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A NUCLEAR TECHNIQUE
FOR THE ELEMENTAL QUANTITATIVE ANALYSIS:
THE PROTON=INDUCED X-RAY EMISSION

In this paper, the principle and some prectical aspects of
proton=-induced X-ray ewmission is presented. The applications
of the wethod 18 reviewed with respact to quantitetive a-
nalysis of trace slements of high or intermediste molecular
weight in the biological material,

Introduction

Trace elements, that is elements which occur in a ssmple
at concentrations of parts/million, play an isportant role in
biological systems. In a living organism they are classified
either as essentiasl or non-essentisl even 1if this distinction
18 not slways evident since it is bound to the sensitivity of
the essay method. If more sensitive snalyticsl methods were o~
vailable many non-essential elements would probably be reclassi-
fied as essentisl. This would provide information of value in
disgnosis ond‘prcvonttvu medicine, since trace elements play en
important role in many disesses [1, 2, 3], ‘

It is known that the concentration of a single element 1is
not particulerly useful since this varies not only from person
to-person- but from organ to orgsn  and even within s single or-
gan and it depends greatly on the hoameostasis of the subject
in exsmination. Knowledge of‘o;nultanobu- concentrations of se-
‘Veral elements 4is on the contrary very holpfdl since it has been
observed experimentally that many correlations exist between ee-

(3]
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sential trace elements concentrations and the sbnormal correla~
tion values asseocisted with pathological conditions  (alt!.ough
the casue of that correlation 4e usually unknown) (4, S, 6],

Any progress in this field of resesrch is therefore condi-
tioned by the dovclopnont of highly sensitive analytical methods
which permit the simultaneous determination of wmany trece ele-
mente.

At the National Laboratories of Legnaro we hsve studied the
optimal conditions of some atomic end nucleer physics techniques
which satiefy these raquisites. The techniques studied were: pro-
ton=induced X«ray emission, elastic diffusion of a=-particles
end photon=-induced X-ray fluorescence. The firet two methods em-
ploy 7MW and 2 MV Van de Gresff accelerators ss sources of
cherged particles. The third method employe y~emitter radio-
isotope sources to induce Xersy fluorescence in the samples.

The a-particles diffusion method needs thin targets of 10«
-20;1g/o-2 of thickness. The possibility to detect ssveral ele-
wente simultaneously depends’ on the mass resolution which can be
optimized by an sppropriaste choice of the x~particlie energy and
dotection sngle. We observed that the method cen be refined for
the detection of light elements [7]: 4n this case the optimal
working conditions involve the use of 510 MeV a-particles and
40-70° detection angles. Under these conditions the background
‘contribution to the energy spectrum is ususlly negligible  with
biological matrices end it allows to reach detection limits of
few hundred of ppm in 1 hour of measurement (7, 8).

The photon-induced X-ray fluorescence 1s optimized as the
photon energy of the exiting source is lightly wore than the
binding cnorqtos' of the K or L electron shells of the irrae-
diated atom. Three sources as 55Fo. 10904 and a“A-. used 8l-
ternatively, optimize the detection sencitivity for s large-
enough range of elements. The source activities are few millicu-
rie. The source snnular shaping allows to sssemble s simple au-
tomatic facilitiy to_bqrfor- saveral continuous measurements who-
se turns are controlled by a multichannel analyser [9]. This te-
chnique is p-fticulprly convenient 4in those experiments where @
large quantity of samplec has to be snslyssd snd the required
sensitivity is not high, : '
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Eventually the proton-induced X-ray emission is a tool which
couples the multislementol anslysis for medium-heavy elements
with e high sensitivity often superior to one reached by the neu-
tron activation technique [10].

.~

Ptxc-oxgortnnntal method

When 8 besm of charged pasrticles penetrates & medium (the
ssmple) electrons are ejected from the atomic orbite K, L, M,
etc. with consequent emission of chsracteristic X-rasys which sre
classified according to the orbit involved Ku. KS' Lye LS' Ly,
etc. (Fig, 1). If the energy is measured with @ suitable detece
tor the elements in the sssple may be deduced, :

PROTONS  SAMPLE
34 g
X-RAYS .
‘ EJECTED
3 ELECTRON
DETECTOR

Fig. 1. Disgram showing the PIXE method and the characteristic X-
=rsy production

Dlngr.- przedetewiajgcy metodg PIXE 1 wytwarzenie charsktery-
stycznego promieniowsnis X g

: Slowing down in the sample the charged particles produce
Bremsstrahlung ‘and nuclesr-y rediation which originate the
background. We shell see in the following that the background
is competitive with respect to the choructortotsc x-ruys in or=
dor to dotor.ano the oonozttvsty of the method. '
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6
Characteristic X-rays
The probability of X-rey emission for the 1'” 1line Ogy 181
T e P
where Oy, 1s the ionization probability of the 1'" orbit (4 = K,

L, M, ...) end wy 1s the relative photon esission yield that
is the ratio between the number of X-rays emitted.esnd the number
of ionizations occurred in the s'" orbit; oy is usually less than

1 becsuse of the Auger effect.
104}
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Fig. 2, Emission probability of XK= and Xi=rays tgctnot'tﬁo ato=
mic number of terget atom for two proton energies

Prawdopodobiedstwo emisji promieniowania XK i XL jeko funkcja 1i-
czby atomowe} stomy - tarczy dla dwu warvodci energii prutondw
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The X-ray yield depends on the atomic number of the target,
the kind of particle used and on the particle energy. Taking
into account protons ss reference particles we can observe that
the X-ray yield diminishes with the Z of the target and it is
higher when more sxternal orbits sre involved (Fig. 2). The X-
" =ray yield incresses with the energy of the protons up to & ma~
ximum whose position depends on the target atomic number (Fig. 3)

(BARN)

X-RAY PRODUCTION CROSS-SECTION

PROTON ENERGY  (MeV)

~Fig, 3, XX end XL production cross-section against proton e~
nergy for atoms with . dtf{orogt atomic  nusber: (—) XK-rays,
===} XLerays

Przekrdj poprzeczny dla wytwarzanis prosieniowania XK i XL jako
funkcjs energii protonu dia atoméw o réznych liczbach atomowych:
. (=) promieniowanie XK, (--=) promieniowanie XL
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For heevier ione of atomic nusber x the Xeray production cross~
«gsction 4e propartional to 2 wultiplied by thé cross-section
of protons of the seme velocity. This reletionship is really ve-
11¢d only for ions lightly hesvier than protens; for still hes~
vier ions the cherscterietic Xecay yield shows resonsences which
do not exiet in the proton cross=-section,

The original X-ray epectrum msy be very complicated speciaslly
for heavy elements, but the detected spectrum is simplified bee
csuse of three ressons:

1) the probability ef Xeray emission depends on the orbits
involved, the intensity of some energy lines is negligible be-
cause of ite low probabilitys '

41) the eolid stete detector used in thie kind of experie
ments hes got o good efficiency of deteotion only 4in » reetrio-
ted renge of energies (nemely 2-30 KeV)) :

111) the detector energy resolution sete @ limit to the poe-
sibility to dietinguish two different energies, the energy gep
hes to be at leaet of 150 eV.

Tabloe
Cheracteristic X-ray energies sssocisted
: with some elesents »
Energie cherakterystyczne prosieniowanis X
dle niektérych pilerwisethkiéw
Xerey onergy (Kev)
Elemente ‘ .
Ka “b % ] Ll . LT
N - 0.39 » L od l - G -
P 2.04 2.14 - - -
Ce 5.0 | 4018 ] e " 3
Cu 8.04 8.94 0.9 » 0.93% » ‘ »
As 10.52 11.79 1.20 1.32
Se 11.20 - 12.9%7 1.38 | 1.42 -
Cd 23,08 | 26,37 3.3 | 42 | L2
g 69.85 |  ©1.39 9.94 | 11,87 | 13.03
Pb 73.87 86.13 10,50 12.60 | 14,78
v 96.54 | 112.90 13.52 | 1e.82 | 20.16
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Consequently medium elements (15 < Z < 40) mey be detected by
the K-1ines end heavy elements (Z ) 40) by the Lelines. Table 1
gives the charscterietic X-rsy energies sssocisated with some o=
lements, Figure 4 shows Chromium K-lines and Leed l~lines se
they are dctootod,
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Fig. 4, Chromium K-lines snd Lesd L-lines, PIXE experimental data
Linie K ohronu,t ltntq L*qlobiu.‘ Dgno' otrzyltng metode  PIXE

Tho backgr d r-dl.taon

Tho b.okground producttan is p-rtly duo to the Y-rays pro-
duced in the nuclesr resctions which scstter in the torget ite
'self snd dirty the X-rsy spectrum, nevertheless it is mainly
due to Bremsstrahlung rudlotton.._;i" % & '
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Wnenever & charged particle slows down in the medium & conti-
nuous in energy electromagnetic rediation, called Bremsatrahlung,
18 emitted, The Bremsstrshlung yield depends both on  the stomic
number of the target (Z) end on the atomic number (z) end maes

(m) of the projectile:
<
Yg* i{;_

Consecuently protons snd Boavtor ions produce & negligible
quantity of Bremssetrahlung radistion in comparison with that one
due to the electrons. Figure 5 shows the aro-ootrnhluuq‘ Crose=

10 P P
1 Ep=2 MeV
— '.w. : -~
MATRIX: GRAPHITE '
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5. Bremsstrahlung cross-eection for 2 MeV protons on graphi-
tes (—) theoretical dats,(---) experimental data

Przekréj poprzeczny dla wytwarzaenis promieniowenia hamowsnis na
graficie dla protonéw o energii 2 MeV: (—) dane teoretyczne,
' . (---) dane doswiadczalne Y
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~gection for a proton beam of 2 MaV of energy. The background is
evidently due to the secondsry electrons and 4t is negligible
at energies bigger than 4 KeV,

In order to minimize the background radiation electron beams
and seaple matrices of high atomic number are not favoured. On
the contrery biologicel samples and proton beams of few MeV  of
energy should optimize the background conditions. Figure 6 shows
e comparison between ® X-ray spectrum obtained with e Xeray tube
end a PIXE spectrum. The characteristic X-rays and the = back-
ground radietion do not interfere only in the second case.

W (Ka)

ﬁ 100 KeV ELECTRONS

WiKa)

>

10 MeV PROTONS

NUMBER OF PHOTONS 7/ ENERGY UNIT
S
o

3 4 )
ENERGY  (KeV)

Fig. 6. Compsrison bot-oon an electron=induced and 8 proton=in-
duced Xeray spectrum of tung-;en. The ordinste units are are
itrary

‘ Pbréunonzo widm pro-tontow-nto X wolframu indukowanego przez e~
1oktrony i 1n¢ukou.nogo przez protony. Ne osi rzgdnych er~
bztrolno Jednostki

Quantitatzvo onalzot;

ln-QrdoE to gofry on 8 quantitative analysis of the trace
slement present in qho-o.lplo‘tho number of the emitted photons
#s well as several other persmstere hsve to be known, If
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one of the two following «conditions 4is satisfied ine
deed :

1) uniformity of the beem:

11) uniformity of the trace element distribution 4n the
sanple; then the number of X-ray emitted from the T element ie:

(Nx)qp » Mgy Op * Cp * &

6000 .

5 4590 -

& Pd (Ka)

[

o
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) e

's Sel{¥g) |
3000 . % &
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203}
1500 J
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Fig. 7. Portion of & PIXE spectrum obtsined at 1.8 MeV, with 250
nA proton beam in 100 min., on a self-gupporting target of human
blood serum., Pd is the internal standard (100 ppm as PdCl, )

Czeéé widma PIXE otrzymana dla 250 nA strumienis protondw o enere

gii 1,8 MeV w ciggu 100 min,, dle surowicy krwi ludzkiej jako

eamopodtrzymujgce) sig torczz. Jako standsrd wewnetrzny zastoso-
wano Pd (100 ppm jako PdCl,)
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where: Ny, = is the number of incoming particles;

Oy = is the probability of the X-ray emission;

cT = 19 the concentration of the trace element 4in the
sample;

£y = 1s 8 coefficient which depends on the irradistion
geometry, detection efficlency, X-ray absorption
in the sample iteelf as well as along the path be-
tween the saaple and the detector.

+ It 4o very difficult to have a good evelustion of tr ond
also o, is poorly known, so the best method to determine Cy 1o
to add a known quantity of an element S (the internal standard)
in the sample. The ratio. of the two photons ylelde gives:

.3"
A= 0.9911
Ny W:WOJ{
Zuiniten 158, 1030 pDY
1t |
400~ O A T B

Fig. 8. Pellet calibration curve for s¢10ntu-; Proton beam ener
gys 1.8 MeV; sample: humen hloﬁr ::run. Pd is the internsl stan
: . dar -

Krzywa kalibracyjna dla selenu, Enofgtn strumienia protondw: 1
MeV; prébkas surowica krwi ludzkiej, Standard wewnetrzny:  Pd
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o
G §3 depends on the experimentsl set~up
and on beam conditions, eo it can be determined in e eample
where C. and Cg are known end then it becomee & constant of
the experiment.

Figure 7 shows a piece of X-ray emission spectrum of » sam-
ple of human blood serum in which Selenius had to be wessured,
Palladium is the internal standard., By determining Se and Pd
peak osreas in different esmples in which known quantities of Se
are added the constent K is deduced from & calibretion curve as

in Fig. 8.

The quantity K m

Experimental set-up

For the analysis of trace elements by means of PIXE the ANe
«2000 (2 MV) and CN (7 MV) accelerators of the National Labora-
tories of Legnaro are employed which provide proton besms up to
few pA of intensity and energies varying continuously up  to
the meximal vslue,

Figure 9 shows a schematic croes-section of the experi-
mental set. Six targets are kept at 10"°-10"% mm Hg 1in a scet-
tering chamber. In order to minimize the background radistion the
aluminium chamber is covered inside with pure nuclear graphite as
mell es the target holder and the beam collimatore (fig. 10),
Care hae been tsken to minimize the distsnce target « detector
which is external to the scattering chember,

The X=-ray spectrometer 1ie a 30 . S4(L4) detector refrige-
rated in liquid nitrogen: Fig. 11 shows the efficiency of such
o detector with respect to the X-ray energy.. The overall reso-
lution of the detector plus the standard electronic chain, ine-
cluding pre-emplifier, lowe-noise amplifier and pile-up rejector,
1s 170 eV (FWHM et 5,9 KeV). Data are collected in a - 1024
~chennel pulse height snalyser then  traneferred to the compu-
ter and finelly pracessed, . bt ol

The processing time of a pulse is relatively large (v60- us),
consequently the pulse superposition risk is high ~at . high
counting rete., The pile-up rejector system (P,U.R,) avoids puliq
superpositions which spoil the X-ray epectrum. 1In order to inm-
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ACCELERATOR

PROTON BEAM

| ROTATING
s TARGET
- HOLBER

g |
MYLAR /fh._..... zg&::unoutc

X~RAY DETECTOR

Fig. 9, Scheme of the PIXE facility
~ Schemat sparatury PIXE

prove the solution of such § problem we menufactured a8 beanm
pulsing system  (B.P,8.) which 1is wmore efficient and more-
over it spares the target since the power delivered in the
sample is eignificently less for the eame counting  rate
(Fig., 32), This system consists of two plates which  sre
polarized when & pulse is rising et the pre-amplifier out-
put, 4n euch @ wmanner the incoming beam is bent out the
scattering chamber, :
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%)
8 &2 8. 8 §

EFFICIENCY

10
PHOTON ENERGY  (KeV)

Fig. 11, 81 (L1) detector efficiency egainst photon energy. In
abscissa the light elements are signed which are out or at the
limit of the detection window ,

Wydajnoéé detektors Si (Li) jako funkcja energii fotondw., Na osi
rzednych zeznaczono pierwisstki na granicy lub poze zaeiggie
, - okns detekcji ;

b)
¢ 8PT ;
a) S v pur . /
-~ e
¥
~8
% | J
if RGP e
b //’ ."‘;_',;4»
R
2
s
& meeurion ¢ . ‘ i i A i oy i 4
':n'::.-f':.:e‘m Aol O a 2 -4 [ 8 1
W mLTImReNEL ;. ‘ . mput rate (Ke/sec) - :

Fig. 12, Schonattc'droulng of the beam bnlaxngntochntquo 8) come
parison between the beem pulaing and the pile-up rejector method,
G b) B.P.T, allows higher counting rates :

Schemat techniki strumienis pulsscyjnego 8) poréwnanie metod
strumienis puleacyjnego (B.P.T.) & metody “pile-up rejector”: b
metods B.P.T. pozwsls ne wyzezy ezybkodéc liczenia
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Sample preperation

We have seen that the quantitative onilyotn need the unifor-
wity of the particle beam or of the trace element concentration
‘4n the ssmple., We resolved to use always uniform and homogene~
cus samples, We have studied and essayed three different ne-
thods to prepare thewm.

Thin targets

tiquid or liquid trensformed samples may be eaeily dopped
with an internal standard, homogenized by an ultrassonic  probe
end then eprayed with a nebulizer onto & formvar roteting backe
ing which is in the meanwhile warmed up at sbout 40°C, 1In such
a manner thin targets are preparsd 20 pg/c-2 thick, The homoge=
neity i1s sssured when the droplets are 80 tiny to produce a lees
than 10 um particulate on the formvar backing [7]. Thase
targets c¢an stand about 100 nA of proton beam without breaking or
having nlenqny'ovqporattcn. ‘ ' : '

Thick tgzggtc

In order to prepare thick targets liquid or liquid trans
formed samples are ultressonically mixed with the internal sten-
dard and then dried at 60°C or freeze-dried, ground into s fine
powder and then thouroughly mixed with about 20% of nuclear gre-
phite powder, Then self-supporting so-ug/cnz thick pellets are
prepered by pressing the mixture et 4 . 10% kg/cnz'(iz]. wWith @
bean cross-section of 5 am in dismeter, obtsined by means of
s quedrupole lens end a beam diffuser, these targets cen stand
500-600 nA of proton beam without element evaporation.
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Preconcentrated targets

In order to prepare targets for high sensitivity meaeurements
a third method was developed based on preconcentretion techniques,
A charascteristic of this technique is that a part of trace ele-
ments gets loet, 0 it is & powerful method to measure ona or
few elements of the same chemicel characteristics, We developed
8 preconcentration technique for Selenium determination {12, 13],
The first step of the method is the destruction of the organic
matrix, then the metallic Selenium and the internal standard

Y

10

oty -
UL Serum (cm’)

13. Proooncnntrttod tnroot.m.Selontun rocovory versus samnle
quonttty Chu-an blood serum). 1.8 HMeV proton beam with 200 nA of
current on 8 5 am in diemster spot

T-rcxo wstepnie zogeoxczonox odzysk selenu jasko funkcjs wielkodci
prébki (surowica krwi ludzkiej)., Strumied protondw o  energii
i.8 Mav. prod 200 nA ‘rodntca strusienia 5 ma
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(Tellurium) are precipiteted on & millipore filter which ie then
prassed on a Whatman filter, Thie technique has been spplied to
human blood serum and it has given a lineer response between
0.1 ond 2.0 cm° of serum (Fig. 13). These kinde of tergets
can stand 200-400 nA of proton besm without severe damage of the
target iteelf or element evaporstion,

Sensitivity

The detection limit is the minimum detectable quentity of @
certein element, This limit is determined by the characteristic
X=ray intensity and by the etatisticel fluctuations of the backe
ground radistion which confuse the characteristic peak. We con-
sider detectsble with a 95% of confidence @ pesk whose sres 1is
twice the standard devistion of the background under the pesk it
self, Then we define the detection limit (DL);

DL = 20 B-'e‘

where: 6, - is the standard devietion of the basckground;
£ = is the conversion factor, that ie the ratio betwesn
the element quentity and the correspondent. counts
of the pesk ares: \
then '

m.-zﬂ;l-'e‘

wheres Ae 1i the background ares under the peak.
Since the 95% of pesk countl'qro in the 40~-intervel, the ex-
perimental estimate of DL, in abesence of the characteristic pesk,

is o, :
+20
DL = 2 I BT e
f J=20

or, with reference to the detection resolution end the rela-
tionship FWHM = 2,354 » ¢.

40,85 FWHM
8 ) %

DL = 2

o (1)
~0.85 FWHM
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Note that the background incresses with the time t, if the
beam current is constant, ¢ decresses as 1/t, 6o DL decresses
with the inverse root of the time of measurementi

ot
oL = pL(—=
&)

Se(Ka)

l

b)

Se (Ka)

NUMBER OF PHOTONS / ENERGY UNIT

c)
Se(Ka)
P Hiy e B 25
W - ENERGY (KeV)

? 14, Bro-ootrahlung backgroundc of whatnon blank targets - at

ferant proton energies: a) 1.8 MeV: b) 3.0 MeV; c) 4,0 MeV,

At 11.2 KeV there is the oxpcctod Selenium pesk, Ordinate units
. are arbitrary

Tio promieniowanis hanon-nia na wzorcowych tarczach Whatman s dla
wyzszych energii protondéw
8) 1,8 MeV; b) 3,0 MeV; c) 4,0 MeV. Oczekiwany szczyt selenu przy
11,2 KeV. Na osi rzqdnych asrbitralne jednostki
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Considered the conversion factor a constant of the experiment,
the relationeship 1 shows that the detection limit depends on
the background B and on the detector-electronic chain resolution
FWHM, A good detector end a good electronic chain optimize quite .
essily the FWHM, then the background minimizing remains the uni-
que task in order to have the best sensitivity,

The background depends on the: s
| 1) cleaning of the experimental set-up and oe.ttortnq cham=
ber drewing: _

i1) on the particle beam energy;

114) on the target backing and semple matrix. The first item
was already illustrated,

Figure 14 shows the background on a nhot-on filtor et three
different proton energies. The arrows point out the oxpocgod po=
sition of the Selenium peak, The background under the Selenium
pesk grows continuously with the proton energy, but even the

os) : : Backing : Whatman filter
: \ | = 100 nA
. t = 1 hour
[ T e
o 3
{ 4
o
(%))
06 ¢
’
. :
" : ]
L s T R ." It ‘o.
. S SE :
26 * 30 * T <

40 o :
A s e

Fig. 15, Detection linit of Selenium as o funutlon of proton e~
: nergy (confidence level: 95%) .

Granico uykrywalnoécl selenu jako funkcie onorgtt protonu (pozion
ufnosci 95%)
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characteristic X-ray yield increasee up to a maximum (Fig, 3). So
the detection limit is expected to have s minimum with respact
to the proton energy. Figure 15 shows this minimum for Seleniunm,

Biological matrices and graphite backing minimize the  back-
ground because of their low atomic number. Thin targets are bet-
ter then thick targets from this point of view, but the detec~
tion limit depends even on the conversion factor €, which de=-
creases when the element quantity present in the target increases.
Another couple of important factors which determine the detection
limit are the maximum proton beam current the target withstands
and how long it lasts., Ae an example Tab, 2 gives the detec~-
tion limits for Selenium in the three target prepoaring methods
elready described,

TinDB 1308

A comparison of detection limite resached
by three different kind of tergets with reference to  Selenium.
The DL is referred to the maximal current end measuremnént time

Poréwnanie granicy wykrywalnoéci selenu
dla trzech roéinych rodzajdéw tarcz.
Granica detekcji podana dla maksymalnych wartoéci prqdu
i czasu pomiary

Sample Backing Maximal| DL [Measurement
. preparation Packing thickness | current| (Se) _time
pg/cn;2 nA ppb minutes
Sprayed ter-|Forgvar + Al 2-5 1 300 2100 600
- get ' ‘ :
Ph Graphite 300 400 | 8BO|{ = 180
Thick target|Selfsupport= | v60 x 10% ~ €90 <10 60
‘ ing j
Thin precon= |Millipore + |13 x 20%] 300 | <1 10
centrated Whatmen -
target filter
'-Concluniono'

The Proton-Induced X-ray Emission is & powerful method to de-
tect quantitatively trace elements of mediun-high stomic nusber:
however it needs care both for the experimental set-up snd the
target preparation in order to exploit all tho possibilitiss of
the method. ~

s #
o

- w
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JADROWA TECHNIKA ILOSCIOWED ANALIZY ELEMENTARNED:
EMISOA PROMIENI X INDUKOWANA PRZEZ PROTONY -

W artykule przedstawiono zasade orez oméwiono niektdére sepek-
ty praktyczne zjawiska emisji promieni X, indukowanej przez proto=
ny w zastosowaniu do ilodciowe)] enalizy plerwiesctkéw dladowych o
wysokich lub drednich mesach czgeteczkowych w materisle biologi-
cll\yl. ' 3 v



