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1. I n t rod uct io n

The scanni ng nucl ear micropro be uses focused hi gh-energy ion beam s (pro -
to ns, alpha parti cles, deutero ns, or heavi er ions) to exci te analyti cal ly useful sig-
nals in a measured specimen. Accelerati on and focusing of ions to typi cal ly used
energies 2{ 4 MeV requi res an accelerato r and beam l ine wi th coll im ating and fo-
cusing elements. El ectrostati c and m ore of ten magneti c quadrup oles are used for
beam focusing and are com bined to gether f rom doubl ets to quintupl ets. Proto ns
are m ostl y used ions and theref ore the facil i t y is also ref erred to as a proto n m icro -
pro be. The micro-PI XE (pa rti cl e induced X-ray emission) using proto ns is by far
the most popul ar am ong the avai lable techni ques, being capable of tra ce element
detecti on down to the part- per-m i ll ion concentra ti on level. Other techni ques are
based on elasti c parti cl e scatteri ng in backward or forwa rd di recti on | backscat-
teri ng spectrom etry (BS) and elasti c recoi l detecti on analysis (ER D A) as wel l as
on a vari ety of nucl ear reacti ons induced in the analysed specim en (nucl ear reac-
ti on analysis (NR A)). Parti cle induced gamm a-ray emission (PIG E) is one special
typ e of nucl ear reacti on analysis. The youngest analyti cal techni que | ionolu-
m inescence (I L) | is based on lum inescence generated duri ng parti cle{specim en
intera cti on. The generati on of secondary electrons (SE) can be used to study spec-
im en to pography or to locate regions of interest. Simul ta neous use of m ore tha n
one techni que is one of the streng ths of the facil i t y.
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Geological appl icati ons of nucl ear m icropro bes date back to late seventi es,
soon af ter ion beam focusing becam e possible. Af ter ini ti al period of the develop-
m ent the strengths and weaknessesof almost every ion-beam techni que have been
identi Ùed and the avai labl e f acil i ti es reached certa in level of m aturi ty. Al tho ugh
certa in m etho dical reÙnements are sti l l necessary and can be f oreseen in the fu-
ture, the analyti cal capabi l i ti es are now rather wel l kno wn. However, i t is sti l l
im possibl e to buy a com plete f acil i ty ta i lored for a parti cul ar typ e of appl icati ons.
An appro pri ate accelerato r, beam l ine, and focusing lenses,as wel l as other related
hardwa re and softwa re m ust sti l l be purcha sed separatel y or constructed , based
on exp erience of f ew exi sti ng f acil i ti es tha t reached level of \ analyti cal maturi t y"
requi red for f ast, routi ne, and com merci ally justi Ùed typ e of wo rk. In contra st
to tha t, the main com peti ng microanalyti cal techni ques | the ion micropro be
(SIMS) and the laser ablati on micropro be (LA- ICP- MS) | can be purcha sed as
\ turn- key" instrum ents. Theref ore it is cruci al to understa nd f eatures tha t can
m ake a scanni ng nucl ear m icroprobe a com peti ti ve and in som e cases a uni que
to ol in geological studi es.

Several revi ews of geological and minera logical appl icati ons of PIXE, m icro -
-PIXE and compl ementa ry ion beam techni ques have been publ ished thro ughout
years [1{ 10]. Here features necessary to make a scanni ng nucl ear m icroprobe a
useful to ol in geological studi es wi l l be summari zed and i ts present positi on am ong
other m icroanalyti cal techni ques wi l l be revi ewed.

2. Sp eci m en pr ep ar at io n r equ i r ement s

In m ost casesnucl ear m icroprobe analysis com plements studi es using m iner-
alogical m icroscope and electron micropro be. Theref ore i t is very conveni ent tha t,
in pri ncipl e, the sam e specimen preparati on is requi red. Two typ es of specim ens
are m ost often used | smal l rock porti ons embedded in resin and m ounted in
round holders of 25 m m diam eter, or thi n sections as prepared for opti cal ex-
am inati ons. Very pure pol ishing com pounds, such as diam ond pol ish, are needed.
Cha rge bui ld-up on specim en surface is avoided by coati ng it wi th a thi n conduc-
ti ve layer (typi cal ly carb on). Al tho ugh specim ens of any thi cknesscan beanalysed,
the easiest and pref erred appro ach is to use specim ens tha t can be trea ted as thi ck
ta rgets, i .e. wi th thi ckness exceeding the ẽ ecti ve depth of analysis. PIXE has
the highest e˜ecti ve depth of analysis among ion beam techni ques. Due to large
penetra ti on range of proto ns it is the absorpti on of X- rays in the specim en tha t is
responsibl e f or the e˜ecti ve depth of analysis. D epending on m ean atom ic num ber
of analysed specim en and on the energy of characteri stic X- rays used, thi s depth
m ay change from few to few tens of m icro meters. Thi s is an im porta nt di ˜erence
from electron pro be m icro analysis where the depth of analysis is the sam e or very
sim i lar for al l elements because i t is deÙned by the depth of electron penetra ti on
in sam ple, usual ly shorter tha n the e˜ecti ve depth of X- ray generati on. The f act
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tha t in PIXE sam pl ed volum echanges from element to element m ust be ta ken into
account wi th care. In addi ti on, thi s creates a ri sk of analysis of underl yi ng m inerals
to gether wi th tho se vi sible on surface. On the other hand, thi s also creates uni que
possibi l i ti es of non-destructi ve analyses of underl yi ng structure s such as unopened
Ûuid incl usions.

Pra cti cal advi ce for a routi ne analysis of specim ens consisting of a sing le
layer of minera l is to prepare sections a li ttl e thi cker tha n usual , o f the order of
5 0 ñ m instead of typi cal ly used (and seldom accuratel y m easured) 3 0 ñ m .

3. In st r um enta l requ i rem ents

Io n source bri ghtness and accelerato r stabi l ity are im porta nt factors in any
usesof ion m icrobeam s and geological studi es are no excepti on. Hi gh beam currents
are necessary and in pra cti ce proto n current of few nA focused into beam spot of
c a . 5À 1 5 ñ m can be considered as m ini mum requi rement for point analysis wi th
detecti on lim i ts of 1{ 10 ppm in ti m enot exceeding 10{ 15 m in. A uni que quadrup ole
qui ntupl et lens system of the CSIR O-GEMOC nucl ear m icroprobe designed for
hi gh sensiti vi ty analysis of geological sampl es al lows spot size of 1.8 ñ m at 8 nA
current despite the low bri ghtness of ta ndem accelerato r [11].

Mi cropro be chamber geom etry requi red for fast, routi ne analyses has been
di scussedearl ier [5]. Good qual i ty m icroscope wi th zooming capabi li ty is requi red.
An opti mum is a norm al vi ewing m icroscope wi th polari zed l ight [12]. Large detec-
to r sol id angles are needed f or al l techni ques. PIXE spectra are typi cal ly col lected
in energy di spersion mode (ED S) using Si(Li ) or HPG e detecto rs. Thi s im poses
a lot of practi cal l im its. In geological specim ens, spectra conta in characteri stic
X- rays of the major, m inor, and tra ce elements. Theref ore very weak peaks f rom
tra ce elements and very intense peaks f rom m ajor elements are present to gether.
Pi le-up \ sum" peaks of second and thi rd order are often present and thi s poses
very serious demands on the pul seacqui siti on system s. El ectroni c pi le-up rej ection
and on-dem and beam deÛection are needed. In addi ti on, scattered ions hi tti ng the
detecto r crysta l can seriously deteri orate spectrum qual i ty . These problems are
m inim ized by the use of absorb ers interp osed between a specimen and PIXE de-
tecto r. In pra cti ce, fast changes of absorb er typ e and thi ckness are needed. Thi s
is achi eved by m ounti ng a set of Al f oils of vari ous thi cknesses, as well as foi ls
serving as cri ti cal absorbers for frequentl y encountered m ajor element, on a wheel
or a ladder. Slight reducti on of detecto r sol id angle is a necessary tra de-o˜.

The use of Ùlters does not elim inate the pro blem com pletel y and in pra cti ce
the best energy range for PIXE analysis is f rom ca : 5 À 6 keV (F e K X-rays) unti l
40{ 50 keV. It is possibl e to perform low- energy PIXE analysis (b elow ca: 6 keV)
separatel y, pref erabl y using another ED S detecto r sim ulta neously. In thi s case
smal l sol id angle is needed and instead of absorb ers scattered ion beam shoul d be
deÛected wi th m agneti c Ùlter. Al terna ti vely, a second m easurement wi th the use
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of the \ m ain" PIXE detecto r can be perform ed wi th thi n absorb er. A signi Ùcant
reducti on of beam current, often to levels below 50 pA, is needed in order to
avoid excessive count rates (Fi g. 1). Thi s leads to increase in charge m easurem ent
error and to longer ti m e of analysis. A good al terna ti ve is to obta in m ajor element
concentra ti ons from pri or electron m icroprobe analysis.

Fig. 1. Tw o PI X E spectra of a sulphi de mineral collected with the aim of : (A ) matri x

evaluation, using very low proton current and low Z absorb er ; (B) trace element analysis,

using higher proton current and A l absorb er reducing count rate from maj or matrix

comp onents.

D espite much better energy resoluti on, wa velength energy di spersive spec-
tro m eters (W DS) are onl y occasional ly used. They cannot in pra cti ce be used
in the beam scanni ng m ode and tha t elim inates one of the streng ths of nucl ear
m icroprobe analysis. Other facto rs negati ng thei r comm on use are low e£ ciency
compared to ED S detecto r and long ti m e of analysis as the enti re spectra l range
is not recorded sim ulta neously [13].

Both proto n backscatteri ng and parti cl e induced gam ma-ray emission can
be used simul taneousl y wi th PIXE wi tho ut any setup m odiÙcati ons. BS is usual ly
restri cted to the determ inati on of m ajor elements and is rather used as com ple-
m enta ry techni que e.g. as an al terna ti ve way of charge collecti on or evaluati on of
specim en thi ckness, parti cul arly useful in analysis of layered structure s or studi es
of surface depositi on mechanisms. PIG E al lows determ inati on of F, B, Li , and
other l ight elements below PIXE analyti cal range.

ER D A detecti on of hydro gen requi res an alpha beam at glanci ng angles
[14, 15].
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4. D at a h an dl in g

Mo dern acqui siti on system shoul d al low for event- by- event data col lection
and com puter- contro l led beam and sampl e positi oning wi th multi ple point selec-
ti on. T rue elementa l mapping usi ng dynami c analysis m etho d [16, 17] is invaluable
in data pro cessing af ter m easurements, and is also very useful in on- line appl ica-
ti ons. Auto mati c data storage immedi atel y after reachi ng preset charge and tri g-
gering of spectrum analysis are essential f or pro cessing large num ber of spectra.
PIG E m ethod requi res standards and som eti mes matri x correcti ons but both BS
and PIXE are standardl ess. Thi s is an importa nt adv anta ge over com peti ng and
m ore sensiti ve techni ques of elementa l m icroanalysis | SIMS and LA- ICP- MS.
Sta ndards wi th sim i lar matri x and tra ce element concentra ti ons for every possi-
bl e m inera l and rock typ e are im possibl e to Ùnd. Theref ore standardl ess analysis,
relyi ng upon funda m enta l param eters is a m uch m ore rel iabl e and accurate ap-
pro ach. Its accuracy depends Ùrstl y on the qual i ty of the funda menta l parameter
data base, and secondl y on the accuracy wi th whi ch the geom etry and detecto r
parameters are kno wn. The geom etry of a parti cul ar micro-PIXE system needs to
be determ ined ini ti al ly using sim ple standa rds. Com puter packages used for PIXE
quanti Ùcati on must m odel peak shapes and ta i ls very well , trea t pi le-up and escape
peaks, correct for m atri x e˜ects includi ng secondary Ûuorescence e˜ects, and have
the abi li ty to trea t layered sam ples. In GUPIX, the m ost popul ar sof twa re used
in PIXE analysis, the sol id angle of PIXE detecto r, and the norm al izati on factor
needed when beam charge is m easured indi rectl y are com bined into \ instrum en-
ta l constant" or \ H value" [18, 19]. The m ost reÙned calcul ati ons are requi red in
Ûuid inclusi on analysis. The m etho d devel oped for quanti ta ti ve analysis of Ûuid
incl usions ta kes into account the 3D incl usion geometry , relati on to X-ray ta ke-o˜
angle, and gives estimates of the e˜ects of the interna l structure of an incl usion
[20].

W hi le proto n stopping powers and ioni zati on cro ss-sections for K -shell X- ray
pro ducti on are kno wn wi th su£ cient accuracy, there is sti l l need for im pro vement
of X-ray pro ducti on cross-secti ons for L and M subshells [21]. Theref ore the most
rel iabl e com puter packages have relati ve X- ray intensi ti es adj usted exp erim ental ly
on the basis of analysis of tho roughly selected standards [21, 22]. Data -base inac-
cura cies and som e changes of experim ental condi ti ons such as X- ray tra nsmission
thro ugh absorpti on layers (e.g. due to ice bui ld-up on the detecto r crysta l ) can
also be corrected by m aki ng the instrum enta l constant H dependent on ato m ic
num ber.

Ma tri x com positi on cannot always be found pri or PIXE analysis and i ter-
ati on of m atri x com positi on based onl y on PIXE data is a useful opti on [23].
Thi s appro ach is sim i lar to electron m icroprobe (EMP) calcul ati ons where typi cal
oxi dati on states for al l major com ponents are assumed.

The real streng th of nucl ear micropro be l ies in easy beam scanni ng and gen-
erati on of elementa l m aps. Al tho ugh in compari son wi th point analysis the charge
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deposited in every pixel is m uch lower and the detecti on l im i ts are necessari ly
hi gher tha n in the typi cal spot analysis, they can sti l l be lower tha n in the spot
EMP analysis, and the beneÙt of two-dimensional elemental distri buti on cannot be
overesti m ated. However, most data acqui siti on systems al low only for generati on
of m aps based on energy \ wi ndows" , whi ch are at best pro porti onal to the true el-
ementa l concentra ti on. At present there is onl y one softwa re package | GeoPIXE
| abl e to generate true and quanti ta tiv e elementa l m aps [16, 17]. D uri ng anal -
ysis on- l ine m aps are generated wi th resolved elementa l overl aps and subtra cted
background. Each pi xel conta ins a value representi ng concentra ti on mul ti pli ed by
integ rated charge. Fi na l m aps, obta ined after analysis has been com pleted, are
quanti ta ti ve wi th concentra ti ons reported in ppm . An exampl e of geological ap-
pl icati on in whi ch preci se im aging of elementa l distri buti on pl ays a decisive ro le
is shown in Fi g. 2. Here As{ Au relati onshi p conÙrms the electro chemical m odel
of gold depositi on [24]. The concentra ti ons of both elements are high enough to
be m easured by spot EMP analysis, but elementa l m aps pro vi de a more com -
pl ete and convi nci ng pi cture tha n even large numb er of point analyses or l inear
tra verses [25, 26].

Fig. 2. T rue, quantitative elemental maps obtained using dynamic analysi s metho d,

show ing relation betw een A s and A u in a pyrite from Witw atersrand gold deposits.

Scale of concentration is in ppm. I n the darkest zones the concentrations are equal or

above 300, 000 ppm for A u and 4000 ppm for A s, resp ectively .

GeoPIXE I I, a recentl y intro duced and tho roughl y revi sed versi on, uses
event- by-event Ùles generated by vari ous data acqui siti on systems. Concentra ti ons
at each pi xel, over selected area or along l ine across the im age area, can be ex-
tra cted wi th accuracy comparable to m icroanalytica l point analysis m etho ds [27].

Other techni ques | backscatteri ng, elastic recoi l detecti on, and nucl ear reac-
ti on analysis | requi re special ized simul ati on program s such as RUMP , SENR AS,
and SIMNR A [28{ 30]. The synthesi zed theo reti cal spectra based on assumed sam -
pl e compositi on are com pared wi th exp erimenta l data and m odiÙed unti l sati sfac-
to ry agreement has been reached. Standa rds are usually only needed for accurate
geometry cal ibrati on.
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5. Co n cl usion s

Pro to n m icroprobe shoul d be used in com binatio n wi th other microanalyt-
ical to ols avai labl e to geologists. It compl ements well routi ne and usual ly easily
avai lable but lesssensiti ve EMP analyses but also SIMS and/ or LA- ICP- MS, m ore
sensiti ve but to ta l ly destructi ve and also more di£ cul t to quanti fy. Easy quanti Ù-
cati on, standardl ess character of analysis, and quanti ta ti ve m appi ng capabi l i ti es
are undoubtedl y key features of pro to n m icro probe analysis tha t need to be wi sely
expl ored in situa ti on where the use of other m etho ds is l im i ted.
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