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Results of an experimental investigation of photon and secondary 
electron emissions produced during inelastic collisions between 
energetic ions and lattice atoms are reported. Cs and Na ions, 
accelerated to energies of 1 to 20 keV, were used to bombard A1, 
Au, Cu, Cr, Fe, Ge and Si targets. Alkali metal ions were 
~elected since they have no potential secondary electron emission 
.and direct comparisons between photon and electron emission 
were possible. 

The photon emission observed was that of the line spectra of 
neutral atoms and no continuous spectra, or plasma oscillation 
emission, was observed. The intensity of photon emission was 
inear with the ion beam current density up to 10/zA/cm 2 for 

cesium and 1 pA/cm 2 for sodium ion bombardment. Above these 
current densities a saturation, which is not explained, occured. 
The photon emission intensity increased with ion energy up to 
approximately 10 keV where a saturation occurred. Target self- 
absorption of the emitted photons accounts for this saturation, 
however. 

The dependence of the photon emission and the secondary 
electron emission upon experimental parameters was similar, but 
not identical. Both emissions originate in inelastic collisions 
although their means of escape from the target affects their 
dependence upon experimental parameters. 

1. Introduction 

When  energetic a toms,  ei ther neutra l  or  ionized,  
str ike a solid target  a number  of  complex  p h e n o m e n a  
take place s imultaneously.  The different means  o f  
energy d iss ipa t ion  have been reasonab ly  well classified, 
a l though  the ac tual  energy exchange mechanisms  
remain,  in m a n y  cases, unexpla ined.  A variety o f  
in terac t ion  potent ia l s  are used to cover the energy 
range f rom 10 6 eV to zero and  a mass  range which is 
the combina t i on  of  any  two elements.  In  the low energy 
l imit ,  the ion  does not  have enough energy to penet ra te  
the a tomic  cloud or  to t ransfer  significant energy 
(i.e., energy comparab l e  to the ion iza t ion  energy) to 
free electrons.  In  this energy range,  the only energy 
loss mechanism usual ly  considered is the elastic 
t ransfer  to latt ice a toms.  

A l t h o u g h  this is a reasonable  app rox ima t ion  to 
make ,  it is no t  an  accurate  descr ip t ion  of  low energy 
i o n - a t o m  coll isions.  Inelast ic  coll is ions do  occur  in 
which electrons are excited or  ejected and the s truck 
a tom is left in an excited or  ionized state. Dur ing  the 
coll ision,  the e lect ron c louds  of  the two col l id ing 
part icles  over lap  resul t ing in a reorgan iza t ion  of  their  
e lectron states. Energy of  the incident  par t ic le  is given 
up as kinetic energy to the s truck a tom,  but  it is also 
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possible  that  bo th  electron systems are left in excited 
states. 

The excited electron clouds o f  the s t ruck a tom or  the 
incident  ion  will re turn  to the g round  state by either 
radia t ionless  (electron) or  radia t ive  (photon)  emission. 
When  these emissions take place close enough to the 
target  surface, the emit ted  part icles will be able to 
escape the target  and  be detected. 

Ion  b o m b a r d m e n t  induced e lect ron emission is a 
f requent ly  observed and uti l ized effect. Pho ton  emis- 
sion, however,  has not  been thorough ly  s tudied and 
what  results are avai lable  are inconsistent.  Pho ton  
emission f rom a target  subjected to ion b o m b a r d m e n t  
was first observed by Chaudh t i  et al. I-3) who observed 
a cont inuous  spect rum and a t t r ibuted  the emission to 
metal  p l a sma  oscillations. Fur the r  work  by Ki s t emaker  
et al. 4'5) and  Snoek 6) showed tha t  the opt ical  wave- 
length rad ia t ion  emit ted  was the character is t ic  line 
spect rum of  the b o m b a r d i n g  ion and  the target  a tom.  
They fur ther  concluded that  the p h o t o n  emission came 
f rom metas table  sput tered a toms  and not  f rom a toms  
inside the target.  

The  research results repor ted  here are those f rom 
a series o f  exper iments  which measured  both  pho ton  
and e lect ron emission f rom targets  subjected to 1 keV 
to 20 keV ion bombardmen t .  The s tudy covered the 
opt ical  p h o t o n  spect rum between 2000 ,~ and 6000 A 
result ing f rom inelastic coll isions between energetic 
alkal i  metal  ions and metal  and  semiconductor  targets.  
Secondary  electron emission was s imul taneously  
mon i to red  so that  compar i sons  could  be made  between 
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photon and electron emissions. These emissions were 
measured as functions of the experimental parameters of 
ion type, target material, ion energy, and current density. 

2. Experimental technique 

The experimental instrumentation, illustrated in 
fig. 1, consisted of an ion gun, a target mount genie- 
meter and a secondary electron suppressor-collector 
all housed inside a vacuum chamber. Photon emission 
from the target was measured with a grating spectro- 
meter which viewed the target through a sapphire 
window. 

The vacuum chamber, a cylinder 12 inches in dia- 
meter and 15 inches tall, was of all metal construction 
with metal gasketed flanges, the only exception being 
the Viton O-ring in the sorption pump valve. All 
construction materials used in the vacuum were either 
stainless steel, aluminum, copper or ceramic so the 
system was bakeable to at least 200°C. The chamber 
was forepumped with a sorption pump to the 10 - 3  torr 
region and from there, the chamber was pumped by a 
150 1/s ion pump to its base pressure in the mid 10 - 9  

torr region. Operationally, with the ion source hot, 
most experiments were performed in the low 10 -8 torr 
region. 

Alkali metal ions were used so as to eliminate 
potential electron emission from the target surface. 
This allowed a meaningful comparison between kinetic 
secondary electron emission and photon emission since 
both emissions have their origin in inelastic collisions 
between the bombarding ions and the target atoms. 
A surface contact ionization source of the Weber and 
Cordes 7) type was used. This source had a low impurity 
content (less than 0.1%) so that mass analysis of the 
beam was not necessary. The ions were accelerated, 

Nude 
Sorption I~nu~ e "x .~/~A 

~ ~ource 

/Sgppress£r-~ ~ Sgp .l?hire 

ar~get / SNeld /" ?' I ~Winoew ectrometer 1 

Tilt ~ ~ Rotation 
Feedlhrough ~m= Feedthrough 

Electrical 
Feedthrough 

Fig. 1. Experimental configuration illustrating the 1 to 20 keV 
alkali metal ion source, target, secondary electron suppression 

shield, sapphire window and grating spectrometer. 

focused and collimated to a spot 10 mm 2 on the target 
surface. The normal operating ion gun current was 
1 FA with a maximum obtainable current of 2/ tA 
which correspond to current densities of  l0 and 
20/tA/cm 2, respectively. At operating pressures in the 
low 10 -8 torr region these current densities insured 
clean target surfaces by sputtering. The beam could be 
diverted totally from the target without having to cool 
the ion source by the use of x-y deflection plates. 

The target was held in a fixed axis goniometer that 
allowed the target to be oriented in any crystallographic 
direction relative to the incident ion beam. The 
goniometer had two degrees of motion, the crystal 
could be rotated around an axis normal to its surface 
and it could also be tilted around an axis which lay in 
the plane of the crystal surface. These goniometer 
motions were controlled by bellows sealed rotary 
motion feedthroughs. 

Two currents had to be monitored: the target ion 
current (It)  and the secondary electron emission current 
(Ise). To measure the true target ion current, it was 
necessary to suppress the secondary electrons. This 
was accomplished by surrounding the target with an 
electrode (suppression shield) which was alternately 
biased at a negative potential of 100 V or grounded. 
At ground potential the current measured was the 
sum of It+I~e while with 100V negative bias the 
measured current was just It, By this means, the 
secondary electron emission was obtained from the 
difference of the two measured quantities. 

The photon emission from the target during ion 
bombardment  passed through an aperture in the 
suppression shield and was focused by a quartz lens, 
through a sapphire high vacuum window, on to the 
entrance slits of  the spectrometer. The spectrometer 
was located outside the vacuum chamber at a fixed 
angle of 45 ° relative to the ion beam. The spectro- 
meter used was a Jarrell-Ash half meter scanning 
spectrometer having a range between 2000/~ and 
8000 ,~ with a resolution of 0.2 •. This resolution was 
sufficient to allow the detection of any Doppler 
broadening of the spectral lines. 

3. Experimental results 
The experimental results of interest were the 

spectrum of the emitted optical wavelength radiation, 
its intensity dependence upon the experimental para- 
meters and the secondary electron yield. 

For all combinations of bombarding ions and targets, 
for all energies and current densities, the only radiation 
emitted was the characteristic line spectrum of the ion 
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TABLE 1 

Target and source material properties. 
presented as the secondary electron yield y, electrons 
per ion. 

Material Z A 2 observed (/~) 

Target AI 13 27 3961.5, 3944.0 
Si 14 28 3905.3 
Cr 24 52 4274.8 
Fe 26 56 3737.1 
Cu 29 63 3273.9, 3247.5 
Ge 32 74 (72, 70) 
Ag 47 107 (109) 3280.6 

Source Na 11 23 5892.5 
Cs 55 133 

and target atoms. These results were consistent with 
those of  Kistemaker et al. 4) who also only observed 
line spectra, although their experimental conditions 
were not identical to those reported here since they 
used noble gas ions. The continuous spectrum reported 
by Chaudhri et al. 3) for alkali metal ions bombarding 
metal targets is probably a result of  inadequate spectral 
resolution in their photon detector. 

Since only line spectra were observed, the results 
measured included the spectral shape, its intensity and 
the secondary electron yield. The photon detection 
system was not calibrated absolutely so the photon 
intensity results are reported in the units of  photo- 
multiplier current (nA) divided by the ion beam area 
(cm2). However, since the secondary electron current 
was measured absolutely, the electron emission data is 
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Fig. 2. Profile of the 3961.5/~ line orAl bombarded by 10 keV Cs 
ions and the 3520.5 .& line of Ne illustrating the spectrometer 

resolution. 

3.1. EMISSION SPECTRUM AND DOPPLER BROADENING 

The combinations of  bombarding ions and target 
materials investigated are tabulated in table 1, along 
with the characteristic line spectra observed. The 
spectral lines observed were the neutral a tom lines 
indicating that the collided atoms and ions were 
excited to only their lowest state. For  the parameters 
of the research, no higher excited states were observed. 
Within the sensitivity of  the instrumentation no optical 
lines were observed for either cesium or germanium. 
The 3905 A line of silicon was very weak, observable, 
but no quantitative results were obtainable. 

The profile of  the 3961.5 A spectral line of  aluminum 
bombarded by 10 keV cesium ions was measured. The 
ions were incident normal to the target and the photon 
emission was monitored at 45 ° from the target normal. 
The profile, plotted in fig. 2, had a full width at half 
maximum of 0.42 A. The resolution of the spectro- 
meter with 10/~m slits was 0.2 A. The 3520.5/~ line 
of  neon is plotted on the same figure to demonstrate 
the spectrometer resolution. As indicated by the 
spectral line profile there was Doppler broadening of 
the aluminum spectral line. The average kinetic energy 
of the emitting aluminum can be calculated to be 
32 eV, while the average energy of an a tom sputtered 
from a metal surface is about 50 eV. The observed 
Doppler  broadening is consistent with this number so it 
is possible that the radiation comes from metastable 
states of  sputtered particles, as proposed by Kistemaker 
et al.5). 

The light emission from metastable sputtered 
particles does not, however, fully explain the shape of 
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Fig. 3. Spectrometer photomultiplier current as a function of 
target current density for 10 keV Cs ion bombardment of AI and 

Cu. 



272 J. G. MARTEL AND N. T. OLSON 

the observed profile. Emission from particles moving 
towards the detector would cause a shift towards 
shorter wavelengths. The observed tail at longer 
wavelengths is consistent, however, with particles 
emitting while moving away from the spectrometer. 

From fig. 2 it is clear that the bulk of the aluminum 
emission is unshifted and this must come from atoms 
which are at rest in the target lattice. In addition, the 
long wavelength shift indicates that excited ions are 
moving away from the spectrometer, or into the target, 
so it is concluded that photon emission comes from 
excited atoms inside the target besides possible 
sputtered metastables. 

3.2. PHOTON AND SECONDARY ELECTRON EMISSION 

DEPENDENCE UPON ION CURRENT DENSITY 

Both the photon and secondary electron emission 
dependence upon current density were measured for 
cesium bombardment  of  aluminum and copper and 
for sodium bombardment  of aluminum. For these 
measurements, since there was no continuous portion 
to the photon spectrum, the exit slips of the spectro- 
meter were removed to increase the photomultiplier 
tube signal. For the copper measurements this instru- 
mentation resulted in the two copper lines, 3273 A and 
3247A, being measured simultaneously. 

The results for the 10 keV cesium ion bombardment  
of copper and aluminum are plotted in fig. 3. As can 
be seen, the copper photon emission intensity is linear 
with current density up to approximately 10 pA/cm 2. 
The aluminum emission is also linear up to 10/iA/cm 2, 
but above this current density there is a slight satu- 
ration. 

The sodium-aluminum data for 10 keV sodium ions 

Na(X = 5893#) t A' (X= 5962 A) 2.0 ,°°t : 

~ 5 0 L ~ . o  

o 8 - ~  . . . .  g , , , 

(microomps/cm 2) 
Fig. 4. Spectrometer photomultiplier current and secondary 
electron yield as a function of target current density for l0 keV 

Na  ion bombardment  of  A1. 

is plotted in fig. 4. Two things differ here from the 
cesium data. First is the presence of both sodium and 
aluminum emission. In the cesium bombardment  case, 
no cesium emission was observed while in fig. 4 the 
sodium emission is very intense. The other significant 
aspect of the sodium-aluminum data is the very rapid 
saturation of the photon emission at approximately 
2 #A/cm z. Both the sodium and aluminum saturate at 
the same rate, while the secondary electron yield is still 
increasing linearly. 

Saturation of the optical emission has previously 
been observed by Terzic and Perovic s) for argon 
bombardment  on aluminum. The current density at 
which they observed saturation was, however, an 
order of  magnitude above those reported here. No 
satisfactory explanation has been found for this 
behavior; the saturation of the optical spectra seems 
to indicate that the bombarding ions interact with the 
target lattice in such a way as to change the emission 
properties of the lattice, possibly in favor of radiation- 
less emission. 

3.3. PHOTON AND SECONDARY ELECTRON EMISSION 

DEPENDENCE UPON ION ENERGY 

Photon emission and secondary electron emission 
were measured as a function of energy for cesium ion 
bombardment  of the metal targets, A1, stainless steel, 
Cu and Ag. From stainless steel, the Fe and Cr lines 
were identified and the results for Fe and Cr were 
normalized to 100% concentration of each element. 
The results are given in figs. 5, 6, 7 and 8. 

The photon and secondary electron emission curves 
are characterized by a rapid, sometimes linear, increase 
in intensity in the 0 to 10 keV range. At energies above 
this, both the photon and the secondary electron 
emission begin to saturate. Three competing effects 
influence the energy dependence of the photon emission. 
First, the total energy available for electron excitation 
increases as a result of the increase in the energy of the 
incident ion. The ion will deposit more energy in the 
crystal and hence the total amount that can be trans- 
ferred to electron excitation is increased. This can be 
seen from the Firsov 9) expression for the inelastic 
energy transfer in an ion-atom collision; 

( Z  a --1- Zb) 5/3 4.3 + 10- 8 U ~= 
[1 + 3.1 (Z,+Zb)  1/3 10 v Ro] s '  (1) 

where Z a and Z b are the nuclear charges of the colliding 
particles, Ro is the distance of closest approach and u 
is the incident particles speed. From this relation it can 
be seen that the inelastic energy loss increases with ion 
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Fig. 5. Spectrometer photomultiplier current and secondary 
electron yield for 1 to 20 keV Cs ion bombardment of AI. 
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Fig. 6. Spectrometer photomultiplier current and secondary 
electron yield for 1 to 20 keV Cs ion bombardment of stainless 

steel. 

energy. The measurements by Morgan and Everhart 1°) 
confirm the increased inelastic energy loss with in- 
creasing ion energy. 

Firsov also calculated an inelastic cross section 
which he expressed as 

r/_ y ,lo 1 o'/ao = - 1 , (2) 
LkEo/ 

where ~o and Eo are constants which characterize the 
colliding particles. From this relation, it can be seen 
that the inelastic cross section increases slowly with 
ion energy. 

The combination of the increased inelastic energy 
transfer and increased cross section with increasing 
primary ion energy accounts for the initial rapid 
increase in photon and secondary electron emission 
irt the 0 to 10 keV energy range. 

The third effect that will influence the photon and 
secondary electron emission is self-absorption by the 

target. As the ion energy is increased, the ions penetrate 
further into the target and the emitted radiations have 
a longer path to travel before leaving the surface. A 
wavelength of 3000A has a penetration depth (distance 
for the energy density to fall to l/e of  its value) of  
about 50 A in aluminum11). This self-absorption will 
cause the number of  observed photons to saturate as 
the energy of the incident ion increases. 

At lower energies, for Cs ions up to 5 keV, the 
amount  of target photon absorption is only beginning 
to become significant so that the inelastic energy 
transfer increase and the variation in cross section are 
the dominant effects. Consequently, the number of 
photons observed increases. Above 5 keV, where the 
ion penetration distance is comparable to or greater 
than the photon meanfree path (the most probable 
range for Cs ions in aluminum is about 250,& at 
20 keV lz while it is 25A at 2 keV), the photon emission 
turns over and saturates with increased ion energy. 
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The variation of photon emission with energy is 
similar but not identical to that of sputtered particles 
so that it is possible that the variation in emitted 
radiation could come from metastable sputtered 
particles. The major difference is that the sputtering 
yield reaches its maximum at lower energies, in the 5 to 
10 kV range, and actually decreases above 10 keV. If 
photon emission originated only from sputtered 
metastables, the photon emission response should be 
similar to that of the sputtering yield. 

The secondary electron yield energy dependence is 
similar to that of the photon production and for the 
same reasons. Photon and electron excitation occur 
in the inelastic collisions and target self-absorption 
diminishes the rate of increase with ion energy. 

3.4. PHOTON AND SECONDARY ELECTRON EMISSION 

DEPENDENCE UPON ION MASS 

The Firsov relation for inelastic energy transfer, 
eq. (1), has an approximate 5/3rd power dependence 
upon the sum of the ion and target atomic numbers. 
The denominator is little changed with Z. Although 
the 5/3 power dependence cannot be confirmed from 
the experimental data, it is clear that at a fixed energy 
the amount of photon and electron production is 
greater for the heavier ions. 

TABLE 2 

Photomult ip l ier  current  and  secondary  electron yield; 
E = 20 keV. 

Photo-  Secondary IpM for 
Target  Bombard ing  multiplier electron N a + p h o t o n  

particle current,  le• yield emission 
(nA/cm 2) 7 (nA/cm2) 

Cr  N a  + 47.2 
Cs + 305.0 

Fe N a  + 16.0 
Cs + 90.0 

A1 N a  + 25,0 
Cs + 1000.0 

Stainless Na  + 
steel Cs + 

20.0 7.5 
37.4 
22.5 12.0 
32.5 

The results are tabulated in table 2 for 20 keV sodium 
and cesium ions. For each target material investigated, 
the photon production and the secondary electron 
yield is largest, by a substantial amount, for the cesium 
bombardment. 

4. Conclusions 

The optical wavelength light emitted from targets 
during ion bombardment contained only line spectra 
characteristic of either the target and bombarding ion 
or both. No continuous spectrum, of the plasma 
oscillation type reported by Chaudhri et al.3), was 
observed. 

The spectral line emission as a function of target 
current density was found to have an initially linear 
dependence at low current densities, followed by a 
saturation of the light output at higher curl ent den- 
sities. The point of departure from the linear relation 
varied depending upon the ion-target combination. 
It was as low as (1 ~A/cm 2) for Na + bombardment of 
Cu and above (10/aA/cm 2) for Cs ÷ bombardment of 
Cu. No explanation is offered to explain the saturation 
of photon emission at the highel current densities. 

The variation of photon emission with energy also 
exhibited a linear relation at low energy (0 to 5 keV) 
and then started to saturate for ion energies in the 
10 keV to 20 keV range. The effect here is that as the 
ions penetrate deeper into the crystal there is more 
photon self-absorption within the target. Ion pene- 
tration distances are approximately 250 • at 20 keV 
while, for metals, a photon meanfree path is approx- 
imately 50~. 

Secondary electron emission measurements were 
made simultaneously with the photon measurements 
and in general their dependence upon the experimental 
parameters were similar. The saturation of photon 
emission with current density is unexplained, but the 
secondary electron emission increased linearly, as 
would be expected. The secondary electron emission 
dependence on energy was similar to that of the photon 
emission. The saturation of higher energies is a result 
of the decreased probability of electron escape. Since 
photon and electron emissions are produced in inelastic 
ion-atom collisions, the similarity of their dependence 
upon experimental conditions is consistent with their 
common origin. 
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