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Proton 1 naucea X-ray emission 1 �lXE 1 spectroscopy was 

tne r 1 r s t  ana1ytica1 methoa introctucea at the tandem Van de 

Graaf t acce l erator in Zagreb. The abi l ity ot P I XE to 

provide simult.aneous. mu ltie l ernen ta 1 ana i.ysis at the leve l 

of a f ew µg/ g has been aemonstratea to determine trace 

e l ement concentrations 1 n  f ish tissues 1 Zosterisessor 

Oph 1 oce pna 1 us ra 1 1 1  .Paral 1e 1 ana l yses were carried out on 

a l iquot samples us1ncr u1e XRF t acil1tv and t he agreement ot

the results obta i ned .oy the two �ys tems proved to be 

satisf actory. Whi le  the X.RF cannot g�nerc1 .1 l y achieve the 

sensit1�1ty obtained by P IXE . it can be usea advantageous l y  

i n  c:t.etermi n 1 ng certa i n  trace e l ements. l'hus . �· 1 XE and XRF 

are s·nown to .oe complementary rat her than competitive

methods and together they 

too 1 t or nonc:t.estructive 

b 1 olog1 cal samp les. 

of f er a1 1  excellent analyt1 cal 

mu l tie l ementa ! analysis of 
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1 . I NTRODUCT 1 ON 

The researcn program conducted at  the Laooratory r or 

Nuclear Microanalysis < LNM> at the kucter Bo�kov1 c  I nstitute 

is devoted to the develoRment and application ot nuclear 

analytica l me thods . Two of these methods are now be i ng in 

use t or the elementa l analysis at the f ew ppm level : PlXE 

( Proton i nduced X-ray emiss i on >  and. XRF I X-ray 

f l uorescence , .  The uncterlving pr i nc1 p l e or bot h me thods i s  

the same : cnaract er 1 s t 1 c  X-rafs pre t irst exci ted. e i t ner by 

photons 'or by protons and t hen detected usua l ly  with an 

energy d i spers i ve detector . Whi l e  XHF has been used f or 

many years in the LNM f or routine analyses . P I XE is a new 

method i ntroduced at the Van de Graat f acce l erator i n  1988 . 

so it  naturally occured to compare the perf ormances of the 

two taci l it i es .  I n  Pl XE protons accelerated to energ i es of 

a f ew �eV are used for producing i nner shell vacanc1 es . 

whi l e  i n  XRF the X-rays used f or exc i tati on are produced 

either with an X-ray tube or with a radi oacti ve source . 

Both methods are mu l t i elementa l . h i gh ly  sens it ive 1 n  smal l 

samples. relatively rapi d  and nondestructive . XRF in 

particu lar. Whi l e  P I XE i s  general ly a more sensitive method 

especial ly in absolute terms . the sens i t i vi ty of XRF can be 

opt1m1zed f or a part icu lar e lementa l region by choosing the 

energy of the excit i ng radiation . Our i ntention was to use 

tt1e two methods i n  a comp l emehtary way . tak i ng advantage ot 

the specif i c  merits ot each . 

Bio logy seems to oe a parti culary i nteresti ng and. promis i ng 

f ie ld for both P I XE and XRF application . since two of the i r  

advantageous f eatures oecome decis i ve 1 n  d.etermining the 
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essent i a l  e l ement concentrat i ons i n  liv i ng organi sms. These 

features are mult ielementali ty , which 1 s  des ired s i nce the 

essential elements which occur i n  n v i ng organi sms range 

over a wide variety ot elements and hi�h sens i tiv ity whi cn

is necessary as many ot those e l ements occur at ppm leve l

and less . I n  order to demonstrate the capac1t. 1 es or 1-' !XE 

and XRF 1 n  the ana i ysis of nio 1og i ca 1 mater i a l s . samp l es of 

f i sh tissue were used. 

2 .  EXPERI MENTAL SETUP 

2 . 1 .  P I  XE 

P I XE ana lyses were performed wi th 3 MeV protons obtai ned 

f rom the 6MV tanctem Van de Graat t acce lerator . The 

dimensions of the beam were def i ned by a 3 nun diameter 

co ilimator . The beam homogenity was achieved by using a 

th in  a lumini um toil  p laced in front of the col l imator. The 

a lumin ium P lXE chamber accomodates a circular target 

changer wh1ch can oe moved by a remote contro l .  1 8  

d i f f erent f rames can be placed on the target no lder which 

makes an angle ot 45° with respect r. c, the neam . The em1 t ted

X-rays were co l lected w ith a Si ( Li l  detec tor placed at 90° 

to the 1ncom�ng beam . A c arbon co l 1 1roato1· i s  used to sh ie l d

the detector f rom extraneous X-rays. When supr essi on of l ow

ener gy X-rays was desi red .  myl ar fi l l er s  of di fferent.

lhi ck nesses were i ntroduced in �ront of the Be wi ndow. The

i on dose on i r r adi ated tar get could be measured i n  two

dif f erent ways. One way was to i ntegrate the ion beam

current by using the Faraday cup pl aced at lhe beam exi l.

The ot.her more r el i abl e method of measur i ng the beam
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i nt ensi t y  was the moni t or i ng of t he back scat..er r ed protons 

f r om a t hi n  gol den foi l by a sur f ace bar r i er detector 

pl aced at.. a bac k angl e of 1 35° The foi l i nterposed between 

t he i on beam and the t arget i s  th i n  eriough t.o per mi t. the 

t.ransm i ss 1 on of the be am wi thout.. an appr ec i abl e ener gy

l oss . Tne beam cur r ents t hat were used wer e l yp.l cal l y  i n  t he 

r ange or 1 U-2u  nA whi c h  was usual l y  sat i sfac'tor y lo avoi d 

the undesi r abl e heal i ng of t he sampl e .  

2 . 2 . XRF 

The XRF faci l i ty of t he LNM i s  descri bed el sewher e C l ) . 

Photons used t'or X -ray exci t a t i on wer e obt.ai ned f r om t he 

X -r ay t..ube wi l h  Mo anode .  Wor k i ng condi t i ons for t he X -r ay

appar a t us wer e 34 k V  and 1 8  mA. Char acter i st.i c X -r ays wer e 

detec t ed wi t h  a Si ( Li )  detec t or wi t h  energy r esol ut i on of 

250 eV a l  E=6 . 4 k eV.  Mol ybdenum was used as a secondar y 

radi ator i n  or der l e,  enhance sens i t i vi ty l�or el eme1,t s wi t h  

hi gher 2 s uch  a s  Sr . Rb . and Sr . 
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2. 3. Target preparat i on

Nine samples of the f i sh  t issues that were prepared by

homogen 1zat1on r o l lowed by treeze-dry1 ng 1n Padova ( 2 ) were 

used for the comparative analysis . XRF i s  preferab ly 

carr 1 ed out on samples of tens of mg . while P I XE i s  

suf f i c1 ent 1 y  sensitive to determine concen trat i ons i n  

samples w1tn masses that are one orcter of magn i tucte less . 

Therer ore two aif fere nt procedures ot target preparati on 

were used according to the respect ive absolute 

sensit i vit i es of the two methods. Thin targets were 

prepared t or P I XE i n  the f ollowi ng way , L i oph i lized powder 

was homogen i zed i n  u ltrason i c  m i xer with 0 . 5 m l  of 

redisti lled water and drops of 20  m l  were pipetted on mylar 

backing g lued to al wnin1wn frame. The frame with target was 

let to dry f or 1 0  m i nutes 1 n  a dryer at 40°. The targets

were coverea af terwards w ith a thin formvar foil in order 

to protect the sample . Thicker targets were prepared for 

the XRF ana l ys i s by spread i ng the l ioph il i zed powder evenly 

on the my l ar foil and coveri ng 1t af terwards with t ormvar . 

The ana iys 1 s  of the XRF results turned out to be more 

compli cated because the ef fects of attenuat ion had to be 

taken i nto accoun t. 
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Examples ot X-ray spectra obtai ned by P I XE and XRF 

ana lyses of f ish t issue samples are presentea in  f i gures 

(1 )  and < 2 1 .  These spectra ni cely illustrate the 

mult1elemental capacity of the two metnoas . as the elements 

with the atomic number ranging f rom Z; l6 I S ) to z�a2 I Pb J  

were detected. H i gh sensiti v i ty o f  P I XE and XRF i s  

demonstrated 1n Tab l e  I l l where the average concentrati ons 

of some of the detected elements are presentea and from 

which can be seen that the lowest detected concentrat ions 

were as low as few ppm . The relatively_ long exposure times 

( 2000 s for XRF spectra and approximately 20 minutes for 

P I XE spectra l ensured good statisti cs for the mai n  peaks 

( less than 1% statistical error for the Fe Ka peak in P I XE 

spectra and 5% t or the same peak 1n XRF spectra ) . · 

The performances of P I XE and XRF have been compared i n  

determining i ron and zinc concentrat ions. Values of Z n  and 

Fe concentrations tabulated 1n Table 2 show that the 

agreement ot tne two methods 1s satisfactory . 

Apart f rom demonstrat ing that t he new method i ntroduced at 

our Van de Graat f acce lerator can serve as a re l iab le  

analytical tool . our i ntenti on was also to show that P I XE 

should not be used instead of XRF . but complementary to it. 

Although P I XE has a overall sensitiv i ty. 

particulary in abso l ute terms . XRF could be used

advantageously if an element with a h i gher Z is of spec i al 

interest . On the example of strontium it i s  shown <Table 

2 )  that by using Mo as a secondary radiator i n  the XRF 
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Figure 1 .  X-ray spectrum of a f ish tissue samp l e  obtai ned 

by t he P l XE system wit h  3 MeV protons 

0 2 

Ca Fe 

K

6 

Zn Pb
Se 

8 10 12 14 16 ENERGY
(KeVJ

F i gure 2. X-ray s pectrum of a f i sh  t i ssue sample obtai ned 

with  the XRF system by using an X-ray tube with Mo anode 
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system. concentrations as low as 2 ppm were detectab l e. For 

P I XE .  where the efficiency f al.l s  with the atomic number. 

such concentrations of �trontiurn were under its minimum 

detection limit. Even 1 r1 the case wnen a my l ar f oil was 

inserted in front of the S 1 I Li 1  d�te ctor in order to 

improve sensi tivity f or heavier .  e l ements . statis tic al 

errorB were toe, b i g  to accura t e ! Y determin•� suc 11 sma 1 1

concentrations ot  strontium .

I n  the comparison ot the two methods it 1 s  important to

mention the advant age of XRF in determin i ng the

concentration of brorniurn. Bromium is a volatile element and 

theref ore very sensitive to the heat i ng of the target . From 

the table ( 2 ) it can be seen that values obta i ned f or 

bromium concentrations with P I XE are by f actor two smal l er 

than those obtained by XRF. This 1s mos t likely the 

consequence of the target heating , which means that 1n case 

of insulating targets XRF should be used rather than P I XE 

f or bromium detection . 
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Table 1 .  Concentration of e l ements in  t 1 ssue samples of 

Zos teris essor oph iocepha l us Pal l de termined by P I XE Cl . 

K .  Ca , Cr. Cu l and XRF < Pb . As . Rb. Sr l 

(' 1 % 1 .  2 1  ± 0 . 3

K % 0. 89 ± 0. 2

Ca ( ppml  485 ± t39 

Cr ( ppml 3!:l ± 1 0  

Cu c ppml 3 ± 1 

Pb C ppm] 7 ± 2 

As c ppml 14 ± 3 

Rb c ppml 1 .  7 ± 0 . 2

Sr c ppml 2 . 2  ± 0. 2

Tab l e  2. Comparison of resu 1 ts obtai ned by P I X£ and XR.f' f or 

concentrat i ons of Fe . Zn and Br i n  f i sh tissue samp l es 

f'e 

Zn 

Br 

C ppml 

C pprn l 

C ppm] 

XRF 

465 :t 79 

55 ± 4 

21 ± 1 

P ! XE 

39U  :t 47 

55 :t 3 

1 2· ± 1 
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From the resu lts obt ained f rom P lXE and XRF measurements 

perf ormed on fish tissues at the LNM in Zagreb. i t  can be 

conc l uded that the perf ormance ot both  f ac i l it i es mee t  the 

high criteria ot sensi t ivity required in trace e l ement 

ana l ysis. The minimum detection ! i nu ts for e l ements w i t h  Z 

h i gher than 1 6  are in  the ppm teg1�n. with P IXE hav i ng a 

better sensit i vity f or e l ements wit h  lower Z and XRP with 

Mo as a raaiator being superior 1n the reg i on with h i gher 

Z .  We tnere t ore conc l ude that the two methods shou l d  be 

used complementary and not a l ten1c1tive l y  wh i ch is most 

often the c ase .so as to take advantage of their specific 

features. 
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