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The Proton Microprobe: A Powerful Tool for Nondestructive 

Trace Element Analysis 

Abstract. A proton microprobe capable offocusing proton beams with energies up 
to 6 million electron volts to a spot size of 2 x 2 square micrometers has been used 
for chemical analysis of small grains of minerals in lunar samples by proton-induced 
x-ray emission. The proton microprobe is preferable to the electron microprobe for 
analyzing trace elements whose concentrations are below the detection limit of the 
latter andfor analyzing objects with numerous major and trace elements with a wide 

range of atomic numbers. Application of the proton microprobe to biological sam- 

ples is feasible. 

X-ray emission spectroscopy has been 
widely used for qualitative and quan- 
titative determinations of trace elements 
in recent years. This is largely due to the 

rapid development of high-resolution 
Si(Li) detectors. The electron micro- 
probe technique allows quantitative 
analysis of micrometer-sized particles, 
inclusions in solids, and biological sam- 
ples. However, because of the high 
bremsstrahlung background from the 
electrons this method is limited to a sen- 
sitivity of 1 part in 10,000, so that only 
the major elements [with concentra- 
tions > 1000 parts per million (ppm)] in 
the sample can be quantitatively deter- 
mined. To get information about ele- 
ments with concentrations < 1000 ppm, 
one is forced to use other techniques 
such as x-ray fluorescence or neutron ac- 
tivation analysis. However, the last two 
methods are not applicable to micro- 
scopic objects. Trace elements in such 
small areas can be analyzed with the ion- 
probe (1) or laser mass spectrometer (2), 
but these techniques are destructive be- 
cause material is sputtered from the 
sample surface. Nondestructive trace 
element analysis can be achieved by us- 
ing a charged-particle beam of, for ex- 
ample, protons or alpha particles to in- 
duce the emission of characteristic x- 
rays of the elements present in the speci- 
men (3). 

The accelerators used are capable of 
producing beams of charged particles 
with energies and intensities that are 
continuously variable over a wide range. 
The beams can be tightly focused so that 
x-ray emission can be restriced to the 
small sample of interest (4). The pene- 
tration depth and the detection limits (5) 
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can be chosen by varying the particle en- 
ergy. It has been shown experimentally 
(3) that a combination of x-ray excitation 
by protons and detection of the emitted 
x-rays by an Si(Li) detector provides a 
powerful method for multielemental, 
nondestructive analysis of major and 
trace elements with atomic number 
Z - 12. Small concentrations of Ti (for 
example, 4 x 10-11 g) deposited on a thin 
carbon foil were easily detected by using 
a 1.5-MeV proton beam to induce the K 
x-ray emission spectra (3). 

Until recently; the applicability of this 
technique to geological and biological 
problems was restricted because of ex- 
perimental difficulties, such as collimat- 
ing and focusing the ion beams to very 
tiny spots. In some respects the problem 
of spot size has been solved in different 
laboratories (6, 7). Wide application of 
the microbeam, however, depends on 
the reduction of the beam halo in- 
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tensity-that is, the region outside the 
central spot. We tried to solve this prob- 
lem and finally ended up with a 99.9 per- 
cent concentration of the beam intensity 
in an area of 2 x 2 um2 (4, 7). The proton. 
microprobe was built by a group of phys- 
icists from the Physikalisches Institut 
der Universitat Heidelberg and the Max- 
Planck-Institut fur Kernphysik, Heidel- 
berg. The Heidelberg facility consists of 
two major parts: a collimator system (7) 
to produce the ion beam of micro dimen- 
sions and a focusing unit (Fig. 1). Figure 
2 shows the experimental arrangement 
and the beam profile. The proton beam 
supplied by the 6-MV EN-Tandem Van 
de Graaff accelerator of the Max-Planck- 
Institut enters the collimator system 
through a hole 1 mm in diameter drilled 
in a thick, water-cooled brass plate. This 
plate decouples the accelerator vacuum 
from that of the collimator system and 
partly stops the portions of the beam that 
are not accepted by the collimator. The 
collimator consists of two pairs of 
crossed slits (called collimators 1 and 2) 
mounted in two chambers. The slits are 
made of stainless steel with highly pol- 
ished sharp edges for optimal definition 
of the beam, as shown in Fig. 3. Several 
factors were taken into consideration in 
the selection of the angle and the dimen- 
sions of the slits. 

1) Any particle hitting the entrance 
surface is stopped in the slit either be- 
cause the scattering angle is less than Oin 

(0in = 15?) or because ions scattered into 
angles with 0 - in are hitting the oppo- 
site slit. These ions can leave the slit on- 
ly if they are scattered again into a large 
angle (11? to 19?), which is very unlikely. 

2) For the exit surface an angle of 
0out = 4? was chosen in order to make the 
system insensitive to a divergence be- 
tween beam direction and slit normal. 

3) The distance of the beam-defining 
edge from the exit of the slit (4.8 mm) 
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Fig. 1. Proton microprobe facility connected to the 6-MV EN-Tandem Van de Graaff accelera- 
tor of the Max-Planck-Institut fur Kernphysik, Heidelberg. 
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was chosen to satisfy condition 1 for slit 
widths d : 1 mm. 

4) An angle between the entrance and 
exit surfaces close to 180? is dictated by 
the required accuracy of the beam-defin- 
ing edges. The roughness of the surfaces 
and the beam-defining edges was ? 0.1 
/tm. Moreover, the transparency of the 
edges should be smaller than the surface 
roughness. For the angles chosen the 
width of the transparency zone, as given 
by the range of 1-MeV protons, is 0.4 
AJtm. But ions traversing this zone can on- 
ly leave the slit if the ,average scattering 
angle is less than 4?. A root-mean-square 
angle of 4?, however, corresponds to val- 
ues of the transparency zone much 
smaller than 0.1 /xm. We thus conclude 
that scattered particles can only origi- 
nate from a zone - 0.1 /m wide, which 
is determined by the accuracy of the 
beam-defining edges of the slits. 

As shown in Fig. 2, the first collimator 
has a slit width of d .= 8 Am and 
d,, = 45 /Am. The divergence of the 
transmitted beam is then reduced by 
means of a second collimator with 
d2,. = 800 Axm and d2, = 500 Am. The 
amount of protons scattered at the first 
and second collimators and transmitted 
by the antiscattering collimator can be 
estimated to be < 10-4 I, where I de- 
notes the intensity of the beam leaving 
collimator 1. 

The collimated beam is then focused 
by a small magnetic quadrupole doublet 
onto the target (sample) located about 
100 mm behind the second quadrupole. 
The quadrupoles are of a conventional 
type with air-cooled coils, an aperture di- 
ameter of 5 mm, an- effective field length 
of 40 mm, and an outer yoke diameter of 
170 mm. The guaranteed tolerances of 
the dimensions of the pole tips and the 
aperture diameter are ? 0.01 mm. A 
maximum field gradient of 500 tesla/m at 
3 amp can be obtained, allowing one to 
focus protons or, for example, 1604+ ions 
with energies < 25 MeV within 100 mm 
behind the second quadrupole. Thus, the 

Table 1. Composition of ilmenites and badde- 
leyite in lunar sample 75015 as measured with 
the electron microprobe at an excitation ener- 
gy of 15 keV. 

Concentration (percent 
Compo- by weight) in 

Ilmenite Ilmenite Badde- 
3 6 leyite 

FeO 
MgO 
MnO 
CaO 
TiO2 
V0,3 
Cr-2O 
A1203 
SiO2 
ZrO2 
HfO2 

Totals 

42.62 
2.16 
0.59 
0.34 

53.50 
ND* 
0.55 
0.42 
0.06 

ND 
ND 

100.24 

43.39 
1.60 
0.70 
0.12 

53.63 
ND 
0.46 
0.35 
0.11 

ND 
ND 

100.36 

1.11 
0.13 
0.04 
0.24 
1.37 

ND 
ND 
0.55 
0.20 

94.07 
2.52 

100,23 

*ND, not detected. 

lens is strong enough to permit its use 
with heavy-ion beams available from 
EN-Tandem accelerators. The beam can 
be adjusted during the experiment and a 
specific spot can be accurately selected 
by using an optical microscope fixed to 
the target chamber. This setup also per- 
mits simultaneous viewing of the sample 
during the experiment. The sample hold- 
er in the target chamber can be moved in 
both the x- and the y-direction by a step 
motor, allowing analyses of fulrther areas 
without breaking the vacutum of the sys- 
tem. 

The smallest proton beam achieved so 
far is 2 x 2 nim2. Quantitative measure- 
ments of the beam profile showed an ap- 
proximately rectangular intensity distri- 
bution (4). These measurements also led 
to an estimate of the halo of the beam: 
the ratio of the total beam intensity to the 
intensity measured outside the beam in a 
ring having a 20-am inner diameter and a 
1-mmr outer diameter is of the order of 
104. This high-quality focused ion beam 
is necessary for analyzing micrometer- 
sized objects in a sample. In most cases, 
however, this ratio of 104 to 1 is also suf- 

ficient with respect to the statistical ac- 
curacy that can be obtained in a reason- 
able measuring time (-- 2 to 3 hours). On 
the other hand, a beam halo with a higher 
or even an unknown intensity would in- 
troduce very strong uncertainties in the 
analyses. 

The current density we obtained 
ranged from 5 to 20 pa/,/m2 at beam cur- 
rents of 0.3 to 1 /ga measured behind the 
analyzing magnet of the beam transport 
system. This density is sufficient to reach 
relative detection limits of the order of 1 
to 10 ppm in a reasonable time for ele- 
ments with Z ? 12 even in small 
amounts of material with volumes of a 
few cubic micrometers and thicknesses 
of the order of the beam range. 

Comparing the performance of the 
proton microprobe with that of other 
probes, especially the electron micro- 
probe, we find the following advantages 
and limitations of the new technique. 
The main advantage of the proton micro- 
probe is that its sensitivity is one or two 
orders of magnitude higher than that of 
the electron microprobe for detecting 
trace elements under normal operating 
conditions. Most of the problems and 
limitations of the proton microprobe 
arise from the relatively large pene- 
tration depth (20 to 70 /tm) for protons 
with energies of 0.5 to 4 MeV, which has 
the following consequences. 

1) For very thin samples the sensitivi- 
ty is reduced because of the enhanced 
background (bremsstrahlung and charac- 
teristic x-rays) from the sample backing. 
This can be minimized in some cases by 
using a proper backing material (such as 
very pure carbon). 

2) The x-ray yield changes with depth 
as the protons lose energy in the sample 
(8). 

3) Fine-grained multicomponent tar- 
gets are also excited friom the areas just 
below the grain of interest, which thus 
obscures the results. In addition, quan- 
titative evaluation of the x-ray spectra is 
difficult because of the influence of x-ray 
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Fig. 2 (left). Schematic view of the proton scanning micro- 
probe. Fig. 3 (right). Side view of the beam-defining edges of the 
stainless steel collimator slit. The roughness of the surfaces and of the 
beam-defining edges is _-; 0.1 /gm (triangles). 

SCIENCE, VOL. 199 766 



self-absorption in the sample. The pene- 
tration depth of electrons under standard 
working conditions ranges from I to 5 
gLm, and the electron microprobe ex- 
citation geometry is therefore well de- 
fined. 

In addition, nuclear reactions of the 
protons in the beam with some target 
components can produce additional 
background y-rays, which might inter- 
fere with characteristic x-rays. The ener- 
gy dependence of nuclear cross sections 
is usually different fiom that of atomic 
cross sections, so that in most cases the 
proton-induced y-rays could be identi- 
fied by varying the proton energy to 
avoid misinterpretations of x-ray spectra 
(9). 

To demonstrate the performance of 
the proton microprobe, we used it to de- 
termine the trace elements in some min- 
eral grains in a lunar basalt (Apollo 17 
sample 75015) whose compositions were 
previously determined with the electron 
microprobe. Two minerals, ilmenite (FeTiO3) 
and baddeleyite (ZrO2), were chosen to 
look for trace elements which were not 
detected by the electron microprobe. 
Two grains of ilmenite and one of badde- 
leyite were analyzed quantitatively with 
the electron microprobe, with the 
results shown in Table 1 (10). Quali- 
tative analyses were also carried out 
at 15 to 30 keV, respectively, using 
an Si(Li) detector attached to the elec- 
tron microprobe. No elements other 
than those measured qualitatively could 
be detected. 

In agreement with the results of pre- 
vious electron microprobe investigations 
(11), we found that the Zr in Apollo 17 
ilmenites is below the detection limit of 
the electron microprobe. The insets in 
Figs. 4, 5, and 6 show the electron micro- 
probe spectra of the two ilmenite grains 
and the baddeleyite measured at an ex- 
citation energy of 15 keV. Figure 7 shows 
the spectra obtained friom baddeleyite 
(Fig. 7a), a zirconolite grain (Ca,Fe) 
(Zr,Y)Ti2O, attached to baddeleyite (Fig. 
7b), and a third ilmenite grain (Fig. 7c) 
measured with the electron microprobe 
at 30 keV. In Fig. 7, a and b, the spectra 
of baddeleyite and zirconolite display the 
K,lines of Zr and Y and of Zr, respective- 
ly, above 14 keV. None of these lines are 
visible in the ilmenite spectrum (Fig. 7c). 

The two ilmenite grains and the badde- 
leyite were than analyzed with the pro- 
ton microprobe at excitation energies of 
2 and 4 MeV, with the results shown in 
Figs. 4, 5, and 6. A typical recording 
time was 2 hours. The K, and Ks lines of 
Y, Zr, and Nb are well developed in the 
spectra of ilmenite 3 and ilmenite 6, re- 
spectively (Figs. 4 and 5). Note the ab- 
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Fig. 4 (top). X-ray spectrum of baddeleyite with proton excitation at 4 MeV. The inset is a 
spectrum obtained by electron excitation at 15 keV. The lines ZrKa + ZrKa and ZrKa + ZrKo 
indicate the Zr pile-up peaks. Fig. 5 (middle). X-ray spectrum of ilmenite 3 obtained with 
proton excitation at 2 MeV. The inset is the spectrum taken with the electron microprobe at 15 
keV for the same grain. The K spectra of Y, Zr, and Nb are well developed in the proton probe 
spectrum. Fig. 6 (bottom). X-ray spectrum of ilmenite 6, which is later in the crystallization 
sequence than ilmenite 3, obtained with proton excitation at 2 MeV. The inset is the spectrum 
taken with the electron microprobe at 15 keV for the same grain. The K spectra of Y, Zr, and Nb 
are well developed in the proton probe spectrum. The lower intensities of YKa and NbK, are 
noticeable. 
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sence of the L lines of these elements in 
the spectra taken at 15 keV because of 
the high bremsstrahlung background (in- 
sets in Figs. 4 and 5). The spectrum of 
baddeleyite (Fig. 6) revealed the pres- 
ence of K lines of trace elements which 
were not detected with the electron mi- 
croprobe, such as Ta, Pb, Th, W, Y, Nb, 
Ce, Pr, and Nd. Because of the small 
grain size of the baddeleyite crystal and 
its intimate intergrowth with the zircono- 
lite grain, we cannot exclude the possi- 
bility that the x-rays of the elements 
measured by the proton microprobe in 
the baddeleyite were excited in both bad- 
deleyite and zirconolite. For this reason, 
we excluded this spectrum from our 
quantitative evaluation. 

For brevity, we give only the concen- 
trations of the lowest three out of the ele- 
ments detected. The intensities of these 
K lines (Y, Zr, and Nb) in the spectra of 
the two ilmenite grains were determined 
by the following method. The yield of K- 
hole production for every element was 
calculated according to the binary en- 
counter approximation (BEA) theory (8), 
taking into account the continuously 
changing energy of the projectile in the 
sample. This value was then corrected 
for fluorescence yield and self-absorp- 
tion in the target. X-ray absorption in the 
absorber and the energy-dependent effi- 
ciency of the Si(Li) detector were also 
taken into consideration. The relative 
mass concentrations were obtained to 
within a few percent. To obtain absolute 
values, however, these would have to be 
referred to a calibrated standard. 

In Table 2 we show elements mea- 
sured with the proton microprobe that 
were not seen with the electron micro- 
probe. Some calculated mass concentra- 
tions referred to the Zr concentration are 
also given (10). The use of Si(Li) solid- 
state detectors, however, puts some lim- 
itations on the applicability of the proton 
probe, especially in materials containing 
several 3d transition elements as major 
components. To reduce the total count 
rates one is forced to use absorbers thick 
enough to eliminate the majority of the x- 
ray quanta of the major elements. Thus 
the x-rays of trace elements with higher 
energies than those of the major ele- 
ments may be detected. 

In the geological sciences, especially 
petrology and geochemistry, the tech- 
nique should allow determination of the 
partitioning of trace elements among 
coexisting minerals or phases in natural 
rocks and multicomponent synthetic ma- 
terial. 

The results presented above demon- 
strate the ability of the proton micro- 
probe to show trace elements in solids 
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Table 2. Calculated concentrations of Zr, Y, 
and Nb as measured with the proton micro- 
probe in ilmenite 3 and ilmenite 6 in lunar 
sample 75015. 

Ele- Concentration (ppm) in 
ment Ilmenite 3 Ilmenite 6 

Zr 1600 + 300 1000 ? 200 
Y 60 + 20 95 + 30 
Nb 40 + 15 45 + 15 

that cannot be detected, even qualita- 
tively, with the electron microprobe. 
The analysis of water-bearing biological 
samples, however, is not as straight- 
forward as that of solids. Before pre- 
paring biological samples for analysis, 
certain precautions have to be taken. 
Shock freezing of the specimen is needed 
to prevent migration of water-soluble 
ions such as K+, Na+, and Cl- (12). Pre- 
pared in such a way, the specimen is an 
excell 
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energies of, say, 1 MeV will traverse the 
thin specimen (1 to 10 .tIm thick). Under 
these circumstances (i) charging of the 
specimen is avoided; (ii) the protons lose 
most of their energy in an electrically 
conducting backing (such as carbon) and 
the specimen itself will not be heated; 
and (iii) protons are more rigid than elec- 
trons, so that scattered particles should 
not increase the volume being examined 
(15). 
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