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Surface Composition Determined
by Analysis of Impact Radiation

Surface constituents are determined by an analysis of

radiation from low-energy particle-surface collisions.

C. W. White, D. L. Simms, and N, H. Tolk

A novel and sensitive technique for
the analysis of surface composition has
been developed. Called SCANIIR (sur-
face composition by analysis of neutral
and ion impact radiation), this tech-
nique evolved from the recent discovery
that visible, ultraviolet, and infrared
radiation is produced when a beam of
low-energy (30 electron volts and above)
ions (1), or neutral atoms or neutral
molecules (neutrals) (2), impact on a
surface. The subject of this article is
the application of the SCANIIR tech-
nique to the problem of the analysis of
the surface composition of complex
solids (volcanic glass and a tektite) and
the analysis of the composition of micro-
liter quantities of liquids containing both
organic and inorganic material (for
example, human blood). In addition, the
radiation that is produced when various
materials of known composition are
bombarded with projectiles will be
discussed. Finally, results obtained from
the impact of a neutral species on a
silicate melt' containing known concen-
trations of impurities will be presented
to give an indication of the sensitivity of
the technique.

Our recent experiments have shown
that the optical line radiation produced
in the collisions of low-energy ions and
neutrals with surfaces arises from the
decay of excited states of the atoms and
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molecules that are characteristic of the
surface constituents, including surface
contaminants. The interaction of the
impinging projectile beam with the sur-
face results in the ejection of neutral
atoms, neutral molecules, and ions from
the surface through a process known as
sputtering (3, p. 142). A significant por-
tion of the sputtered fragments leave
the surface in excited electronic states
and subsequently give rise to the ob-
served optical radiation. One can deter-
mine the surface constituents by analyz-
ing the spectral distribution of radiation
and identifying prominent optical lines
and bands. The intensities of the indi-
vidual spectral lines are proportional
to the absolute concentrations of specific
surface constituents within the penetra-
tion depth of the incident projectile.

The SCANIIR technique is largely
nondestructive because low bombarding
energies (less than 4 kiloelectron volts)
are used. During the time interval (ap-
proximately 30 minutes) required to
obtain a complete spectral scan, how-
ever, several monolayers of surface ma-
terial are removed by the impinging
beam. The use of low bombarding en-
ergies results in a very sensitive probe
of the surface region because the range
of the incident projectile in the solid
is limited to at most a few monolayers.
Detection capabilities range from 1 part
in 10 to a few parts in 10* under
present operating conditions.
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Experimental Apparatus

The apparatus used in this work (see
Fig. 1) is capable of producing beams
of ions or neutrals of well-defined en-
ergy in the range from 10 electron volts
to 4 kiloelectron volts. In general, we
find neutral atoms and molecules to be
more useful projectiles than ions since
problems associated with charge accu-
mulation on nonconducting surfaces are
avoided. In either case, the first step is
the creation of ions in the source
region by means of electron bom-
bardment of either nitrogen molecules
or one of the rare gases. Ions are then
withdrawn from the source region, ac-
celerated to the desired energy, and
focused into a charge-exchange cham-
ber where fast neutrals can be created
from the ions by means of resonant
charge transfer. This process involves
little momentum transfer, and conse-
quently the resulting neutrals have es-
sentially the same energy and direction
as the initial ions (4). In general, the
gas pressure in the charge-exchange
chamber is adjusted to produce approxi-
mately 30 percent neutralization of the
incident ion beam. After passage
through the charge-exchange chamber
the remaining ions can be deflected out
of the beam, leaving only neutrals to
enter the target chamber. The solid to
be bombarded is oriented in the target
chamber with the surface normal at an
angle of approximately 45° to 60° with
respect to the direction of the incident
beam. The target chamber is equipped
with a quartz window for viewing the
interaction region, and photons, which
are produced as a result of the colli-
sions of the neutrals with the surface,
are focused by a quartz lens into an
f/5, 0.3-meter monochromator. The
monochromator and a cooled photomul-
tiplier are used to record the spectral
distribution of radiation produced in
the collision process. Single photon
counting techniques are used to enhance
the sensitivity of the system for the
detection of radiation. The neutral
beam flux in the target chamber is
measured by a bolometer which also
can be operated as a Faraday cup to
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measure ion current (5). The neutral
beam intensity varies as a function of
beam energy from 1 X 10—8 ampere
-(equivalent neutral current) at 30 elec-
tron volts to 1 X 10—¢ ampere at 4
kiloelectron volts. The beam diameter
ranges from 2 to 3 millimeters.

The aperture separating the inter-
mediate chamber (the charge-exchange
chamber is contained in the inter-
mediate chamber) and the target cham-
ber is 3 millimeters in diameter. Each
chamber is evacuated with a mercury
diffusion pump having a liquid nitro-
gen trap in order to minimize exces-
sive hydrocarbon contamination which
might possibly be incurred if oil dif-
fusion pumps were used. A pressure of
3 X 10—7 torr is achieved in the tar-
get chamber with a gas pressure of
103 torr in the source and charge-
exchange chambers.

Radiation from Known Materials

In all cases, the optical radiation
produced as a result of the impact of
low-energy neutrals on solid surfaces
consists of lines and bands that are
characteristic of the surface constitu-
ents, including surface contaminants.
Examples of the spectral distribution of
radiation produced by the impact of
nitrogen molecules (N,°) (beam energy
of 3.5 kiloelectron volts) on aluminum
oxide (Al,0,), lithium fluoride (LiF),
and quartz (SiO,) are shown in Fig. 2.
In each case, the equivalent neutral
current was approximately 3 X 10—7
ampere. Similar results were obtained
with the use of neutral argon or neon
atoms at the same energy. The promi-
nent optical lines in the scans shown
in Fig. 2 have been identified as arising
from the decay of excited states of neu-

Electrostatic

tral aluminum, lithium, silicon, and hy-
drogen. The widths of all of these lines
are limited by the slit settings (5-ang-
strom resolution in Fig. 2), but in higher
resolution scans over selected wave-
length intervals they are observed to be
less than 1 angstrom in width. On the
basis of this finding we conclude that
the radiation arises from atoms and
molecules which have been sputtered
off the surface in excited states and are
radiating as essentially free atoms and
molecules (6). Balmer lines of neutral
hydrogen, which are observed in the
impact of Ny° on quartz, result from
the interaction of the impinging beam
with residual surface contaminants (wa-
ter vapor or hydrocarbons). In con-
trast to the radiation from sputtered
silicon atoms, hydrogen radiation de-
creases when the sample is heated to
drive off surface contaminants.

Excited states of fluorine and oxy-
gen, which would give rise to radiation
in the wavelength interval from 1900 to
8400 angstroms, either are not popu-
lated in the collision or are de-excited
by nonradiative processes. However, the
resonance lines of these atoms, which
we expect to be the most intense, lie in
the vacuum ultraviolet, an optical re-
gion in which measurements thus far
have not been made.

The same optical emission lines
shown in Fig. 2 are produced if the
jons Ny+, Ar+, or Ne+ are used as
incident projectiles, but in these cases
positive charge accumulates on the non-
conducting surfaces; this charge build-
up decreases the energy of the imping-
ing ions and causes defocusing of the
ion beam (7). However, if a conduct-

ing target is used, neutrals and ions (of .

the same species) are found to produce
photons with equal efficiency. lons at
low energies impinging on a metallic
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Fig. 1. Schematic diagram of the neutral beam apparatus.
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target are neutralized by nonradiative
processes several angstroms in front of
the surface (3, p. 241; 8), before the
close-in sputtering encounter occurs.
Photons result from the sputtering en-
counter, and thus the photon produc-
tion efficiency from a metallic target
should be the same for both ions and
neutrals at the same energy; this pre-
diction has been confirmed by experi-
ment. This result can be used as a
means for the measurement of the neu-
tral beam flux in the low-energy re-
gion. The ratio of the intensity of the
optical line radiation produced when a
metallic target is bombarded with neu-
trals to that produced when a metallic
target is bombarded with ions is equal
to the ratio of the neutral “current”
to the easily measured ion current.

Radiation from Complex Samples

We have applied the technique of
observing and analyzing collision-in-
duced radiation to a number of com-
plex unknown solids. As examples of
this type of application we discuss re-
sults obtained from the use of samples
of volcanic glass and a textite. Both of
these petrological samples were washed
in xylene, acetone, and deionized water
prior to insertion into the apparatus to
remove dust and other contaminants.

The spectral distribution of radiation
produced by the impact of N0 ((energy
of 3.5 kiloelectron volts) on the surface
of the volcanic glass and the tektite is
shown in Fig. 3. These spectral scans
were acquired in a time period of 30
minutes each, and in each case an
equivalent neutral beam current of
3 X 10-7 ampere was used. It is
possible to assign the prominent optical
lines to specific elements by comparing
the spectrum from the unknown with
previously determined spectra charac-
teristic of pure materials. Radiation
from common elements such as silicon,
aluminum, sodium, and calcium is evi-
dent in both scans. The tektite con-
tains, in addition, iron and magnesium.
There are a number of lines in both
scans which have not as yet been as-
signed to specific elements.

Radiation from Human Blood

The SCANIIR technique also has
been applied to the qualitative analysis
of the composition of very small quanti-
ties of liquid residues containing both
organic and inorganic material. The ex-
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perimental procedure we use is to de-
posit the liquid on a clean quartz sub-
strate and allow the water to evaporate.
Neutral argon or nitrogen is used to
bombard the substrate, and the colli-
sion-induced spectrum of radiation is
recorded and analyzed.

To demonstrate the application of
this technique to liquid residues, human
blood was used as the “unknown”
sample. Blood is routinely analyzed in
many clinical laboratories by a variety
of techniques, most of which require a
reasonably large sample volume (ap-

proximately 1 cubic centimeter or
more). In many cases, however, the
sample volume that can be safely taken
from a patient is significantly less than
this, as is the case for premature in-
fants and very small children. These in-
creasingly smaller sample volumes re-
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and H,, are also ob-
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quire new and more sensitive analytical
techniques. Since the SCANIIR tech-
nique samples only a few monolayers of
surface material and is sensitive to
many of the elements of interest in
the blood, we have applied this tech-
nique to blood sample volumes ranging
from 10 microliters to 0.1 microliter.
Liquids in the form of blood plasma,
whole blood, and digested whole blood
have been used. Whole blood samples
were prepared by depositing one drop
of whole blood on a clean quartz sub-
strate immediately after obtaining the
sample. The remaining portion of the
initial blood sample was allowed to
clot and was then centrifuged, and the
plasma sample was withdrawn from
the liquid component. Digested blood
was prepared by diluting whole blood
with an excess of ultrapure perchloric
acid (4 :1). This mixture was heated
at the boiling point of perchloric acid
for approximately 2 hours, and diges-
tion was assumed to be complete when
the boiling mixture became colorless.
Radiation which results when N,
at 3.5 kiloelectron volts bombards a
quartz disk coated with one drop of
blood plasma (approximately 10 micro-
liters) is shown in Fig. 4. The equiv-
alent neutral current was 3 X 10-7
ampere, and gratings blazed at 3000
and 5000 angstroms were used over
the spectral range from 1900 to 7700
angstroms. In this wavelength range,
radiation was observed from sodium,
calcium, potassium, magnesium, carbon,
hydrogen, and CH. The radiation from
carbon, hydrogen, and CH is assumed
to result from the radiative de-excita-
tion of sputtered protein fragments.
Silicon radiation, which is characteris-
tic of the quartz substrate, was not ob-
served. This result suggests that the
solid residue from 10 microliters of
plasma forms a layer whose thickness
is large in comparison to the penetra-
tion depth of the projectile. After more
than 10 hours of continuous bombard-

Fig. 3 (opposite top). Radiation produced
by the impact of N.° (3.5 kiloelectron volts)
on (A) volcanic glass and (B) a tektite.
Only prominent optical lines are identified
in these scans, and these are labeled by
element and wavelength. Roman numerals
I and II refer to neutral and singly ionized
atoms, respectively. Slightly different slit
settings were used for the two scans, 125
um for volcanic glass and 160 um for the
tektite. Fig. 4 (opposite bottom). Ra-
diation produced by the impact of N.°
(3.5 kiloelectron volts) on blood plasma.
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ment at this energy and current, there
was still no evidence of silicon radia-
tion. Essentially the same spectral dis-
tribution was observed when the plasma
was diluted by a factor of 100 in de-
ionized water and 10 microliters of this
solution was allowed to dry on the
substrate. This finding indicates that no
more than 0.1. microliter of plasma de-
posited uniformly is required for this
qualitative analysis.

Metals, such as iron, zinc, and cop-
per, which are also found in trace
quantities in blood plasma, have not
been positively identified in the spec-
tral scan of Fig. 4. The surface density
of these elements in the residue is
presumed to be significantly less than
that of the organic material and the
more abundant metals sodium, potas-
sium, calcium, and magnesium. In
addition, ‘major nonmetal constituents,
such as chlorine, phosphorus, and sulfur,
are not detected in the wavelength in-
terval 1900 to 7700 angstroms. The
lowest excited states of these elements
give rise to shorter wavelength' radia-
tion in the vacuum ultraviolet region.

The spectrum of dried whole blood
contained the same optical lines as
that of the plasma, with the addition of
very weak iron radiation. Most of the
iron in blood is found in the red cells,
and the iron concentration within the
penetration depth of the projectile pre-
sumably is larger in the whole blood
sample than in the plasma. However,
the spectral distribution of radiation
from the whole blood sample was ob-
served to change as a function of sput-
tering time; that is, the intensity of the
optical lines arising from magnesium
and calcium decreased as a function of
time whereas the intensity of the hy-
drocarbon radiation either remained
constant or increased. This finding sug-
gests that magnesium and calcium were
being depleted from the surface by the
impinging neutral beam, leaving a sur-
face composed principally of red cells
or cell fragments.

In order to circumvent the problem
of surface depletion and to examine a
sample containing inorganic elements
found in the walls and interiors of red

cells, digested blood was examined. In-

tense radiation from the decay of ex-
cited states of iron, sodium, potassium,
magnesium, and calciura was observed
when a target containing the residue of
this sample was bombarded with N0 at
an energy of 3.5 kiloelectron volts. No
radiation was observed from excited

states of carbon or CH, an indication
that the digestion of the organic mate-
rial was nearly complete. Similar experi-
ments on a quartz disk coated with
boiled perchloric acid alone showed
that the digested sample was not con-
taminated with impurities from the
perchloric acid or with impurities ac-
quired by the leaching of the quartz
containers used in the digestion process,
In addition, the intensity of potassium
radiation in the digested blood sample
was observed to be more than an order
of magnitude larger (relative to that of
sodium, calcium, and magnesium) than
that observed in the radiation scan of
blood plasma (Fig. 4). The concentra-
tion of potassium in erythrocytes is re-
ported to be approximately 20 times
that found in blood plasma (9), and
this fact probably accounts for the en-
hanced potassium signals from digested
whole blood. A similar enhancement in
potassium radiation from blood plasma
samples was observed when fresh whole
blood was inadvertently centrifuged be-
fore clotting, producing hemolysis. Ex-
periments with digested blood plasma
gave results similar to those shown
in Fig. 4, thus confirming that an
enhanced potassium concentration re-
sulted from the digestion of organic
material in whole blood.

Detection Sensitivities

The spectrum of collision-induced
radiation from a silicate melt target
containing known concentrations of im-
purities has been recorded to determine
the detection sensitivities that can be
obtained by use of the SCANIIR tech-
nique. A homogeneous silicate melt
sample (about 82 percent SiO,) pre-
pared by the Corning Glass Works (10)
contained known oxide impurities which
are listed in column 1 of Table 1. The
requested weight fraction of each oxide
is listed in column 2; the weight frac-
tion determined by electron microprobe
analysis is given in column 3. Con-
centrations determined by x-ray fluores-
cence were in substantial agreement
with those determined by microprobe
analysis except for magnesium oxide
and sodium oxide. To remove major
surface impurities, the target was
washed in xylene, acetone, and de-
ionized water prior to insertion in the
apparatus.

We recorded the spectrum of col-
lision-induced radiation which resulted
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Table 1. SCANIIR measurements of impurities in a silicate melt.

. Micro-
lzv?ilrgg probe Observed ?gggg’
Impurity g weight optical S/N

ftli'(a):' frac- line SIN fgrl 1

tion e

ALO, 0.095 0.095 Al1-3962 A 1400 : 1 6.8 X 10

FeO 035 030 Fe1-3720 A 40:1 75 X 10

CaO 010 0055 Call-3934 A 110: 1 2.0 x 10®

MgO 012 .009 Mg 1-2852 A 90:1 1.0 X 10

K,0 012 0125 K 1-7665 A 15:1 8.3 X 10-*

Na, 0O 012 .008 Na I-5890 A 340: 1 2.4 X 10-°
when N,° (3.5 kiloelectron volts) angstroms. In this sample, these lines

bombarded the target by scanning
selected wavelength intervals under the
following experimental conditions: an
equivalent neutral current of 3 X 10—7
ampere, monochromator slits 150 pum
wide (about 4-angstrom resolution), a
grating blazed at 5000 angstroms, a pho-
ton integration time of 10 seconds, and
a photon counting efficiency (photons
counted per emitted photon) of approxi-
mately 1 part in 105 at 5000 angstroms.
From the experimentally measured
spectrum of radiation, signal-to-noise
ratios (S/N) were determined for the
most prominent optical line characteris-
tic of each impurity. These optical lines
are listed in column 4, and the mea-
sured S/ N ratios are given in column 5
of Table 1. The impurity concentration
necessary for observation with a S/N
ratio of 1:1 at this current and energy
in the experimental configuration used
is given in column 6 of Table 1. These
values were obtained from the ratio of
the impurity concentrations (electron
microprobe determination) to the mea-
sured S/N ratios since, at a fixed beam
energy, the optical intensity in a given
line is proportional to the product of
the beam current and the impurity con-
centration within the penetration depth
of the projectile. Under the outlined ex-
perimental conditions, the detection sen-
sitivities vary from a few parts in 103
to a few parts in 104,

The detection sensitivity for potas-
sium is somewhat less, presumably be-
cause the efficiency of the phototube is
decreased (relative to peak efficiency)
by an order of magnitude at 7665 ang-
stroms. In the case of iron, a large num-
ber of lines (more than ten) with nearly
equal intensities are observed. The re-
sult is that the total optical information
is dispersed over a large number of lines
and the available signal in a single line
is decreased.

For sodium the two most prominent
optical lines are at 5890 and 5896
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are separated from any other prominent
lines by at least 100 angstroms. Experi-
mentally we observe that increasing the
width of the monochromator slits by a
factor of 10 results in an improvement
of an order of magnitude in the S§/N
ratio. Thus a detection sensitivity of ap-
proximately 1 part per 10 can be
achieved for sodium in this type of
sample with an equivalent neutral cur-
rent of 3 X 10—7 ampere and a 10-
second photon integration time.

The detection limits for this sample
can be improved in a number of other
ways. One way is to use narrow-band
interference filters in place of the mono-
chromator to isolate prominent optical
lines emitted by the sputtered impurity
atoms. Preliminary measurements indi-
cate that an improvement of a factor of
40 for all the impurities in this sample
can be realized by this change alone.
An improvement of a factor of 40
results in a detection sensitivity of 6
parts in 107 for sodium in this homo-
geneous sample. Further improvement
can be achieved by increasing the neu-
tral beam intensity, by increasing the
photon collection efficiency, and by in-
creasing the photon integration time.
With these improvements, detection sen-
sitivities of better than 1 part in 108
might be achieved in a homogeneous
sample.

Summary

When surfaces are bombarded by
low-energy ions and neutrals, a signifi-
cant number of sputtered atoms and
molecules leave the surface in excited
electronic states. Optical emission lines,
which result from the decay of these
excited states, provide the basis for a
technique for the identification of sur-
face species. Experimental results pre-
sented here demonstrate that with the
SCANIIR technique, which is based on

the excited-state sputtering phenomena,
one is able to detect a large variety of
surface constituents and contaminants
by the identification of the characteristic
optical radiation produced when low-
energy neutrals bring about the sput-
tering of surface atoms and molecules.
Detection limits for trace impurities in
the silicate melt in these experiments
range from 8.3 X 10—% to 6 X 10—7.
Preliminary evidence indicates that in
a homogeneous bulk sample detection
limits for trace impurities can be low-
ered to 10 parts per 10° by increasing
the photon collection efficiency and by
increasing the neutral flux. Because of
its sensitivity as a surface probe, and
because only very small quantities of
material are required for analysis, it
seems likely that the SCANIIR tech-
nique will become an important tool for
surface analysis with application to sci-
entific, technological, and environmental
problems.
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