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Abstrsc\

resolved information from the near SUF
SIS amn be obtsined with s nuolear cai-
spstial reeoiution is determined by tb.e
nstrument ●nd rmdiation damage in the

specimen. No- ●nd three-dimensional mapc of elemen-
tal concentration may be obtsiued from the near ane
facea of msteriela. Dtta are ●oquired by repeated
scans of a eonatantly moving beam over tha region of
intareat or by oonnting for ● preset integrated charte
●t eaah specimen Iooation.

XMXQ$WWuiu

‘i%e purpose of a nuclear :nioroprohe it to obtain
spatially raaolved information from ● apeoimen oom-
taining some nonhomoSeneity. The nonanifomity miy be
in any direation relative to the inoident besm direo-
tion, but the problem of data moqniaiiion ia ●lwsya
the same--where is the nonuniformity, ●nd >OWbiS is
it? There tra threo !nalytio signsla used with ● mw-
olaar microprobe: partiole induoed x-ray ●mission
(PIXE), Rutherford baokaoattering (BBS), ●nd nuolesr
reaotion ●nalysit (NRA), The ilitnal or aignala de..
teoted, the nature of the apeoimen, tho deairod infor-
mation, and the avtiltble beam ourrent determino the
appropriate solution to the problem of data ●oquisi-
tion. Mic\aprobes ●xiatins in the world today htvo
unique solutions, usually diotated by tho oonetrainta
of the 100ally ●xiiting herdwere for nuoloar phyrnloo
data toquititlon. This paper Fnnnot review ●ll the
●xl-ting hnd proposed aolutiono}, but it diaousar.a the
general conotreinta of the problem,

DQ.LXUIM

The total amount of datm prc,eoosad dependt on the
jnoident beam oarront md the beam-apeoimcn imt~rto-
tioa. Partitioning the data into individual piaturo
elements, or pixels, j- neoeassry to obtain the spo-
tially raaolved infoxmatlon, The:eforo, oomtidera-
tiona of bomm ourrent va spot aixe and timo/pixal ?s
rttolution, oonoentration, and orons sootiou datamima
how tho data otn b. soquired ●nd atorod.

An ideal ion-optioal oyttom foeuaea cam. frtotlom
of the cooeltratod beam into tho fiItal apot with the
●mount dttarminod by tht rttlo of tht phase tpaoa ●O-
coptanoo of the finol lans to the total ●vailabIo
phaao apsoc.
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where i is tho ourrent and a {S nomtlisod em~ttanoo

A ❑ore roaliatio np~r boumd on tha beam otwrornt vo
apot sic. mmy b. obtmin~d by inoludin~ the effoott o

1)

sphorioa! find ohrommtio aborrationa om tha final spot.
Aammin~ thmt thb $aometrioul ●berration add im qnmd-
raturo, omo obtaina

d2md’+
o

d2m.d2+
o

whero do 10 tho

tioa, Co ●nd Co

(+)’+(2’0.42‘2)
spot diameter, aasoming porfoot op-

are the aphorlotl and ohromttio sbo~

aberration ooefficienta relative to the image point, a
ia the aemidivergenoe iu the fooused bean, ●nd AWE ia
en?rgy amoerttinty in the beam. The results of the
o~~culationa for the L,OSAl~oa Scientific [,cboratory
(~ASL) microprobe with s auperoonduoting s,+lenoid fi-
msl lens ●re shown in Fit. 1. Current denaitiea of

1 mA/IIm’. ●re poaaible with this symte=. If beamc with
AE;Z = 10-4 are ●vailable, this ourrent density oaa be
maintained to I-pm* srot aizea. Qusdrr.pole multiplet~
usuelly have a smxller phase spaos ●ooeptenoe for the
final lens with ● oonsaquent r~duotion in final OUF
rent density.

‘ooOr—--———— 7 “3

o

Oc

000

..— — —— -.- — --- ,

I

SPHERICAL ABERRATION LIM1’r 0120 mod

————. ..—
SPHERICAL ABERRATION LIMIT o I fO mrad

--L.-LudlAd..-A_uu.u.L d_Luud_tiu.A.J__4._. A
! 01 !0 100 1000

BEA’M CURRENT (nA)

Figure 1. Beam ourront va apot ciao, imolsdlng tho
offeota of npherioal ●nd ohromatio mborrn-
tlons for the LML ●icroprobe, Tlm aborre-
tlon ooefflolomts Co = 14 om and Co = 9,3

am were oalonlattd frtm tha ●quivmlont
01ss.s field B(x) = Bo/(l + (Z/n)~) with
* =6,5 Om.

Tha time, t, required to aoquiro tho data from o
slmgle pixel dopands on tho imoidemt boxm ourrant in
partlolos/o, i: tht mumbor of tsrgot atnms/em*, Ntl
the solid ●mglo of th dotootor, 01 th~ oross wctiom
for the Antoreotion, UI ●md tho nwabor of cvonta to b.
eonnted, A. In ~omeral,

.._.A--, (s)

A aories of univofml owvos for tho tlmo/plsol vo tho
probe ourrent is plottod im FIs, 2. Tho ourvos ●otumo
no background and should, th.r.fore, b. of,nm~der.d
oomewhst optimistic. Curves amoh ●s tbtt or. grtphio
roalndors of tho obviomt tradoofft batwoen tpxtlal
rooolntion ●nd sonaitivity.
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Figure 2. Time/pixel vs inaident balm ourrent for
different valueI of oonoentrstion ●nd oroos
oeotion. dNt = barn ●tomm/oml. Tho time
plotted refers to the time required to do-
toot 100 oomnta with s detootor of 10-$ str
●nd 10W effioioaoy.

Sinoo s nuolemr mioroprobo is dosignod to tell
you whet elomonto ●ro in tho opeoimon ●nd whero they
●re, quootiono of ●lomontol migration within tho ma-
trix ●ro importont. Tbormnl diffuoion ond nnoloar ro-
ooilc or. two ●ffoots thmt mow ●tom. in tho spooimon
ovor the dimonoiono being ❑oo!urod. ThO fOllOWin: or-
dor of mognitmdo osloulotiono ●r. dooignod to toll
whothor yoc era got tho knformotion boforo tho boom
ohongoo tho porsmoLor being mosourod,

h upper limit on thermal effooto may be oolclu-
loted by asooming unifom oncrgy deposition in ● oy-
lindrioal oolomn of tho spooimen ●xoited by tho inoi-
dent boom. Eost 10 radially oonduotod to tho ●d~e of
tho opeoimon, Tbo solution to the rodiol past of the
●quotion of oonduotiom for hoot onpplied ●t ● oomotsnt
rate, Fo, per remit Iensth on nn inner oylimder of

oondnotivity, K, i.

2nK(T1- T2) m Folm
()

5,

‘1

Solving for Tl, the temperature ●t the od~o of tho

●xoitotlon volome, yields

()T1.’r2+~lmh ,
4n2r12RqK ‘1

(4)

(3)

where E 1. the emerSy of tho inoidemt beam, I i. the
boom onrromt, R iD tho range, q the ohmrgo om the im-
oident partioleo, amd rl i. the rmdiuo of tho inoidemt
benm,

Thermal oomdmotivitieo vary eve? oovortl orders
of ma$nitude from IO-B - 1 oal/om e oC with noot met-
SII cmd oomioonduotoro havlq K ) 0,1 oal/om s oC,
Fcr a 1-MoV beam of 10-pm projerted ran~o with beam
ourront of 2 MA in ● tpot 1 pm in dimmotor, the tam-
pormtare rise im a l-em speoimen of thormol oonduotiw
lty I m 0,1 oal/om t ‘C 14 -9@C, Loooll:od opeoimen
heatimg i. probably mot ● problem i~ nuoh spocimemo if
tho overall tesperatnre rise it controlled by ●dequmta
ther8al oontaot with s boot sink, For glm.t ~r bio-

logiool matorialo with muoh omaller oonduotivitieo,
looalized heating oon b. ● oevere limitation. The
data may have to he colleoted from ● constantly moving
point on the ope~.imen to minimizo thermal ie~rolation.
Data ●cquisition for ● preset tiae or integrated
oharge ●t each pixel i. possible with ttie more ruegci
opooimena.

The queotion of nuolear reooii i. !ntimutely re-
latbd to oenaitivity ●nd limits of deteotsbility with
a nuolear micr{,probu beoauoo tb.o in,..,!eut partiole oan
tranafor oignifioant energy to the target nuoleus.
Tho kinema:io faotor for 1800 ocattetin~ i.

(61

For iaoidont alpha partiolo! of a fov MeV, tho target
IIUO1OUOwill roooil in thi forwaxd di.,ootioa with en-
ergieo ) 100 koV. The range of t~.io rscoil partiole
dopendo on it,)❑*,a, energy, oharge, ●nd tho matrix,
but typioally :a 4).1-1.0 pm. This diaplaoomont i.
greator than the depth roaolutiori of SBS. Dotootiag
tho proaenoo of ●n ●tom will ohango it. looetion. It
i. not a problom with an unfoonaot? beam, but it i. omc
of the ultimato limitation for spatially roaolvod
information.

A monolayor of heavy ●tmo (-1011 ~.tomh!om~) i.
easily detootod with Q = 1 PC (6.2S x iO~~ partiolco)
of in~ident alpha partioloa, but within an ●reu of
1 pms there ●re only 10~ stoma proaen!. Six ordert of’
magnitude moro partioloo must paar, through the mono-
layor to be detooted than ●re present to be moaourod.
A. shown in Fis, 3, only the small fraotion of parti-
OIFO ooattored through largo ~~~lea ●re of oonoern.
Tho majority of inoidont partioleo eoattorod in tho
fotward direotion impart very little tangential momen-
tom to the targot nuolemo, not enough to move the tar
got ●tom. laterally out of tho l-pma oampling ●rea.
Tho total nmmber of partioloo aoattorod through an
●ngle Iargor than @Hin ia

(a)

m

I

(b)

Witaro 3, The majority of coattorin~ ●vomtt ●ro for
ward soitterln~ as in (a), whoro very lit-
tle lateral ●omontom la transferred to tht
tar~et muoleus, M. Tho baokaoattering
evemta (b) movo tho target nuolona a dia-
tamoe ~reater than tho depth roaolution of
the meaamromomt.
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For 1 PC of l-MeV alpha particles on s monolayer of
told, 2 x 109 incident particles will be soattered
through ● center of mass ●ngle greater than 90S. ma
total detected aonnt from euoh ● layer would be +00
connts with ● 10-s str detector et 175°. The procese
of ❑ekirig a ~7% mcesurememt on 103 strns in 1 IIQs
would move -.2% of the ●tome distences Sreater then the
resolution of the meeeuremer.t. There is no w-y of aa-
quiring the dots to ●void this fundamental Iim:tstion.

The main strenth of PIIE is ●n increteed el~-
mentel eeneitivity reletlve to ●leotron-besm exaited
speoimens for intermediate and h@~vY etoms. The en-
er~y dependanoe of the x-rey production oross eection
❑eons thnt come elemental de-th information O*U be ob-
teined by differential ❑easurements, but th?. ie not
eeeily ●pplioable with e microprobe. The ueuel ●ppli-
oetion of the PIXE signcl from ● nuclesr ■icroprobe ie
to obtein multielement two’dimensional distribution
end use the increesed elementml sensitivity ●t ●c-
leated points of interest. The reason i$ readily *V
parent from Fjg. 2 where aNt < 1016 barn etoms/cmz im-
pliee deta ●cquieition timee ) 10’ s for ● 1-MA beem
ourrent. It is not reeoonable to think of ● nuclemr
microprobe with PIXE ●e ●n instrument with l-ppm sen-
sitivity everywhere ●nd with two-dimensional spatiel
reeolction of e few pr”s.

However, in ❑ost ●pplicttions, ppm sensitivity ●t
every point is not required. The problem ie to find
those regione of interest requiring long counting
times or localize other reSione with ooncentretione
greeter than 10 ppm. LeSge end Uemmondz at Melbourne
hove ttken ● sophisticated event reaordins epproevh.
The primery interest i, the Iooelizetion of hts-.y
truoe elements or impurities ir thin biological ●peoi-
mene. The boom ie me~neticslly deflected in e rester
pattern on the spoclmen, ●nd the XT posltione ●nd en-
er~y of eech event ore stored on tmpe or diek. A
storate soope is used to diopley the detm ●e two-
dimensionsl ●lemental mops, lina eoens, point epeotre,
or selected ●rea ●vereges. The eyetem worke quit.
well beoeuse the connt retes ●nd totel mumber of
events to be recorded ●re lor. The feet defleaticn of
the betm minimizes themel d grsdation of th! speo!-
men.

The RBS ●nd hTA dote soquietions with e micr-
probe ore oomplictted by ●u eztre dimeneionelity of
information, Cho drnpth dietrtbution. ‘2he pertioles
entering and leeving the specimen loee enerSy im ●

known wey, ●nd the dintorted p~ak ahepee aonteia the
depth information. Fisure 4 nhows the epeotrum ob-
tained from 2-MeV aenterone on 250 mmof anodlo ozlde
on QeAs, Both the RBS deuternne and the proton and
elpht peake from the nnoletr reections with ~~0 ●re
ehown. The ●lph~ partiole pruk at 2.9 MeV from the
i~~(d, a)14N reaetion oan be nsod to profile th$ o~

son oonoentrttion ●s ● funotlcn of depth in tho OeAe
ozide.

To obtain the depth infcrmtt~ n, peek shepe tnel-
yele maet be perfomed ●t ●aoh p,~el, Also, If the
microprobe is used to obteim a twc-dimeneionel ●rrsy
of suoh inform~tion, the dsts aenaot be oonveniomtly
dloplayed bectuee it ie four d$mertsiocal--ooneentre-
lion ●nd pooltiome SSYD ●md t.

The obvions solut~on it to uimplify tho problem
by idealizing tho geamtlry. This usnally ●eens ob-
tminin~ Iine-seam inf~rmetion rether than full trot
soano, Rednoino the t!lmensionality of the p.eblem 10
ueually reqnired for another r~eoon, data rotrioval
ratoo, Tbe oroes seotioas for RBS and NRA mre mor-
●elly lower than for PIXE ●nd requir~ long datm mooe:s
times por pixel. Fipre S ie en exempie of e-oh llms-
sccn information showini the vsrletioa in oxy~om oom-
oentratlon v~ depth ●orose ● lmeer-annoslod cpot on
OmAI anodio oxide.
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Figure 4. backscettering and nuoleer reeation epec-
trum of 2-MeV deuterons on a 250-zIM GaAs
anodic oxide.

Sinoe the LASL micr~probe~ wes intended to be
ueed primarily for semiconductor ●nd ■etellurgiael •~
plicetions where locelized heating is not expeated tc
be e pruhlem, s fized beem is ueed. Quantitative re-.
cults ●re obtained by counting for ● preoet integrated
ahar~e ●t eaah pizel. FiSure 6 showe the eyetem with
ite aompnter ienereted XY restoring oepebility. In
the uouel mode of operation, oomplete epeotra frm the
detectore ●re obtelned ●t eeoh point, ●nd *he informa-
tion is written to ❑agnetic tepe for permeneat etora:e
snd lster ●nalysie. Up to 72 8atee oen be ●et om the
spectre, end the integrated SUMS or dlfferenoes eon be
8tored i~ ❑emery. ?lmt ie, 72 line saeae derived from
the spectra oen be aaoamuleted in memory during date
eoquisition. The oomplete Ipeotrtl storege capability
of tbie approach meene that dmtt retrievtl retee ●re
detcator end beeh ourrent limited rether then oomputer
llmitod.

z

Fi#ure S, Contour ●nd iuomstria plott of omysem oon-
oentratlom vs depth in m 250-Iu ?hlok an-
odio oxido on OaAt. Tho ozide was mmmonlod
with a 70-nt pulso of 248,2-mm radlstiom
from s XrP laser,
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Figure 6. Data ●cquis.ltion system for the LASL
microprobe.

The optimal solution to the data acquisition
problem is the one thtt reaords only the information
required to answer t~e particular question about the
semple. l%is meant ●pplying strong filters to the
dcta b$fore etortge to roduoe the MSSS of information.
However, problems C*U ●rise with new or unknown sa=
plee where it is not obvious what filters to *PPIY ED-
til mfter the data ●re ●oquired.

In ●ddition to ●aquirinS the ●nalytia infmmation
frcm the specimen, the beem must be fooiised on the re-
Kion of interest. This hall usually been done with ●

optioel uicrosoope ●nd thin acintillator, but th*

●bility to image the specimen directly with the beem
ig s grest nonvenienoe. The combination of a fsat de-
flection ●ystem sad specimen imcging from ●eoondary
electrons mskes the nuclear microprobe similar to s
scanning eleotron microscope. Computer generated ras-
ters ●nd direct imaging will be a gest help in making
the nuclear microprobe ● convenient
precise, reproducible, quantitative
the near surfaces of meterials.
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