. 

3-4.2. Surface Diode 

In order to monitor the state of adsorption existing at the 
target, a retarding field diode was constructed using the surface as anode 

and an adjacently-mounted filament es cathode (Fig.5). The operation of the 

device is described and illustrated in section 5.3. It is necessary that the 

electron emission bp highly localized so that only changes in the target disc 

state are observed, and not the entire target assembly. This is achieved by 

producing a small area of reduced work function at the centre of the wire by 

means of cataphoretic deposition of thorium, using a procedure described by 
Hanley (3^)- 

A coating bath consisting of 5 gm of powdered thoria (20CWmesh) 

and O.075 gm thorium nitrate added to 100 ml. of 95¾ alcohol was used. The 

tungsten filament used as the "heater" of the thorium cathode is .005 inches 

in diameter, and is spot-welded to supports which are also used to attach the 

target assembly to its supporting frame. The thoria is deposited by placing 

an anode (Ni) beneath the tungsten wire and adjusting a series resistance so 

that a deposition current of about 1 ma (approx. 100 ma/cm2) exists for about 

5 seconds. By this method, Hanley (j4) reports that the deposition favours 

smaller particles in th*. bath, such that the coating is almost entirely made 

up of particles of diameters between 0.25 and 1 micron. The local thermionic 

work function is reduced by almost 2 eV(34), (35) so that the ratio of the 

thoriated cathode emission (~ 10p amperes) to that for pure tungsten is 

approximately 104 at the operating temperature of ~ 1500°K. There is no 

danger at this temperature of evaporating the thorium, and it is sufficiently 

high that the cathode temperature at the centre of the filament is determined 

by a radiation balance with its surroundings. The latter point is important 

since in the present case it is advantageous to operate the filament in a 

constant heating-current mode, rather than using the filament resistance as an 

indicating of cathode temperature for purposes of temperature stabilization 
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during target heating. This is because the time required to reduce the 
background thermal radiation to a negligible level is shorter than that requ¬ 
ired to return the temperature distribution along the filament to its previous 
form. A reduction of the target temperature to 600°K will ensure that the 
cathode temperature is within 1% of its previous value, whereas a longer time 
is required (since conduction down the filament and its supports in inefficent) 
to return the filament end conditions to their former values. There is a 
possibility that thorium may be deposited into the target face during the 
heating period, but the rapid desorption at temperatures > 1900°C (35) ensures 
that the target face is free of thorium after flashing to 2500°K prior to the 
performance of experiments. 

3.^.3. Secondary Electron Energy Analyzer 

The objective of the experiment is to obtain the total yield of 
secondary electrons per incident ion, and their distribution function 
N0(Ek) for various ion species, kinetic energies and surface conditions. These 
parameters may be readily obtained by means of a retarding-field analysis of 
the secondaries, using a spherical retarding-field analyzer (Fig.5) described 
analytically by Simpson (36). The behaviour of the collector current is 
observed as a function of its potential and by making reasonable assumptions 
may be interpreted to derive 7^ and N (E, ). There are few measuring devices 
which do not introduce distortions, and this type of analyzer is no exception. 
We must consider the distortion from ideality created by the finite size of 
the electron source (target) relative to the sphere dimensions, the existence 
of an aperture to permit the entry of the ion beam, the uncertainty concerning 
the zero-field condition and the second-order effects which are active. The 
effect of the finite target size most serious at low values of is to recap¬ 
ture some electrons which would ideally escape the target and reach the sphere 
since the local field acts on the electron's velocity component which is 
normal to the target surface. The result is that an energy distribution may 
appear to extend to zero energy, even though theoretically there is a finite 
lower limit, e.g. in the (He+-W) system (lO). It then becomes difficult to 
decide whether the experimental distribution indicates some energy-broadening 
physical mechanism or merely an error of measurement, or both. This "energy 
aberration" must then be considered a limiting factor of the energy resolution 
of the analyzer, and is given approximately for a concentric sphere analyzer 
by (36), 

AE ( a 
E V b 

where "a" is the diameter of an inner sphere equivalent to the target assembly, 
and "b" is the collector sphere diameter. If we approximate the target asse¬ 
mbly by 1 cm. diameter sphere, then for the 3 inch diameter collector sphere 
used A E/E is of the order of .02. The implication is that there is un¬ 
certainty concerning the effective potential barrier of about 0.1 volts which 
must be taken as an inherent distortion factor built into the apparatus. 

Due to the existence of contact potentials, the analyzer may not 
in fact be field-free when the externally applied retarding field potential 
is zero. A correction may be estimated by observing the retarding field 
characteristic for electrons thermally ejected from the target, but since the 
geometry is not ideal, the interpretation is difficult and requires extra¬ 
polation (8). The result of this technique did however result in an estimate 
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of the error from this source that is comparable to the uncertainty in the 

effective potential barrier, so that no correction was considered justified. 

The aperture required for ion beam entry is of the same diameter (8 mm) as 

the preceding lens aperture, so that if the sphere interior is field-free, the 

fraction fa of electrons that will not be collected from this cause is at most 

0.5¾ assuming an isotropic spatial distribution of secondary electrons. For 

the sphere slightly positive, as when measuring the total yield 7^, this 

fraction will be somewhat less, but is considered negligible under all 

conditions in the analysis following. The emission of electrons (tertiaries) 

from the collector due to the impact of the low-energy secondary electrons 

produced at the target is small and will also be neglected. We shall now 

consider the remaining space currents that exist within the sphere and the 

method by which the required data may be deduced from their behaviour. There 

are three reasonably distinct regions of operation of the analyzer. Firstly 

for the sphere potential Vd sufficiently positive, the secondary electron 

current is completely collected and reflected ions, if any, are repelled. 

Secondly, for the sphere biased strongly negative, the secondary electron 

current is completely suppressed and the collector current will be equal to 

the reflected ion current, if any. Thirdly, for sphere potentials between 
these limits, the electron current will be partially suppressed; we shall 

analyze this region, since it yields the assymptotic behaviour ty considering 

the appropriate limits. At a particular value of negative sphere potential 

V3 (target at ground) a fraction f^ of the emitted electron current 7^!^ , 

having energies in excess of (-Vs), will surmount the potential barrier 

according to the distribution function N0(Ek), viz. 

-V 
s 

W - 1 - f No(Ev.)dEX 

0 

= 1 V > 0 
s - 

Of these, a fraction fa may exit through the sphere aperture. A fraction R of 

the incident ion beam may reflect as ions, so that a positive current RI¿ 

can reach the sphere in this potential region. The net currents reaching 

the sphere and target are thus, respectively 

and ^ “ h * fk 

fk (7,1,) * RI, 

(7,1,) - RI, 

V < 0 
s 

The sum of these two currents is 

(Is + ^ ) = I. (1 + f/j^) 

and is very nearly the true incident ion current since faf^7i the 

order of 10"3 or less. Keeping in mind that fR is a function of Vs, the 

non-dimensional current ratio p is given by 
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P = (1 - V fk 'i - 

- Vi -R f «1 
a 

For Vc sufficiently positive, the ion reflection term (if it exists) will 

reduce to zero, so that putting f^ = 1 

P 
+ 

7 i 

while for V strongly negative fk -* 0, and 
s 

I p_ I = R 

Between these limits, the derivative of p with respect to Vs will be propor¬ 

tional to the distribution function N0(Ek) provided dR is small as is certain' 

ly the case for negative Vs, viz. dVs 

Ä = 7. N (E,) 
dV 'i o k' 

s 

Finally, 

Experimentally, we arrange that V vary linearly with time, so that 
o 

“o<V 
V < 0 
s - 

Unfortunately, in the present experiment we cannot distinguish between stray 

primary ions reaching the sphere and ions reflected at the target. It is 

felt that the small positive current observed at large negative values of Vs 

is due to inadequate hth lens focus under these conditions, rather than 

indicating a reflection coefficient R ~ 10"3. In order to minimize errors in 

measuring I due to resistive leakage, the sphere is mounted on a guard ring 

of nearly ilentical potential (Fig.5) so that the voltage drop across the 

insulators (boron nitride) is of the order of millivolts only. In addition, 

the sphere is enclosed by a cylindrical guard ring to reduce spurious currents 

due to the getter-ion pump operation and the effects of capacitance (sec. ^.1. 
l). In conclusion, it is obvious that it is a far simpler matter to obtain 

only the total secondary electron yield 71, since the effects to be considered 
in order to obtain accurate energy distributions are numerous, and require 

specialized techniques, to be described in section 3« 

4. INSTRUMENTATION 

4.1. Measurement of Electron-Current Characteristics 

4.1.1. Guarding Techniques 

In section 3.4.3, the real space currents within the energy 
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analyzer were discussed, but there are additional virtual (displacement) currents 
which exist by virtue of parasitic resistive and capacitive elements in the 
device shown schematically in Fig. 10. These problems may be alleviated con¬ 
siderably if the electron collector remains at a fixed potential, and the targei 
potential is varied to provide a retarding field analysis. In such a case, 
the entire set of lens and source potentials must be referenced to tht target 
to maintain constant ion kinetic energy (30). This solution is only partially 
satisfactory since there is still a significant remnant effect which can be 
resolved by a method (to be described) that may be applied to a system in which 
the sphere potential is variable, and the target level fixed, yet still reduce 
the spurious signals to the same level. The electron currents to be measured 
have a range of magnitudes of the order 10”12 to 10"10 amperes, while we wish 
to vary the sphere potential by + 10 volts within a time compatible with clean 
surface experiments, i.e. within a ten second period. The amplitude of the 
potential variation places a stringent requirement on most insulators, and in 
the present case, we are limited to bakeable materials such as alumina and boron 
nitride which in a compact geometry have resistance valuis of perhaps 10^ 
ohms. For an impressed voltage of lo volts, the leakage current would be 10” 13 
amperes or 10% of the minimum level stated above. This conditions would be 
intolerable since it would require extensive corrections to obtained data and 
wculd hinder the implementation of high-speed analog techniques. The solution 
is simple, however, since the voltage stress across the insulators may be 
reduced to a negligible level by mounting the assembly on a guard ring at 
collector potential. In practice, the voltage stress can be reduced to the 
millovolt level imposed by the measuring instrument, which is a negative 
feedback device of high loop gain. 

The rate of change of the collector potential will result 
in further spurious currents unless compensation is provided, according to 

Suppose that dVs/dt is 1 yolt/second, then a stray capacitance of 10 pf will 
contribute a error of Kf11 amperes. While it is true that since we apply a 
linear voltage time waveform the current should represent a constant offset, 
its magnitude is so large that a severe common-mode rejection situation would 
result. The capacitances of interest are the target-to-sphere capacitance 
Cs, and the sphere-to-ground capacitance C„. The former has a value of approx¬ 
imately 2 pf (obtained by applying a linear waveform), and the latter may be 
as high as 200 pf. Since these values represent a geometric configuration we 
cannot remove them, but merely transfer them in the circuit, or provide comp¬ 
ensations. The sphere-to-ground capacitance Cg consists of components due to 
the target assembly geometry and shielded conductors both internal and external 
to the vacuum system. The component due to cables can be minimized by locating 
the electrometer favourably and can be transferred to the input of the measuring 
instrument by floating the outer conductor at nominal collector potential ( 
instrument ground) making sure that this additional capacitance will not be 
overly detrimental to the intrument response speed. The component due to the 
collector geometry may be partially transferred in this manner by surrounding 
the collector with a surface also at nominal collector potential. This cylin¬ 
drical guard ring is also used as a mounting surface for the collector insul¬ 
ators as previously described. There remains about 20 pf between the sphere 
and the target assembly mounting frame as well as the sphere-to-target capaci- 
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tance of 2 pff, which is present regardless of whether the sphere or target ic 

fixed in potential. Our problem now is essentially how to apply a time- 

dependent waveform to a capacitor (which of necessity requires a current wave¬ 

form) without passing the charging and discharging current through a DC ammeter 

attached to one plate of this capacitor. The solution (Fig.10) is that we may 

apply this waveform by capacitive coupling rather than direct DC coupling and 

furthermore if the electrometer is placed across the resulting capacitance 

bridge, a nulling of the bridge is possible when the ratios of capacitance and 
resistance are correct. 

This method of bridge balancing (S - NULL) permits collector pot¬ 

ential variations of 1 volt/second with resultant spurious current as low as 

10"amperes, and is achieved by adjustment of the variable capacitance at 

three levels until the value (Cs+Cg) is reached^ (the resistive arms are equal). 

The choice of the resistance ratio and the impedance level is dictated by the 

amplitude of voltage sweep available (since we divide it) and by a compromise 

between waveform distortion due to finite voltage source impedance and noise 

generated by finite electrometer-ground impedance. A similar solution allows 

nulling of the spurious target current due to Cs. For this case we again form 

a bridge network, but since the capacitance is already low, we prefer to 

adjust the resistive ratio. In addition, the waveform applied to the bridge 

must be inverted, and this operation is ideally performed by an operational 

amplifier inverter (6) of variable gain, (T-NULL). 

^.1.2. Calibration 

The electrometers used to measure the Is and Lp currents contain 

high valued resistors that are typically subject to a tolerance of + 3¾. In 

order to improve the accuracy of measurement, two calibration circuits were 

constructed (Fig.12), which permit compensation in the analog circuitry 

following. Circuit A provides Is and Lp currents of a known ratio (/i= .0373) 

of value expected in the experiment. The current ratio is established by a 

voltage divider consisting of low temperature coefficient metal film resistors 

driving a matched pair of 10 ohm resistors. The divider ratio was measured 

using a differential voltmeter of high precision (digital nulling type) so that 

once obtained, the current ratio is independent of the battery voltage. Im¬ 

plicit in the calibration is the assumption that the loop gain is such that 

the electrometer input is virtually at ground potential. Circuit B requires 

the same assumption to provide a test for the denominator scaling, and estab¬ 
lishes a condition such that 1^= 0. 

4.2 Analog Techniques to Obtain Normalized Energy Distribution Functions 

The philosophy followed in developing this portion of the instrument¬ 

ation is that it is extremely desirable to perform all data-reduction operations 

simultaneously with the data gathering. Furthermore, in order to directly 

compare the changes in distribution function resulting from a change in a 

physical parameter (ion energy, surface work function, etc), the output data 

must be normalized to the ion beam current Ip. There are two approaches to 

this problem. One is to maintain constant beam current under all conditions 

by a feedback stabilizing system as used by Hagstrum (33), the other is to 

accept variations in Ip, but perform operations on the normalized current ratio 

P . There are disadvantages to either system, but it is felt that the technique 
to be described is the best to date. 
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In the constant ion current system, a signal proportional to the 

true beam current is used to control the ionizing electron current in the 

source and hence vary Ii. There is a limitation on the degree to which the 

ion current flucuations may be reduced without oscillation occuring due to 

excessive closed loop gain. Hagstrum (33) reports that the variations in I- 

during a sweep of collector potential art no greater than 0.2¾ by this method. 

A limitation however, is that if one wishes to compare distributions for 

conditions resulting in a wide ion current spread, a current level attainable 

by the most detrimental case must be used throughout, with the result that 
the quality of the data is not maximized in every case. 

In the other method of operation (normalizing with respect to a 

variable ion current) there is a difficulty in devising a fast, accurate 

analog divider to obtain the non-dimensional electron current p. Propst and 

Lûbcher (37) describe a system of self-balancing servo loops which is neither 

flexible nor fast, requiring sweep times of 100 seconds and servo-motors of 

high performance. Analog division is performed in the present experiment by 

means of a digital voltmeter (sec ^.3) with high precision and sampling rates, 

that was constructed in this laboratory because the unique combination of 

desired specifications was not commercially available. By this means, we 

obtain a numerical readout of the current ratio p (and hence ^) as well as its 

voltage analog within 0.1$, in conjunction with a sampling rate that permits 

the entire distribution function to be obtained during a 10 second interval. 

This time interval permits the observation of clean-surface experiments in 

the presence of adsorbable gases without resorting to exotic vacuum techniques. 

With these points considered, the analog computation (Fig.lO) may be described. 

The electrometer used to measure the Is current is a Keithley model 

600A which is battery operated and may be connected as a feedback amplifier 

when measuring small currents (FAST mode). The output impedance is relatively 

high, however, (l7kil), and in the feedback mode, neither output terminal is 

connected to instrument ground. Our first task is to eliminate tie common 

mode voltage at the output terminals which is most suitably performed by the 

configuration shown, employing three operational amplifiers. Each output 

terminal is attached to a voltage follower with gain to ease the common re¬ 

jection requirements and to provide an impedance level compatible with the 

600A output level. The differential gain is nominally 10 and the conversion 

to a single-ended signal is performed using an add-subtract circuit of 

nominally unity gain. Common mode rejection is established by applying Vs to 

the electrometer ground while the input is open-circuited, and adjusting the 

feedback resistance (CMR) of the unity gain amplifier until the output is 

zero, provided the amplifiers having initially no offsets. Numerator 

scaling is provided by adjustment of either of the follower feedback resis¬ 

tances. Thj output from the IT electrometer (Cary Model 31) is already 

single-ended, and may be correctly scaled by a simple inverting amplifier of 

nominal gain 100. A correction to obtain the true ion current (l +IT) is 

provided by adding the correct fraction of the Is analog at the summing point. 

The denominator scaling is established by using calibration circuit B (Fig.12) 

which provides the condition Is = - Lj, or ^ = 0 and requires that the out¬ 

put of amplifier 4 be nulled. The numerator scaling is then adjusted using 

calibration circuit A, such that the ratio of numerator and denominator is 

correct as read by the digital voltmeter/ratiometer following. The ratiometer 

provides an analog output of 8 volts full scale, which is time differentiated 
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using amplifier 5. The combination of input and feedback elements is such that 
at low frequencies the amplifier may be considered a differentiator, while at 
high frequencies it is an integrator, effectively filtering noise. Careful 
consideration must be given to the selection of component values so that wave¬ 
form distortion is acceptable, and the procedure is described in Ref. 38, for 
example. 

The "frequency of transition" from integrator to differentiator 
must be set so that the phase shift (which is equivalent in plotting N (E^) 
distributions to a voltage error) and the amplitude error are small. ?he 
former condition is less easily satisfied than the latter, so that the best 
procedure is to adjust components while actually plotting distribution functions, 
until a compromise is made between remaining noise levels and phase shift errors. 

The six operational amplifiers used are Philbrick type EP85AU, and 
are conveniently utilized in a Philbrick model RP Operational Manifold (Fig. 
12) which permits extremely flexible use. The linear sweep is provided by a 
Wavetek model 104 Sweep Generator of excellent linearity; its waveform and 
corresponding time derivative using the differentiator (5) are shown in Fig.13. 

4•3 Ratiometer 

The function of the ratior.jter is to provide an analog voltage 
output proportional to the ratio of two input voltages and to provide a 
visual digital indication of the actual value. The instrument constructed, 
however, is capable of not only this function but may also be used as a 
conventional Digital Voltmeter, or a time-interval counter of four-digit 
precision. A view of the instrument is shown in Fig. 14, and circuit diagrams 
are given in Figs. 15 to 20 inclusive. It is this instrument which enables 
the collection of experimental data in 1 meaningful (normalized) form, and has 
numerous applications of a similar nature in any laboratory. 

The most modern design techniques have been employed in its 
construction and every effort has been taken to permit complete flexibility of 
operation, including polarity readout for all numerator and denominator 
polarity combinations, floating decimal point, complete symmetry with respect 
to inputs, 6ü^ overrange and provision for the measurement of time intervals 
in two ranges up to l6 milliseconds or I600 seconds. Each input channel is 
provided with three voltage ranges, 1, 10, 100 volts, with input impedance of 
I60 K. Measurements are made at a rate depending on the input level, typically 
60 per second, to an accuracy of + 0.01¾ of full scale. 

Extensive use has been made of now-standard monolithic integrated 
circuits, both digital and linear, and copper-clad circuit boards as shown in 
Fig. lu. The digital IC's, approximately 80 in number, are all of the 
Motorola MC 700P series (plastic case, R.T.L.) and are primarily multifunction 
types. Of the lu linear IC's used in the device, two are comparators 
(fairchild pA710C), and the remainder are operational amplifiers (Motorola 
1^33 and 15u3)- Approximately 500 discrete components are also incorporated 
in the design. 

The required specification indicated that a design extension of 
a prototype instrument described in Ref. 39 would be suitable. The input 
voltage ratios are converted into pulse-width signals by the up-down integration 
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technique which permits accuracy independent of variations in the integration 
time constant occuring outside the short measuring period. The pulse width is 

then recorded by the four-decade counter portion of the instrument and displayed 

numerically. The numerical value is converted while still in Binary Coded 

Decimal (BCD; form to an analog output by a Digital-to-Analog converter which 

operates on the principle of current steering. A brief description of the 
detailed operations is given in Appendix B. 

5• SURFACE PREPARATION AM) CHARACTERIZATION 

5.1 Surface Preparation 

The target button used is 6 mm in diameter and 2 mm thick, being 
cut by spark erosion irom an epitaxially grown zone-refined single crystal. 

The resulting blank is flat to within microinches, but the depth of surface 

damage is considerable. The mechanical polishing process is a progressively 

finer series of abrasive operations, each of which is an attempt to remove the 

strain damage introduced by the previous stage, ultimately leading to a smooth, 

strain-free surface. The initial coarse polishing was performed using water- 

lubricated graded carborundum papers. After grinding in a single direction 

only, the surface was washed thoroughly in water and alcohol and examined under 

an optical microscope, continuing the polishing stage only until all coarser 

scratches from the previous stage were erased. The specimen was then rotated 

by 90 degrees and polished using a finer paper, as far as the 4/0 grade. Using 

varsol as a lubricant, the polishing procedure then entered a second phase in 

which diamond paste (6 micron down to 1 micron) was progressively used on a 
cloth-covered rotating disc. 

The final polishing agent was .05 micron aluminum oxide powder 

mixed with diluted alcohol. The resulting speciment surface is highly-reflec- 

tive and only minor scratches are discernable under the microscope at 1000X 
magnification. 

To reconstitute the surface layer by removing mechanically-intro¬ 
duced,strain damage, the target buttons are vacuum annealed at 2000°C. As in 

the experimental program, target heating is achieved by electron bombardment 

of the rear surface for brief periods (30 seconds or less) until annealing 
times approaching ten minutes are reached. 

5-2 Characterization of Physical Properties 

5.2.1. Laue Back Reflection Studies 

In order to verify that the tungsten surface used is truly the 

(lOO) face, and that it is free of faceting and excessive mechanical strain, 

X-ray diffraction photographs were taken both before and after high temperature 

flashing. The Laue back-reflection method was chosen because of its simplicity 
and accuracy. In this technique, a beam of white radiation produced by an 

unfiltered X-ray source (copper, 20 kV) is allowed to fall on a fixed single 

crystal such that diffracted beams are recorded by a film placed between the 
source and crystal, (Fig.21). Diffraction is governed by the Bragg law 

X3dsin0, such that at fixed 0 each set of planes in the crystal diffracts the 

appropriate wavelength satisfying the relationship. A cone of reflected rays 

is formed for each zone of planes in the crystal(Fig.2l), and each cone inter* 

30. 



sects the film along a hyperbola. 

It may be seen that the Laue spots for given zones will lie on 
such hyperbolae, so that the identification of diffraction spots is greatly 
simplified if attention is directed mainly at those spots which lie at the 
intersection of several densely populated hyperbolae. The interpretation of 
the photograph maybe readily carried out by using a Greninger chart and 
stereographic (Wulff) net to perform a co-ordinate transformation from film 
plane to stereographic projection. The hyperbolae thus transforms to great 
circles. The poles may then be readily identified by comparison with a 
standard stereographic projection of the crystal (44, L5). Fig. 22 is a print 
obtained from the X-ray film, which is reproduced as a line drawing in Fig. 23. 
The major poles are shown as dark circles and are shown after co-ordinate 
transformation in the lower drawing, which is a simplified standard (lOO) pro¬ 
jection. The primary (lOO) pole is displaced approximately 3 degrees from the 
film centre possibly due to misalignment of the (lOO) plane with the surface 
plane, but more likely due to misalignment of the specimen with respect to 
incident X-rays and the film plane. Subsequent diffraction patterns show this 
to be the case, and that the (lOO) plane is coincident with the surface within 
1 degree. The shape of the back-reflection spots is indicative of lattice 
distortions due to mechanical polishing, although thr interpretation is not 
quantitative. The short arcs seen to pass through some Laue spots are porticns 
of Debye rings observed for polycrystalline materials. The orientation of 
plane normals in this case is not completely randomized, but restricted, so 
that only a portion of the complete ring appears. Although no systematic 
observations were performed, it was seen that the diffraction spot? become more 
ideal after extensive flashing, indicating an improvement in structure follow¬ 
ing annealing. 

The (100) face was chosen for these experiments because of its 
stability during thermal cycles, and has been found to be so throughout the 
presen^ experiments, by obtaining Laue patterns before and after the experi¬ 
mental interval. This point was of only minor concern, since the observed 
faceting of (lOO) tungsten to type (HO) occurs in conjunction with high 
oxygen adsorption (46), which was not the case here. 

5*2.2. Electron Micrographs 

The use of electron transmission microscopy enables indirect 
observation of the surface topography at magnification levels up to 150,000 
or greater. Such observations could be ambiguous without progressive optical 
magnification, since the sampled location is correspondingly smaller in area. 
The replication of the crystal surface and the electron micrographs were 
performed by the Ontario Research Foundation, using a JEM 200 facility. The 
replicating technique is necessary since the target cannot be made sufficiently 
thin, nor can it be destroyed. A cellulose nitrate solution (Parlodion) is 
deposited on the surface and permitted to dry. Several coatings may be 
necessary to provide sufficient film strength for removal. The resulting 
surface imprint may in some cases be directly used for transmission studies, 
although the resolution is limited and there is a danger of polymerization at 
high beam intensities. It is therefore preferable that a carbon replica be 
subsequently made by vacuum deposition, followed by the dissolving of the 
parlodion film. If quantitative estimates of surface irregularities are 
required, the carbon replica may be vacuum coated with germanium evaporated at 
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an oblique source. The resulting shadowing may be used to determine structure 

dimensions if the angle of deposition is known. In the present case a 1*5 

degree germanium deposition provides "out-of-plane" scaling equal to that of 

the surface plane. The result of this technique is shown in Fig.2^, and rep¬ 

resents the only salient feature observed on the (100) tungsten face after 

complete polishing and annealing. The dark line running di.igonally ¡cross the 

photograph is a step of at most 50A in height, and is commonly the result of 
a surface fault produced by the annealing process. By this method the crystal 

conforms to the physical contour mechanically imposed, while maintaining ¡ 

single exposed crystalline plane. Micrographs taken elsewhere on the replica 

were essentially featureless, resembling the background of Fig.2^. There is no 

evidence, however, of the severe damage resulting from the spark erosion 

cutting process. The illustrated surface quality obtained by purely mechanical 

polishing techniques is vastly superior, however, to similar suraces which had 
undergone electropolishing processes in this laboratory. 

There is additional evidence that the surface uniformity is im¬ 
proved following high temperature annealing such that scratches remaining 

afvfr4the final sta«e of mechanical polishing may be partially erased. The 
mobility of tungsten atoms at the temperatures used ( ~ 2000°C) is not as 

great as for materials of lower melting point, so that the gain in surface 
quality by this process is not extreme. 

A similar target used by O'Keefe (43) was subjected to high 

energy electron diffraction analysis which revealed no evidence of micro- 

faceting to orientations other than (lOO) nor evidence of carbon contamination. 

5*3 Characterization of Surface Contamination - RFD 

5*3.1. Theory of the Retarding Field Diode 

The construction of the surface diode has already been described 

in section 2.4.2, together with a discussion of the consideration concerning 

temperature stabilization. We shall now consider the operation and inter¬ 

pretation of the technique. An example of the full current-voltage character¬ 

istic for constant cathode (filament) temperature T„ is shown in Fig.25. At 

low or negative values of applied cathode-to-anode potential, Va, the anode curre u 

ia reflects the Fermi-Dirac energy distribution of thermally liberated electrons 

since only those having sufficient energy to overcome the cathode-to-anode 

potential barrier will reach the anode. There will then be a potential region 

in which the anode current is limited by space-charge effects, and finally a 

departure from this curve due to finite cathode emission. The saturation 

(emission-limited) region is not constant in current, but nearly linear due to 

an effective reduction in cathode work function pc caused by strong local 

fields (Schottky effect). The actual value of the potential change experienced 

by ejected electrons depends on the instantaneous value of the anode and 

cathode work functions 0a and ßc i.e. (Va+ 0C- 0J, so that the retarding field 

region in Fig.25 appears to extend to positive values of the diode voltage. 

This is the so-called "Contact potential" effect, so that the true zero-field 

point lies somewhat to the right of the indicated origin by an amount (0fi-0n). 

This amount can be estimated from Ref. 31, 32 to be between 2 and 2.5 volts 

since we have purposely reduced the cathode work functions by thoriation to 

provide localized emission. The point is academic, since as shown below, by 

operating in the retarding field'region, we are interested only in the change 
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in diode voltage and not the precise value. As a consequence, the retarding 

field technique is capable of yielding information on the changes in work 

function of the anode, but not on the absolute value (^0). By combining the 

Fermi-Dirac distribution function with Richardson'sequation an expression for 

the anode current ia may be written for the retarding field region for an 

ideal planar diode: 

i 
a 

AT exp { - e(0a - Va ) 

-^- 

where Tc is the target temperature, A is a constant, k is Boltzmann's constant, 

and ia,Pa,Va have been previously defined. If ia is maintained constant, and 

Tc is also fixed, then we may observe changes in pa by measuring instant¬ 

aneously the anode-to-cathode potential Va, as shown in Fig.26. The anode 

current is maintained by a nearly-ideal current source, while the cathode 

temperature is fixed by a constant-current filament-heating supply. The anode 

potential is measured with respect to the filament centre(cathode) by an elec¬ 

trometer of high input impedance, or alternately we may impress a variable 

anode-to-cathode voltage to obtain the entire (ia- Va) characteristic as in 

Fig.25. There are conditions to establish, however, to ensure that the current 

source is adequately decoupled from variations in diode voltage. The circuit 

of Fig.26 contains an external current source consisting of a battery of 

voltage and series resistance R(lo8ft) so that the diode current is given by 

ia = (Vb- Va)/R. 

We expect changes in Va of the order 0.5 volts, so that if =45 

volts, ia will of necessity vary by perhaps 1%. However, this is not serious 

if the series resistance R is sufficiently larger than the incremental resis¬ 

tance at the operating point on the diode characteristic, i.e. the current 

source is sufficiently "stiff". By differentiating the anode current expression, 

we obtain for the circuit of Fig.26, 

If KTc«e (Vb- Va), as is certainly true for Tc~ 1500oK and Vb = 45 volts, ther 

A0a= AVa to better than 0.5%. It is important to note that the cathode work 

function (or total possible emission current) does not need to be held constant 

for this relationship to be valid. This is fortunate, because the dependence 

pc on the adsorbed thorium coverage and structure is pronounced (35)« The 

above relationships have been derived for an ideal planar diode, however, 

provided that ia is a function of (Pa-Va), we may make similar comments. 

The condition is slightly more stringent, however, in that we 

must assume ia= constant, whereas in the ideal diode this condition was un¬ 

necessary provided kTc<< e(Vb- Va). In practice, the anode is allowed to float 

in potential in order to maintain the impressed constant current, and tne 

variation of Va(or 0a) is plotted against time. This is simpler than plotting 

the entire characteristic family as in Fig.27, since in the retarding field 

region, the curves are parallel and any current level will reflect the same 

potential shifts. The curves of Fig.27 are taken at equal time increments, 

although the trace time prevents the plotting of a clean-surface characteristic:. 

This problem is not encountered by operating at a single current level ( 4.5 x 

10"f amperes) as shown, so that the time variation in pa may be plotted 

immediately after flashing the target (anode), as in Figs.28, 29- A brief 
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cooling period is required, however, since the anode is heated sufficiently 

to become a current source, driving the anode potential to large positive 

Th* °^i6ín of the latter curves is the time at which target heating 

fl«shinaSOlÎH^.^P ^ ! minimum is produced approximately 5 seconds after 
flashing, indicating the clean-surface condition. 

5-3*2. Adsorption Experiments 

^ number of auxiliary experiments were performed to determine 

ftate dUrin* the exPerimental intervals, using the retardinp- 
field diode technique already described. By this method, the degree of 

sur ace coverage (and species) may be determined by a correlation with the 

P?t!ntial (or WOrk fuilcti°n) The direction of potential 
change is determined by the relative importance of the various binding forces 

U), but in most cases an adsorbed monolayer results in a surface work 

function increase of between 0.2 and 1 volt. There have been a number of 

highly-pertinent LEED experiments recently performed which enable the present 
surface diode experiments to indicate quantitative results. 

, . n Estrup and Anderson (^1) have investigated the adsorption of 
hydrogen molecules at a (lOO) tungsten surface, and correlate work function 

and surface coverage, while Madey and Yates (42) describe the other gas of 

interest, nitrogen. The primary motive is not to investigate the adsorption 

process in detail, but rather to be certain that the gas species and degree 

eftablished for evei7 electron energy distribution function 
obtened. A series of experiments were performed both with and without the 

beam in operation, in which the target was flashed to a high temperature 

(approx. 2300 K) and the time variation of work function observed (Figs. 28 

29). The curves are highly repeatable, each returning to an assymptotic 

ievel,characteristic of the equilibrium state, and in addition tîe magnitude 

of the work function changes is consistent, with the minima coincident at 

interPreted as meaning that the flashing temperature 

üíííí1! tly hígh that a Clean State is consistently reached even though 
the exact temperature value is not precisely known. 

The curves are plotted against time rather than the more usual 
(torr-sec) since the pressure fluctuation is not recorded. This is of no 

We haV? obtained the traces at the given experimental pressurt 
levels, and we are merely concerned with identifying a distribution taken a 

given time after flashing with the corresponding surface coverage. It may 

be seen that the curves obtained with or without gas admitted to the ion source 

are similar in shape and magnitude of the change A 0 , regardless of whether 

the source gas is nitrogen or hydrogen. This implies that the background 

gas component is constant regardless of the source gas, although its pressure 

leVe| ^ependent on its operation, and that vdth little doubt this adsorbim 
gas is hydrogen. *■ 

It is well-established that hydrogen is the principal remnant 
gas species in metal hakeable high vacuum systems, being evolved from, within 

the chamber material Ust-H. Furthermore, hydrogen is re-evolved from the 

getter-ion pump used, when gases such as nitrogen are admitted to the chamber. 

This phenomenon has been observed in this laboratory by O'Keefe (43) as an 

instantaneous rise in the hydrogen level as determined by a partial pressure 

analyzer monitoring the hydrogen peak. The foreign gas is either removed 



by the ion pump itself or effectively pumped by displacing adsorbed hydrogen 

molecules at internal surfaces of the chamber. The magnitude of the change in 

surface work function (A0 r + 0.8 volts) is also in good agreement with that 

observed for hydrogen adsorption in Ref. hi and is larger than any other 
surface orientation or gas combinations. 

The initial sticking probability is high, and from the quasi- 

linear portion of the trace can be estimated to be about O.67, in comparison 
with that estimated by Estrup and Anderson (4l) of O.65. 

The change in surface potential is almost linear with surface 

coverage, so that the adsorption traces also represent the variation of a with 

time after flashing. The initial adsorption as we have seen occurs with high 

sticking probability, S, and is accompanied by dissociation of the molecules, 

such that an ordered array of 5 x 101Î4 adatoms/cm? is produced. (The tungsten 

substrate has 10 x 101 atoms/cm? arranged in a square array.). The subsequent 

filling of the remaining adsorption sites to a level 10 x 10^ adatoms/cm2 is 

far from random in that hydrogen atoms migrate across the surface producing 

characteristic superstructures of adatoms in a highly controlled manner. These 

observed phenomena are difficult to explain using present theory, since it 

implies that neighbouring adatoms interact over large distances (30A or more). 
11,16 oi’ the surface potential change (negative) indicates that the adatoms 
possess a net negative charge, and the magnitude indicates that extensive 

redistribution of charge occurs in the surface layer. (It is approximately 

twice the change for hydrogen adsorption on (llO) tungsten). 

It has been observed that after prolonged operation of the ion 

beam (6 hours or more) using nitrogen as the source gas, the nitrogen backgrouni 

pressure will rise to the point of becoming apparent in the surface potential 

measurements. The surface work function is then observed to initially decrease 

with time (ß? - nitrogen adsorption) in agreement with the findings of Madey 

and Yates (42), while at later times the work function increases again due to 

ßp -nitrogen adsorption. It appears that the more stable ßp -state (A0=O.2 

volts) is populated before the ßp -state(A0 = + 0.5 volts) begins to fill, 

until the fractional coverage is about 20$, at which time both states appear 
to fill at the same rate. The surface temperature is also highly important in 

that at temperatures of approximately 650°K, well below the onset of desorption 

11100 K), the nobility of ßp -nitrogen enables its conversion to the more 

stable ß2 -form so that immediately after flashing in a nitrogen background, 

we would expect the adsorbate to be the ß2 -form (negative work function change). 

This behaviour after prolonged beam operation is temporary, 
since by removing the nitrogen source the background gas returns to its 

equilibrium composition; hydrogen is constantly evolved in the vacuum system 

whereas the source of nitrogen is limited. These effects of nitrogen adsorp¬ 

tion at the target are not observed when the background pressure is predomi¬ 

nantly hydrogen, and Np is the incident ion; because the nitrogen flux levels 

are low. Although the total flux of nitrogen molecules entering the inter¬ 

action chamber from the spectrometer section (2 x 10-7 torr) is of the order 

4 x 10 per second, only a small fraction (approximately 2 x 10^ per second) 

can reach the target without collisions with the hydrogen-covered inner surfaces. 

Even assuming a sticking probability of unity, the time for nitrogen monolayer 

adsorption is of the order 104 seconds for this group which strike the target 

directly. It is believed that the bulk of the nitrogen molecules are pumped by 
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cha ¡Tiber surfaces or efficiently pumped by the getter-ion pump. The second group 

of nitrogen molecules is that composing the ion beam itself. The molecular flux 

levels at the target are as high at iO-1- per ca^-sec, but the beam kinetic energy 
is so great relative to the well depth of about 2 volts that the sticking prob¬ 
ability is considerably lower than unity. O'Keefe (Í43) estimates the sticking 

probability for 0.l8eV nitrogen molecules at a clean (lOO) tungsten surface to 
be 10-3, believed the only measurement made above thermal energies. The prob¬ 

ability at the present incident energies of 15 eV to 30 eV is expected to be 
substantially less than even this value. The time constant for adsorption is 

thus increased to many times the value 2000 seconds arrived at by assuming 

complete trapping. The time of importance is thus that for adsorption of the 

hydrogen background, which is approximately 150 seconds assuming unity sticking 

probabilitv.S. In reality, the slopes of the adsorption traces of Figs. 28, 29 
indicate tnat S *0.7 at low coverage decreasing to 0.01 or less at high coverage, 
so that after the above time the adsorption is only 50¾ complete. The experi¬ 

mental data on clean tungsten reported in the next section is obtained within 15 

seconds of target flashing, so that the "clean" state represents % hydrogen 
coverage or less. 

5. 3. 3- Influence of Ion Beam 

In the previous section it was argued that the adsorption of beam 

molecules on impact is unlikely since their kinetic energy is large. There is 

evidence, moreover, that the beam may actually reduce the net number of adatoms 

(most of which come from the background gas) by virtue of this energy. In Fig. 

28 we show three curves for operation with a nitrogen source, two representing 

conditions under which the beam strikes the target at 30 and 15 eV kinetic 
energy respectively, and a third for which the mass analyzer is used to prevent 

N£ impact while the source and background gas loads remain. The time constants 

characteristic of hydrogen adsorption are seen to decrease in the above sequence, 

indicating not only that the ion beam is capable of "scrubbing" the surface, 

but that the process is energy-dependent as expected. It is possible to make 

inferences from these curves, by considering the change in slope,with regards to 

the overall effective sticking probability resulting from ionic impact. 

Suppose (cr) and D^q (ct) represent the number of hydrogen atoms 
desorbed at coverage 0 per cm2, per incident ion of kinetic energy 15 and 30 eV 

respectively, i.e. a "desorption coefficient". This coefficient is actually a 

product of the probability of ion-atom collision and the probability of desorption 

given such a collision. In this high-energy regime in which the ion energy is 

significantly greater than those energies characteristic of the adsorbed surface 

layer, we would expect a hard-sphere interaction dependent on the ion momentum, 

so that D30 and might be in the ratio ¿2:1 if the ion-atom collision cross- 
section is not energy-dependent. Thus, 

t t 

°(t) = Gb is (a) da - G. [d (a) da 
0 o 

where Gv, and G^ are the background and ion fluxes (per cm2-sec) respectively, 

and o(t) is the coverage at time t. The time-derivative is the slope in Figs. 

28, 29, viz 

I = V (c) - (0) = GbS' (c) 
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where S is an effective sticking probability equal to the true background 
probability S only in the absence of the ion beam, viz. 

S' (a) = S (a) - Gi D (a) 

Gb 

This decrease in effective sticking probability is shown in Table 1 
for 25, 5U and 75 percent hydrogen coverage. The case for no beam has already 

been partially described; the sticking probability decreases from O.67 at 2% 
coverage to less than 0.1 at 1% coverage. The effect of ion impact is to 

reduce these values by more than ten percent, even though the neutral-ion flux 

ratio is 60. The desorption coefficients D30 and D15 may then be calculated 
without actually knowing the background flux, but only the ion flux (almost 

exactly 10 per cm -sec). By taking the ratio of these coefficients at the 

same value of 0, the common ion-neutral collision probability is cancelled so 
that we obtain an estimate of the dependence on kinetic energy. It is seen in 

Table 1 that although the absolute values of the desorption coefficients vary 
widely, the ratios at a given a are all very nearly ^2:1. It should be pointed 

out that these ratios entirely remove any dependence on estimated flux levels 
so that the result may be considered significant, viz 

• • 

D3Q = V °30 * J2 

D15 V dl5 
where d0 is the time derivative of hydrogen coverage in the absence of ion 

impact, and °30,°15 that for the impact of 30 and I5 eV NÍ ions respectively, as 
obtained from Fig. 28. The absolute values of the desorption coefficients 

appear to possess a minimum, however, at approximately half-coverage. 

We may conjecture that at low-coverage, the adatoms are highly mobile 
and loosely-bound and more easily desorbed by ion impact than at half-coverage 

when the relatively stable 2x2 structure (¿U) is complete. The adsorbate at 

higher coverage includes large superstructure formations again less strongly 

bound to the surface, so that qualitatively we would expect a minimum in des¬ 
orption efficiency with increasing adatom density. 

u+ /ru WaS n0t possible t0 discern any effect of ion beam desorption usir*5 
h2 \Fig.29) partly because the ion flux is lower by a factqr of two, but pri¬ 
marily because the momentum of an molecule is a factor^ less than that of 

a nitrogen molecule. The total desorption rate would thus be expected to be 

about one order less in magnitude, and indistinguishable from routine experi¬ 
mental fluctuations in the (a-t) traces. 

6. EXPERIMENTAL STUDY OF AUGER NEUTRALIZATION 

6.1 At a (iQO) Tungsten Surface 

6.1.1. The Nitrogen Ion Species No. N* 

The energy distribution of electrons ejected from a clean (lOO) 
tungsten surface by N^ ions of 15 eV incident kinetic energy is shown in Fig. 30 
and is typical of the data obtained. The curve is plotted immediately after 

flashing the target to approximately 2300°K for several seconds and represents 
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data for a surface clean to less than ^ of full coverage. It is interesting 

to note that the upper energy limit is in excellent agreement with the value 

a * (£¿-20) predicted by energy conservation in the simple model described in 
Section 2. The distribution is considerably sharper than that obtained by 

Propst and Luscher for 50 eV ions at a polycrystalline tungsten surface 

(see Fig.51) and suggests that either kinetic broadening is significant at 

50 eV or that there is a effect due to the single-crystal surface. The total 

yield is also considerably greater than in the previous work, but is neverthe¬ 

less about one third that of an inert gas of similar ionization potential 

(Ar ). It is this divergence that we attempt to explain by the introduction 

of molecular vibration energy sinks. The effect of ion kinetic energy is 

illustrated in Fig.31, for ion energies at 5 eV intervals from 15-to 30- eV. 

We would expect that the N (E^) curves form a smooth sequence as ion energy 

is varied, without sudden departures. It is seen that the distribution narrows 

considerably as ion energy is decreased, and that violation of the simple limit 

(£¿-20) is observed at higher energies. In addition, the peak location shifts 

to lower values of Ek, and the peak height passes through a minimum at about 
20 eV incident ion energy. 

These trends must be taken as evidence of kinetic broadening effects 

ignored in the simplified treatment of section 2.2. The behaviour of the total 

yield 7¿ is shown in Fig. 35- It is seen that the difference in yield between 

the clean and hydrogen-covered surfaces is approximately constant over the 

energy range considered, an effect observed by Propst and Luscher (19) as well 
as Mahadevan et al.(23). There is a decrease in yield with decreasing energy 

that is reasonably gentle on this energy scale. It has been impossible to 

obtain distributions and yields at ion energies much below 15 eV (nominal) due 
to defocussing of the ion beam at the target. The data presented here, how¬ 

ever, are considered reliable and free from the effects of lens defects. The 

onset of lens failure is easily seen in the N0(Ek) distributions as a violation 
of the asymptotic approach to the energy axis at large Ek. The data presented 

is well-behs 'ed in this regard. The reproducibility of the data is illustrated 

in Fig.32 which represents the influence of adsorbed hydrogen for constant ion 

energy (30 eV). Curve (l) represents the clean condition and two such curves 

are shown superimposed. The subsequent transient effects of adsorption are 
represented by curves (2) to (7) for coverage up to an equilibrium level. 

C0ÍÍ*\latÍ0n between time and hydrogen adsorption level (or work function change 
A0) is provided by the retarding-field diode curve from Fig. 28 for the case 

of a 30 eV beam. The work function change A0 is tabulated for each curve in 
Fig.32 since the curves should be displaced to the left by this amount in 

order to compensate for the varying contact potential between target and sphere. 

Although the zero-field point established by thermionic measurements is correct 

for the case of clean (lOO) tungsten, it does not apply to the case of a gas- 

covered surface since the target work-function is increased by an amount as 

high as A0 = 0.8 volts. It was felt that the replotting of the distributions 

would be detrimental to the quality of the presented data. In a sense, the 

shift in potential of the origin of the Auger electron distribution is in itself 

a measurement of A0 and hence surface coverage. With this point in mind, the 

peak of the distribution not only is drastically reduced by the adsorption of 

hydrogen but also is shifted to lower energies. Similar considerations apply 

to the family of curves for 15 eV at a (lOO) tungsten surface (Fig.33). The 

effect of ion kinetic energy on the distributions for hydrogen-covered (lOO) 

tungsten is shown in Fig.3^. The shift in retarding potential due to target 

adsorption is plainly visible and may be seen to be very close to the surface 
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diode measurement of 0.8 volts. It is seen that the distributions for the 

clean and hydrogen-covered surface change with ion kinetic energy in a similar 

manner with respect to maximum energy (distribution broadness) and peak 

location. The peak height, however, appears to pass through a maximum at 

about 25 eV, an effect consistently observed. The variation of the total 7^ 
with ion kinetic energy is also similar for the clean and hydrogen-covered 

surface (Fig.35). The latter curves were obtained by plotting the ratio- 

meter output against source anode potential for the spherical collector slight¬ 

ly electron-attracting. Alternately, the total yield may be plotted as a 

function of time after flashing so that a family of curves representing in¬ 

creasing hydrogen coverage may be obtained. The behaviour of 7^ with time 
closely resembles the "reflection" of the target work function variation 

(Fig.28) and suggests that for a given ion-surface combination the yield is 

quasi-linear with surface work function. This was a conclusion reached earlier 

when summarizing previous work in the field (see Fig.l). 

A comparison of total yield data with that obtained by Propst and 

Luscher (19) is shown in Fig.36; some comments regarding the total electron 
yields is given in section 6.3. 

The total electron yield 7^ and its dependence on ion kinetic 
energy for rf*’ ions incident on a clean and hydrogen-covered (iOO) tungsten 

surface are shown in Fig.37- It was not possible to obtain meaningful energy 

distributions due to the low signal-to-noise ratio which exists as a conse¬ 

quence of the small 114 beam intensities (~10"^ amperesjl. 

The total yields exhibit a behaviour and magnitude not unlike the 

diatomic N2 ion, though the icnization potential of N+ is approximately 1 
volt less. We would expect the N ion to behave in a manner similar to an 

inert gas of+comparable ionization energy and incident velocity. The electron 

yield for Kr , for example, is about D4 (9) at a clean polycrystalline tungsten 
surface at an incident energy of 40 eV. The comparison is crude since the 

nature of the interaction potentials at close range will differ due to the 

high bonding energy of the nitrogen atom, but the yields are nevertheless of 

comparable magnitude. 

6.2 At a polycrystalline Molybdenum Surface 

In order to gain familiarity with experimental procedures prior to 

installing the single-crystal target, a number of experiments were performed 

using a polycrystalline molybdenum specimen. Although poorly characterized 

both physically and chemically, the surface yields interesting qualitative 

trends pertinent to the Auger process. Furthermore, the surface is perhaps 

typical of engineering-type materials in a high-altitude flight regime. The 

physical nature of the surface is believed relatively unimportant compared to 

its chemical state, which in this case consists of carbon contamination and 

gas adsorption..The high likelihood of surface carbon contamination due to 

diffusion of bulk impurities at elevated temperatures is discussed in some 

detail by Vance (20). In the latter work, the carbon impurity is removed by 

the somewhat drastic procedure of heating the target for about 30 minutes 
at 1700°K in 1 X 10-6 torr of oxygen. 
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The magnitude of the electron yields for the present surface 
indicates that the contamination level must be high. We consider the carbon 
to be a chemisorbed layer reducing the electron yield through a change in 
surface work function. Thermionic measurements performed by Vance indicate that 
the molybdenum work function is increased from eV to about k.J eV due to 
carbon contamination. The electron yields for Ar* ions are correspondingly 
reduced by a factor of almost exactly two, so that in the present case we 
expect the yields to be similarly lowered from a carbon-free yield that is 
normally slightly higher than the clean-tungsten values. The adsorption of 
active gases from the high-vacuum chamber (again believed hydrogen) will further 
reduce the electron yield to e value perhaps 25% tint of a clean molybdenum 
surface. Regardless of these considerations, we believe that the surface state 
is stable since the experimental results are reproducible, and that the equiv¬ 
alent work function is approximately 5.5 eV. 

The energy distributions of electrons liberated by the Auger 
neutralization of Ng at this contaminated Mo surface are shown in Fig. 38, and 
the corresponding total yields in Fig.4l. An immediate observation is that in 
contrast to the results of the previous sections, the electron yield increases 
with decreasing ion kinetic energy. Recent work by Vance (21) substantiates 
this decreasing yield with increasing ion kinetic energy and further indicates 
that there is eventually a minimum in yield at about 75 eV ion energy. The 
magnitude of the yield indicates that the present surface is undoubtedly 
carbon-contaminated, sinje the reduction in expected from this source is 
as expected from the previous work with carbon-contaminated Mo (20). The 
distributions are very narrow, with an maximum energy independent of ion 
kinetic energy. It is more appropriate to compare this maximum not with 
(Ei-20) for a clean molybdenum surface but with a value (indicated a’) for 0 

^ There is less evidence of kinetic broadening, moreoever, than 
for the (100) tungsten data. The energy distribution of electrons produced 
by the impact of 30 eV N ions is shown in Fig.39 with a similar distribution 
for N2 for comparison. This is a graphic demonstration of the effect of 
vibrational energy sinks, since the ionization potential for NÍ exceeds that of 
IT by 1 volt. The revised energy maxima predicted for this molybdenum surface 
are indicated by a' and b' for N* and N2 respectively. The limit for N+ is 
severely violated by an amount that is difficult to explain purely on the 
grounds of kinetic broadening. This point is discussed further in section 6.3. 

The variation of the total yield for N+ ions with incident ion 
energy is shown in Fig.^2. The yield exhibits a strong dependence on ion 
velocity, and rises to a value at low energies which approaches that of a 
similar inert gas (Kr+) reported by Hagstrum (12), namely .069 at 10 eV. These 
increases in yields for decreasing ion energy at a molybdenum surface are not 
necessarily anomalous to the relatively gentle decreases observed for the 
tungsten surface. A behaviour of this type was observed by Hagstrum (11,12) 
and is shown summarized by Kaminsky (7), pg. 269, for these same metals. 

6.2.2. The Diatomic Hydre n Ion H„ 
.. C"“ 

The high velocities obtained for the hydrogen ion at even 30 sV 
result in poor performance of the ion beam at lower energies. This suggests 
that the problem is magnetic in nature, and most likely results from inadequate 
magnetic shielding. Nevertheless, an energy distribution function for electrons 

* The author is indebted to D. W. Vance for communication of these resûlts 
(Ref, 21, 22) prior to publication. 
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produced by the impact of 30 eV h£ ions was obtained, and is shown in Fig. 
40. The total yield is more readily attainable, however, and is shown in 

Fig.together with the previously described N2 data. Once again the 

distribution is extremely narrow, and in agreement with the estimated energy 
maximum a'. 

The sharp increase in the yield with increp ^ng incident energy 

might indicate that kinetic ejection is still important at low energies for 

Hg . This might be expected, since the lighter ions are more efficient at 

transferring kinetic energy to the bound electrons of surface atoms in a 

manner believed to be purely velocity-dependent. This mechanism is proposed 

by Hagstrum to account for low-energy electrons observed for He+ incident 

on a tungsten surface, but not predicted on the basis of purely potential 

ejection. The behaviour of for - Mo with incident ion energy is in 

excellent agreement with recent work by Vance (21) at energies down to 30 eV. 

The magnitude of the present yields indicates that carbon contamination is 

highly probable, since the present results are in agreement with carbon- 

contaminated values obtained in Ref. 2^4. It should be noted that there is a 

pronounced effect of incident ion energy in contrast to the previously- 

published inert gas ion data which is more nearly energy-independent. 

In Fig.¿43> it it seen that an extrapolation of the iJo and Hp 
yields to energies such that the particle velocities are identical,results in 

an approximate matching of yields. This would be expected due to the high 

similarity of both ionization energy and vibrational state density. Thus if 

Fig.¡43 were replotted as 7p versus velocity it would represent the yield of 
either Ng or (Ep = 15.5 and 15.6 electron volts respectively). It is 

suggested that the electron yield for either ion species initially decreases 

with incident energy (potential emission with energy level shifts) passes 

through a minimum, and finally rises due to the eventual predominance of the 

kinetic broadening mechanism and ultimate transition to the purely kinetic 

emission process at energies above 100 eV. Vance (21), as previously mentioned, 

finds a minimum in the yield curve for (N£ - Mo) at approximately 75 eV, so 

that on purely velocity arguments, we might expect the minimum to occur 

at ~ 20 eV. These values are in good agreement with Fig.43, as is the 

stronger variation in yield observed for Hr, as compared to Ng. 

6.3. Discussion of Results 

It will be shown that the variation in 7. with ion kinetic energy 
may be attributed in every case to effects which broaden the Nj^ÍEq+Ej^) 

distributions beyond that formulated by the simple theory of Section 2.2. 

The variation in effective ionization energy due mainly to the attractive 

image forces has already been described. This would not introduce energy 

broadening if the transition probability had zero width on the s scale, since 

the ionization potential would be exact for ions undergoing Auger neutrali¬ 
zation, i.e. - 3-6/s0 eV. 

In reality the transition probability has finite width, such that 

for an exponential transition rate it is independent of ion velocity. As the 

incident velocity of the ion is increased, the most probable ion-surface 

separation for the transition decreases while the form of the transition 

probability remains invariant. One consequence is that the effective ion¬ 

ization potential is decreased, shifting the distribution to lower energies. 
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reducing the total electron yield for increasing ion velocity. The second 
consequence is that the N* distribution is broadened, due to finite transition 
probability width, by an amount that is proportional to the gradient of E^s). 
This broadening thus increases with incident ioh energy since the transitions 
occur closer to the metal. The effect on the Ni distribution is symmetric 
at the low and high energy limits due to the manner in which broadening effects 
the Auger transform (Fig.47). The ends of the distribution are populated at 
the expense of the centre. The change in y^ from this cause depends upon 
where the distribution is located with respect to the energy barrier Eq. For 
the ions studied here, only a portion near the high-energy tail lies beyond 
E0 so that kinetic broadening of the distribution increases y± because+there 
are more electrons at energies capable of escape. In contrast, for He the 
distribution lies entirely above E0, so that kinetic broadening leads to a 
decrease in electron yield. Thus the observed variation in y^ is a combination 
of competing effects due to energy level variation and distribution broadening. 

There is an additional source of energy broadening due to the 
finite lifetimes of the initial and final states of the process, (Heisenberg 
broadening) which also increases with increasing ion velocity. The initial 
state has a lifetime determined by the transition rate for the process, and 
contributes to broadening of both the high and low energy regions of the 
Ni distribution. Tne final state has a finite lifetime because electrons 
removed by the Auger process leave "holes" in the filled portion of the 
conduction band which must be filled by electrons higher in the band by means 
of some secondary process. It is believed that only the low energy limit of 
the excited distribution is populated from the latter source. It is the 
explanation of the high energy tailing of the N0(EjJ distribution that is 
sought, so that Hagstrum incorporates only Heinsenberg broadening due to 
finite initial state lifetimes into his theory. It is an interesting conse¬ 
quence of Heisenberg broadening that in order to satisfy energy conservation 
there must be a corresponding spread in ion translational energy. 

We are now in a position to discuss the behaviour of the experi¬ 
mental distribution functions, and yields. Depending on the relative import¬ 
ance of energy level shifts or distribution broadening we may qualitatively 
obtain y± curves that either increase or decrease with ion energy, or even 
possess a minimum. The energy dependence appears stronger for the molybdenum 
surface, and this is also observed in the work of Hagstrum, summarized by 
Kaminsky (7) pg- 269. We argued earlier that both H2 and at a Mo surface 
possess a minimum in y. with increasing ion energy, an effect observed for 
all inert gases with the exception of Ne+. Furthermore, the decrease for 
Kr+ up to energies of 100 eV or more is especially rapid, and is comparable 
to the N+ result in a similar velocity range obtained here. The variation in 
7i with ion energy for the tungsten surface is more gentle and must indicate 
that the interaction potentials and transition rates are such as to produce 
a larger mean transitlcj distance. The strongest dependence is again ob¬ 
served for the lighter ions, and once again the behaviour of N+ is comparable 
to that of Kr+ in the 100 eV range. It is interesting to consider the 
approach of extremely low energy (thermal) ions. The acceleration of such 
particles due to the attractive image force can be expected to increase their 
energies to perhaps 1.9 eV at the point of neutralization. Since this rep¬ 
resents only a factor of three in velocity below the present results, we 
would expect the yields and distributions to differ little from those for 15 
eV ions. 
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The comparison of the total yields with the work of Propst and 
Luscher (Fig.36) deserves comment. The present yields are considerably 
larger and in addition the distributions are narrower (Fig.51), even though 
the theoretical energy limit (E^-20) appears valid in both cases. This is 
surprising, since in the present work, we find that at 30 eV the distribution; 
have broadened considerably and further broadening would be expected at the 
50 eV level used by Propst and Luscher. The difficulty arises primarily 
because the surface used by the latter is poorly specified, at least in the 
open literature. It is suggested that the polycrystallina surface employed 
is either predominantly (110) in structure (0 = 5.2 eV), or if consisting 
of lower work function planes, is carbon contaminated such that the effective 
work function is approximately 0.75 volts above the present value for (lOO) 
tungsten (0 = ^.5 volts). This implies that the valid value of (£^20) for 
their work is perhaps 1.5 volts lower than in the present case (reducing 7^) 
and that broadening of the distributions is also of this magnitude. 

It is true that prior to obtaining the nitrogen ion data, Propst 
and Luscher had obtained results for Hef to compare with the earlier data of 
Hagstrum (ll). However, as previously stated, the N0 distribution for the 
He+-W system lies entirely above E0 that is, the lower limit of E^ is finite 
so that changes in surface work function of the above magnitude result in 
small changes in 7^. Furthermore, the shift of the distribution function 
on the energy scale would go un-noticed since the zero-field point was locate;, 
by the apparent origin of the function itself. In the measurement of the 
present data, inadequate surface cleaning or non-idealities in electron- 
collector geometry tend to reduce the total yields so that these factors are 
not relevant. It is natural to propose extra energy sources such as metastab e 
ions, although recent work by Vance (22) indicates that extremely few survive 
the time-of-flight from source to target. In addition, the energy maximum 
of the N0(Ek) distributions strongly supports the value (£¿-20) expected for 
a ground-state ion within the amount reasonably explained by kinetic broad¬ 
ening effects. 

In the case of N2, the absence of variation in 7. with changes 
in electron impact suggests the beam is entirely in the ground state, 
although a small population in the low-lying state (¾^) may go undetected. 
Significant populations in the higher states (Table 2) would result in 
larger increases in 7¿ which are not observed (22). The lifetimes of these 
excited states for N2 have all been measured and are all at least one order 
shorter than the minimum possible transit time through the apparatus (~40us) 
obtained from a knowledge of lens potentials and assuming that the source 
residence time is zero. The latter is probably untrue, since it is deter¬ 
mined by the complex potential structure in the source. The time spent in 
the ion source may thus be an order of magnitude greater than the transit 
time through the instrument. We thus conclude that the beam is in the ground 
electronic state upon arrival at the target. There remains the possibility 
of vibrational excitation in the incoming ion beam and Moran and Friedman 
(^7) have considered this problem. Since for homonuclear diatomic ions 
vibrational transitions are not permitted, the electronic transitions from 
the short-lived A state will retain their former vibrational quanta. The 
calculation of the vibrational populations formed in the electron impact 
process indicated that 90^ of all incident ions are in the ground state 
electronically and vibrationally, and of the remaining 10$ a large majority 
possess only a single vibrational quanta (v = l). 
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The situation for is considerably simpler. There are no known 

bound electronic states, so that experimentally the electron yield 7^ is highly 
insensitive to electron impact energy as expected. This result is reported 
by both Vance (22) and Mahadevan et al (24). 

The excitation level of the N+ ion beam is in some doubt. Vance 

reports that the value of 7^ is independent of the electron impact energy, 
although the published results (22) do not extend to ionization threshold. The 

metastable states 511(1 ^0 have lifetimes of 4.13 min. and 0.9 sec. 
respectively so that the apparent absence of these states from the beam suggests 

that the selection rules are obeyed even in low-energy electron impact ion¬ 

ization. This is surprising, and represents a discrepancy with recent measure¬ 

ments of charge transfer cross-sections. Both in the present case and in the 

work of Vance, there is no possibility of appreciable Np+ concentrations which 

would result in very large electron yields because of the large value of 
Ei ( ~ 43 eV). 

It is important to realize that small concentrations of N+ in the 
lcw-lying1D2 state would be undetected by measurement of 7^ alone. The 

measurement of the energy distribution of secondary electrons can, however, 

indicate the presence of excited ion states, by observation of the energy 

maxima. In Fig.39 it may be seen that the distribution for N+-Mo extends 

perhaps 1 eV l yond that for (N2 -Mo) a situation that is unexpected since 
the ionization potential for N^exceeds that of N+ by about 1 eV. Regardless 

of the state of carbon contamination in the surface the value of 0 is equal 
for both distributions, so that the apparent recombination energy for N+ 

exceeds the ionization potential by about 2 volts. This is precisely the 

height of the metastable level ^Dp above the 3PQ ground state, so that there 

maybe a small number of excited IT ions that are insufficient to alter the 

total yield appreciably, but sufficient to shift the energy maximum. This 

proposal would perhaps resolve the earlier conflict in Vance’s work. 

Measurements of+the dissociation energy of No by Burns (50) show 

that at threshold both the N ion and the N atom are in tne ground state, but 

that the first break in the ionization efficiency curve occurs at I.9 volts 
above onset, corresponding to the products 

{Sof » (¾ ) 

The above discussion has thus eliminated initial ion excitation as 

a possible alternative to a difference in work function in order to account for 

the higher yields in the present work compared to that of Propst and Luscher. 

Another explaratxon that is not easily refuted is that a signifi¬ 

cant fraction of incident ions undergo resonance neutralization and Auger 

de-excitation (transition B, Fig.44) at low incident ion energies. This 

process requires that an unoccupied excited level is adjacent to the filled 

portion of the conduction band, i.e. 0 <(E¿-EX)< E . For nitrogen on (lOO) 

tungsten this limits the excited level to 4.6 eV <E < 11.0 eV if energy shifts 

are neglected. A most Likely level is 3 £* which gives rise to the forbidden 

Vegard-Kuplan Bands ( ~6 eV). The maximum energy of external electrons result¬ 

ing from the Auger de-excitation of this level is (Ex-0)~ I.5 eV so that we 
could not support this hypothesis by observation of the high energy tail as in 

the case of Nef. The narrowness of the observed distribution does, however, 

add credence to this process, since its effect will be to populate the low 
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energy portion of the distribution beyond that expected on the grounds of pure * 

Auger neutralization (see Fig.51). Finite instrumentation time response will 

broaden the experimental distributions, so that the narrowness of the data is 

considered significant. The theory could be reworked to include this possibility, 

assuming vibrational excitation both at the molecular ground state and at 

, and superimposing the resultant distributions in a manner reflecting the 

relative probabilities of the two mechanisms, (i.e. a fitting parameter). A 

procedure similar to this was adopted by Hagstrum (iO) to explain the behaviour 

of Ne+ at a tungsten surface, though in this case there was a considerable 

violation of the simple energy maximum (£^20). 

xhe success of the pure Auger neutralization theory in matching 

Propst and Lùscher's distribution at 50 eV using Hagstrum's value of the escape 

parameter (Fig.5l) is very encouraging. It is even better than shown, since 

the energy scales used are not identical. Propst and Lüscher used the distrib¬ 

ution itself to locate the zero field point, whereas in reality the zero point 

lies to the left, so that the distribution appears to extend to negative 

energies. This anomaly is attributed to stray magnetic fields in the vicinity 

of the energy analyzer. In the present simple theory, our only fit to experi¬ 

ment is through the escape function parameter f. It must be increased in order 

to match the results at 15 eV (by equal areas or yields). By increasing this 

parameter we are in essence postulating an increased focussing of excited 

netal electrons towards the surface normal, before they surmount the surfac 

potential barrier. It could be argued that this is reasonable in a material 

possessing less disorder and preferred directions for electron motion, one of 

which is the normal itself. Hagstrum (13) finds that a value of f = ^.8 is 

necessary to fit data for He+ on Ge (ill) assuming the required large escape 

probability is entirely due to the anisotropy of Pß. The escape probability is 

also increased by the fact that the surface barrier is not planar, as well as 

the anisotropy effect. The bulge in the equi-potential surfaces outside the 

solid leads to a greater critical angle 0C than that predicted for a planar 

boundary. It is possible that a better fit could be obtained by fixing f * 2.2. 

and including the effect of Auger de-excitation mentioned earlier, since the 

high-energy tail of both experimental distributions(Fig.5l) is well-described 

by the simple theory of section 2.2. 

The broadening of the N0(Ek) distributions is obtained by Hagstrum 

(lO) by convoluting the T(E) distributions with a pair of Gaussian broadening 

functions of half-widths 2.37 Iq and 2.37 ^ where and Çp are the standard 

deviations attributed to finite width of the transition probability and life¬ 

times of initial states respectively. This procedure is acceptable at low 

velocities, and in general £]> >2 f°T this car>e. Values of Ç= *7^2+ Sp2 

appropriate for the present case are of the order of 0.25 eV so that the width 

at half-maximum of the Gaussian broadening function is about 0.6 eV. This is 

sufficient to account for the high energy tail beyond Ea at higher incident ion 

energies. The magnitude of l2 is insignificant in altering Ç so that to a good 

approximation 

a 

dEi' 
~cTs“ s 

0 

where a"is a constant specifying the dependence of the matrix element on s. 

(taken as 2 x 10° cm-1). If sQ is sufficiently large that E^» E^^ - 3»6/s 

(i.e. image forces dominate the interaction), then 
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for which 80 ~ 2.5 A. This means that the effective ionization potential is 

on the average 1.5 eV below the free space value, but that kinetic broadening 

is active to compensate for the apparent decrease in maximum electron kinetic 
energy (E^1 - 20). The effects of image forces on ion kinetic energy and 

trajectory (if other than normal incidence) must therefore be taken into 

account in order to use the equivalence of ionized and neutral molecules as a 

gasdynamic tool. The finite width of the transition distance (~ 0.5 A) about 

the most probable value sQ will consequently introduce an angular spread about 

the most probable perturbed angle of incidence (steepened towards normal). 

It is worthwhile to discuss toe areas of immediate application of 

the present results. Of direct interest is the electron-sheath formation 

mechanism in the vicinity of a satellite at altitudes of 90 to 250 km for which 
secondary electron emission by incident ions and metastable neutrals determines 

the net charged-particle flux and hence equilibrium potential of the surface. 

Hagstrum (10) has shown that the secondary electron yields and energy distri¬ 

bution functions for metastable neutral atoms are identical to those for ground- 

statv ions. Thxs is because it is believed that a two-stage process exists for 

the de-excitation of incident metastable species, namely resonance ionization 

followed on closer approach by Auger neutralization. At the lower altitude 

limit above, the natural ionization level is low and the vehicle charges posi¬ 

tive as a result of electron ejection by incident neutral particles. A sign¬ 

ificant fraction of the latter must be electronically excited, since the 

magnitude of the effect cannot be explained on the basis of kinetic ejection 

alone. At higher altitudes,the equilibrium potential is reduced by increasing 

accretion from the ionosphere and eventually changes polarity. A second 

polarity reversal may occur at extreme altitudes ( >1000 km) due to the eventual 

dominance of photoelectric emission (daylight only). The question of sheath 

density and thickness in the low altitude region has been open to some spec¬ 

ulation due to the lack of experimental knowledge on the relevant particle- 

surfhce interactions. In particular, the populations of excited states of 

neutral particles in the ambient and the energy distribution function of 

ejected electrons are required in order to formulate the space-charge equations 

governing sheath formation and structure. The present results concerning the 

energy distribution function are readily applicable to this problem, although 

the equilibrium adsorption state of satellite surfaces is as yet undetermined. 

In the altitude region presently considered, the ion flux at the vehicle surface 

is predominantly molecular nitrogen and typically 1011 ions/cm2-sec, which is 

of the same order as the present experimental values. In the present work we 

have an estimate of the effectiveness of the normal momentum of incident molecules 

in desorbing surface gases D (<r), that exceech unity probability. Whether the 

adsorption rate is positive or negative will thus depend on the relative number 
of incident particles trapped at the surface S (ct), which is a function of angle 

of incidence. The equilibrium surface state might then be expected to vary over 

the surface between the two extremes of a relatively clean surface at normal 

incidence ( high D í0'), low 3 (o)) to saturation coverage at tangential inci¬ 
dence (low D (o), high S (a) ). 

A second area of application is in regard to the non-idealities in 
the behaviour of electrostatic (Langmuir) probes. The ejection of secondary 

46. 



electrons by thermal energy ions from a plasma occurs as a result of potential 

emission processes, although as discussed earlier the ion energy at the point 

of neutralization will be several electron-volts due to the predominantly 

attractive ion-metal interaction potential. This surface effect results in 

an over-estimation of the ion current ( and hence ion number density) of up 

to 30 per cent depending on the energy excess Eti and the surface adsorption 

state. In common with the satellite surface, the probe surface condition is 

rarely well-specified and the secondary emission effect is seldom considered, 

since the quantitative information from the technique is not yet of such 
precision. 

7. CONCLUSIONS 

An ion beam facility has been constructed that is capable of 

laboratory simulation of the ionospheric flight regime in the energy range 

10 to 30 eV or greater. With minor reservations, this facility may also 

be used for the simulation of neutral molecule-surface interactions with 

the advantages of extremely narrow energy spread and ease of energy -variation. 

In fact, it offers at present the only practical method by which gas particle 

velocities of this magnitude can be attained. Experiments have been performed 

under stringent conditions of high vacuum, to obtain new data concerning the 

Auger neutralization of atmospheric ion species at a well-characterized (single 

crystal) surface. For the cases where comparison with other work is possible 

(Mo), this data represents an extension to lower ion energies but provides 

excellent agreement with the quantitative and qualitative predictions of 

previous high ion-energy data. The effects of surface adsorption on the 

electron energy distributions, which represent the means by which we have 

gained information about the neutralization process, have been observed 

transiently by the incorporation of modern instrumentation techniques. The 

data-reduction system employed is believed a new approach to the problem, 

and represents an alternative to existing methods, generally more complex. 

A theory revision to account for the failure of the inert-gas 

formulation to adequately describe the neutralization of diatomic ions has 

provided encouraging quantitative agreement with experimental data. The 

hypothesis of vibrational excitation auring the Auger neutralization process 

has been shown to be a plausible explanation of the experimental results using 

reasonable assumptions concerning the physical parameters pertinent to the 

mechanism. The effect of ion kinetic energy although not included in the 

theory,, has been qualitatively explained. It has been suggested that the two- 

stage process fs more probable than formerly believed for the low ion energies 

used. Although chis mechanism or the simple formulation of the revised theory 

prohibits agreement wj.ch the present data, in both overall yield and energy 

distribution, the salient features are quantitatively represented in a 

fashion not at all possible using the inert gas theory. 

It is felt that the ultimate solution to the theoretical problem 

lies not in detailed modifications of an already overtaxed existing theory 

but in an entirely fresh approach, based firmly on first principles, such as 

that presently considered for the simpler He+ and Ar4- cases by Howsmon and 

Wenaas (l8). The difficulties to be experienced in applying a rigorous quantum 

mechanical treatment to complex diatomic ion interactions cannot be over¬ 
stressed, however. 
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A natural extension of this work that would provide additional 

insight into the process is the measurement of the spatial distribution of 

secondary electrons. The low signal levels, however, represent a formidable 

challenge especially for the case of reactive ion species for which the 

experimental time constants are short. A measurement of this type would 

provide information concerning the prei rred spatial distribution prior to 

escape, as well as the surface properties. There are diagnostic possibilities 

in this respect. 

In addition, the small reflected ion currents observed (R <1%) 

may contain significant information concerning tb« surface structure and 

composition, having undergone close-range interacoions. Work of this nature 

has been performed by Smith (49) at higher energies of the order of 2 eV, 

although the perturbation of the surface gaseous state prevents correlation 

between inelasr,lcally scattered ions and the chemical state of the surface. 

Smith exploits this desorption to obtain clean-surface data in an active- 

gas environment, and in the present work we have evidence of such effects even 

at 15 eV incident ion energy. 
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APPENDIX A: THEORETICAL DESCRIPTION OF THE ATibR NELTTRA’T'.iTION OF N? AT A 
CLEjL. tunssten SURFACE 

The derivation of the electron energy distribution function N0(Ek) 
will be summarized for the N^ - W system, assuming the following values ofK 
Ei= 15.5 eVjE^ = 7.37 eV, E0 = 10.8 eV and Ep = 6.4 eV. The vibrational 
energy levels are numerically given by 

E = O.304(y + 1)- O.OOI86 (v + 1) ? eV 
2 2 

where v is the vibrational quantum number. The inclusion of anharmonicity is 
required to provide a better estimation of the degeneracy factor at high 
values of v. The vibrational distribution function N^Ey) is obtained by 
fixing E and calculating the number of final states permissible according to 
the limits imposed on the excited electron energy E: 

Ep < E < (Er 20 + Eo- Ev) 

where Ey is further restrained to values below the dissociation limit. Assum¬ 
ing a density of final electron states N (E) a*Æ, the resulting Nv(Ey) dist¬ 
ribution is given by 

I 3/2 , 
Nv(?v) = K |(2Ep - Ey ) - 4.37 J- 0 < Ev<7.37 eV 

= 0 Ev>7‘57 eV 

where K is a constant. This function is shown plotted in Fig. 46 normalised 
to the value at v = 0. 

The Auger transform will next be calculated assuming N (E) = K,, a 
constant, permitting calculation of ME + Ej in simpler, closeâ form. 1 
The transform is then given by 

T(E) = I Kx2 E 0 5e! V2 
= ^ K^Ep-E) Ep/2 < E < Ep 

This function is shown in Fig. 47 as well as that for NC(E) a E?. Also shown 
is the broadened transform (dotted) assuming a calculated Gaussian broadening 
factor i = O.123 eV for a 10 eV Ng ion, to justiiy the exclusion of broadening 
effects in the calculation. The Nj(E + E. ) distribution was previously written 
as (section 2.2) 

VV V = G- (Y l>- N(V Ek) / Nv(Ev > 
available E 

4(E, + E + 
k v 

2E ,-Ei )] dE. 

The Integration may be performed using E, the 1 mean energy of participating 
electrons, as the variable of integration, while fixing (E + E, ). The function 
is thus evaluated over the conduction band 0 < E <Ep in two half-range inte¬ 
grations corresponding to the split transform regions 0 < E < Ep/2 and 



Ep/2 V E Ep. The integration limits may not coincide with the latter limits 
since there are energy constraints on the variable of integration. Firstly 
fv wh^c^ imPlies from the energy relation that E > (Ë^- 
tL'Fo1 <° ‘ SlnCp E? + Ek iS the excited electron energy, it must exceed 

^ SÍ^Ce a¡’1 leVelS bel0W thiS energy filled. Thus the 
l^er limit of integration is given by the above inequality and not by E = 0 

We fw nTr^ally that for (£o+ Ek)> 11-0 eV this lowj limit 
exceeds Ep/2 so that only the second range of 1(1) is required. Secondly, 
it has been assumed that Ey <• Ed, placing an upper bouna on E when (£„+ Ejis 

<10 n?0Uvh iw Ei"^ \E°' Ed) t0 Permit dissociati°n. That is, for(E0+ Eu 
<10.03 eV, the upper bound on E is no longer Ev but ¿(E + Eu+ Ej- E.+E ) 

electron1"6 “T Integration tMg ** ¿ exc°ked 
electron energy, two requiring integration over the entire conduction band 
and one over only the upper half. The vibrational distribution function ’ 
VV ®fy be rewritten in terms of the variables E, Ek so that the entire 
integration over initial states is performed using E as variable with Eu fixed 
The expression for the energy distribution of excited metal electrons i£ tíus 

V2 b+E* 
VV E ) o' (vk+l). N(Eq+ NV(E> Ej(E)d E + / tyis.i 

b V2 

By < (Eo+ Ek)< (Ej- 2i9 . Eo- Ed) 

V2 

a (vkn). N(E0. Ek){jÍlv(E.Ek)(E)dE . Í Hv(E,Ek)(Er- E) dE 

t> Ep/S 

E)ûe| 

(Er w * E0- Ed)< <v Ek) <(V2 + Er Eo) 

o (vkU). N(E0* Ek)| j»v(E, Ek) (Ej. E) d E 

Vs 

V2 + E, Eo)<<VEk)<(Ei- 20 + E ) 
o' 

+ Eo. By assuming the density where "b" is the bound given byb = E+ E- E. 

of excitedt^t*ia!iN^0+ Ek) ? (V Ek)^kthelres'iltinß energy distribution’' 
xcib®d “tal electrons prior to escape is shown in Fig. 48 normalized to 

el«ctr°n pej incident ion. The distribution neglecting vibration- 
al excitation is shown for comparison. Since only those electrons of energy 
greater than EQ have any probability of escape, we can see that the yield of 
free electrons will be drastically lowered from the inert-gas value. 

The energy distribution of free electrons N0(Ek) is obtained by means 
of the parametric ascape function shown in Fig.49 fon three values of the 
parameter f. The curve for f-1 L that for an Isotropic 
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of excited electrons over all angles 0^. The curve for f = 2.2 is that used 

by Hagstrum to fit his data for He+ions incident on a polycrystalline tungsten 

surface. The parameter f = 3*0 provides the best fit of the theory to the 

present results. The corresponding N^E^) functions are shown in Fig. 50 and 

a comparison with both the present data and that of Propst and Luscher is given 

in Fig.51. 

The procedure used to estimate the spatial angular flux Jft(02) w&s 

outlined in section 2.2, and some details of the calculation will be given at 
this time. For the Ng - W system, (E + Ek) is limited to a value (Ej^-20 +EQ) 

which is numerically approximately l.o times EQ. jThis means that the critical 

angle for escape 9C has a maximum of cos"^(1/1.6)2 s 38 degrees for this ion- 
surface combination. This defines the range of 9-^ values to be sampled uni¬ 

formly in sin9p - space. Having selected a particular value of 9^ we calculate 

the minimum value of Ek that will escape in order to define the limits for 

sampling uniformly over all Ek. For example, only those electrons having 

energy (with respect to the bottom of the conduction band) between 1.46 E0 
and 1.6 Eq need be considered for 9]= 20 degrees. 

By sampling Ek in uniform increments at a given 0^, we perform the 

calculation of how many electrons are refracted to the angle 9p given by 

the refraction relation. A summation at each 0p is performed when the sampling 

of and Ek is complete. The resulting distribution is shown in Fig. 52 

assuming Hagstrum's value of the escape function parameter f = 2.2. The 

chosen increments of Ek and sin01 were 0.2 eV and 0.03^9 respectively. 
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APPENDIX B: OIERATIONAL DESCRIPTION OF THS DVM/RATIOMETER. 

A brief description of the detailed operation may now be given, 
with reference to Fig. 15. The left-hand side of the diagram represents the 
pulse-width modulator, and the right the counter section. We indicate the 
two voltage inputs by A and B, and have shown the operation for A as numerator, 
although provision is made in the instrument for either A or B to act as 
numerator without disconnecting input leads. Voltage ranges are manually 
selected (Fig.l6) by inserting feed-back resistors by means of a thrre-pole 
switch which also provides the required input compensations and a logic 
signal to be used in determining decimal point location, while maintaining 
constant input impedance. The input voltage is amplified so that the range 
amplifiers' output (A', B') is always about 6.^ volts full scale. A front- 
panel indication (OVERLOAD) is provided when this level is exceeded, since 
the particular values of A or B are not always known when in ratio node. 
During the time interval denoted T-^, the scaled numerador voltage is applied 
to the inte'rator input by analog switch which is controlled by IC logic. 
At the end of this period, the capacitor is charged to an undetermined value, 
but the direction of integration (or numerator polarity PN) is observed. 

During the time interval denoted t , the analog switch So or So 

applies a voltage proportional to the denominator of appropriate polarity-5 
to discharge the integrator capacitor, determined by comparing PN and Pn. 
The scaled denominator voltage B' may require polarity inversion, so that 
both B' and its polarity-inverted form B" are available at the logic- 
controlled switches Sg and S^. If RC is the integrator time constant, then 

i 

at the end of T., V = 1 I A'dt = A' T. 
int RC { R¿ 

during tx> 

o 

A'Ti 
RC 

—X 
RC 

at the end of t , V. . 
X int = 0, so that 

The above relationship is thus completely independent of the 
integrator time constant RC. The time interval T^ is generated by the master 
counter in the digital section, and may be held constant to the order of 
parts per million, so that tx is a function of the ratio.: VN/VD only. Since 
the same digital counter is used to generate T, and measure t , constancy of 
time interval T^ is not required, however, provided the change in counter 
frequency is negligible within a given up-down integration cycle. In the 
present instiument, provision is made for time-intejrval measurement so that a 
precise reference frequency is required. If the absolute value of input A is 
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squired, the denominator is replaced by a reference voltage 1 Vr (nominally 
4 volts) supplied by a high-quality zener-diode circuit (Fig.lS). The integ¬ 

rator is supplied with input-offset compensation and a provision is made so 

that the capacitor is automatically discharged by a field-effect transistor 

should tx exceed the full-scale value of 16 ms. A front panel lamp (OFLO) 

indicates this condition and requires a change of input range in order to 

provide a correct measurement. A comparator at the integrator output detects 

both the output polarity required by the switch logic, storing it in a flip- 

flop during To) as well as the instant at which the capacitor is completely 

discharged. The comparator output then changes state. A definite "snap- 

action" is provided by an IC Schmitt trigger (Fig. 17), whose output Vc is 

gated primarily with T]_, Pjj and provides the trailing edge of the tx pulse. 

The leading edge of the pulse is provided by the end of the T^ period. The 

integration will normally not proceed again until a del.y permitting digital 

operations has elapsea (4 ps). In the case of the OFLO condition being 

invoked, approximately 2 ms. is provided to discharge the capacitor to a 
negligible value. Thus T2, which is the logic complement of T^, does not have 

a standard duration and consequent dead-time as in Ref. 36, for example. This 

allows a maximum sampling rate since Tg is never longer than necessary. 

The digital portion of the instrument (Figs. l8, I9) generates T^ 
and measures end displays the duration of the tx pulse. The interval T^ has 

been chosen such that the displayed value of the duration of the tx pulse is 

numerically equal to the ratio of input voltages, A/B, in the ratio mode, or 

the absolute value of A or B in the digital voltmeter mode. The digital 

section may be operated entirely independently from the pulse-width modulator, 

however, and be used to measure the time intervals of externally-generated 

signals. For this purpose, a time-interval pulse-shaper is provided (Fig.lS) 

consisting of a Schmitt trigger for measuring TIME INTERVAL and an R-S flip- 

flop configuration for measuring elapsed time between START and STOP pulses. 

An accurate clock is provided by a crystal-controlled multivibrator (Fig.l8) 
whose frequency may be trimmed to LMHz - 1 Hz, with a temperature coefficient 
of one part per million per degree Centigrade. In addition, a 10 Hz os¬ 

cillator derived from line frequency is provided for time interval measurements 

up to I60O.O seconds. The maste, binary-coded decimai counter (weighted 1-2- 

4-8) first generates the T, interval by toggling the Tj- T0 flip-flop in the 
upper right of Figs. 15, 19) after registering exactly 10,000 clock pulses. 

The master counter then registers the number of clock pulses occuring daring 

tx. This number is transferred into the storage register in BCD form and 

converted to a decimal representation as required by the readout lamps. These 

digital operations are controlled b^ the sequencer iFig.18). After generating 

the T^ interval, the master counter is reset to zero by the leading edge of 

the t pulse. In normal operation, other than OFLO, the trailing edge of the 

tx pulse triggers simultaneously two monostables. 

The first is a 4 ps monostable (INHIBIT) whose purpose is to 

prevent further clock pulses from entering the master counter while the total 

number of counts accumulated in tx is being transferred to storage. The seconc. 

is a 2 ps monostable (LOAD) at the end of whose period the contents of the 

master counter are transferred to storage. When the INHIBIT monostable resets, 

the master counter is again reset to zero (RESET), the T^- Tp flip-flop is set 

to the Tj^ state (SET T^) and the CLOCK signal is reapplied to the master 

counter. If the OFLO condition occurs (tx > 1600C clock pulses), the INHIBIT 
monostable width is increased from 4 ps to nominally 2 ms. During this time 
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the QFLO signai discharges the integrator capacitor by means ofufieid-effect 

transistor to speed the recovery of the instrument from overloads. The number 

displayed on the readout lamps will be exactly I60OO when OFLO occurs. The 

digital readout is provided by four Nixie tubes (type 68^4a) each driven by a 

bank of ten high-voltage switching transistors (2NWlo) and actuated by IC's 

used to decode the 17-bit binary number. In normal operation the readout 

indicates every sample taken, (4o to 100 per second). Jitter in the least- 

significant digit at this rate can make interpretation of the display difficult. 

The LOAD monostable is therefore gated optionally with a 1 Hz square wave 

derived from line frequency, so that although the storage and D to A conversior 

sampling rates are unchanged, the numerical display is changed only once a 
second. 

The Digital-to-Analog converter is shown in Fig.20. Each of the 
17 bits from the storage register is used to steer current of appropriate 

weighted value into or away from the summing point of a current-to-voltage 

converter, using the double-diode MSD61OO. Adjustment is provided for both 

the current-determining resistances and for input voltage offset of the MC1^33 
operational amplifier to provide conversion accuracy to at least 0.1¾ of full 
scale (8 volts). The full-scale current necessary for this performance is 

beyond the output capability of the operational amplifier, so that a simple 
emitter-follower output buffer is required (2N3903). 

The powe’» supplies required for the instrument are mounted below 

the bank of circuit boards and make use of active filtering in the 0.1¾ (line 

and load) regulated - 15 and -50 volt zener supplies, to conserve weight and 
space. The logic power (3.6 volts, 2.5 amperes) does not require critical 
regulation, and is derived by a zoner-controlled series-regulated supply, as 
is the ¿DO volt Nixie voltage. The total power consumption for the entire 
instrument is approximately 25 watts. 
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mol/cm^ 
Y IQl^ 

2.5 

5.0 

7.5 

TABLE 1 

Sticking Probability Desorption Coefficient 

15 30 15 30 ^o/D15 

0.66(7) 0.583 0.552 4.62 6.48 1.4o 

0.218 0.205 O.198 0.84 I.25 1.49 

0.0807 0.0729 0.0703 2.76 3.72 1.35 

TABLE 2 

ION BEAM EXCITED-STATE POPULATION DATA 

State 

2 + 

X¿ 

2 
a n,. 

Electron Energy 
(eV) 

Lifetime 
Population after 

transit 

15. 100¾ 

u 16.7 -6 
3 X 10 s 

1: 18.7 
-8 

6.6 X 10 s 

0 

0 

4v- 
20.9 

-6 
8 X 10 s 

u 

hr 

24.32 

26.22 

28.38 

4.13 min. 

0.9 s 
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FIG. 6 ION SPECTRUM PRIOR TO MASS ANALYSIS, N2 SOURCE 
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FIG. 7 ION SPECTRUM PRIOR TO MASS ANALYSIS, Ih SOURCE 
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FIG. 17 DIGITAL VOLTMETLR/RATIOMLTHR, ANALOG SYSTEM CONTROL LOGIC 

76 



^£VT 

Z-ZtL. 
J—vW—1 

FIG. 18 DIGITAL VOLTMETER/ 



(LL VOLTMETER/RATIOMETER, DIGITAL LOGIC 77 

i 



WPt/TA
o------

--------------------------  f»-AKlPuFl«------------ ---

-------Jr
*Ul
9Offer I

CUHHEtfr s lOOK 17.
^vv

Bav>/s <
SOTOi-1-20VA|

-b.2

, I 402^ 1% i i.OK 
i a\^~-

IPV4C.tK 1% 2K
^'WV-

?
Offt£T.>
VJITi 

IJOIC 
eoM»4s 

2«Vt

*'< noxsy.

: •too
'5%

_____

BCJ”,'JS 30706-1 502K
loon \7. r %
-\ 'A ♦ Vv6/-------------

CAu 5k

H0cJ«N6 tl55-l- SOiK 
uc^<K \ f. r i 

»■---- ^AV-i-AA\—
lOV BtAiCi/Kc—wv—

lOOVo~

I00V4.0£ki'a M 5i 
0-^/\-------

-i- " OPf

1 -IS kw

INPl'
'V-

6'HMPjFlEK

(IDOncAuTD 
A-AflPbF.OO

10 .IK .
ViOAA/^.^

lOK iX f *

4,7
IC7.

fcq^JfcOODii-i-soi 
500 

------------ 1

>3.1K
»5V.
>-tS

T ; .-tr

IK O''-
■KiS 0—VAr-

-K^l

? 7.
—4—wv

T ’4 

<1.2 ^

K>

7IW3
070 5l

^ 10 o-

-o ~Vi

«r<rM42;o,PIODE- 
-CH t>9

----O-f/,

- r-- -r^- J

3070i-l-l05»'

It A
-15 o—VA^

'k r---
37.7ik f

—♦-AA/V-i NAAt

<6
-!►£

■ -fj-v.

FIG. 16 DIGITAL VOLTKETER/RAI



t-l-toa

-l-do^

+220 >-^,W

15 K »•>£ 
VWV W f

>tOt K>'/.
■A/W

\9>K \ot 
-AAA.

!N/4(S4

2N'1«05

BOl/f,N5j070S-l-50i2M 
S. 2K iV. i ,oK. 1*4

Vk O- 'AA—4—aA/V^----AA^

r I8K ^ ' .
ri5 o—WV—t—I 1

T±.l
IM
10%

S’.iK

2N4J20.'

, ^ . I Switch Ijj(-i.<. o- -*------1 j

BOWDC ^TOS - ‘-502h

7 +V-LO—\Vv
DENOMlNimOR 6AL.

2- < ! A
AAAv- -f- AAV-

-V*0-
5^0K|V.

AAAr—

S>*MTC H

£OK i“a 
—VW—

r
JWITCH 3

oisp(nij^K\ 
—11------

r!5
MC14^
24

-r<:)tHmo,
J)iOT;c-i>.''e-'Tt2

>^IK
>5‘.

lOl)
±57.

I -L ' ' lOPF y

'5*^ IKl+tOA ___
-A-

1-1
rb- * 5oK 'o^A

■+4.20—VSAV\/—O -4) 2 _i_

80Ul?N^£J5P i-503
+4. i. O-AAAAV—O -li 2 

60L-RN5 215P-I-205

ftU. :.'NW<S) DOPE-. ACE iH+TSA-

16 DIGITAL VOwTMETERAaTIOMETER, ANALQ? SYSTEM 

1



BLANK PAGE



O
V

E
R

R
A

N
G

E
 

4
th
 D

E
C

A
D

E
 

3
rd

 
D

E
C

A
D

E
 

2
n

d
 
D

E
C

A
D

E
 

1
s
t
 
D

E
C

A
D

E
 

H 
r- 

§ 
w 
ifl 
Z 

5 
§ 

79 

F
I
G
.
 
2
0
 

D
I
G
I
T
A
L
 
V
O
L
T
M
E
T
E
R
/
R
A
T
I
O
M
E
T
E
R
,
 
D
I
G
I
T
A
L
-
T
O
-
A
N
A
L
O
G
 
C
O
N
V
E
R
T
E
R
 



•»•¡.¡J 
...... 

ZONE AXIS 

CONE Of REFLECTED 
RAYS FOR ZONE 

FIG. 21 BACK-REFLECTION LAUE PATTERN OF PLANES OF A ZONE IN A CRYSTAL 

80 



FIG. 22 LAIIE BACK-DIFFRACTION PATTERN FOR ANNEALED (100) TUNGSTEN 
SURFACE.



001 

FIG. 23 A REPRODUCTION OF THE (100) TUNGSTEN LAUE PATTERN 
(UPPER) AND ITS STANDARD STEREOSCOPIC PROJECTION 
LOWER), IDENTIFYING PRINCIPAL POLES 
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FIG. 24 ELECTRON MICROGRAPH OF THE ANNEALED (100) TUNGSTEN 
SURFACE.
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FIG. 44 SCHEMATIC DIAGRAM ILLUSTRATING THE AUGER PROCESSES 
RESULTING IN THE NEUTRALIZATION OF LOW-ENERGY IONS AT 
A METAL SURFACE. (APPROXIMATELY TO SCALE FOR THE NJ- 
TUNGSTEN SYSTEM) Energy released by electron (2) as a result 
of either transition A or B is totally absorbed by electron (1) which 
may be excited beyond the vacuum level. (Secondary electron emission). 
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FIG. 46 THE CALCULATED VIBRATIONAL ENERGY DISTRIBUTION FUNCTION 
FOR N2 IONS NEUTRALIZED AT A TUNGSTEN SURFACE. Excitation 
beyond Ev=(Ej-20), shown dotted, cannot occur in conjunction with the pro¬ 
duction of a free electron. 
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FIG. 47 THE AUGER TRANSFORM FOR TUNGSTEN ASSUMING 
THE DENSITY OF CONDUCTION BAND STATES. 
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FIG. 48 THE DISTRIBUTION IN KINETIC ENERGY OF ELECTRONS EXCITED BY 
THE AUGER NEUTRALIZATION OF nJ IONS AT A TUNGSTEN SURFACE. 
PRIOR TO THEIR ESCAPE. Only those electrons at energies beyond E0 
have finite escape probability. The form of the distribution function without 
including the possibility of molecular vibrational excitation is shojvn for 
comparison. 
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FIG. 49 PLOTS OF THE ESCAPE FUNCTION FOR THREE CHOICES OF THE 
PARAMETER f. 
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FIG. 50 ENERGY DISTRIBUTION FUNCTIONS OF FREE ELECTRONS PRO¬ 
DUCED BY THE AUGER NEUTRALIZATION OF N+ IONS AT A CLEAN 
TUNGSTEN SURFACE FOR THE THREE VALUES OF THE ESCAPE 
FUNCTION PARAMETER f. 
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FIG. 51 A COMPARISON OF EXPERIMENTAL AND THEORETICAL ENERGY 
DISTRIBUTION FUNCTIONS FOR THE PRESENT WORK AND THAT OF 
PROPST AND LUSCHER (REF. 19). 
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