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Abstract

Spatially resolved information from the near sur~
faces of materials can be obtsined with a nuclear mi-
croprobe. The spatial resoiution is dotermined by the
optics of the instrument and radiation damage in the
specimen, Two— and three-dimensional maps of elemen-
tal concentration may be obtained from the near jur-
faces of materials. Data are suquired by repeated
scans of a constantly moving beam over the region of
interest or by counting for a preset integrated charge
at each specimen locaticn,

Iotrodyetion

The purpose of a nuclear niocroprohe is to obtain
spatially resolved information from a specimen ocon—
taining somo nonhomogensity, ‘The nonuniformity may be
in any direction relative to the incident beam direc-
tion, but the problom of data noquisitiion is always
the same-—where is the nonuniformity, and low big is
it? There are threo analytic signals used with a nu-
clear microprobe: particle induced x-ray emission
(PIXE), Rutherford backscattering (RBS), and nuclear
reaction analysis (NRA), The signal or signals de-:
teoted, the nature of the specimen, the desired infor—
mation, and the available beam current determine the
appropriate solution to the problem of data soquisi-
tion, Micioprobes existing in the world today have
unigue solutions, usually diotated by the constraints
of the looslly existing hardware for nuolear physics
data acquisition, This paper rannot review all the
sxieting ana proposed solutions®, but it disousses the
general constraints of the problem,

Data Rates

The total amount of data prccessed depends on the
incident beam curront and the besm—aspecimen interaco-
tion, Partitioning the data into individual pisture
elements, or pizels, i- necessary to obtain the spa-
tially resolved inforeation, Thezefore, considera-
tions of beanm current vs spot size and time/pixel vs
resolution, concentration, and cross seotion determine
how the data cab be acquired and stored.

An ideal ion-optical system focuses some fraction
of the scoelerated bear into the final spot with the
amount determined by the ratio of the phase space ao-
ceptance of the final lens to the total available
phase space.
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A more realistio upper bound on the beam current ve
spot sirze may be obtained by including the effeots of
spherica! and ohromatic aberrations on the final spot.
Assuming that thy peometriou]l aberrations add in quad-
rature, one obtains
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where d, 1 the spot diameter, nssuming perfect op-
tios, c. and c° are the spherical and ohromatic aber

aberration coefficionts relative to the image point, a
is the semidivergence in the focused beam, and AE/E is
energy uncertainty in the beam, The results of the
osiculations for the Loe Alamos Scientific Laboratory
(T.ASL) mioroprohe with a superconducting s-lenoid fi-
ral lens are shown in Fig. 1. Current densities of

1 aA/pum" sze possible with this system. If beams with
AE/Z = 10-4 are available, this current density caa te
maintained to 1-uw3 spot sizes., Quadrrpole multiplets
usually have a smzller phase space acceptsnce for the
final loens with a consequent reduction in final onr
rent density.
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Figure 1, Beam current vs spot size, including the
offects of apherical and chromatic absrra-
tions for the LASL microprobe, The aberra-

tion coefficients C. = 14 om and C° - 9.3

om were calculated from the equivalent
Glaser field B(z) = lol(l 4+ (Z/a)%) with
s = 6,5 om,

The time, t, required to soquire the data from o
single pizel depends on the incident deam current in
partioles/s, i: the number of target atoms/om®, Nt
the solid angle of the detector, Q: the cross ssction
for the intersotion, o: and the nuxber of svents to bde
oounted, A, In genmeral,

- A
* = T0oNt ° LY

A series of universal ourves for the time/pixel wvs the
prode current is plotted in Fig. 2. The curves assume
no background and should, therefore, be ocrnsidered
somevhat optimistic, Curves such ae this are graphio
rominders of the obvious tradeoffs bLetween spatial
resolution and sensitivity,
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Figure 2, Time/pixel vs incident beam current for
different values of concentration and cross
section, oNt = barn atoms/om?®, The time
plotted refers to the time required to de-
tect 100 counts with a detector of 10-? gtr

and 100% efficiency.
Radjation Damage

Since s nuclear microprobe is designed to tell
you what elements are in the specimen and where they
are, questions of elementsl migration within the ma-
triz are important, Thermal diffusion and nuclear ro—
coils are two effects that move atoms in the specimen
over the dimensions being messured, The following or-
der of magnitude caloulations are designed to tell
whether you orn get the information before thke beam
obanges the parameier being measured,

An upper limit on thermal effects may be calen—
lated by assuming uniform energy deposition in a oy-
lindrical column of the specimen excited by the inci-
dent beam. Heat is radially oonducted to the edge of
the specimen, The solution to the radial pacst of the
equation of oonduction for heat supplied at s constant

rate, Fo' per unit length on an inner cylinder of

oonduotivity, K, is
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Solving for Tl' the temperature at the sdge of the
excitation volume, yields
£
T]-Tn’ —JL——];-Z. . (5)
4n 5 RgK f1

where E is the energy of the incident beam, I is the
beam ocurrent, R is the range, q the charge on the in-
cident particles, and r, is the radins of the inoident
beanm, 1

Thermal conduotivities vary over severel orders
of magnitude from 10-? - 1 cal/om » *C with mnst met-
als and semiconduotors having £ ) 0.1 oal/om s °C.
Fee a 1-MeV bdeam of 10-um projecrted range with beam
current of 2 nA in s spot 1 um in diameter, the tom-
perature r£ise in a 1-om specimen of thermal conductiv
ity K = 0,1 oal/om s °C {4 ~9°C, Localized spscimen
hoating is orobably not a problem i euch specimens if
the overall temperature rise is controlled by adequate
thermal ocontact with s heat sink, For glass or bio-

logical materials with much smaller conductivities,
localized heating can be a severe limitation, The

~data may have to he collected from a constantly moving
" point on the speiimen to minimize thermal jegralation,

i The kinematic factor

Data acquisition for a preset time or intograted
charge at oach pizel is possidble with tlhe more rugged
specimens,

The question of
lated to sensitivity
a nuclear microprobe
transfer significant

nuclear recoii ias intimutely re—
and limits of detectsbility with
becanse the in..deat particle can
energy to the target nuocleus,
for 180° gcatte.ing is
E' - (!.;I)z 6}
E M+ ¢
For incident slpha particier of a few MeV, the target
nucleus will recoil in the forwar! dicestion with en-
ergles > 100 keV, The range of t*4is recoil particle
depends on ity m-.s, onergy, charge, and the matriz,
but typioally is ~0.1-1.,0 ym, This displacement is
groater than the depth resolution of RBS. Detecting
the presence of an atom will change its location, It
is not a prodblem with an onfoousel beam, but it is onc

. of the ultimate limitations for spatially resolved

information,

A monolayer of heavy atcms (~10f rtoms/om?) 1s
casily dotected with Q = 1 uC (6.25 x 1023 particles)
of inuident alpha particles, but within an aren of
1 um® there are only 107 atoms presen:. 8ix orders of
magnitude more particles must pasr through the mono-
layer to be detected than are present to be measured.
As sdown in Fig, 3, only the small fraction of parti-
cles scattered through large auylen are of concern,
The majority of inoident particles scattered in the
foiward direction impart very little tangential momen-
tum to the target nucleuns, not enough to move the tar
get atoms laterally out of the 1-um? sampling ares.
The total number of particles scattered through an
angle larger than °Mln is
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The majority of scattering events are for-
ward soittering as in (a), where very lit-
tle latural momentum is tranferred to the
target nuoleus, M, The backscattering
events (b) move the target nuclens s dis-
tance greater than the depth resolution of
the measuremant.

Figure 3,



For 1 puC of 1-MeV alpha particles on a monolayer of
gold, 2 x 10f ipcident particies will be scattered
through a center of mass angle greater than 90°. The
total detected count from such & leyer would be ~200
connts with a 10-? str detector at 175°, The yrocess
of makizg s +7% mcasurement on 10! atoms in 1 pm?
would move ~2% of the atoms distances greater than the
resclution of the measuremert. There is no way of ac—
quizing the data to avoid this fundamenta! limitation.
Auformation

The main strenth of PIXE is an increased elu-
mental sonsitivity relative to electron—beam excited
specimens for intermediste and heavy atoms, The en—
ergy dependence of the x-ray production cross section
moans that some elemental de~th information cam be ob-
tainod by differential measurements, but th’!, is not
easily applicable with s microprobe., The usual appli-
cation of the PIXE signel from a nuclear microprobe is
to obtein multielement two ‘dimensional distributions
and use the increased elemental sensitivity at sc-
lected points of interest. The reason is readily ap-
parent from Fig. 2 where oNt ¢ 102¢ barn stoms/cm?* im
plies data acquisition times > 10% s for a 1-nA beam
current, It is not reasonable to think of » nuclear
microprobe with PIXE as an instrument with 1-ppm sen—
sitivity everywhere and with two~dimensional spatisl
resolttion of a few um3,

However, in most applications, ppm seasitivity at
every point is not required, The problem is to find
those regions of interest requiring long counting
times or localize other regions with concentrations
grester than 10 ppm., Legge and Hammond? at Melbovsne
have taken a sophisticated event recording epproach.
The primary interest is the localization of heésvy
trace elements or impurities ir thin biological spesi-
sens. The beam is magnetically deflected in a raster
pattern on the specimen, and the XY positions and en-
ergy of each event are stnred on tape or disk., A
storage scope is used to display the data as two~
dimensional elemental maps, line scans, point spectra,
or selected area averages. The system works quite
woell because the count rates and total number of
events to be recorded are lov, The fast deflection of
the beam minimizes thermal ¢ gradation of thy speci-
nen,

The RBS and NRA data acquistiong with a mioro-
probe are complicated by au extra dimensionality of
information, the dupth distribution, The particles
entering and leaving the spccimen lose energy in a
known way, and the distorted p.ak shapes centain the
depth information. Figure 4 shows the spectrum ob-
tained from 2~-MeV asuterons on 250 nm of anodio oxide
on GaAs, Both the RBS deuterons and t(he proton and
alpha pesks from the nuclear remoctions with 20 are
shown, The alpha pariicle peak at 2.9 MeV from the
249(d, a)!*N reaction can be used to profile tdbe oxy-
gen concentration as a functicn of depth in the GaAs
oxide,

To obtain the depth informat) n, peak shape anal-
ysis must be performed at each pisel, Also, if the
microprobe is used to obtain a two-dimensional array
of suoh inform:tion, the data nannot de conveniently
displayed becanse it is four dimensioral~-goncentre-
tion and positions x,y, and 1,

The obvious solutjon is to «implify the prodlem
by idealizing the geomstry. This usrally means ob-
taining line-scan information rather than full ares
soans. Reduoiny ine dimensionality of the p.oblem is
usnally required Cor apother russon, dots retrieval
rates, The oross secotions for RBS and NRA are nor-
mally lower than for PIXE and requirs long data acce<s
times per pixel, Figure 5 is an exampie nf suoh line-
scen information showing the variatior in oxygen con-
centratinon vu depth acoross a laser-annealed spot on
GaAs anodio oxide.

'o4 r—*—r T T T T T T T T T T T Ty T
d ON GoAs ANODIC OXIDE

103 jommm e -
o '60d,p,)'"0
Z j0?1 / '6/0(d,poi'70 -
(]

|Ol b

:OO A 1 n 1 n 1

06 1.0 14 18

Figure 4. BHBackscattering and nuclear reaction spec-
trum of 2-MeV deuterons on a 250-nm GaAs

anodic oxide.

Since the LASL microprobe? was intended to be
used primarily for semiconductor and metallurgical ap-
plications where localized heating is not expected tc
he & nrudlem, a fixed beam is used. Quantitative re-
sults are obtained hy counting for a preset integrated
ckarge at each pixel, Figure 6 shows the system with
its computer generated XY rastering capability. 1In
tke usual mode of operation, complete spectra from the
detectors are obtained at each point, and the informa-—
tion is written to magnetic tape for permanent storage
and later analysis. Up to 72 gates can be set on the
spectra, snd the integrated sums or differences can be
stored iu memory., That is, 72 line scans derived from
the spectra can be accomulated in memory during data
scquisition, The complete 3pectral storage capability
of this approsch means that data retrieval sates are
detector snd beax ocurrent limited rather than computer
1imited,
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Figuore 8. Contour and icometric plots of oxygen ocon-

centration ve depth ia a 250-mm rhiock an~
odio oxide on GaAs. The oxide was snnealed
with a 70-ns pulee of 248.2-nm radistion
from a KrF laser,
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Figure 6. Data acquisition system for the LASL

microprobe,

The optimal solution to the data ucquisition
problem is the one that records only the information
required to answer tie particular question about the
sample. This means applving strong filters to the
data before storage tc reduce the mass of information,
However, problems can arise with new or unknown sam-
ples where it is not obvious what filters to apply un-—
til after the data are acquired.

In addition to scquiring the amalytic information
from the specimen, the besn must be focased on the re-
gion of interest, This hau usually been done with an
optical nicroscope and thin scintillator, but ths

ability to image the specimen directly with the bean

is s great comvenience. The combination of a fast de-
flection system snd specimen imeging from secondary
electrons makes the noclear microprobe similar to a
scanning electron microscope4, Computer generated ras-
ters and direct imaging will be a geat help in making
the nuclear microprobe a convenient insirument for
precise, reproducible, quantitative information from
the near surfaces of materials,
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