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The experimental coefficient of ion-electron emission for K' in the 0.6-6-keV energy range
incident on pure Mo has been found to be in excellent qualitative and numerical agreement with
the calculation by Parilis and Kishinevski. Sharp thresholds were measured at, respectively,
0.59 and 0. 64&&10 cm/sec for Mo and W. Evidence involving the distribution in energy of
electrons ejected at angles near the target normal showed that incident-beam particles
embedded in the target fundamentally affect the nature of the ejection process. This contamina-
tion factor is basically the cause of the discrepancy between the new and previous data. In
particular, the linear intercept for Mo differs by 50/p from Brunnde's value. Pulse measure-
ment techniques were used and pure Mo surfaces were prepared by subliming away contami-
nated metal layers at 2000 'K. The electron emission for K' on Mo was found to be augmented
by monolayer coverage of pure Mo by N2 at low energies but was reduced slightly at incident
energies above 3 keV. This observation is discussed in terms of the surface-barrier effect
on escaping electrons.

I. INTRODUCTION

Past studies of the secondary-electron emission
by bombardment of assumed "atomically clean"
metal surfaces with alkali ions of ionization poten-
tial less than the surface work function (kinetic
emission) are in several important cases contra-
dictory. This investigation set out to verify the
yield data for K'- Mo by Brunnhe and K'- W by
Petrov, which are of particular interest since
these pairs and Rb' (or Kr') on Mo and W were
specifically treated in the calculation of kinetic
emission yield by Parilis and Kishinevski, hence-
forth referred to as PK. These earlier experi-
mental results are significantly at variance to the
theory. However, a discrepancy exists between
present and prior data that is assumed to be due to
target contamination by incident particles under
earlier experimental procedures. In the current
work, obvious beam-contamination effects were elim-
inated by reducing the beam current until good re-
producibility was established. Under these condi-
tions, the yield curves of Brunnbe and Petrov were
reproduced quite well; but as discussed in detail
in Sec. HI A, concrete evidence accumulated that
despite this deceptive reproducibility, contamina-
tion effects yet occurred. Thus, the data reported

here were taken by means of single-current pulses
of several msec each. In the case of Mo, layers
contaminated by embedded particles were elimi-
nated periodically by subliming away = 100 atomic
layers of the target surface at 2000 K. Influence
of contamination then was eliminated from the Mo
data and minimized in the % results. Under these
conditions, sharp thresholds were measured in
each case, whereas previously these had been ob-
scured. It was -also found that the linear intercepts
were greater as the yield was lower.

The experimental yield curves are presented in
Sec. III 8 and compared to the PK calculation. Sec-
tion GIC presents data for yield when K' is incident
on pure Mo covered by a monolayer of I&, and the
effect of gas coverage at high and low ion energies
is discussed. Also, it is suggested that the simi-
larity of an undulation in present Mo/Ns data and
"atomically clean" yield data by Magnuson and
Carleston might mean that, in fact, the "atomical-
ly clean" supposition was incorrect.

II. APPARATUS AND PROCEDURE

A. Experimental Tube

Figure 1 shows a schematic diagram of the op-
erating portions of the apparatus. The complete

Copyright 1972 by The American Physical Society.



SAME S L. BREUNIG

C

FEEPÃP/zi

FIG. 1. Schematic diagram of the
flange-mounted apparatus. The indi-
vidual components are as follows: A,
coated-filament ion source; 8, ion-
gun electrodes (held in place by sealed-
on glass); C, stainless-steel disk; D,
stainless-steel tubes (4 altogether); E,
stainless-steel flange, highly schema-
tic; F, deflection plates; G, collima-
tors H, foil target I, Faraday cage;
J, grid; K, secondary-electron collec-
tor; L, alternate electron collector
used for HPQ analysis.

FIN/ii

assembly was mounted on a 4-in. -i. d. 304-stain-
less-steel Qange. The structural layout provided
good shielding of the target region from the high-
voltage leads and electrodes. The pure source of
K' ions was a resistance-heated iridium filament,
coated with an alumino-silicate molecular sieve
prepared in the manner described by Weber and
Cordes. ' The beam was tested for purity by means
of a time-of-Qight mass spectrometer with the ap-
paratus in its normal operating mode except that
the target had been replaced by an electron multi-
plier. The K' beam showed no impurity to the level
of 0. 6%. The second of the hemispherical ion ac-
celerating electrodes was RC coupled to a pulse
generator to form 1- to 10-msec pulses where
needed. Beam current density at the target was
measured with some care and found to be roughly
uniform over a diameter of 1.5 mm and to cut off
sharply, ' i. e., less than a fraction of 10 of the
beam current was intercepted at the collimator (G)
of Fig. 1. The targets were of very pure Mo or W
foil, 0. 01-mm thick, and had an area of 5x 6 mm
normal to the incident beam. Molybdenum lugs at-
tached to tungsten leadouts secured the filament.
Metal-to-ceramic -to-metal seals, normally used
as feedthroughs, were used as insulating supports
for the collector, semifinal collimator, and de-
Qection plates.

B. Electron Collection

Some care is required in the collection of elec-
trons ejected by alkali ions incident on clean metal
surfaces. The problem is one of separating away,
or correcting for, the reflected ion current and the
considerable current of tertiary electrons liberated
when reflected ions strike the collector walls. The

present approach was to separate the currents phys-
ically. The electron collector for total yield (Fig.
1) was symmetric around the beam axis. A hoop-
shaped electrode (K) was placed flush with the tar-
get plane to collect the target electrons. Reflected
ions could not reach this hoop as it was behind the
plane of the target, and tertiary electrons liberated
at the collector walls were returned by a negative-
biased grid (J). A positive bias of 160 V was ap-
plied to the hoop collector which, being intentionally
unshielded by the screen, could establish an ex-
tracting field at all points on the target surface for
electrons, while the screen was biased to —25 V to
turn faster electrons emitted near the target normal
back to (K).

These arrangements were carefully tested as
follows. Thermionic electrons from the target were
collected by the hoop (K) to the extent of 100 +2%%.

To test for collection of the higher-energy emitted
electrons, these were produced by bombarding a
gas-covered target by 8-keV incident ions. Here,
collection conditions were more favorable so that
the yield could be measured directly with the col-
lector shell and the suppressor grid, and a reason-
able correction could be made for reQected ions.
This test indicated a 100% efficiency with perhaps
3%%uc uncertainty owing to possible wrong estimates
of the reflected-positive-ion energy spectrum. Fi-
nally, it was found that measured yield under ex-
perimental conditions was unchanged by variations
of the bias voltages of about 20%%uc.

The collector shell of 50-mm diam was con-
structed of stainless steel, the screen was electro-
formed nickel of 90%%u& transparency, and the hoop
was formed from 7-mm-wide Ta sheet. The ge-
ometry of this collector shell was rather arbitrary
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and chosen for convenience of construction. For
the energy spectrum analysis, however, a spheri-
cal collector (L of Fig 1.) of 50-mmdiam was re-
quired so that the usual retarding-potential-differ-
ence (RPD) method might be applied. The optional
insert was used to capture electrons emitted within
18' of the surface normal. The magnetic field in
the target region was -0. I 6 and not troublesome.
However, this geometry suffers from the focusing
effect caused by a potential difference between the
sphere and the insert electrode.

Additional details concerning the apparatus and
procedure are available from Ref. 6.

C. Data Recording

Ion-beam voltage at each measurement point was
known to 0. 5/o accuracy including a 2-V drop across
the filament source. Two currents were measured:
(i) collection-electrode current and (ii) current to
the screen, collector shell, and target. Since the
absolute value of current was not required, good
accuracy was obtained by cross calibrating the re-
cording instruments. For pulse measurements, the
currents were fed to a dual-trace oscilloscope ex-
cept that a preamplifier with 10 -Q input impedance
was used to measure the reduced electron current
near threshold. Calibration was accurate to better
than 2/o but a random error was present in the form
of noise to about 3%. In the average of eight or so
measurements, this meant a net possible error of,
say, 4% or less in yieM magnitude. In practice,
resolution near threshold was typically +5 x10

Electron energy distributions were also mea-
sured. In order to form the spectral curves, lin-
ear variation of the retarding potential in time and
RC differentiation of collector current were used
and the result of each 10-sec scan was recorded by
a chart recorder.

D. Vacuum System and Procedure

The design of the vacuum system and ultrahigh-
vacuum (uhv) technique differed little from the
standard Alpert techniques of previous experiments
at this laboratory. The vacuum envelope was
mainly of 4-in. -diam stainless-steel tubing which
sealed via a Kovar-7052-glass graded seal to a
glass -mercury-diffusion-pump system with liquid-

Na traps. A titanium sublimation pump, not used
in the earlier experimental systems, was added
and used to speed processing to uhv.

With the aid of sublimation pumping, the pressure
prior to bakeout was reduced to less than 10 6 Torr.
At this time, the filaments were outgassed at or
above their operating temperatures for 2 h. A
300'C 24-h bake of the entire system, including the

traps, followed; after this, the base pressure was
typically on the order of 5x10 0 Torr if the system
had been "up to air" for only an hour or so, as was

generally the case. It was then necessary to heat
the filaments at operating temperatures for 24 h to
outgas them to uhv and then, typically, the pressure
was 1-2x10 Torr mith the filaments in steady op-
eration. Sublimation pumping was also useful during
this outgassing period.

Target-surface cleaning was by the conventional
flash-filament technique. The Mo- and W-foil tar-
gets mere resistance heated to temperatures of
1750 and 2000'K, respectively, for about I day in
uhv. Subsequent surface purity was maintained by
flashes (2200 'K for W) of a few sec at regular in-
tervals with p & I x IO Torr. As mentioned in Sec.
IIIA, it was found necessary to take yield measure-
ments only with single =5-msec pulses of typically
2x10 '-A peak current. Transformed to a flux den-
sity and referred to the surface density of metal
atoms, this was =10 ' monolayers/sec or =10 '
monolayers/pulse. During experimentation with
Mo, after every 20 or 30 current pulses, approxi-
mately 50 atomic layers were evaporated away to
eliminate entrapped K atoms. As this procedure
was not practical for W, the total number of pulses
was limited to roughly 100 after which the experi-
ment was terminated. Two W targets were studied
in this way.

Additionally, yield was measured for monolayer
Nz coverage of clean Mo. For this purpose, the
Mo target was flash cleaned with p & I x I0-~ Torr
and then nitrogen was admitted to a pressure of
5x10 ' or 5x IO ' Torr. About five measurements
by single 2-msec pulses were performed beginning
either = I min or =10 sec after admitting the gas,
depending on the pressure. Since adsorption of a
second gas layer proceeds at a rate reduced by
more than a factor of 10, ' it is possible to conclude
that these measurements were associated with nei-
ther significantly more nor less than monolayer cov-
erage. That no variation occurred in each succes-
sion of five measurements further supports this.
However, it was found that this measurement is even
more strongly influenced by alkali contamination
than the clean-surface measurement t

III. RESULTS AND DISCUSSION

A. Alkali Contamination of a Mo Target

The phenomenon of surface contamination men-
tioned in Sec. I bears amplification. At the begin-
ning of the investigation, it was found that electron
yield and ion reflection increased by as much as
100% during periods of bombardment of 100 sec by
a K' particle flux of 10'3 (cm sec) '. The number
of particles embedded by past bombardment was
seen to be a variable in that the initial value after
a flash was not reproducible. A natural remedy
was to reduce the incident-particle flux density to
& 10'~ (cm~ sec) ', limit the current measurements
to & 10 sec, and heat the Mo filament to the outgas-



gpMES L BREUN IG690

0.3—z
UJ

0
0.2—

0

2
0

O.l—
V
LLl

LIJ

2
0

0 '

2 3

C ENERGY INk. VION KINETIC

r for K' incidention of p with ion energy or '
. tIG. 2. Variat o

on conven o a yll cleaned Mo. a xven as
re from the worsquares, are rom

com-cpnventipnal y
orted by B

~

1 cleaned Mp~ g
e. The bn-ed to tbe squares P

& data agree «»5~f the two sets oear intercepts o
F 2, below & keV

Mo/&(K~ e
d behavior in Fig,

Cs gr, but,
The yie

ate» foalent to
d the relative sc

the finding pf

atter of the~aters als«o " ~

t cause for IGneti
as

. ed lthout aPParenw
'es below about 1 ~

dies pf the electroThis last incon
the discoveryenergy dlstri

e of contamination,btle or second deg .
by embedded P

su
pntaminatipn,i ht be called I co

asured spectxum oives the s
d this

Fi
electrons ej,.ected from M

t the ath that of Qrunny e exc P
norm

re su]t agrees w'

3 V was npt coatedat =& '
d

olute cutoff indxca
f electrons ejecte

so u
Th n the energy P

1 was measur
s ectrum p e ee,
ar et nprma

I

, l8
~ 1'd curve"leftmost" soesult j.s the

and this reP rp-ear~d tP Pe
ehich j.s at cpn

h d strlb tlonapp
'derable va»ancduci,

tatip„. n
at 0 eV w ic

. 0 account of rethe theoretical P
- f emerging ele-

pb-
tipn and interna

e the escaPe Proe metal surface,satthem
t zero electron en-

ron
from zero aab»b'1 should»se

1 Since the argum leve ~

er anu
' e tp the va, cuum

s near

g temPerature
2p. This caused e

yg5Pp o fpr $ 5 h a
ergy relat&ve

ected at ~gles
elec- e

ectrons ejecbe
th total dlstrlb"-

ber of measur
„robabigittj to be

rements, say ' . .
Constant

al as well as o
~

the ta,xget np™
the expected effec, this

~

ld and reflection P o
d the reprod«i-

- ich clearly shows

trpn yze
r j.od

p

s typ wh
anomalous

during ethe measuremen P .
lly accepted as

lt as certainly ano '
d K particles

rovisiona . ed resu wa
. e al]. entraPPe

pf these values w P
d been eliminate

rder to eliminat
be an anomalous

bilitJJ o
'nation effec

sed .
what apPea

met-

of that contamin o
' ue apparentl

h'ch might cause w

layers of the me-

Thisistheco "
7 d thers

-amis surface interact~o
~

-
d" way at a temPera"evaporate a

Brunnee,
s the values o

nt on
f the secondary

1 t~~get were e P

F ~re 2 shows
~ .

ormally inc).den
gu

K. ipns normsaon coefficzen y

12

Z
10—

Z

S—

cl)

6—

l I 1

k' IONS3 keV
IDENT ON MoNORMALLY INC

RONS EJECTED

ECTED

. 3. Dxstrxbut~on in energy of

t, lt h-
e ected from

new experime
d t b t'oWhile the total xs rniques. Whi e

ximately unc ah nged, thewas approxxm
les near theribution at ang

d o d blrmal showed a co
bu~ The partla ldifference. Th p

are multiplied by 10.

2

0
Z 0 6 S

LECTRON ENERG Ys, INeV
16



EJECTION OF ELECTRONS FROM. . .

I—
Z 0.3—
LIJ

Lk

UJ

0

O 0.2—z

C/)

LLl

z
0

0.1—

z
0

2 3 4 5 b

ION KINETIC ENERGY IN keV

FIG. 4. Variation of p with ion energy for K normally
incident on pure Mo and W.

of 2000 'K. Here, tabulated evaporation and elec-
tron-emission values were used to estimate the
mass sublimed away. This showed that impurity
atoms in the surface layers caused the anomaly
since the normal curve of Fig. 3 was subsequently
recorded. Additionally, when yield was measured
with single 10-msec pulses only, yield for a "vir-
gin" target was found to be reduced in magnitude
from the curve of Fig. 2 to that of Fig. 4. But after
= 30 current pulses, reproducibility deteriorated and
measured values tended to drift up to their former
values. Since the sublimation procedure consis-
tently restored the initially lowered values, it
must be concluded that there had been K-particle
contamination when the curve of Fig. 2 was mea-
sured and, in general, when the conventional ex-
perimental technique had been applied. This, then,
is a second and more subtle effect that requires
relatively few incident particles, that is not cured
by the IV50 K outgassing procedure, and that pro-
duces ion-electron emission results of good repro-
ducibility. However, the anomalous distribution
for electrons ejected near the target normal, while
incidentally the total spectrum was affected to only
about 10%, indicates that the effect of P contamina-
tion on ion-electron emission is more extensive
than a mere shift of the surface work function. The
fact that a threshold found for the pure surface
(Fig. 4) was totally obscured in the presence of con-
tamination likewise indicates a nontrivial change
in the nature of the emission process.

Ironically enough, the outgassing procedure is
important in setting up the stable and reproducible
P contamination state. Roughly 0. 5 monolayers of
3-keV K' bombardment followed by 12 h of heating

to IV50 'K resulted in the reproducibly anomalous
curve of Fig. 3. On the other hand, ten times this
number of incident particles were embedded in the
target in the presence of only periodic flashes of a
few sec each, and yet the measured spectrum curve
more closely resembled the normal than the anom-
alous curve of Fig. 3. However, a measurable ef-
fect on yield was first noted when =0.OI monolay-
ers of K atoms had been shot at the target.

The nature of the contaminant state is open to
speculation. It has the singular characteristic of
being reproducible and, in view of the distribution
findings, must be due to the presence of alkali ions
on or near the surface. Since the larger level of
contamination initially observed produces consid-
erably greater yield, it follows that the degree of
K coverage must be constant in second-degree con-
tamination. One possibility is that the stable im-
purity state occurred when the K volume concentra-
tion reached its equilibrium level at I750 K, and
that ions diffused to the surface as the filament
cooled after each flashing. Another possibility is
that there are surface sites where the binding en-
ergy is sufficient to hold a K atom for a period on
the order of the reciprocal diffusion rate of K atoms
to such surface sites when the metal is heated to
1750'K. It is plausible that the fraction of sites
with this property might be constant under fiash-
filament processing.

B. Yield Data for K+ Incident on Clean Mo and W
Surfaces

The measured electron yield from atomically
clean Mo and W surfaces plotted versus kinetic en-
ergy of the normally incident K' ions is shown in
Figs. 4 and 5. Data points are the average of eight
or more measurements each with typically two
values discarded. Sublimation cleaning of the Mo
target of K ions was performed periodically; but as
this was not practical for %, these data are per-
haps marginally inQuenced by K contamination. The
No and % thresholds are 0. 70 and 0. 82 keV and
the linear intercepts are 1.6 and 1.8 keV, respec-
tively.

»unnee's results for the K'- Mo experiments
were reproduced using his procedures which were
found on analysis to cause contamination of the tar-
get surface by beam particles (Sec. III A). Thus,
the discrepancy between the linear intercept re-
ported here, 1.6 keV, and that found by Brunn0e,
1.05 keV, is most probably due to alkali contamina-
tion of the target in the former experiment. The
situation as to the earlier K'-% yield data by Pe-
trov is similar except that the effect on yieM is
less severe for W. The important point here is
that a sharp threshold was found below I keV. That
Petrov reported a threshold at the linear intercept
(I.5 keV) was possibly due to the limitations of the
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E = E(sg, z2, Mg, Ms, x) . (3)

oscillographic measurement technique near thresh-
old. It is of interest that subsequent to his original
investigation, Petrov studied yield for a K' beam
incident at 45' to a W surface. At this time, more
care was given to minimizing alkali contamination
and beam current was switched on only during yield
measurements, although in periods of seconds
rather than the msec used in this work. The linear
intercept reported for this investigation was 1.8
keV and since it is believed (see for example, Ref.
3) that target inclination increases yield by a con-
stant factor of sec8, this result is in agreement with
present data as to the linear intercept. At lower
ion energies, an exponential rise was found with
considerable scatter in succeeding data points,
much as had been the case here when Mo was studied
by means of dc measurement techniques.

The form of the yield curves follows closely that
predicted by the PK calculation; a mild linear, or
less than linear, energy dependence at energies
immediately above threshold and linearity at en-
ergies above =2 keV. As to the PK analysis, the
following paragraph will show that while the magni-
tude of the yield is not particularly suited to ex-
perimental comparison, it is useful to compare the
computed threshold and linear intercept to the ex-
perimental data.

The complete PK yield formula is as follows:

y= 1 "a(E) roe "~ Ndx, (1)

It was assumed that after metal-core atoms are
ionized by the impinging ions, conduction-band elec-
trons are excited in the two-electron Auger neutral-
ization of the hole states and these are the elec-
trons that escape the metal. Thus, 0 is the cross
section for hole formation computed on the basis of
an average energy transfer J, per ionization with
the use of the Thomas-Fermi-Firsov' formula for
the collisional inelastic energy transfer &. Since
the a calculation is of a highly statistical nature,
no free parameters are introduced by it and, in
fact, J; ~ (Auger neutralization probability), and
X (electron diffusion length) are the only parame-
ters of the yield formula not experimentally well
known. Further, w/J occurs as a factor and in-
fluences neither the threshold or linear intercept
and, additionally, ~ does not affect the threshold
value. Hence, these two numbers, threshold and
intercept, provide a fine experimental test of the
applicability of the theory

In their article, PK reported that the computed
ratio of linear intercept to threshold was 2. 25. This
number agrees strikingly well with the experimental
ratios 2. 3 for Mo and 2. 2 for W. The threshold
velocities were said to lie in the range 0. 6-0. 1
x 10' cm/sec for the various ion-target combina-
tions K' or Rb' on Mo or %. It is possible to con-
clude that K'- Mo and % would correspond to
threshold velocities at the upper end of the range,
0. Vx 10~ cm/sec, in very reasonable 15% agree-
ment with the present experimental results, 0. 59
and 0. 64x 10 cm/sec. However, the threshold was
computed by using hole depth relative to the top of
the conduction band. These numbers were taken
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FIG. 6. Variation of y with ion energy for K' normally
incident on pure Mo with monolayer coverage of N2. Also
shown is the pure-surface yield curve and yield data points
taken under conditions of K contamination (see text).

from inelastic energy-loss data by Harrower'~ to
be 11.6 eV (Mo) and 14. 8 eV (W), but later and ap-
parently more careful studies by Apholte and
Ulmer' and by Lynch and Swan 3 quoted values of
10.1 and 9. 9 eV (Mo) and 11.1 and 10.8 eV (W).
Using an average of these latter numbers and as-
suming that e is approximately proportional to the
square of the ion velocity, the corrected theoretical
threshold velocities would be 0. 65& IO' and 0. 60
x 107 cm/sec. These are in quite handsome (10/q)
agreement with the experimental results.

C. Yield Data for Monojayer Coverage of N~ on
Pure Mo

The yield function measured for K' incident on

a pure Mo surface covered by a monolayer of ad-
sorbed nitrogen gas is in Fig. 6. The individual
measurements showed some scatter directly trace-
able to the presence of beam contamination. To
emphasize the severity of this effect, the points en-
closed in boxes are shown. For these, after ap-
proximately 50 pulses had been directed at the tar-
get, the surface was thoroughly outgassed at 1750'K
for I h with p= 1@109 Torr. Then nitrogen was ad-
mitted as before and the points depicted by the boxes
resulted.

As Waters had reported, yield at I-keV energies

and below are greatly enhanced by monolayer cover-
age. However, it is natural to question whether the
yield obtained in this earlier experiment was in-
creased beyond that for a gas-covered surface by
alkali contamination, since a single target was ap-
parently used by Waters for an extended period of
time without precaution to remove embedded par-
ticles.

Beyond 3 keV, the yield is actually reduced. Par-
ticularly since this trend stabilizes, it may be be-
lieved that the only effect of monolayer N& coverage
on the emission process here is to reduce the elec-
tron escape probability by increasing the metal
work function. The increase in yield below I keV
is undoubtedly due to e1ectrons "boiled off" in atom-
ic collisions occurring essentially outside the metal
surface. But, for incident particles of many kilo-
electron-volts, the metal lattice is quite soft and
penetrable, to the point that PK could justifiably
assume that most fast ion paths are approximately
linear within the metal. Thus, at high ion energies,
electrons "boiled off" in the K'-N atomic collision
must escape over the surface potentia1. and refrac-
tive barrier in order to be observed. From the
data, it appears that, in fact, a negligible number
of these direct or "boiled off" electrons escape,
which is the PK assumption.

These data may also bear on the investigations
by Magnuson and Carleston, who conventionally
increased the beam density of incident nonreactive
noble-gas ions until a leveling off was reached in
electron yield. This yield value was taken as that
for an atomically clean surface. Arifov et al. '
have already disputed this conclusion as their re-
sults for flash-cleaned Mo are not in agreement;
also, it may be stated that the discrepancy is most
severe in the low-energy region most influenced by
contamination. In addition, their yield curves show
a characteristic undulation in the neighborhood of
5 keV not found in other clean-surface data. On the
other hand, the slope of the curve K'-Mo/N~ de-
clines briefly at about 8. 5 keV, as does the K'- Mo/
(Nz+ K) curve at 4. 5 keV in the sort of undulation
that is common in the Magnuson and Carleston data.
In fact, for their Ar'- Mo (single crystal) curves,
there is a slope minimum at 4. 5 keV where a tan-
gent would cut the Y axis at about 0. 15. Curiously,
the K'- Mo/(N~+ K) curve shows a slope minimum
at the same point and an intercept at roughly 0.07.
The difference here is about the amount of poten-
tial emission for Ar' on Mo. It would seem pos-
sible that their data suffer from not only residual
gas contamination but also from contamination by
embedded particles of the incident beam. Further,
it appears from this that the inert rare-gas atoms
embedded in a target may have an effect on the
kinetic ion-electron emission process similar in
nature to the embedded electropositive alkali atoms.
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IV. CONCLUSION

The current results for kinetic ion-electron emis-
sion are in excellent quantitative agreement with
the results of the PK theoretical calculation most
appropriate for numerical comparison, the yield
threshold, and extrapolated linear intercept. This
is an agreement intrinsically related to the accuracy
of the Thomas-Fermi-Firsov statistical model and
the PK method of cross-section computation, and
credits each.

It is to be concluded that a discrepancy between
previous data for K'- Mo and W ion-electron yield
and the results presented here is due to the presence
of beam particles in the targets of the earlier work.
It is the author's recommendation, based on this
series of experiments, that better precautions be
taken than before to ensure against surface contam-
ination in similar experiments. For the cases of
flash-cleaned Mo and perhaps % surfaces, a simple
means of either removing the embedded particles

or verifying that they have no effect is available:
A new pure surface may be exposed by subliming
away atomic layers which may have an objection-
able concentration of incident beam particles.

It has been found that single-layer coverage of
clean surfaces does not affect ion-electron emission
for sufficiently fast incident ions beyond an amount
attributable to a work-function change, and increases
yield less at low energies than was previously be-
lieved.

ACKNOWLEDGMENTS

The author is indebted to and wishes to thank
Professor Leonard B. Loeb for his guidance during
this research. Thanks are also due to Dr. Joseph
Lang for useful theoretical opinions, and to Profes-
sor gulf B. Kunkel for his generous assistance.
Finally, the author is grateful to the U. S. Office of
Naval Research for its financial support of this
study.

*Work supported by a grant from the U. S. Office of
Naval Research.

'C. B~n 6e, Z. Physi 147, 161 (1957).
N. N. Petrov, Izvest. Akad. Nauk SSSR Ser. Fiz. 24,

673 (1960).
E. S. Parilis and L. M. Kishinevski, Fiz. Tverd.

Tela 3, 1219 (1961) [Sov. Phys. Solid State 3, 885 (1961)].
46. D. Magnuson and C. E. Carleston, Phys. Rev. 129,

2403 (1963); 129, 2409 (1963).
%. E. Weber and L. F. Cordes, Rev. Sci. Instr. 37,

112 (1966).
J. L. Breunig, Ph. D. thesis (University of California,

Berkeley, 1972) (unpublished).
YP. M. Waters, Phys. Rev. 109, 1466 (1958); 111,

1053 (1958).
H. D. Hagstrum, Rev. Sci. Instr. ~24 1122 (1953).
V. V. Marakov and N. N. Petrov, Bull. Akad. Sci.

SSSR 24 666 (1960).
' O. B. Firsov, Zh. Eksperim. i Teor. Fiz. 36, 1517

(1959) [Sov. Phys. JETP 9, 1076 (1959)].
~ G. A. Harrower, Phys. Rev. 102, 340 (1956).

H. R. Apholte and K. Ulmer, Phys. Letters 22, 552
O.966).

~3M. J. Lynch and J. B. &van, Australian J. Phys. 21,
811 (1968).

U. A. Arifov, R. R. Rhakimov, and Kh. Dzhurakulov,
Fiz. Tverd. Tela 10, 1166 (1968) [Sov. Phys. Solid State
10, 925 (1968)].

PHYSIC AL REVIEW B VOLUME 6, NUMBER 3 1 AUGUST 1972
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A comparison of the results from analyzing spin-lattice relaxation times (T&) of diffusing
spins using an exponential correlation function and the isotropic model of Torrey has been
made. Data from ScH& 7, TiH&», and TiTl &

were used. No significant difference was found
for activation energies, the isotope effect, or minimum T& using the two models.

I. INTRODUCTION

The general theory of diffusion-induced nuclear
relaxation has been fairly well developed. The
first formulation of this problem was presented by
Bloembergen et al. , where only the macroscopic
aspects of the phenomena were considered. Later

a more complete model was presented by Torrey
in which atomic motion was considered as essen-
tially a random-walk problem. Using this approach,
Torrey was able to relate, at least for isotropic
motion, the pertinent microscopic diffusion param-
eters to observable nuclear-magnetic-resonance
(NMR) properties.


