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e have m easu red  th e  e lectrón  em ission yields o f  clean  Li, A l, C r, C u, A g, an d  A u surfaces under 
b o m b ard m e n t w ith  H + , H 2 + , D + , D 2 +, and  H e + ions in th e  energy range 2 -5 0  keV. T h e  c lean  su rfaces w ere 
p ro d u ced  by in-situ  e v apo ration  o f  h ig h -p u rity  m etáis  u n d e r u ltrah ig h -v acu u m  conditions. I t  is found  th a t the 
Z 2 dependence  o f  th e  y ields fo r h yd rogen  an d  he lium  projectiles a re  very  sim ilar, th a t th e  yields fo r H + and  
D + show  th e  sam e energy dependence  as th a t  o f th e  e lectron ic  s topp ing  pow ers, th a t m o lecu lar ions give 
low er yields p e r a to m  th a n  a tom ic  ions, and  th a t iso tope effects a re  negligible in o u r energy range. I t  is 
p roposed  th a t  k ine tic -e lectron  em ission u n d e r Iow -energy-light-ion b o m b ard m en t resu lts  m ain ly  from  the 
escape o f excited  e lectrons p roduced  by  d irec t b in a ry  collisions betw een th e  projectile  a n d  th e  valence 
e lectrons o f th e  target.

1. IN T R O D U C T IO N

When the surface of a solid body is bombarded by 
positive ions, electrón em ission (EE) may be ob- 
served . This phenomenon has received a g rea t 
deal of attention in the past1 because its  under- 
standing is essen tia l for adequate m easurem ents 
of ion cu rren ts , the use of partic le  m ultip liers, 
and the proper in terpretation  of gas d ischarges, 
plasm a su rface interactions (like in a controlled 
therm onuclear reacto r), and e lec trica l breakdown. 
F u rtherm ore , the study of EE can provide a more 
detailed picture of the inelastic p rocesses which 
occur during the passage of atomic p artic les 
through m atter than is possible through m easu re­
m ents of stopping powers and can also give infor- 
mation on the electronic s tru c tu re  of surfaces. It 
is reg re tfu l therefo re , that the vast m ajority  of ex­
perim ental work done in this field for nearly  80 
years concerns poorly controlled surface condi­
tions and henee cannot be c learly  in terpreted .

EE from  solids under ion bombardm ent can pro- 
ceed by two distinguishable m echanism s. For ion 
velocities below about 107 cm /sec , ejection of 
e lec trons will occur p rim arily  by the potential 
or Auger m echanism  provided that the energy re -  
leased  in the neutralization of the positive ion ex- 
ceeds twice the work function of the solid. This 
m echanism  w asfirs tp ro p o sed  by Holstand O oster- 
huis2 and examined in detail by H agstrum 3 who 
showed that the m easurem ent of electrón  energy 
distributions produced by very slow ions is one of 
the m ost powerful tools in the study of the e lec­
tronic s truc tu re  of su rfa c e s— the technique of ion- 
neutralization  spectroscopy,4 the so lid -sta te  analog 
of Penning-ionization-electron spectroscopy de- 
vised by C erm ák5 and used in m olecular physics.

Ions with higher velocities eject electrons by the

so-called  “kinetic” m echanism in which electrons 
may be accelerated  as a resu lt of collisions be­
tween the projectile  and lattice atoms or from 
d irec t “binary” collisions between the ion and n ea r­
ly free valence-band e lectrons. At velocities la r-  
ger than the F erm i velocity of ta rget e lectrons, 
another p rocess becomes im portant. The projectile 
will then be able to excite efficiently surface and 
bulk plasm ons which decay mainly through the c re -  
ation of an electron-hole pair; the electrons may 
then be ejected into vacuum with a máximum e n e r­
gy equal to the plasmon energy minus the work 
function.

Most of the m easurem ents perform ed with clean 
surfaces were for the energy range where the po­
tential m echanism predom inates. This is specially 
so for light p a rtic le s , which are  very inefficient in 
removing adsorbed layers by sputtering so one 
m ust rely  on different cleaning techniques and 
the use of ultrahigh vacuum (UHV) (p ressures less 
than 10-8 T orr). So there a re  only very few m ea­
surem ents for light p artic les like H* and He* in the 
región where the kinetic mechanism is m ore im ­
portant, which is unfortunate since this type of 
data is needed in the field of nuclear fusión.

In this paper we repo rt on m easurem ents of 
electrón  yields y (average number of electrons 
re leased  per incident partic le) for 2-50-keV  H*,
H /,  D*, D2*, and He* pro jec tiles on clean targets 
of Li, Al, C r, Cu, Ag, and Au. The m easu re­
m ents were perform ed at background p re ssu re s  in 
the 10 10-T o rr  range and the surfaces w ere p re - 
pared by in-si tu  evaporation of high-purity m etáis.

II. A PPA R A T U S

The apparatus used in this work is shown schem - 
atically in Fig. 1. B asically, it consists of an ion 
a cce le ra to r with m ass se lec to r, a beam steering
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FIG. 1. E xperim ental 
appara tus. 1—rf  ion 
sou rce , 2—focusing lens,
3—diffusion pump, 4— 
m ass-so rtin g  magnet,
5—F araday  oup, 6—s te e r -  
in g p la te s , 7—Einzel lens,
8—titanium  sublim ator,
9 —m anipulator, 10—ion 
pump, 11—q u artz -e ry s ta l 
resona to r, 12—collector 
assem bly , and 13—targ e t.

and focusing stage, a differential-pum ping stage, 
and an UHV target cham ber.

The purpose of the differential-pum ping stage is 
to m inim ize the flow of gases into the target cham ­
b er. The operating p re ssu re  in this stage is kept 
at ~10~8 T o rr  by ion and T i-sublim ination pump- 
ing. The design is such that oil from  the acce lera - 
to r (pumped by diffusion pumps) cannot creep into 
the UHV cham ber without f irs t  encountering a wat- 
e r-coo led  T i-covered  surface. The solid angle 
for d irec t line-o f-sigh t gas flow from  the previous 
stages to the ta rg e t is less than 1CT5 s r .  T here- 
fore, the impingement ra te  of m olecules from 
these stages on the target will be ~109 m ol/cm 2 
se c ,6 and sm all com pared to that from  the back- 
ground UHV environm ent.

The target cham ber is constructed of bakeable 
m a te ria ls  and pumped by an ion and a T i-sublim i- 
nation pump. During T i-sublim ation, the target is 
moved into aN 2-liquid-cooled shield to prevent its 
surface from  contaminating with Ti. Base p re s -  
su res  a re  in the range 5><10_U- 5 X10-10 T o rr and 
consist typically of 70% H2, the rem aining being 
m ostly CO and CH4. The operating p re ssu re  with 
the ion beam  on was always kept in the 10-l0-T o rr  
range.

The target and collector assem bly a re  shown in 
detail in Fig. 2. The ion beam is collim ated by the 
1.5-m m -diam  ap ertu res  DI and D2 which together 
with apertu res in the differential-pum ping stage 
re s tr ic t  the angular divergence of the beam to 
~ 0.2° and so prevent it from  hitting surfaces other 
than the ta rge t. The halo s trip p er D3 is used to 
avoid that partic les  sca ttered  from  D2, hit the 
suppresso r or the collector. The suppresso r is 
held at a sufficiently negative voltage so as to 
prevent e lectrons coming from  the previous ap e r­
tu res to reach  the target or the collector and also 
to prevent electrons em itted from  the target to e s ­
cape the co llector. The voltage chosen -200  V 
was substantially  above the saturation  valué, de- 
fined as the voltage at which the cu rren t m easured

in the collector is within 1% of the asym ptotic va l­
ué obtained at higher voltages. The target is 
mounted on a m anipulator which allows it to be 
moved away from  the collector and then rotated 
90° to face the evaporation source used to produce 
the clean m etal su rfaces. As a consequence of 
the geom etry shown in Fig. 2, all the valúes of 7 
being reported  here  re fe r  to norm al incidence of 
the ions to the surface.

III. E X P E R IM E N T A L  P R O C E D U R E  

A. B eam -energy c a lib ra tio n

In order to investígate the existence of isotope 
and m olecular effects it is im portant to know ac- 
curately  the energy of the ion beam . This energy 
is given by the charge of the ions tim es the applied 
acceleration  voltages (accelerator plus postaccel- 
eration  at the target) plus the excess energy due to 
the p lasm a potential in the ion so u rce .7 This last 
contribution was determ ined to be 110 ±30 eV for 
our working conditions in the r f  ion sou rce . The 
overall accuracy of the beam  energy m easurem ent 
was ± (0.1% +30 eV).

B. C u rre n t m ea su re m en ts

The c ircu it used for taking data is shown in Fig. 
2. During m easurem ents of e lectrón yields y, the

D1

FIG. 2. Schematic drawing of the co llim ators and the 
ta rg e t-co llec to r assem bly.
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voltages applied to ta rget and collector where 
-9 0  and +30 V, respectively , with resp ec t to 
ground. This 120-V potential was about twice that 
requ ired  to achieve saturation  in the electrón cu r- 
ren t to within 1%. The quan tity / =/ x/ l 2 is the 
norm alized electrón cu rren t, being the curren t 
on the collector a n d /2 the total curren t entering 
the ta rg e t-co llec to r system . The cu rren t /! is 
equal to I e +Ini -  IU  where /„ is the electrón c u r­
ren t, l ni the cu rren t of negative secondary ions 
(reflected and sputtered) and /  'pi the cu rren t 
of positive secondary ions with energy la rg e r than 
120q eV where q is the charge of these ions. For 
clean ta rg e ts , the secondary ion cu rren t c o r re - 
sponds to backscattered  ions essentially , and is 
known to be two o rders of magnitude sm alle r than 
the e lectrón  em ission cu rren t from  m easurem ents 
by F o g e le í al. 8 for light ions in Mo in our energy 
range. For other m ateria ls  we can in tegrate ex- 
isting data of energy distribution of neutral and 
charged backscattered p a rtic le s9’ 10 to obtain re la -  
tive backscattered  ion yields which can be convert­
ed to absolute valúes using data on total (ions plus 
neu tra ls) backscattering  y ie lds.11 In all cases con- 
sidered , the yields of backscattered  ions were 
found to be less than 2% of the electrón yields. 
Therefore within our experim ental un-
certa in ties of 4%.

One source of e r ro r  which is p resen t in many oíd 
investigations and which was tried  to minimize in 
this one is caused by the existence of energetic 
neu tra ls  in the beam , form ed by electrón capture 
collisions with the background gas, along the path 
between the analyzing magnet and the target. Neu­
tra l atom s will not contribute to the m easured ion 
cu rren t but will nevertheless e ject electrons from  
the ta rge t. In our case the effect of neutrals on the 
m easurem ents was less than 2%. This was de te r- 
mined by deflecting the ion beam at the entrance of 
the UHV cham ber by an externally  applied magnetic 
field while recording the e lectrón  cu rren t on the 
co llector.

C. T arg e t p re p a ra tio n  an d  cleaning

In past investigations on ion-E E ,1 the generation 
of clean surfaces was attem pted by two methods, 
heating to high tem pera tu res and cleaning by inert 
gas ion sputtering. Heating has the drawbacks 
that for m ost m ateria ls , nonvolatile surface com- 
pounds a re  p resen t which cannot be rem oved by 
heating alone12 and that bulk im purities may diffuse 
and accum ulate on the surface at high tem pera- 
tu re s .10' 13 On the other hand, sputtering by inert 
gas ions, the standard cleaning technique used 
nowadays in surface studies, has been found to be 
sa tisfac to ry  in studies of E E .14 A th ird  technique

was used mainly in this work in which clean su r-  
faces were produced by in-si tu  evaporation in UHV 
of high-purity (better than 99.9%) m ateria ls . In 
o rder to minimize contamination of the target by 
trapped ions when bombarding with hydrogen 
beam s, doses used for obtaining a data point (av- 
erage of severa l m easurem ents) were kept low 
(<1013 ions/cm 2).

D. M easuring  p ro ced u re

Immediately after obtaining a clean surface, y 
was m easured using 30-keV Ar* pro jectiles and 
its invariance with ion dose, verified. M easure­
m ents of the yields for each ion as a function of 
energy was then perform ed, s tarting  at the highest 
energy. After th is, the high-energy m easu re­
m ents were made again. Whenever resu lts  were 
not reproduced, indicating that adsorption of 
residual gas was significant, a clean surface was 
p repared  again either by a new evaporation or by 
sputtering, and m easurem ents conducted again.

C are was taken not to use deuterium  immediately 
after a hydrogen run, to avoid contamination of the 
D* beam with H2* ions produced in the ion source 
from  residual hydrogen trapped in its w alls. The 
inverse situation was also avoided in order not to 
contaminate the H2* beam with D* ions. After 
working with He and Ar for a few m inutes, it was 
found that hydrogen or deuterium  im purity peaks 
in the m ass spectrum  w ere negligible. D2* con­
tamination in the He* beam was also negligible as 
in ferred  from  the observed low abundances of ions 
with m ass to charge ra tio s  of 2 (D* or H2*, also 
He2*) and m ass 6(D3*) ions.

IV . R E SU L T S

The experim ental re su lts  a re  shown in F igs.
3 -8  as a function of projectile  velocity. Interpo- 
lated valúes are  shown in Table I, as a function of 
ion energy. Total e r ro r s  which include s ta tis tic a l 
uncertain ties and system atic e r ro r s  from  the m ea­
suring instrum ents, neglect of backscattered  ions 
and presence of neutrals in the beam are  ±4%.

No evidence for isotope effects in the yields of 
H* (H2*) ions as com pared with those of equal ve l­
ocity D* (D2* ) was observed within experim ental 
e r ro r s ,  in our velocity range. This does not rule 
out the possibility  of isotope effects a t very low 
velocities where the energy degradation, energy, 
and angular straggling of the ions over the effect- 
ive electrón escape depths a re  im portant, since 
these effects show a m ass dependence.1

The resu lts  for m olecular ions are  presented 
divided by two as is common practice  and so they 
rep resen t electrón yields per atom. These re -  
duced yields w ere always found to be less than
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FIG. 3. EE yields p e r atom from  lithium  ta rg e ts  vs 
the velocity  of the p ro jec tiles . O—H+ , • —D+ , □ —H2+ , 
■ —D2+ , A —He* . Vth ís given by Eq. (2) in text.

that for atom ic p a rtic le s  at equal velocities due 
to the sm alle r valué of the potential EE yields for 
m olecules than for atomic ions15 and to in te rfe r-  
ence effects in the excitation of ta rg e t e lectrons by 
the co rre la ted  constituents of the m olecular ion.16

R esults obtained by other w orkers are  also 
shown in Figs. 3 -8  for com parison. The only 
data shown a re  from  papers where it is stated that 
som e effort was made to keep the surfaces reason-

FIG. 5. EE yields p e r  atom from  ehrom ium  targets 
vs the velocity of the p ro jec tile s . O—H+ , • —D+ ,
□  —H2+, ■ —D2+, A —He+ . F th is given by Eq. (2) in 
text.

ably clean, e ith er by sputtering  with a high cu rren t 
density beam (in the case of He p ro jec tiles) or by 
heating before or during bom bardm ent while keep- 
ing the background p re ssu re  low. The re su lts  of 
Losch17 for H2* on Al a re  in fa ir agreem ent with 
ours. This w orker cleaned his su rfaces by sput­
tering  in an Ar discharge and conducted m easu re-

FIG. 4. EE yields p e r  atom from  aluminum ta rg e ts  vs 
the velocity of the p ro jec tile s . O—H+ , • —D+ , □ —H2+ , 
■  —D2+, A—He+ , this work. + —from  Losch (Reí. 17) 
for H2+ . V th is given by Eq. (2) in text.

FIG. 6. EE yields p e r  atom from  copper ta rg e ts  vs 
the velocity of the p ro jec tiles . O—H+, • —D+, □ —H2+,
■ —D2+, A —He+ , th is work. x —H+ , + —H2+ from  Large 
and Whitlock (Ref. 18), ▼—He+ from  Evdokimov e t a l . 
(Ref. 19). Vth is given by Eq. (2) in text.
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FIG. 7. EE yields p e r  atom from  s ilv e r ta rg e ts  vs the 
velocity of the p ro jec tile s . O—H+ , • —D+ , □ —H2+ ,
■ —D2+ , A —He+ , this work. x —H+ , + —H2+ from  Large 
and Whitlock (Ref. 18), ▼—He+ from  Evdokimov et a l . 
(Ref. 19). Vth is given by Eq. (2) in text.

m ents at 1(T8 T orr. Since at these p re ssu re s , 
gas adsorption occurs rapidly, Losch m easured 
y as a function of tim e and extrapolated the resu lts  
to zero  tim es.

The resu lts  of Large and Whitlock18 for H* and

FIG. 8. EE yields p e r  atom from  gold targets vs the 
velocity of the p ro jec tiles . O—H+, • —D+, □ —H2+ ,
■ —D2, A—He+ , this work. x—H+, + —H2+ from  Large 
and Whitlock (Ref. 18). F th is given by Eq. (2) in text.

H2+ on Cu, Ag, and Au a re  somewhat lower than 
ours. These w orkers attem pted to clean their 
ta rgets  by flashing to tem pera tu res 10-80°K below 
the melting point for each m ateria l. As stated 
above, the net re su lt of this is the diffusion of bulk 
im purities to the su rface .10,13 F urtherm ore , they

TABLE I. E lectron yields per atom for H+, H2+, and He+ ions on Li, Al, Cr, Cu, Ag, and 
Au, obtained by graphical interpolation between data points.

Target P ro jec tile  2 3

Energy (keV)

4 7 10 15 20 30 40 50

H+ 0.475 0.560 0.650 0.830 0.965 1.12 1.23 1.36 1.46 1.55
Li h 2+ 0.260 0.320 0.365 0.465 0.550 0.680 0.775 0.945 1.07 1.16

He+ 0.465 0.525 0.590 0.740 0.880 1.10 1.27 1.54 1.77 1.95

H+ 0.225 0.310 0.380 0.560 0.700 0.875 1.01 1.23 1.34 1.38
Al h 2+ 0.087 0.132 0.156 0.230 0.310 0.450 0.555 0.745 0.885 0.955

He+ 0.280 0.330 0.380 0.510 0.620 0.765 0.885 1.10 1.31

H+ 0.280 0.360 0.430 0.580 0.710 0.880 1.04 1.26 1.36 1.42
Cr h 2+ 0.240 0.270 0.305 0.375 0.450 0.540 0.635 0.810 0.940 1.01

He+ 0.310 0.420 0.485 0.650 0.780 0.960 1.10 1.42 1.69 1.94

H+ 0.420 0.480 0.650 0.780 0.960 1.08 1.29 1.45 1.57
Cu h 2+ 0.162 0.210 0.265 0.380 0.470 0.580 0.670 0.830 0.960 1.08

He+ 0.390 0.455 0.620 0.800 1.04 1.18 1.44 1.70

H+ 0.650 0.810 1.15 1.42 1.70 1.89 2.17 2.33 ...
Ag h 2+ 0.225 0.295 0.375 0.610 0.800 1.03 1.20 1.50 1.67 1.78

He+ 0.360 0.450 0.570 0.910 1.21 1.65 2.00 2.50 2.89

H+ 0.360 0.540 0.680 0.980 1.22 1.46 1.64 1.77 2.03 2.15
Au h 2+ 0.138 0.240 0.325 0.550 0.720 0.930 1.09 1.38 1.59 1.70

He+ 0.315 0.410 0.510 0.810 1.09 1 .52 1.83 2.34 2.68 * * *
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T a r g e t  a t o m i c  n u m b e r  ( Z 2 )

FIG. 9. Electron yields y vs Z 2, the atomic number 
of the target atoms for a fixed valué of the velocity of 
the projectiles, v = 1 .2 x l0 8 cm/sec. The bars indicate 
the valúes of the potential emission yields in the limit 
of zero velocity, as given by Kishinevskii (Ref. 21). 
e data from  Ref. 26.

worked at p re ssu re s  of ( l - 2 ) x i0 _s T o rr and admit 
that during the ir m easurem ent tim e the surfaces 
be carne covered with about a m onolayer of ad­
sorbed gas.

Data of Evdokimov et  al .19 for He* on Cu and Ag 
a re  the sam e as ours within combined experim ent­
al e r ro r s .  These w orkers used intense ion beams 
of a few hundred ¡ lA/cm2 and residual p re ssu re s  
w ere in the 10”7-T o rr  range.20 It seem s from  the 
agreem ent with our re su lts  that the ra te  of re -  
moval of contam inants by sputtering was much 
la rg e r than the ra te  of their a rr iv a l from  the back- 
ground gas.

F igure 9 shows that the Z 2 dependences of y for 
H* (D*) and He* ions at the constant velocity v =1.2 
x iO 8 cm /sec  a re  s im ila r. The bars give the mag- 
nitude of the potential em ission coefficient in the 
lim it of low velocities obtained using Kishinevskii’s 
form ula.21 It must be pointed out, however, that 
the points lying at the lower end of the b a rs  need 
not correspond to puré kinetic em ission since
(i) K ishinevskii’s model has many simplifying as- 
sum ptions and (ii) the actual magnitude of potential 
em ission yields yp a re  unknown at this velocity and 
so fa r  the approxim ate independence of yp with ion 
velocity has been tested  only up to v = 5 X107 cm /sec  
for He*,22 and Ne* and Ar* p ro jec tile s .23

V. T H E O R Y  A N D  D ISC U SSIO N

In the case of He* p ro jec tiles, potential em ission 
contributes substantially  to the yields in our energy 
range, due to the large ionization energy of 
H e  3 . 21 .22  p re se n t theories of potential em ission3’21 
hold for very low partic le  velocities where ion 
penetration in the solid is negligible, and a re  not,

therefo re , applicable to our work. We will then 
concéntrate to the case of incident protons and 
deuterons w here, except for Li ta rg e ts , kinetic 
em ission is c learly  predom inant in our velocity 
range.

Existing theories of kinetic ion EE have been 
discussed by A rifov.1 In our low velocity range 
he considers the theory of P a r il is  and K ishinev- 
sk ii24or the ir modifications for light ions25 to give 
a co rrec t description of rea lity . These theories 
assum e that EE resu lts  from  the following m ech­
anism . As a re su lt of violent binary  collisions be­
tween the projectile  and lattice atom s, holes a re  
created  in the core levels of the la tte r . These 
holes a re  then filled by Auger p ro cesses  and if the 
condition ^>2<p is fulfilled, e lec trons may be 
ejected into vacuum. Here 5 is  the binding energy 
of e lectrons in the core level re la tive  to vacuum 
and <p the work function of the solid.

We will not enter at this point into a detailed 
d iscussion of this model. This will be done in a 
fu ture publication.26 For the purpose of the presen t 
work it will be sufficient to estim ate  the im port- 
ance of this m echanism . Let us consider the case 
of proton im pact on aluminium for which data a re  
available27 for the c ro ss  section for L -sh e ll ioni­
zation. The m easured c ross sections r is e  from  
~ 8 X10-19 cm2/atom  at 15 keV to ~ 7 X 10-18 cm2/  
atom at 50 keV. Not only a re  the c ro ss  sections 
very  low but the ir energy dependence is c learly  
not contained in the experim ental e lec trón  yield 
curves (in the sam e energy range y in creases  only 
a factor ~1.6). Analogous situations should be ex- 
pected for the tightly bound elec trons of the other 
ta rg e ts .

There rem ains the possibility  of exciting the 
m ore loosely bound electrons of the ta rg e t. Let 
us f irs t  consider the case in which valence e lec ­
trons may be considered to behave as a free  e lec ­
trón gas. This assum ption should be quite reason - 
able for m etáis like Li and Al. In this approxim a- 
tion we will neglect phonon-assisted umklapp p ro ­
cesses which a re  known to be re la tive ly  unim port- 
ant from  the theory of electron-induced secondary 
E E .28, 29 E lectron excitation will then re su lt in 
this model from  the screened Coulomb interaction 
between the pro jectile  and the target e lectrons 
through d irec t binary collisions and the decay of 
collective excitations (plasmons). At velocities 
sm a lle r than vFt the velocity of the e lec trons at 
the F erm i surface, plasm ons will be excited in- 
efficiently. The threshold velocity for ejection of 
an electrón into vacuum yth, w ill be that at which 
the máximum energy tra n sfe r  equals the work func­
tion, that is,

2 m u th(vt h + v F ) =  <p , (1 )
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f th = H [ ( l  +2 <t>/mv],y/z - l ] ,  (2)

At f th the electrón em ission yield should vanish 
since the excited electrón will be traveling in the 
d irection  of incidence o f the p ro jectile  and in o rder 
to re v e rt its motion towards the surface it will 
need to undergo collisions. These collisions will 
of necessity  take some kinetic energy from  the 
e lectrón  and forcé it to sink below the vacuum 
level. In any rea l solid, however, umklapp pro- 
cesses  which were neglected at high velocities will 
be re la tively  im portant at these low velocities, and 
the absolute threshold will be determ ined from 
energy conservation alone, resulting  in

V t  =(2<p/Mf/2
or

=¿M(K?hbs)2 =<¡> , (3)

w here M  is the m ass of the bombarding ion. This 
case will be analogous to the surface effect in se c ­
ondary and photoelectric em ission .29

The threshold velocities predicted in the free- 
e lectron  model [Eq. (2)] a re  shown in F igs. 4 -9  
and they can be seen to be consistent with ex tra- 
polation of the experim ental re su lts , except for Li 
which gives high potential em ission yields due to 
its  low work function.

At velocities not too cióse to f th we can expect, 
in analogy with ionization in gases and sem icon- 
ductors, that the mean energy which the projectile  
m ust spend in creating an electron-hole pair, J  
(with the final electrón energy lying above the vac­
uum level) is independent of the ion velocity .30 
T herefo re, the number of excited e lectrons gener- 
ated by the incident ion of energy E 0 in a layer of 
thickness dx at a depth * below the surface will be

n(x,E)dx = ( l / J )S e ( x , E) ,  (4)

w here Sc =(dE/dx)c] is the electronic stopping pow- 
e r  of the solid for the pro jectile , and E the p ro ­
jectile  energy at depth x.

The excited electrons will then diffuse in the 
solid sca ttering  against other e lec trons, defects 
and phonons, with a certa in  mean free  path to be 
“ absorbed,” that is to be degraded in energy to b e ­
low the vacuum level. The mean free paths which 
a re  a function of electrón energy have so fa r been 
calculated using very sim ple models of the solid 
which do not include any band-structu re  effects.31,32 
The net effect of averaging the tran sp o rt of e lec ­
trons to the surface over electrón  energies and 
paths is usually approxim ated by the attenuation 
function f  (x) =é e x p ( - x / L )  for norm al incidence of 
the p ro jec tile33 where the factor |  takes into ac- 
count that in the cascade there  a re  equal number of 
e lec trons moving in the forw ard that in the back-

ward hem isphere (forward is the direction of the 
incident ion) and where L  is a mean attenuation 
length which will be sh o rte r than the average mean 
free  path ( since the excited electrón will c e r-  
tainly not follow the sho rtest route from  the in te r­
ior of the solid to the surface.

Once the electrón reaches the surface, it must 
overcome the surface potential b a rr ie r  in order 
to escape into vacuum. The average escape proba- 
bility P  resulting from  integration over all e lec­
trón energies and angles of incidence to the surface 
has again been calculated only for very simple 
models of the solid. The re su lts  a re  very sensi- 
tive to the choice of the b a r r ie r  height, which in 
the Sommerfeld model is EF+ cp, where E F is the 
F erm i energy. For rea l so lids, the b a rr ie r  height 
will depend strongly on the detailed form  of the 
band stru c tu re . Furtherm ore , surface umklapp 
p ro cesse s34 need to be considered and a quantum 
m echanical calculation of P  will be required  since 
the wavelengths associated  with the excited e lec­
trons a re  of the order of the width of the b a rr ie r .

Due to the difficulties of evaluating each param - 
e te r for any given case, we will not attem pt to 
make a detailed theory at this stage. The ele- 
m entary sem iem pirical model developed above 
gives

Se (x,E )e-*/Ldx , 

(5)

which is essen tially  the sam e as that derived for 
secondary EE under electrón  bom bardm ent.33,35 
In our case, we can expect Eq. (5) to be m ore ac- 
cu ra te  than for electrón bombardment since in the 
la tte r case a large correction  due to backscattered  
p ro jec tiles m ust be made36 while in ion-electron 
em ission such correction will be sm all, except at 
very  low projectile  velocities. In the case of heavy 
partic les  and specially if M2t where and 
M2 a re  the m asses of projectile  and target atom s, 
respectively , a correction to Eq. (5) will be r e ­
quired to take into account the generation of excited 
electrons by recoiling target atom s.

At velocities not too cióse to the threshold [Eq. 
(2)J, the p ro jectiles will loose a very sm all fra c -  * 
tion of the ir energy over the mean electrón escape 
depth. We can then take the stopping power out- 
side the in tegral in Eq. (5) and obtain

y(E0) = Í P L S e(E0) / j  , (5 ')

with the im portant consequence that y should have 
the sam e energy dependence as the electronic stop­
ping power, as proposed by Bethe37 and used by 
S ternglass38 for describing ion-electron em ission 
at high velocities. The validity of this conclusión

r o
y - P  I n(xt E ) f  (x)dx
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energy ( kev)
FIG. 10. R atios between the e lec trón  yields y  and the 

elec tron ic  stopping power (d E /d x )e vs H+ energy. The 
curves a re  derived from  smooth fits to our data and to 
stopping pow er data (Ref. 39). (dE /dx)e valué for Al at 
low energ ies may have e r r o r s  due to the existence of 
surface  oxide lay e rs  in the very  thin foils used in the 
experim ents.

can be tested  by plotting y{Eg)/Se (E 0) versus ion 
energy. This has been done using our m easured 
e lectrón  yields and published data39 of Se for the 
case of hydrogen ions. F igure 10 shows that these 
ra tio s are  indeed constant within the experim ental 
uncertain ties in y and Se, and therefore  confirm  
the validity of Eq. (5') in our energy range.

A model s im ila r to this one has been recently  
published by Beuhler and F riedm an.40 The main 
difference is that they assum e that the number of 
excited e lectrons is proportional to SC(E) [our Eq. 
(4)] at any valué of the pro jectile  energy. They 
take into account the slowing down of the p ro jec t­
iles within the electrón escape depth, which is im - 
portant at low velocities but assum e no backscat- 
te ring  of the p ro jec tiles and stra igh t line tra jec t-  
o ries during penetration. At low velocities, these 
two assum ption and the use of a constant J  valué 
lim it the validity of their model. M easurem ents 
of the electrón  yields at very  low energies using 
ground sta te  H or He atom s would te s t the range 
of validity of Eq. (4) and provide a b e tter indica-

tion on the existence of a threshold  velocity [Eq.
(2)] than is possible through the re su lts  presented 
here.

V I. C O N C L U SIO N S

W ehave studied the EE from  clean m etal su r-  
faces under light ion bom bardm ent a t keV energies. 
We have found that for H*and D+ ions, electrón 
yields for each elem ent have the sam e energy de- 
pendence as the corresponding electron ic  stopping 
power, thus confirming an idea put forw ard by 
Be the.

It is proposed that the main m echanism  for kin- 
etic EE from  m etáis by light ions is the d irec t 
screened  Coulomb binary interaction  between the 
p ro jectiles and valence-band e lectrons and the 
subsequent diffusion and escape of those electrons 
into vacuum. The m echanism  should operate above 
a threshold valué of the p ro jectile  velocity which is 
of the o rder of 2X107 c m /sec . The p resence of 
umklapp p rocesses should re su lt in an absolute 
threshold energy equal to the work function of the 
solid.

E lectron yields for H* and He* have a s im ila r 
Z 2 dependence which is, however, of different 
nature than the Z 2 dependence of electron ic stop­
ping powers, meaning that the p ro cesses  of e lec­
trón transpo rt and escape vary substantially  among 
different m etáis.
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