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Figure 2.4: Layout of the bGamlinc to the microprobe facility 

2.2.2 TIIF .. \IJCRO-BK.\i\! F,\CTLITY 

Th~ high-blightness ,;canning uuckar microprobe, ofwlllCb the layout is shown in figure 7.7, 

has a resolution of ic" than 1 micron and enables researchers to observe, identify and measure 

precise 'luantities of (raee elements, as well as more ablmdant ckmcnts, ill lbe samples from 

many different fields_ The facility has been operational since 1991 and is utilized especially in 

geology and ma(enals sc.icnces. 

Nuclear micmpmbes have been llsed in biologICal sllldie~ since the early 1970s. In most cases 

1-4 MeV proton beams arc u~ed and oftell the>;e facilitk1i arc Oc1icrihed as proton microprobcs. 

QllG of lheir strengths is the IJOssibility of the simultaneous use of a number or ion-hased 

te<.:imiql<C" using various int.](knt particles (proton, alpba particles) in th~ MeV energy '<lugc. 

Typically partic1~ induc~d X-ray emission (PThT) is u",d togcth~r with Rutherford 

backscallenng "fI"ctrometry (RBS) and scanning transmiS1ilon microscopy (SliM) or ""condary 

electron microscopy (SE) at iThemha LABS LPrz99j. 
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Figure 4.2 shows the main co~neuts of the test bellCh with an ion source and some 

electrostatic lenoos between the !iOUTCe and the beam pipe. Since the ioll SOlUl'e is at a 

potential of a few kilovolt with IeSp<:('t to the beam pipe, which is at gmuud potemial, the 

ion source power supplies and measuring equipment are aU connected through a high­

voltuge isolutioo tr.ansfonnerto the mains supply 

F~l"e 4.2: Th~ iOll source tc,t ben<:h at iThemba LABS. 

Power 

Supplies 

With the 900 bending magnet the beam trom the ion source is focused io both the 

horizomal and vertical directions to a width of a few nun m a point halfwuy between the 

two horizontal slits. To obtain this double-fucusing characteristic the magnet has beell 

mauufacrured with edge angles of34.7 degrees. 

31 
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4.3 THE HOT-CATHODE DUOPLASMATRON ION SOlm('E 

4.3.1 THE COl\-STRllCTION OF THE SOURCE AND ITS OPERATI"G PRINCIPLES 

The layout of a hot-cathode duoplasmalron ion source is shown In figure 4.3. A filament, wlllch 

acts as a cathode, IS heat<Xi by sending an ac CUITent of typically 100 A through il. Eleo:trons 

emiHed from the hot calhode are accelerated in the elec(Tlc lield. created hy the cathode power 

supply of about 100 V, and gain energy a.'i they move towards the mteTll1ediate electrode. Onc.e 

they have sufficient energy the electrolls start to ionl/,e the gas lhal enters the ion 80mce on the 

cathode Sl(ie. The positive ion8 move towards the c.athode under the int1uence of the electric 

field. Electrons pass through the narrow chatulel in the intennediate electrode and enter the 

region between this electrode and the anode, In thi8 region a strong magnctic field 1S created by 

[he coil and magnet steel cOre configuralion soown in figure 4.3 Between the intermediate 

electrode and Ihe anode the motion of both electrons and ion, arc to a large extent confined to 

the axial direction hy the appli ed axial magnelic field. In the space bel\veen the cathode and the 

intennediate electrode the magnetic field is pnu:[ically zero, The gas flows through the narrow 

chatulcl in the intermediate electrode and through the 0.5 mm diameter orifice in the anode. By 

direcling the gas and the fast mOVlIlg electrons together through the channel m the intennediate 

electrode a high degree of ionintion, t)T,cally more than 90%, IS ohtained [Val77], Th, 

ionization proce8Ses in the plasma are \he following [Hed91I: 

fb + , ~ H; + 2e 

H; + , ~ H' , H + 

1\ + , ~ H' 2, 

Ht H, ~ H, 
, 

+ II 

Ht , ~ H' + H, , 
The duoplasmatron ion source was invented hy vOn Arderille in 1956 [An:l56] and has since 

then become a popular ion sourCe ror accelerators and especially for Van de Graaff accelerators 

because of l[S low gas consumplion. To prevent sparking due to the high voltage in the 

accelerator tube of a Van de Graafr, a good vacuum is required, and because of the high 

pressure of LR \1Pa as wel! as the limited space and power available in [be tenninal, the 

vacuum pumps are cOllnecled a[ ground potential, six meters away from [he lOn source, A low 

gas load from the ion source is therefore advantageous, 
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CD-

Figure 4.3: Cross-section of the hol-~alhode (hlOplasmatron ion source showing: (I) 

the cathode, (2) the intermediate electrode, (3) the anode, (4) the magnet windings, (5) 

the filament power supply, (6) the cathode power supply, (7) the 2..-1 ti! intennediate­

electrode fe, i,tor, (8) the magnel power supply, (<,I) the coolant connedions for thc 

magnet windings and (10) the gas inlet. The source has a diameter of 130 mm and a 

length of 120 mIlL 
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Because of ;ts compact conslnKtlOn the inner parts of a duoplasmatfOll are not <1cce,;sible for 

diagno';ti, purposes development work 1'; done by \n;!l and error. To gam <1 beller 

understanding of a doop lasllI atmn source Lejeune [Lej14;!, LeJ 7 4b] constructed a special large­

scale source to mea,;ure Ihe charactc[istics of the discharge inside the source, figure 4 4 ,;hows 

typic;!] [A .. llg94] electric potentia] and magnetic licld distributions lllside a duoplaWlalron IOn 

sOllrce, 

Potenli,!\ V Gn the Axi,; 

Anode 

lntcnnediate 

Figll re 4.4: Typical electrostatic- potential, V, and magnetic field. B. di stribulwn,; along; the aX] s of a 

ool-<:ath()de duop\asmalron ion S()UrCe. 
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Figure 4.8:The beam intensity distribution forthe hol-cathode duoplasmatron ion source 
M diffe rent IXlsitions ofthe two ,Ii" in lhro ion ... ollree I~st hench with which the emittance 

I.m .... -- , . , 
Smn, 

Figure 4.9:The phase ellipse of the beam from the hOI-calho<:lc dlloplasmatron ion sOllITe with 
90 'Ji "fthe beam included in tIX' ellipse. ~ emittance wall 4811 nun mmd The area covered 
by the smaller dots OIJlside the ellipse represents the remaining part of th~ heam. 
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Figure 4.10: The hon"onlal inlen51ly profile of lhe prolon beam from the hot·eathode 

duoplasmatron ion Source atlhe first slil oflhe ion SOllrce lest bench. 

The relatively sharp eut·off of the beam profile on the left in figure 4.10 15 due 10 the fact the 

beam at this VOint cxtends beyond the entrance opening of the Famday cup. The a5..,.mmelry in 

the beam profile as a whole can only be explained by a deviation from the desired circlilar 5hape 

of the 0.2 Jmn diameter aperture in the electrode through which the beam IS extracted from the 

IOn source. This electrode operates at a high temperature due to ion bombardmenl and the 

aperlllre somelimes becomes partly or completely blocked due to melling. 

In general the source ha, a lilc-time of four to .,ix weeks during which the coating of Barium-, 

Su"Ontium- and Calcium ~arbonde On the filament, lhat is used to increase the electron 

emissivity, slowly erodes away due to spuUenng by ro,ilive ions, ",;th the result that a 

discharge can no longer be ignited. 

4.5 THE COLD-CATHODE DlJOPlASMATRON ION SOURCE 

A eross-,ection of the cold-calhode duopla.,malron IOn source, constmcted with pem1;l[lent 

magnets, [\'lok02] is .,hOWll in figure 4. II with an extraction electrode and extraction power 

supply. The source length and diameter arc 100 mm and 80 mm, respectively. The de.,ign is 

based on that of an existing ion SOUrce [Qay94] and has the advantage for a Van de Graaff 

accelerator thaI It operate, w,lhoul a filamenL whi~h would have to be replaced rcgul;uiy. It 
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fillther docs not require a p<.m~r sllpply in tht VJIl de GraJff ttrmmal, where the ,pace and the 

power avaibhle Jre limited, for the excitation of the magnetic. field, Slllce pemlanent nng 

magntts are w;cd for this pllrpose Contrary to the previous dUop]a.'tllatmn ion source, the 

<lis.chmgc in the region of the lwilow eath<Jue is also magnetically confined. 

The wurc.e has been tested and lhe beam cUIl'cnt mea.,urtd at an extraction voltage of 11 kV 

[:\1okn], The total beam current as a function <Jfthc arc currcnt at an extraction v<JJtage llf 11 

kV is shown in ligl.l~ 4.12. At the Van de Graaffthe maximuill extraction voltage is, however, 

limited to 8 kV tll prevent excessive sparking At thIS vllhage J \>(,am c.urrent of only 61lA is 

ohtaineu f<Jr pmtons, The soluce can he operakd stably up tD arc currents llf 50 10 60 rnA, 

Abllve thai the sllurce becomes un~tabl€ dut tll excessive heJting of the electmde,. Tl1i, source 

is the~fore on a~Cllunt <Jf its low beam current of hllle use lor lh€ Van de GrJaff accderator. 

;;;:-,;j 
<&,;:,j 
"'l~~'J\' 

@ , 
\ 

\ 
-'; 11----' +-, 

Figure 4.11: Cmss-section of the c<Jld-cJthode duopiasmatron ion source with peITllanent 

magnct~ [or [he Vall de Graaff acc.elcral<Jr ,llllwing: (\) the cath<Jde, (2) the illtennediate 

electrodc, (3) the anllde, (4) the ga, inkt (5) the anode power supply (6) the cathllde re~i,tor (7) 

the anode resistor (8) the extraction power supply and (9) the extrJction clec.trode 

43 



Univ
ers

ity
 of

  C
ap

e T
ow

n

140 

120 H; - 100 0 • " 5 ~ 80 /' 0 ': 
~ 

E - 60 .,. 
• • 40 Ih' '" : : : 20 : : : : I iJ t 

O· 
10 20 30 40 50 60 70 80 

Arc current (mA) 

Figure 4.12' Total beam current as a iimclion of arc current. for the cold-cathode 

dupolasmatrolllOll SOIlTC ~ constluclcd with permanent m~gnets, at an extn.dion voltage 

of l1kV for Hydrogen ions 

4.6 THE 1'1'; Nl\ING GAl!GE (PIG) ION SULRCE 

90 

4.6.1 T HE CONSTRUCTION OF THE SOI' RCE AND ITS OPERA nNG 
PRINCIPLES 

J'igurc 4, 13 shows the main features of a PIG ion source, the most often used int~mal ion wurc~ 

for acceleration oflight ions in cyclolrom. TIle g"s to he ionized Ilows into the anode, which is 

<It a positive potential with respect to the two cathodes. As the an",l~ voUnge is increased, ti:ee 

~ l eclrons in the region" between the cathodes and the anode are a~celerat ed towards the anode 

in the electric field and ionize the gas atoms. TI1C anodc currcnt suddenly inCf~ as ~s 10 a value 

limited by the power supply, which normal! y is cnp"hk of ho!h voltage nnd current stabilizatIOn 

and limitmion. Po,ilive ions fonned ncar a cathode, or leaving th ~ anod~ , n,.., accdem(~d 

towards the ealhode and collide with it. thcreby hcnting it and causing gen~r"lion of more 

electrons through thcnnionic emission. 
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Figure 4,13: Schematic of a cold·cathode Penning (PIG) ion source showing: (I) the top 

cathode, (2) the cathode through which the beam is extracted, (3) the anode, (4) the anode 

power supply, (5) the opening through which the beam is extracted and the direction of lhe 

magnetic field B. 

In some PIG sourees one of the cathodes is heated y,ith a Tungsten filament for better control of 

the dischilIge, Electrons emitted by the cathodes are accelerated in the eloctric field in the 

spaces between the cathodes and the anode, and move into the anode cloctrode, Similarly, 

electrons entering these regions from the anode are lirst rctard~d and then accelerated back into 

the anode 10 oscillate back and forth between the two cathodes, therehy forming a reflex 

discharge_ Inside the anode particle. are shielded from the electric field bUI not from the 

magnetic lield that penetrates through the non·magnetic electrode. of the source. Electrons 

leave the cathode y,ith horizontal, as well as vertical velocity components and therefore move 

down into the anode in spiral orhits. The plasma maintalllS itself at a positive potential with 

respect to the anode [Che74llo coniine electrons clectrostatically in addition to the magnetic 

confinement. The discharge mechanism. in a PTG sOllrce and the infillcnce of the source 

parameters on the beam CUlTent have been descrihed in several books [Bro89, VaI77J and 

papers LBen72, Sch76]. For dissociation of a Hydrogcn molecule, an electron energy of at least 

4.52 eV lS required and for ionization ofa Hydrogen atom 13.59 eV. The optimum energte. for 
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diss.ociatioo and iOlll~ation are, rcspcctivcly, 16.5 eV anu 80 ~\" rConn]. hgure4 14 ~hows a 

cross-scction of the Van de (;r<taiT PIG Source. The 'oun;~ has a diameter of ISOmm and a 

Icngth of I ()Omm. /\s 1n the pr~\'iou., figure the gas inlct is at the top and the beam is extl'dctcd 

axiallyal the lower c<lthodc. The magndic ti~lu is ger~rmed by the currcnt SCllt through the 

coil wmdings and defirwd by the magnet ,tee! configuratioll. The all(>cte is mad~ from ~tainless 

stt'tl and i, cooled by o;ending a coolant, with low eloctrical conductivity, through Challl1eh ill 

an AllLTmnillm block with which it is in good thermal contact. 

4.6,2 EXpr;RIi\mI\TAL RESITrS 

4.6.2.10PTli\IIZATIOI\ OF TilE BEAM CURREI\T BY VARYING THE 

EXTR.4.CTIOI\ VOl.TAGE 

Thc solid lincs in Jib'llre 4.15 show the measurcd beam cun'cnt for differenl Hydrogen ion 

species a, a fllnction of the extraclion voltage. The rcmainmg ion SOllrce parameter' were kepi 

at thc following constant vallie,' arc currellt = I A, arc voltage = SOO V, pressllre = 4x I 0 l mbar 

and 50 V am,," the magnet coil. As hefore for the hot-catode duopla~matron sourcc it is 

expect~d that the heam currcnt as a (unction orthe extractioo voltage ~hOllld rollow the Child­

Langmuir law, Le. the extracted ion beam currcnt I ShOlllu be propOltiona! to the eXlraction 

voltage V to ll..., power 3/2, The dottcd line. in tigur~ 4, 15 are kast-squarc fits ofthc equationl 

- constant " V~"1- to the m~a'"red data for the differcnt ion specie. and show thai lhe o;(lllICe 

behavior is to a largc cxt~nt ill agr~eIlle11l WIth the Chilu-Langmuir law which means thai Ihc 

beam currcnt cxtract~d (i-Oili the sOllIce islimitcd by thc space charge in the rcgion hel\vecn the 

anode and cxtraction electrode. It ag<lin <llso indic.alcs lhatthe bcam losses in thc beamline due 

to ~pac~-charge dfecis are small and only 0(' importance ii)r operahon with low extn\C.tioll 

voltages, a, ,howll in figurc 415. For high beam inlensilie' the SOllIce should be operat~d at as 

high as possible an ~ .~tn~tiull voltage without exccssive sparking, 
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Figure 4.14: Cross-&~ction of Van d~ Graarr Pcnning Ion Source showmgc (1) the top 

c~th()de, (2) the cathode through which the b~~lll is extracted, (3) (he anode, (4) the coolant 

connection, (5) (he anode power supply, (6) lh~ magIld windings. (7 lh~ magnet pO\~er 
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Figure 4.15: Measured beam current (solid lines) for different Hydrogen ion species as a function of 

the <,xtraction voltage, for the Penning ion sourCe and lcast- square filS (dotted lines) of the Child­

Langmllir law. The measurements were made under the following conditions: arc current = lA, arc 

voltage = 800 V, pressure = 4xlO" mEar, magnet power <upply - 50 V 

4.6.2.2 0PTIMIZATlON OF THE BEA" C1;RRENT BY VARYll\G THE ARC 

VOLTAGE AND THE PRESSURE 

Figure 4.16 shows the beam CliTrent in ~ as a function of arc voltage at a pressuTC of 10-) mBar 

and an extraction of g kV for the Van de Graaff PIG ion source. The arc current a]<o increa<es 

as the arc -. ollage is increased. As expected the beam current for all three Hydrogen ion 'pecics 

increases wit the arc voltage and arc power. Thi, indicate, that the ,ource should be operated at 

an arc voltage just below the sparking limit. The life·time of the o;ourGe i, limited to only iive to 

six days by sputtering, a proces, that is strongly enhanced by high arc currents and voltages, of 

the cathode and anit-cathode electrodes. 

Figure 4.17 show, the beam current in ~ as a function of the pressure in the beamline of the 

ion source test bench. At pre,sure values below 9xlO--6 mbar the proton beam current incrcas% 

sharply with decrca,ing preSSllre. This shows that to obtain intense plUton beams the souree 

should he operated at a pressure just aOOl'e the I'aiue at which the source becomes lImtable. 

Emittance measurements , similar to those for the hot-cathode duoplasmatron ion ooure<: have 

been made for the PIG ion sourCe. A vallie of34" mm tnnld for 96 0/. or \he beam mtcnsity h:t5 
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Figure 4.16: Measurea ocam ~l1nTm TOr Olnerelll u],arogcn Ion SpeCiCS as a function of th~ arc 

yoltag~ for the Pcnning ion source The meaSUf':'ments \v~rc mad~ under th~ fojjowing ~ondilions: 

exhlldion voltag~ = 8 kY. pressure -10-1 mBaT. magnet power supply =50 V. 

H,' 

1.3E-OS 1.5E-D5 

Pr~s.ur~ (mBar) 

Figure 4.17: Measured heam ~lLn"nt for dltT~rcnt Hydrogcn ion spccies as a function of the pr~ssure 

for dlc Penning ion sourcc. The mea~lm"m~nts Wel" mad~ umkr the following ~llndition~; extnldion 

voltage = 8 kV, magnd pow~r supply-50 V. The an; voltage vaned between 800 and 900 volt. 

Current betwcen 30 AS mA 
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4.7 CONCLL:SIO~S 

The operating pnncipk s of the twn duopl asmat(()n ion snurc~s and the P J(j sour~e available fnr 

the V,m de Graaff accelerator have heen de(~rmined qualitatively, mainly by studying the 

extensive literatlll'~ Gn ion sGurc~s_ I\n quanlitative l.realm enl of su~1l sources hy whieh thdr 

perf(lrmanC~ ean ),., ealculat~d in lenns of Iheir dimensions, the apphed vGllag~s and the ;0;'" 
flGW cnuld be obtained from the literatlll'e The main ~ha,-ad~risties Gftlle ti'ree somces have 

thereti)re been determined experimentally nn an ion snurce test knch_ ImpGrtant parameters of 

the wurces .u~h as the pressure and temperatllr~ in different regiG[iS of ti:e sources ~ould, 

becall.,e of space hrnitations, nnt be measured. However, in spite of these limitations 1n the 

quantitative understanding Gflile _\.()urc~s, sufficlenl inti)lnla(iGn (n ~ontinu~ with the study of 

the beam Iran'I)(Ht through the Van de Graaff acceleralnr and its beamlines cOlild be obtained 

from Ih~_~ me!lsufemenls_ Wilh reg,u-d to beam intensity, life-time and ga.' cGn,ulllptiGn the 

meMurements showed that the hOI-catho(1c- duoph'lmaln:m is a( present by far the most suitahle 

source fm the van de GraalT accderator. In futur~ 111lcrowave inn sources could be wnSldered 

fGr the Van de Graaff acceleratGr for higher beam intensiti es and better beam qua \i I Y 
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CHAPTERS 

UPGRADI:\G OF TilE VA:\ DE GRAAFF ACCELERATOR 

5.1 INTRO[)UCTION 

Th~ Van de Graaff acceknl(or at iTh~mha l.ABS was manufactured by High V()hag~ 

Engineenng Corporalicm, Burlington \1assachuseUs, U,S.A, 3nd installed at l'aure in 1962. 

Dl1ring the past few yean; numerous brcakd,}\vl\, (}ccurrcd, due to ageing of c(}mponcnts. The 

time l~cdcd fO£ servicing th~ accelerator and tUlling of the beam mcrea.wd by more than GO\)"I. 

from 1999 (0 2004. Th~ \Jooam 'Iuail!y and mknsity w~r~ seldom suflicicnt for the sch~dukd 

~xperim~nts to b~ p~rr(}mH;,J. A major lLpgrad~ of (h~ whole f"edit)', with the aim of mcreasing 

the reliability of the 3ccclcrator and hcamlincs and improving the quality of the beam jrom the 

accelerator, .tarted in 2002. It i. estimated that the upg,r3dc will extend th~ l1sefullifctime of 

the Van de Graaff\Jy approxlmat.ely a fiJrther 10 to 15 ye3rs. 

All important. <IS~ct ofthc upgmdc was a thorou~ study of th~ \J;,am optics fTom thc ion source 

to the e~it of th~ acceiero.lor. in order to und~rstal1d th~ poor b~am transmission 3t tenml131 

volt.ages bd",v 3 \-IV and also to find means ofmcrc<lSing the beam intensity delivcred by t.he 

accelerator. During operation of the accelerator over a period oi" months It. W<IS found 

impossible to match th~ focusing condition oi" the beam 3t thc cxit of the acc~l~rator to th~ 

admittance of the beam line with the ion source at extraction voltagcs of morc than 5 kV. with 

the oliginal dcsign of thc dectrode con!iguration and power supplies. Limiting thc ~xt!action 

voltage to le.s tl13n 5 kV ha •. however. a huge infl\l~nce on the maximum beam currcnt lhat. can 

\Je ohtaine<l ii-om th~ ion "ourc~ and ther~fore on the ooam mtensity available from the 

acc~krat(}r To und~rstan<l thlS oohavlor and to tind a solution to thc pro\Jkm the heam optics of 

the accelerator i13s to be fully ul\<lerstood. TIle s(}flware program. TRANSPORT. IGUN and 

"j OSCA were us~d to cakulak tile beam charactcristics. Th~ ddal\~d invesligalion (}rthe bc3m 

optics 3S well 3S the modifications to implDve the transmission tlu'ough the acccierat(}r ami t1w 

beam imen.it y at the exit (}i" the acceleralor wi 11 be di SClLSSOO in lhe rest of the chapter. 
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5.2 I ,A your OF TilE VAN DE GR./\AFF ACCELER./\TOR 

For the calculation (}f the electrostatic fields and paths 0 r charged particles in the accelerator the 

dimensions of the acceln ator electrc>\k, ilnd the distance~ betwe~n them hm'e to be known 

accurately, Sinc~ no prol:>cr drawings of ae{;elerator components were avallabk at th~ 

beginning (}fthis study all the C()mponenb in the temlinal sect]On were dismantled and detailed 

drawings of every component were made. A photo of the high-voltage terminal section is 

shown in ligure 5, I with the dome r~ m()ved, was aloo made and llsedto calculate the elcctric 

licld and particle paths, 

Figures 5.2 and 5,3 show the layout ofille components in the terminal section, The ion source, 

at the top m ligme 5_2, lS at a positive "oltage of several kilovolts ,vith respect to the extractGr 

eleclro<.lc. A particle hearn, extracted fj-om the SOllrc~ , next passes thrc>ugh two flat plates, 

steerer I in iigure 5.2, with a tapered gap opening downwards to accommodate the diverging 

heam, that are used to steel' the beam transversely by adjusting the v(}ltage of the DC power 

supply coJllt~ cted between them, One of these two plates is cOlmected to the extractor 

electrode. Since the potential differ~ nc~ betwe ~ n the N,'() plates is typically Mthe orocr Gf a 

few hundred volt the gain in energy a~ particles mov~ from the extractor electrode t(} the gap 

between the plates is small m comparison with the panicle energy at this point in the 

accelerator, While the particles move Irom the gap betw'een the plates to the f,rst or the three 

c1cctro<.!cs of einzel lens 1 the slight gain in energy m the steerer is lost again since this 

electrode is at the same electrostatic potential as the extractor electrode. The sec()ri<l electmdc 

orthe einzd lens I i, at an adjustable neg-uive pot~ ntial, oftypic;ally sevn al hundred ,olt, with 

respect to the i(}n somce, which means thatlt is at a positive voltage of the order of kilovolt~ 

,vith respect to the first electrode of the lens, The third electrode is again at the ~ame potential 

as the extractor electrode. i.~ _ at a negative potential of the (}rdcr of kil(}volt~ with respect to the 

second ekctrode of the lens. Particles in the h<: am thererore loose a large traction (}f their 

energy in the IIrst gap or the lells an<.! gain the same amount of energy ill the second gap while 

the beam lS focused in b(}th directimls perperi<liclllar to the aXIS of the accelerator in both gaps 

of the IcrJs, In the jjrst half M the Erst gap lt is defocused and in the second hair focused, but 

because the particles are strongly retarded m the gap they remalll a longer time in the second 

half of the gap, where the force on them is directed towards the axis, than in the first half of the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

tt'it:Uft $.1: ll£ higb-vOltage. tenlllMl oftbe ao:cclerulOr with the o.Iome R'moved. 
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Figure 5.2: Layolll of lh~ ion source ami the declroJ~" in lh~ firsl scr:tion of the high· 

voltagc tcrminal of the accelerator. 
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Figllre :Ii • .l. LaY')1I1 of the ;011 SO\U\:C alHl (he decn-odes 1\\ the high-" lhage It.1mllUI scctiou of the V~n d~ Crraal], 

:l<.:t:d erohlT. 
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gap, \\ hcr~ the i(>rce u; directed away from the );ap. The opposite happens in the second gap in 

which the p~rticle, gam energy and remain for a longer time in the iirst half ofth~ g~p, in which 

the force IS directed towards the axis, than in the ,econd half of the gap, in which (he tllrce is 

diroctcd ~way from the axi" The voltage on the einzcllens I is adjusted to rOCll, the beam on a 

collImator dircctly downstream from the next componLl1t in figure 5.2, the Wien lilter. The 

\>,'ien filter consists oft"o par~llcl plates, bct"eel] which a DC ,oltag~ is applied, in th~ pole 

gap ofa pcrmanent magnet with the plale, perpendIcular to the p<.>lc" re,ulting in an electric 

iicld perpelldicular to the magnellc field, and is used to seleel ioru; with a specific chargc-Io­

ma,s ratio !Tom the different ion, specie, ,ueh as for example liJ-, Ilz' and H' and some heavy 

ions that are delivered by the duoplasmatron ion SOllTce. By adjusting the voltage the force on a 

particle with speed v, mass m, charge q due to the electrie E van be ma<.k cqllal in magnitud~ 

but oppositc in [lirectiLll] 10 the force dliC to the magnetic fi eld 13: qR ~ qvB Only particles with 

a speed v = hiE will therefore pa,s through thc collimator behind Ih~ Wien filter. At an energy 

of a few keV the speed of the particles can b~ approximatoo by v - (1qVim/'1, with V the 

potential differenc e thWllg], which the particles have Ixen accelerated from res!. By seiccting a 

p~rtiClilar ,alue of v for particle, with the same energy a particular chargc-Io-mas, ratio is 

,ekcl<%!, In thc c",c oflhe \Vicn fiH er (wo power suppli es, one p",ilive and one negative with 

their common electrode, conn~etcd 10 th~ third electrode of cin7.cl lens I, are used to create the 

electric field behveen the plates, with Ihc r~su1t that for particles moving on the aXIs of the 

accel erator lhere is no change in energy along their paths through the Wiell filtcr. Particks 

movillg off the ax is wIll gam alld loa>e ellergy along their paths through thc 'Vi Cn filter, but will 

experience no net eh~ng~ in encrgy, 

The collirrwlOr aller the Wicn filtcr is follow ed by the bundler ekctrode" to one of which a 

high·frcqucncy vo1tag~ IS apphcd whLll pul,ed heam, are required, and a kllS, called the gap 

lens, which focus~, the beam, in the ""me way as an einzel lens, a, wcll a.1 accd"rates the 

~n~ljnd be~m. Between the gap lens and the einzei lens 1, that focu,es thc beam at the 

entr~nce or the accc1er~lOr, lher~ ar~ thr~c sd, of ,tcerer plate, as shown in ligure 5,3, ~1l of 

thcm with po,i[iv~ ~nd n~gative power sllppli e, to leave the energy of particles on the axis 

unaltered along their paths, to align thc beam with the aXlS of the accelerator, In the accelerator 

tube, in which thcrc arc in total 140 ekctrodes, all simJiar In ,i7,e ~nd >hapc, the beam is 

accelerated 10 ground pOlenli~l. rhc final bcam Lllergy is detennined by the potential of the 

high volt~ge terrnin~l with respect to ground potential. fbe accelerator tube ha, a relatively 

small optic~l strGngth and llltroduccs only sm~ll vari~lions in the oplic~l properties of the beam 
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for111er! illlhe tel111111al section of the accelerator. 

5.3 COMPUTER PROGRA I' ''IS FOR THE [ ALClJLATIOX O F BE,nI 
CHARACTERISTICS 

The computer progmms TRANSPORT lCar72, 81], and TOSCA [Hor<J7] were available at 

iThemba LABS for the cakulatirnl of par tide paths through the accelerator. In onler to mcludc 

sp:<ce-eharge dre<':ls ill the ~alculatlOm the program IGl'K [Been, Bee93, Hec98] was 

acquired_ The results ohtained with the differel1t c<)(l e~ are d l s~ussed and comp~red 'llld also 

~omparcd with experimentally obtained data_ Final ly, the applicability of the tlu-ee computer 

codes for this spocific task is reviewed. 

5.3.1 T HE COMPUTER PROGRAMIGUN 

lGU"; (an acronym for Ion Gun) is a two-dimensional ray tradllg code that has been developed 

for ~jmulatioll of the extmetion of positive iO/ls from plasmas. A pre-proce~sor, GPED (an 

aeron)~n for Graphic Polygon Editor) for ]GUN, h~s also been developed to set lip (he lxll .• ,dary 

conditions, illdudin~ the defillition of lllt~'mal electrodes, dleledrie bOlindaries, and slanted 

l\el1fnanJl boundaries (field lmes as boundary ekment~). The b(lllndal)' input i. mesh 

indepClldetlt ~nd can usc any ~oordillatc system from a drawillg, iI11d the program accept~ any 

offsets in coordinate values. The output of e41Iipotentiab, ficld litles and particle trajectories, 

which call be u~e(1 in further runs of the progmm h~s the same offsets and u~e the same units, 

which greatly eases the orgatlization of eone~tcn~tcd runs, e.g. with higher me~h resolution in 

the pla~ma reg~on and lower mesh resolution further on downstream. Special po~t processor 

program. ~llow output to he sent to pell ploller-s, lIsing the programs HPGL and XlIPPLOT, to 

postscript printers with the program XPSPLOT. or c01werted to AUTOCAD files (AUTOC~AD 

IS the name 01" a company and CAD is '1.11 acronym for Computer Aided Design) Another 

computer progr~m, DXFPLOT, is available ror further processing ol"the dMa. 

The program has I"oUlld widespread applicatIon in the optimization of electrode design. which 

has resulted in well-acknowledged feedback ror improvements [rom users. Re~ults of 

calcul~tions with IGUN h~ve beell compared with those obtained with more cl~horate and 

expensive compliter programs at CER.~ (European Organization for Nuclear ]{esear~h) rHmlO1] 

a~ well a~ with known solutions 'I.Ild experimental data, for the same electrode geometry_ 

Although the diftCrent programs a,,'l'ee within 2% with approximate analy'ic~l solutions for 
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as well as with known solutions UIld experimental data, fur the same electrode gcometry. 

Although the diJkrclll programs agree within 2% wilh appro"imalc analytical solutions 

for spac~ -chaq;e calcul atimlS lind within one in a thousand of the maximum voltage fur 

the calculation of potential distributioll5, the calculated emiuance is 20% lower and the 

calculated transmitted current 30% higher than could experimcllIally be obtained. FiguJ\; 

5.4 shows the results oftypinl calculation that was done with the program lGUN for the 

high-voltage i<w'11ninai for the Van de GraalT accc\erator. Toc CU1TCrll at the >lecond 

collimator downstream from einzel !ern; 2, as well as the voltages onlhe electrodes well; 

specified 

l[iITfU • 
CollimalOr "" ; 

Ein,d len. 2. The inner /' 
after rl>e dime",.,"< of tl\e <Teotrode< 

I"! 1 • • , 
,- el.otmde I 
<in .. l Jen< I ! 

• 
I • 

2"' ck<;lrodc 

I ~ ~ 
"1 Gap len. clccLm'" I 

enlWU 
• j " clcclrod< 

~ •• 
cinLci len. 1 .. - Tr,",-S\'er;e ,li'pJncem"n, 

E~rrOC(ion /. 
/ - ' 

'--.. . 

. ;~ 
~~ 

~ 

DilUll"'''' 3 • 

~ ". ~ '" ... '" ." '" no ... u" ~. 

l-pt:rlur< i1t Di:;tance along tbe axis ofthe accelerator in DlIll. 

Figure 5.4 Transven;e beam dimensi:ms in Inm, in the high-vo ltage teIminal section of the Vm de 

Graaff a<;ceientoL calculated with !he program IGllN tor a round ion source apcltun; of 3 DlIll 

d;lUIIeter. The potential differenc~s betwreu the el<:ctrodes ill the ligure are the sam!': as in !he 

accel~mlor, but the absolute values diller. The ion SOlUce, as well as the collimator alter the Wicn 

filter, is at zero potential. The potential of the extrnctiou e lec trodtl is 5285 Volt The second 

electrode of the first einzel lens is ~t 4705 Volt. The electrode of the gap lens is at a potential of -

8325 Volt. The beam envelope up (0 ami through the: second einzel lellS is shown. The collimators 
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The vo ltages on the electrodes, obtained by optimizing the heam through the Van de Glaaff 

accelerator have been used 10 calculate Ille beam plOfile. shown III figure 5.4, with IGL;K rhe 

program adjusts the plasma density at the ion SOUrCe aperture aulomati~ally and traces the paths 

of pal1ides, taking sp'KT-charge forces into accOllllL through the electrodes and collimators, In 

the calculated beam prolile the focal poinls of the beam coincide with the positions of the two 

collimators, which IS essential for good transmission through the machine. It can therefore be 

conduded that the hc,un profile in the accelerator can be calculated with the program IGUN 

with reasonahle accuracy and thai IGI)N c~n be used for design of new eloctrode 

coni'lgurations, 

5.3.2 I'm: COlHPUTI£R PROGRAM rOSeA 

The TOSCA analysis pa'kage. for the calculation of three dimensIOnal magnetoslatic anJ 

eledrostatic fielJs, a module of the OPERA-3d integrated suite of finite element software for 

3D electromagnetic design, analysis anJ simulation, IS a commercial software product from 

Vector Fields in the U.K, IVec04l- The TOSCA-mooule uses a discrete finite clement modcl to 

solvc partial di ITcrcntial equations gOY~TIling the beha\, ior of static electric and magnetic fields 

m three dimensions. The 3D POST-proces.\.(Ir mterfaces to the TOSCA databasc whIch contains 

lhe calculated electromagnetic field distribution and allows the user to display the results of the 

analysis in a number of \\' ays, e,g. by trackmg of pareicJ ell through the calculated fields. A set of 

standald operating values for the extraction voltage and the diflCrent lenses between the ion 

source and the accelerator tube, obtained by optimizing the beam transmission through the 

accelera(OI experimental ly, Wele used to ~alcul;]te particle orhits through the Van de Gwaff 

acceleralor. 

rhere lS very good agreem ent bet\veen results oblained wilh the programs lGUN and TOSCA 

as can be seen by comparing Ihe beam envelopes in figures 5.4 and 5,5. The ,aiculatoo 

positions of the two focal points. at the col]imatOI following the Wien filler and the collimator 

at lhe entrance of the accelerator, with TOSCA and lGUN agree within a few milllme!ern, 

although the OPERA pac.kage does ll<.lt take space-charge forces into account. The results also 

con-espond well with the mea8ll100 beam transmission through the different apertures in the 

lerminal. 

'j () 



Univ
ers

ity
 of

  C
ap

e T
ow

n

VM" ","",~"""''''''·'''' __ '~ ,"' ...... ,;, ,2t<"" •• >av .... , • • ~. ,.",,",", 

1 
• 

, 
00 

' .0 

'.0 \ 

00 ~ 
.>0 

< .0 

".0 

00 HIO.O 200.0 300.0 ~OO.O 5000 600.. 700.0 800. 0 900.0 l000.D 

Z (mm) 
Figure 5.5: Beam envelopes calculated wllh the computer program TOSCA_ The 

tr-~joctOJ;es of a number of particles with thtl S-all\tl starting position but difterent angular 

deviatiollS ale shown. The voltages on the electrodes are the Sallle lIS those which have been 

usoo with the proj!Tam fGUN in fij!ure 5.4. 

5.1.2 THE COMP(JfER PROGRAM TRANSPORT 

['or the design of beam lines. it is convenient to consider the behavior of the realn III 

phase space in addition to the dimensions and position of the beam in laboratory space_ 

r'Qr this purpose the computer program TRANSPORT is used in all major accelerator 

laboratories. The pmgralll calculates lirst-, second- and thinl--order ettects by matrix 

multiplication. Matrices ale used to describe the beam optical elements and the chal-ged 

particltl beam itsdf. fiy succa,sive ITmtri ~ multiplicatioll the transmission of particles 

through a beam line can be c~lculated. The progrum Call also vary the physic~l 

parameters of the line to fit thtl demtlHts of matrices ill omtlr to obtain values and 

conditiollS, which are specified by tre user. The progrJm culculates tre beam envelope 

and ooarn trallster matrices for thtl whole beam line, using vafUtl., fur the physical 

parameters specified hy the user. Printout of the results is also uvuil~ble on request. 

Provision is made to vary some orthe input parameters to achieve a desired tinal beam. 

Tbtl bealn envelope obtained with the program TRANSPORT fur tlxperimentally 

obtained voltage vwues for the different iellSes did not give a good ugreement with the 

other two programs 
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TOSCA and IGUN and also not with the experimental measurements. The main reason for this 

discrepancy is the way that electrostatic lenses are simulated in the program. The einzellenses 

are specified only by the voltage of the center electrode and the gap between the center 

electrode and two outer electrodes. There is no way to specify the radius of the different 

electrodes. From calculations with IGUN and TOSCA it could be shown that the radii of the 

different electrodes have a huge influence on the focusing properties of an einzel lens. The 

beam envelope calculated with the program TRANSPORT for the experimental values of 

voltages on the different lenses is shown in fig 5.6. This beam has a focal point about 40mm in 

front of the collimator following the Wien filter, but no focal point at the entrance of the 

accelerator. 

L 

1 1 

T 

I 
000 co 00 0 

000 co 00 0 0 
111 II 12 2 1 
151 19 9'1 4 9 

Figure 5.6: Beam envelope calculated with the program TRANSPORT(see Appendix B). The 

trajectories of two particles with the same starting position but different angular deviations are 

shown. The voltages on the electrodes are the same as that which have been used with the 

program IGUN in figure 5.4 and TRANSPORT in figure 5.5. 
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It is, however, possible to obtain with TRANSPORT the same beam envelopes as those 

calculated with the programs IGUN and TOSCA by artificial modification of the lengths of the 

center electrodes and the gap lengths of the different einzel lenses in the program 

TRANSPORT. The center electrodes and gap length were modified in such a way that the 

over-all length of the different einzel lenses remained the same. Figure 5.7 shows the beam 

envelope calculated with the modified gap and center electrodes lengths of the einzel lenses. 

Future calculations can now be done with TRANSPORT, which is much faster than the other 

two programs, using the modified apertures of the lenses. The results of calculations done in 

this way with TRANSPORT show satisfactory agreement with those calculations with TOSCA. 

The three computer programs can now with confidence be used to study various aspects of the 

optical characteristics of the Vande Graaff accelerator. 
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Figure 5.7: Beam envelope plots calculated with the program TRANSPORT(see Appendix B) 

through the Van de Graaffaccelerator tube. The calculations done with TRANSPORT and TOSCA 

show satisfactory agreement. 
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5.4 CALCULATION OF THE OPTICAL CHARACTERISTICS OF THE 
V AN DE GR.I\AFF ACCELERATOR 

For the calculation of the beam optics through the accelerator over its full length only the 

program TOSCA and TRANSPORT have been used, since the number of data points required 

to represent the accelerator tube exceeds the maximum number available in the program IGUN. 

The results from TOSCA can only be evaluated against the beam width measured at the exit of 

the accelerator. If the measured beam width at the exit of the accelerator agrees with the width 

calculated with TOSCA it could be accepted that the beam optical characteristics of the 

accelerator can be calculated reasonably well with the program TOSCA, especially since the 

TOSCA results for the terminal section agreed with those ofIGUN. The possibility of adapting 

the accelerator electrodes for the program TRANSPORT to match the results obtained with 

TOSCA has also been investigated. 

For calculation of the beam characteristics in the Van de Graaff accelerator the dimensions of 

the electrodes in the accelerator tube, which consists of two tubes, are required. The available 

drawings of the tubes are assembly drawings that show little detail. The dimensions were 

therefore determined by accurately measuring the electrodes in a set of spare tubes. The beam 

characteristics, as calculated above in section 5.3, at the end of the terminal section were used as 

the starting condition for the accelerator. The results of the terminal section and the accelerator 

were then combined to give an overall calculated beam envelope from the ion source to the exit 

of the accelerator. 

The beam envelope calculated with TOSCA is shown in figure. 5.8. The settings that were used 

for these calculations correspond to the experimentally determined optimal settings for the 

power supplies of the electrodes in the terminal and accelerator. The measured beam width at 

the exit of the accelerator agrees very well with the width calculated with TOSCA. 

The dimensions of the gaps between the first few electrodes of the first accelerator tube were 

modified in the program TRANSPORT to obtain similar focusing conditions at the exit of the 

accelerator as with the program TOSCA. The beam envelope calculated with TRANSPORT, 

with the modification to the gap lengths, is shown in figure 5.9. The correlation with TOSCA is 

good and in the future the transport input file can be used to calculate beam envelopes in the 

Vande Graaff accelerator for different settings of the electrode potentials. It is much faster to 

do the calculation with TRANSPORT than with the program TOSCA. 
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Figure 5.8: The beam pmfile from the ion source t(} the e"it of the accelerator, calculated with 
the progmm TOSCA. The beam width and the tocusing condition of the beam at the e"it of the 
accelerator agree very well with the measured beam protile_ 

5.1 MODIFICATION OF THE VAN DE GRAAFF ACClo:LERATOR FOR 
HIGHER Blo:AM CURRlo:J~TS OVlo:R A WlDlo:R ENERGY RANGE 

5.5.1 INTRODUCTION 

With the beam beh~vi(}r in the accelemtor now fully understood, the poor beam transmission 

through the accelerator ~t terminal voltages below 3 MV and me anS (}f increasing the beam 

intensity available from the accelerator ean be investigated_ During operation of the aceelerator 

over a period (}f years it was fuund impossib le to match the berun emittance ~t the exit of the 

accelerator to the admittance (}fthe beam hue, at e"traction voltages of more than 5 kV, wit h the 

preoclll design of the lens eie<:trode configumti(}n and power supplies_ Limiting the extraction 

voltage to less than 5 kV has a strong influence on the m""imurn beam current that can he obtmned 

from the iilll source and therefore on the beam intensity ~vailub le from the accelerator. 

Modifications 10 the lenses in the lenn inal section of the acceicr.ltor to s(}1 ve these 
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problems will be investigated, mainly by doing beam envelope calculations with the programs 

TaSCA. 
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Figure 5.9: The beam profile calculated with the program TRANSPORT from the ion source 

to the exit of the Vande Graaff accelerator. The gaps of all the einzel lenses, as well as the first 

few acceleration gaps of the accelerator tube, were modified to yield the same beam profile as 

that calculated with the program TaSCA. 

5.5.2 BEAM TRANSMISSION THROUGH THE ACCELERATOR AT TERMINAL 

VOLTAGES BELOW 3 MV 

To investigate the poor transmission through the accelerator at terminal voltage below 3 MV the 
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beam profile from the ion source to the exit of the accelerator was calculated with the program 

TOSCA, using experimentally determined voltages for the different lenses as starting 

conditions. By linear scaling of the ion source extraction voltage and the voltages of the 

electrostatic lenses in the terminal section with the terminal voltage of the Van de Graaff 

accelerator the beam envelope in the accelerator remains constant as expected. It is therefore 

clear that there is nothing inherently wrong with beam focusing in accelerator. However, it 

follows from these calculations that the proper beam focus at the exit of the accelerator can only 

be obtained with the correct focusing condition at the entrance of the accelerator as well as the 

correct injection energy into the accelerator. 

With the current layout it is possible to get the correct focusing condition at injection into the 

accelerator, but not the required beam energy. There are two parameters that influence the 

injection energy: the extraction voltage and the voltage on the gap lens. For lower terminal 

voltages the voltage on the gap lens has to be decreased linearly with the terminal voltage to 

keep the beam focus at injection constant, and can therefore not be used in addition to adjust the 

injection energy. The only other parameter with which the injection energy can be varied is the 

extraction voltage of the ion source. Lowering the extraction voltage below SkV has, however, 

a detrimental effect on the beam intensity that can be extracted from the ion source. Therefore, 

to extract sufficient beam current from the source the extraction voltage has to remain above 

SkV with the consequence that the injection energy into the accelerator is too high. Working 

with a higher extraction voltage than required for injection into the accelerator implies that the 

voltage on the gap lens has to be increased to give the correct beam focus at injection, but this 

would increase the injection energy even further. With much too high injection energy the 

beam is no longer properly focused in the acceiera,tor. This is the reason for the poor beam 

transmission through the accelerator and also why the beam at the exit of the accelerator is also 

not properly matched to the beam line. 

5.5.3 IMPROVEMENT OF BEAM TRANSMISSION THROUGH THE 

ACCELERATOR AT TERMINAL VOLTAGES BELOW 3 MV AND ENHANCEMENT 

OF THE BEAM CURRENT 

To solve the problem ofthe injection energy into the accelerator a method is needed with which 

the injection energy can be adjusted, preferably without varying the beam focus in the terminal 

section. For this an additional focusing element is needed in the terminal section. By installing 

an additional focusing element close to the gap lens this additional lens can fulfill the focusing 
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properties of the gap lens and the gap lens together with the extraction voltage can then be used 

to adjust the injection energy of the beam at the entrance to the accelerator. Although the gap 

lens would still have some influence on the focusing this could easily be corrected by 

adjustment of the focal strength ofthe additional einzellens. 

With the present layout of the terminal section extensive changes have to be made to install an 

additional lens. To solve this problem with the minimum interruption to the normal operating 

schedule the possibility of using some of the buncher electrodes as an additional lens has been 

investigated. The buncher consists of three electrodes. The alternating voltage for acceleration 

of pulsed beams is applied to the central electrode. The first electrode is at ground potential. 

An additional einzellens can be implemented by using the first electrode of the buncher as the 

central electrode of an einzellens. The collimator that follows the Wien filter could be the first 

electrode of the einzel lens and the central electrode of the buncher the third electrode of the 

einzellens. The position of the additional einzellength is shown in figure 5.2. 

With this configuration of the additional einzel lens a large number of beam envelopes have 

been calculated. These calculations show that the injection energy as well as the focusing can 

be adjusted independently. Figures 5.10 and 5.11 show beam envelopes from the ion source to 

the exit of the accelerator for different extraction voltages of the ion source, as calculated with 

the program TOSCA, are numbered 1-6 correspond to initial divergence values ranging from 20 

to 2mrad, respectively. A, B, C and D indicate einzel lens 1, the additional lens, the gap lens 

and einzellens 2, respectively. The beam width and the focusing condition of the beam at the 

exit of the accelerator agree very well with the measured beam profile. The results are in 

agreement with those calculated with the program TRANSPORT. The beam profiles through 

the acce,lerator in the two cases are practically the same because the injection energy into th~ 

accelerator is scaled according to the energy of the accelerator and the focusing condition at 

injection into the accelerator is practically the same for both cases. The injection energy was 

matched by using the gap lens and the focusing at injection was matched by using the additional 

einzellens. With this additional lens it is now possible to increase the extraction voltage to a 

value that extracts sufficient beam intensity from the ion source and while the injection energy 

and the focus of the beam remain matched to the accelerator. 

5.5.4 RESULTS OF MEASUREMENTS 

An additional high voltage power supply was installed in the high-voltage terminal, where space 

IS severely limited, to implement the additional einzel lens. The first measurements 
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with the additional lens gave a huge increase in the beam current and also a well-matched beam 

at the exit of the accelerator. The first measurements with the additional lens yielded a factor 

two increase in the beam current as wen as a well-matched beam at the exit of the accelerator. 

The beam brightness increased by a factor of more than three to a maximum value of 26 

pAl(JlIl12mrad2MeV) for a beam intensity of 700 pA and typical settings of the microprobe and 

spot size of 2-3 JlIl1. This is a factor more than 3 to 4 increase in beam intensity. In the future it 

will be possible to increase the beam current at the exit of the accelerator even further by 

operating the accelerator with higher extraction voltages. At the moment it is, however, not 

possible because the output of the power supply of the additional einzellens is limited to only 3 

kV and it is running close to its maximum value. In the near future, middle of2005, the power 

supply will be upgraded to 6 kV, at which operation with higher extraction voltages, and 

therefore higher beam intensities from the ion source, will be possible. The beam current 

delivered by the accelerator will also improve. 
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Figure 5.10: The beam envelopes from the ion source to the exit accelerator, as calculated with the 

program TOSCA, are numbered 1-5 correspond to initial divergence values ranging from 20 to 

2mrad, respectively. A, B, C, and D indicate einzellens 1, the additional lens, the gap lens and einzel 

lens 2, respectively. The effect of the additional lens B can clearly been seen. The beam width and 

the focusing condition of the beam at the exit of the accelerator agree very wen with the measured 

beam profile. The beam energy is 2 MeV at the exit of the accelerator 
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Figure 5.11: The beam envelopes from the ion source to the exit accelerator, as calculated with the 

program TOSCA, are numbered 1-6 correspond to initial divergence values ranging from 20 to 

2mrad, respectively. A, B, C, and D indicate einzellens 1, the additional lens, the gap lens and einzel 

lens 2. respectively. The additional lens B is not switched on. The effect ofthe additional lens B can 

clearly be seen. The beam width and the focusing condition of the beam at the exit of the accelerator 

agree very well with the measured beam profile. The beam energy at the end of the accelerator is 3 

MeV 

Beam tuning in the accelerator is now much less time-consuming, due to the fact that the 

focusing of the beam and the injection energy of the beam is decoupled. In the past when the 

gap lens was set for the focusing the injection energy change and thus all the elements in the 

terminal section that follow the gap lens have to be changed to compensate for the change in 

energy. With the present lens configuration the gap lens and the extraction voltage are adjusted 

for the required injection energy. Thereafter the additional einzel lens and einzel lens two are 

adjusted to match the beam to the accelerator. This is a much faster procedure than in the past. 

Since twice as much beam as in the past is now available it is no longer necessary to fine tune 

the machine for hours on end to obtain sufficient beam intensity. Even with the focusing and 

steering elements not properly set up the intensity gain is still more than 50% compared to what 

it used to be in the past. The setup time has therefore also been reduced since fine-tuning of the 

optical elements is no longer necessary to achieve the required beam intensity. 

69 



Univ
ers

ity
 of

  C
ap

e T
ow

n

6. CONCLUSIONS 

The dimensions of the electrodes and the distances between them were measured and 

documented for calculation of the beam optical characteristics of the accelerator. Different 

computer programs have been used for these calculations from the ion source through the 

tenninal section, the accelerator and beam line up to the Nuclear Microprobe (NMP). The 

results obtained with the computer programs IGUN, which includes space-charge effects, and 

TOSCA yielded similar results for the beam optics in the terminal section and compared very 

well with the experimentally determined optimum voltages on the different lenses. The 

computer program TRANSPORT is, however, not suitable for accurate calculation of beam 

profiles through complex electrostatic lenses, because no provision is made in the program for 

different lens shapes. The only parameters that can be specified in TRANSPORT are the 

voltage and the gap widths between the different sections of a lens. However, if the beam 

envelope is known from calculations with the programs TOSCA or IGUN, the gap sizes of the 

different lenses can be adapted to yield the same beam envelope with TRANSPORT as obtained 

with TOSCA and IGUN. With these modified gap sizes known further calculations for 

different energies and lens settings can be done with TRANSPORT, which is easier and faster 

to use. 

Once the beam characteristics from the ion source through the accelerator could be calculated 

accurately and were fully understood, the problems experienced in the past with poor beam 

transmission below terminal voltages of 3 MV and the limitation of the maximum extraction 

voltage to 5 kV could be explained. A simple and complete solution to these problems was 

found by using existing electrodes in the terminal section, and without modifying this very 

complex structure, as an additional einzel lens. Higher beam currents are now available, 

tenninal voltages below 3 MV can be used without deterioration of the beam characteristics and 

the voltages on the electrodes are no longer critical. 

Detailed and accurate knowledge of the beam characteristics in the accelerator from the source 

to the exit are now available and can, together with the measured ion source characteristics 

discussed in the previous chapter, be used for future development work. 
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Chapter 6 

THEORETICAL BACKGROUND ON NUCLEAR 
MICROPROBE APPLIED TO BIO-MEDICAL MATERIALS 

6.1 INTRODUCTION 

The Nuclear Microprobe (NMP) is an accelerator based technique used for elemental 

microanalysis, with imaging capabilities and particularly suitable for the measurement of 

trace elements in bio-medical tissues [Wat87, Joh95,]. World-wide in the last two 

decades it has been applied extensively in areas such as materials science, geology and 

archaeometry, and has currently found a prominent role in the biomedical sciences where 

a relatively high resolution probe and adequate detection limits are required [Vis84, 

Lla98, ProOO]. 

It makes use of the numerous types of prompt-emitted radiations resulting from the 

interaction of MeV charged particles with matter. Particle Induced X-ray Emission 

(PIXE), Proton Backscattering Spectrometry (p-BS), Particle Induced Gamma-ray 

Emission (PIGE), Nuclear Reaction Analysis (NRA), are techniques which can be 

simultaneously carried out using a particle microbeam. The NMP competes with many 

other techniques available for high-resolution characterization of materials, and therefore 

it has become essential to equip this instrument with the latest technologies available to 

stay competitive. It has also become clear that the NMP has superior performance in 

particular areas of application such as in biology and medicine [Mor96, Prz99, ProOO]. 

A major goal for research in bio-medical science over the last few decades has been to 

quantify the concentration of elements, particularly trace elements (TE) in human tissues. 

Considerable amount of research has been carried out to elucidate the effect of 

accumulation of certain trace elements in human organs and tissues [Lla98, Moi96, 
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Vis84]. Both deficiencies and excesses of the concentration of these TE may induce a 

wide range of pathological disorders in the human body which will detrimentally affect 

the standard of health as a whole. On the other hand these toxic elements are known to be 

harmful even at extremely low concentrations [Vis84]. For these reasons trace element 

analysis by ion beam techniques has become important both in medical research and as a 

diagnostic tool [Nur 01, Lla98, Bar96]. 

The nuclear microprobe, with its high sensitivity, remarkable quantitative accuracy and 

useful structural imaging capabilities, is at present one of the most valuable instrumental 

methodologies to carry on or develop new interesting cross-disciplinary between nuclear 

microscopy and medical studies. Research problems such as the study of kidney 

concretions, teeth erosion in children or hair trace elements profiling are some of the 

many applications where NMP allows measurements with excellent scanning capabilities, 

particularly for elements heavier than magnesium [Bar 96]. 

The NMP unit at iThemba LABS has for many years focused its research programmes on 

studies of biological material, ranging from applications in medicine to agriculture and 

botany. Recent optimization work on the VDG accelerator optic systems has improved 

the quality of critical physical parameters such as the aberration components of the beam 

pulse and therefore facilitate the increase on beam resolution at target surface (see Chap. 

4 and 5). Coupled with aU the improved optimal properties, the NMP globally and at 

Ithemba LABS in particular has become in the last decade, an established tool for a 

variety of applications related to the characterization of hard and soft human tissue as 

well as the TE variability in relation to the respective medical problematic. 

A number of analytical techniques has been implemented at the NMP, iThemba LABS 

where highly energetic ions (H+, Hz+, He+ with energy per nucleon of ~1.5 -3 MeV) are 

used to irradiate and characterise sample materials. These ions penetrating the target 

interact with orbital electrons and nuclei of the elements present in the irradiated target 

volume. This leads to excitation of orbital electronic shells and sub-shells (figure 6.1), 

which rearrange after spontaneous emission of electromagnetic radiation (X-rays, Auger 

electrons and light). Furthermore the ions can be backscattered by the nuclei or even 
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e"cite nuclei, which results in tlr emission of r mys, X-mys and secondUl)' punicles. 

Since the inter~ction processes depend on the encountered aloms, on the structure of the 

sample and on the son and errrgy of ions, the detection of and energy quantific<!l:jon of 

these secondary produCIS allow, the determil~lion of the eJement..l content and their 

distnllUtion in ~ sample. IBut97]. The most imp<lItant techniques used <If rtherma LABS 

will be described in the lied section, below. 

• 
RB5'~~ 

• • • 
• SEI 

• nucleus 
• dcctrun 

• ion 

PIGE 

largel 

• 

PIXE 

Figu.,; (6.1) SchelllaJic illustmtion of tlr origin of tbe lun Beam 
Analytical Methods. Proton Indue..:! Gamma-ray Emission (PIGE), 
Rutilert(lrfun! BackscaJtcring (RBS), Proton Induced X-r.ly Emission 
(PIXEl, Scanlling TransmissioIl ion Microscopy (STIM), SCaJllling 
Electron Imaging (SEI), and lonoluminescence (IL) IBut971 

6.2. PARTICLE-INDUCED X-RA Y EMISSION (PIXl.:) 

II 

PIXE is an an~lytical method based on aJomic physics principles. The specimen to he 

analyzed is nradiatoo by acceler.lted, charged particles (ie. protons). Characteristic X­

rays are produced by lbe cleaJion of vac~ncie8 in the inner el~tmll shells, followed by 
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the subsequent filling of those vacancies by the less tightly bound electrons from outer 

shells. Since the energy of the X-rays is equal to the energy difference between binding 

energies of the electrons in the two shells, each element has a set of characteristic X-rays 

which are energetically unique. These can be analyzed with the aid of a suitable energy­

dispersive spectrometer system [Joh95]. Electron vacancies in atoms can be generated 

with photons, X-ray Fluorescence (XRF), or with charged particles (PIXE). Several 

books about the theory and practice of the PIXE principles are available in the literature 

[Joh88, Joh95]. 

Protons emerging from the Van de Graaff accelerator are injected into the beamline 

through an analyzing magnet and then directed horizontally over a distance of several 

meters to the specimen chamber by simple magnetic or electrostatic dipole steering 

elements (refer to Chapter 1-5 for more detailed information). A very important aspect of 

PIXE is the sensitivity that can be achieved under normal routine operating conditions. 

The main limitation of its sensitivity is the amount of background (secondary electron 

and bremsstrahlung) interfering with the characteristic X-ray lines. 

There are a number of significant sources of background, which contribute to the 

experimental background. The projectile bremsstrahlung arises from scattering with 

nuclei in the target and contributes a fairly uniform flat background over the whole 

energy range of the X-ray spectrum. Moreover the intensity of this background is lower 

than for an electron beam by about six orders of magnitude [Wat87]. The PIXE method 

has the advantage that it is multielemental and yields results for a wide range of elements 

in a single irradiation. The simplest case is that of a thin film, in which matrix effects are 

negligible. 

6.2.1. THICK TARGET PIXE (TTPIXE) 

The application of PIXE for the determination of elemental composition in thick target 

materials is often referred to as thick target PIXE (TTPIXE). As for thin films, most of 

the advantages are retained for thick targets. However, heat-sensitive specimens may be 

damaged during irradiation and the detection limits for some elements may be 
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detrimentally affected, due to the intense low energy background generated by fast 

secondary electrons. The methodology of TIPIXE used in the macro-mode can equally 

be applied in the micro-mode. However, even though the principles of the technique are 

applicable in both environments, some effects, often neglected in the macro-mode using 

unfocused ion beams, can determine the accuracy in the micro-mode [Pei87, Pin92, 

Cam90, Joh9S], in particular the problem of pile-up and sum peaks. 

Several ways to deal with this exist but the most popular is the use of electron 

suppreSSIOn nng (applied voltage of -1500 V) with carbon coating of the surface 

specimen. With this in mind the quantitative evaluation of the elemental X-ray yields and 

concentrations in a thick-target requires a very good understanding and knowledge of the 

matrix composition under investigation. In order to better understand the quantification of 

elemental concentrations in TTPIXE the evaluation of the simpler thin-target case 

algorithm will be described followed by the full description of the thick target case. 

A thin material is defined as one in which the energy loss of a bombarding proton beam 

is negligible. The X-ray yield, Yo(Zj (in counts per second), for an element with atomic 

number Z and atomic mass Az, in a thin film of areal density Ma (Z) (in Ilg.cm-2), 

bombarded with proton beams of energy Eo (in MeV) is given by 

Where, 

Np is the bombarding CU1Tent (in protons per second), 

u[(Z,E) is the ionization cross section of element Z, at energy E, 

mz is the fluorescence yield, 

hz is the branching ratio, 

Sz is the detection efficiency for the measured X-rays, 

NA is the Avogadro's number, 

Q is the solid angle subtended by the detector, 
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" i, the transmission rraction with T" e-!+'x : iiris the total m~ss alleJlllaiion coefficient 

and X is the depth within ta: target from which the X-ray lineoriginale. 

If we define the c01l5tant faclOr k(Z) which includes geometrical f.ICtors and yield 

constants, by: 

(6.2) 

then 

(6.3) 

T is the transmission factor and h~s the value of unity when there is no absorption of the 

measured X-my withill the target material. Table (6.1) shows the tr.!nsmi"ion fractions 

for the Kaline of elements with 20 <:; Z <; 38 through an Al (102 ~) and a Be (125 ~m) 

absOIi>ers, which are the most frequently used in this wod;:. The K-shell ionization cross 

sections for 3.0 MeV protOl1'l are also shown to emphasise tile excitation function of 

lighter elements which are absmbed by the two difTen::nt absorbing materials. Similarly 

values fur the mentioned parameters of the L-shell are presenred for lead. The 

transmission fdCton; even for protOll energy loss of tew hundredth of keV from lighter 

e lenlCnt, such as Ca 10 Cr, is still significant. 

1.20 ,-----------

>'00 
" " " " " " .,.-" " " " I2S He 

0 0.80 
.~ 
.~ 060 
• 0 , 

0.40 " 
0,20 

000 , , , , " " " 
Energy(KeVJ 

Figure(6.2) Relationship between lhe tmrn;missioo fraction and the eJlCrgy of Ku X­
mys for clements with 20 <:; Z ~ 38 going through AI (102 ~) and Be (125 ~m) 
absorbers. NO{e that although the threshold for X-ray Imn'mission OCCurs at -6keV 
elelJll."nts wilh X-ray energies lower than this value may be detected at approprime 
beam currents. 
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Figure (6.2) shows the relation between the excitation energy and the absorption due to 

102 Ilm Al and 125 Ilm Be absorbers. Note that although the threshold for X-ray 

transmission occurs at -6 keV, elements with X-ray energies lower than this value may 

be detected at appropriate beam current rates. For a finite thin target, in which the 

bombarding beam losses a small amount of energy, and the X-ray production cross 

section undergoes a variation of only a few percent, the final energy, Ee, is approximately 

the same as the initial energy Eo (the bombarding energy). 

Table (6.1): Transmission factors (in %) for the Ka line of elements with 20::;; Z ::;; 38 
through Al (102 Ilm) and a Be (125 Ilm) absorbers. The K-shell ionization cross 
sections for 3.0 MeV protons are shown as well to emphasise the excitation function 
of lighter elements which are absorbed by the two different absorbing materials. 
Similarly values for the mentioned parameters of the L-shell are presented for lead. 

Transmission Fraction- CTE(Z) (Barns)b 
Z Az Ka (keV) 

AI (102Ilm) Be (125Ilm) 
(Ep=3.0 MeV) 

(at the surface) 

Ca 20 3.69 4.621xlO-o 0.79 2.978xlO
j 

Sc 21 4.09 9.796x1O':> 0.84 2. 178x 10.1 

Ti 22 4.51 8.862x1O-4 0.88 1.614x10j 

V 23 4.95 4.441xl0·j 
0.90 1.197x1O.1 

Cr 24 5.41 1.464xlO·l 0.92 8.921 X 102: 

Mn 25 5.89 3.589x1O'J 0.94 6.672x1O" 

Fe 26 6.39 7.091x1O-2 0.95 5.022xlO" 

Co 27 6.92 0.12 0.96 3.796x1O" 

Ni 28 7.47 0.18 0.97 2.879xlOl 

Cu 29" 8.04 0.25 0.98 2.196x 102: 

Zn 30 8.63 0.32 0.98 1.676 x 102: 

As 33 10.53 0.52 0.99 7.593x101 

Se 34 11.20 0.57 0.99 5.878x101 

Br 35 11.90 0.63 0.99 4.569xlOI 

Sr 38 14.13 0.67 0.995 2.184x10 1 

PbLa 82 1O.50c 0.52 0.993 1.377xlO I 

a. Values were calculated WIth by the subroutine ABSCO, GeoPIXE [Rya90b]. 
b. Cross-sections values are taken from [Coh85]. 
c. Value for the LaX-ray line ofPb. 
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In this case the areal density can be re-defined as p(Z)dx where p(Z) is the density of 

the element Z in the sample and dx can be considered as the thickness of an infinitesimal 

layer of the target material, i.e. Ef ::::: Eo and Ma (Z) == p(Z)dx 

In the portion of its path from depth Xi to Xi +dxi the proton energy falls fromE; 

to Ei - dEi and the relationship between Xi and E; is 

(6.4) 

Where SeE) is the matrix stopping power in eV per unit thickness and Pi is the total 

target density. 

By definition p(Z) is the trace element concentration Cz • Then the mass of the trace 
p 

element per unit area in the slice (Xi' Xi + dx ) is, 

dE 
p(Z)dx = C­

Z SeE) 

Now equation 6.3 can be written as: 

dE 
Yo(Z) = Npk(Z) oAEo ,Z) Cz --T 

SeE) 

(6.5) 

(6.6) 

For any layer, i, of thickness tillj , in a thick target, the yield of X-rays from element Z is 

given by 

(6.7) 

where T(E;) is the absorption from a depth Xj of the matrix. 

The thick target material may be considered as consisting of n layers, in each of which 

the bombarding beam loses an equal amount of energy, till, and in which the mean 

energy, Ej is considered to be constant over the entire layer. Then the total X-ray yield 

for element Z resulting from the generation of X-rays from all the n layers is equal to 

Y(Z) ::::: N k(Z)C Eo ~ ()" (E Z) T(E) 
p z n -£t / I' SeE) 

(6.8) 

This summation can be converted to: 
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(6.9) 

Multiplying and dividing by the ionisation cross section at the surface O'(Eo'Z) which is 

approximately constant then the X-ray yield can be expressed in terms of a unitless 

relative ionization cross section O'R(E,Z) , 

Y(Z) = N K(Z)C °sO'R(E,Z)T(E)dE 
P Z Eo SeE) 

(6.10) 

Where K(Z) = k(Z)O'(Eo'Z) is known as the geometrical factor or sensitivity factor 

which determine the level of sensitivity of the PlXE detection system. Its variation with 

X-ray energy and for different proton energy is shown in Fig. 6.3. The maxima at 1,2,3 

and 4 MeV occur for X-ray energies which correspond to Ti, Cr, Mn and Fe respectively. 

Equation 6.10 can also be written as, 

(6.11) 

Where I(Z) is the integral dependent on the matrix type of the sample material and 

denotes a matrix correction factor (MCF) for the yield Y in thick targets. [Pin92]. 
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Figure 6.3 The variation with the energy of Ka X-rays of the sensitivity factors, 
K(Z) for proton bombarding energies of 1,2,3 and 4 MeV [Pin92]. 
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Writing the inverse function of feZ) as F(Z) = f(Zrl , the plotted values of these inverse 

MCF as a function of X-ray energy for each element with 20 < Z < 56 and for different 

proton bombarding energies are shown in Fig. 6.4. It should be noted that the corrections 

due to matrix effects increase rapidly for light elements (ex: Na, Mg, AI), making it more 

difficult to quantify such elements. This has to be taken into consideration for the 

estimation of concentration errors (see section 6.2.3) which is heavily dependent on 

theoretical databases. 

6.0 

:!lUll l1li.. 1.0 MeV 
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lC )c lOC 3. D tie V 
............. 4.1l MeV 

5. D 
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~ 
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0 s 1 a 115 ::ill 25 
K X-ray Energy / Kev 

Figure 6.4 The variation of F(Z)-values with the Ku X-ray energy for the 
bombardment of carbon-rich materials with protons between 1 and 4 MeV 
[Pin92]. 

6.2.2 SOFTWARE FOR EVALUATION OF PIXE SPECTRA 

There are several computer codes available world-wide for the evaluation of PIXE 

spectra from which GUPIX [CamOO] and GeoPIXE [Rya90b, Rya02a] are the two most 

commonly used at international laboratories. The first generation of the GeoPIXE 

algorithm was released on 1990 [Rya90b]. This version was implemented for use with the 
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VMS Digital 1>1icroComputer platfonn at i'l hemba l.ABS [Chu931, wilh a windows-like 

(iLl!. The basic databases for physical parameters required for calculation., w~re .,lorOO a" 

P<)ll"(~nial a" well as Jired ml~'YJ")lalion from dala lables. The exdllsive need for V\1S 

platform wa.' a limitin~ factor, although the 80ftware wa, applicabk 10 onlin~ analysis as 

well as evenl by event mooe, The (ieoPlXE cooe has lhree main sub-program.' (8ee Fig. 

6.5): 1) FL"'-SH, is an inleradive s~clrllm Jisplay and maniplLlation program; 2) 

P1XFJ'lT i, a hatch mode I'IXL spectrum fittin~ program; 3) LAYFR, peri()l111 Ihe X­

ray yield calculatiOI1 by integ[atin~ X-ray produclion over the path ofthe protOI1 bmm. 

, 
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Figure 6.5 Flow of dau. manipulalion Iru-OIlgh thr Gcol'lXE C<}(lc. Bll:Sic inplll 
infurmation: datahase', initial maIri" c"mIX"ili"" and 'pecln,m data, are med by 
the main 8ub-program" TA YU:', I'lXl:!-FH and .FLASH. Final rcp"rt of elemental 
conc~1Uration is givel1 by (mo TRACE (diagram !TI()dif,ed from "'iginal 
[Ray'IQbJ). 

IncllLdes self-absorption and secorulary f1uoTesccnc~ dlcCL, arul call Ireal mllllilayereJ 

targets. A unique fealUrt: of GeoP1XL ;8 that X-ray yield8 are prl:calculaled for every X_ 

ray lill~ I1f K and I, socii s. lip to I G j lines and ') K Iill e8 are treaterL 

Sin~"C elemental concentrations evalualil1n III (j~oPIXF Jepcllds ocavlly on thcoretical 

and experimental values for physical parameters, databases qlLality-values for lhese 
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parameters have to be acceptable. GeoPlXE build-in database-sources for most relevant 

parameters are: 1) stopping power S(E) parametrisation by [And77]; mass attenuation 

coefficients f.tr by [Thi67]; X-ray production cross sections expressed in terms of the 

ECPSSR ionization cross sections by [CohS5]; fluorescence yields lVz by [Kra79]; 

branching ratios bz by [SaI74] for K lines and relative intensities [CohS6, CohS7] for the 

case of L lines. A detailed discussion on the accuracy of these parameters will be given in 

section 6.2.4. 

An initial pass PIXE data analysis approach is used which usually incorporates the major 

element composition of the sample determined by Electron microprobe (EMP) prior to 

NMP analysis. This composition can be used as a first approximation for the matrix 

composition and later optimized by software iteration. Furthermore this optimized 

composition is used to calculate the correct X-ray yields and relative intensities of all the 

X-ray lines required for all pre-determined elements (see Fig. 6.5). In cases where self­

absorption and secondary fluorescence are not severe, a representative composition is 

used to calculate yields for the analysis .of sample materials of similar composition. The 

calculated relative intensities are used in the least square fit to deconvolute the spectrum. 

The most important feature of this deconvolution is the use of a fixed background 

evaluated from the same spectrum using the Statistical Non-linear Iterative Peak-clipping 

(SNIP) algorithm [Rya90a]. This background treatment takes particular care to treat 

statistical fluctuations to provide a reliable approximation of the continuum background 

under peaks, even in regions ofthe spectrum with low counts. [Rya90a]. 

A new generation of the software package; GeoPIXE II [Rya02b] has been released for 

quantitative PIXE image and analysis using the dynamic analysis (DA) method [Rya93]. 

This algorithm is written on the IDL language, with more flexibility for usage in different 

platforms. It provides sorting oflist-mode (event-by-event) data, projection of 

quantitative images, extraction of concentration averages and line projections from 

arbitrary regions, correction for various spatial matrix effects, and export and reporting 

options for different users systems. Basically GeoPlXE II [Rya02b] is similar to the first 

version [Rya90a] as far as the flow structure of the algorithm. It calculates X-ray relative 

intensities in a similar way following the data flow shown in Fig. 6.5. The strength of 

GeoPIXE II depends on the user-friendly interface as wen as a flexible environment for 
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PIXE spectra analyses, generation of elemental maps using the DA method and image 

display and output into various formats. An additional bonus is the ability to extract 

quantitative data from elemental maps interactively. More detail information about the 

operation ofGeoPIXE II can be found in [Rya02b]. 

6.2.2.1 THE DYNAMIC ANALYSIS METHOD 

Before 1993 traditional PIXE deconvolution software at iThemba LABS worked on 

analysis performed in single point and/or scanning mode without continuous feedback 

and evaluation of elemental maps based on energy gates on selected X-ray lines. Spectra 

were evaluated off-line usually relaying on SRM. The introduction of GeoPIXE solved 

the problem of continuity and Dynamic Analysis (DA) solved the problem of peak-to­

peak interference due to the use of energy gating [Rya93]. The DA scheme performed 

spectrum decomposition in live time that provides a good approximation to a nonlinear 

least-squares fit (LSF) treatment as the data accumulate [Rya93]. Next section 6.2.2.2 

below will describe the formalism ofDA. 

The GeoPIXE sub-routine PIXE-FIT generates a dynamic analysis transform matrix. 

This enables the projection of list-mode, or event-by-event data (EVT data files) directly 

onto quantitative elemental images. This process resolves element overlaps, strongly 

rejecting artifacts from overlapping elements and detector response effects (escape peaks, 

tails and pile up). The results are quantitative images in ppm. J.tC units. Furthermore, 

GeoPlXE II accumulates concentration variance images (at half resolution to minimize 

memory usage), so that error estimates and detection limits can be provided for aU 

extracted concentration values and line profile projections [Rya02a]. 

6.2.2.2 DYNAMIC ANALYSIS FORMALISM 

The quantitative analysis of a typical PIXE spectrum involves fitting the spectrum with 

an analytical functionf(i ;a) that includes terms representing the line-shape contributions 

for each element, including detector artifacts, plus a background term . In general, this 

formulation is nonlinear in the adjustable parameters ak in the vector a, which are 

obtained iteratively by varying a until Z2 is minimized. If the function is linear in its 
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parameters, or if the nonlinear parameters have converged in prior nonlinear iterations 

and can be fixed, then a linear least-squares treatment can be used. 

The condition of X2 minimum in a linear-squares fit to a PIXE spectrum, viz. BX2 =0 for 
Bak 

all ak, leads to values of the ak at the minimum satisfying the equations 

II Wi (a}; I Baj)(B.t; I Bak)ak ::: I wi(B.t; I Baj)Sj (6.12) 

Here,f = j(i; a), Sj is the channel count and Wi is the statistical weight at each channel i, 

where i spans the fitted channel range of the spectrum. The parameters ak represent the 

peak-area of the major X-ray line for each element and the strength of the background 

term. This can be cast as the matrix equation 

aa = pS (6.13) 

in terms of the spectrum vector S and the matrices a and P , with elements given by 

ajk = I Wj-1pjiPId (6.14) 
i 

Inverting a yields the vector a 

a = a-IpS (6.16) 

The parameter ak, representing the major-line peak-area for element k, is related to Ck, the 

concentration of element k, by the equation 

(6.17) 

Here, Q is the integrated beam charge, nand 8
k 

are the detector solid-angle and 

efficiency, ~ is the filter transmission, and ~ is the PIXE yield per ppm of element k, 

per unit charge and detector solid-angle. Combining Equations. (6.16) and (6.17) yields a 

matrix equation for the vector C, 

In terms of a matrix r . The elements of r are given by 

rid = (.Qck~~tlIa-l,1g'Pjl 
j 
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Eq. (6.18) is a matrix equation which transfonns directly from spectrum vector S to 

concentration vector C [Rya93]. 

The r matrix is calculated using the least-squares fit program PIXE_FIT (see Fig 6.5). 

The assumption is made that the matrix r , is precalculated using a representative master 

spectrum to set the statistical weights for each X-ray line, and can be used to interpret 

spectra with varying peak areas. These on-line calculation for each PIXE spectrum per 

pixel take about 2 seconds [Rya90b, Rya95]. 

6.2.2.3 OVERLAP-RESOLVED ELEMENTAL IMAGING 

Events are processed as (e, x, y) triplets, where e is the channel number of the detected 

event in the X-ray detector pre-amplifier and (x,y) are the coordinates of event e. Equa. 

6.18 therefore, pennit the calculation of on-line elemental imaging data. For each pixel 

the instantaneous charge Q is collected and mapping data is nonnalized to this value. For 

every scanning pass the contribution of each element is stored and this increment is added 

to the total concentration at each pixel. In this way elemental distribution images can be 

generated which are: 1) inherently element overlap-resolved and background-substracted; 

2) quantitative to within a small yield correction (see discussion in next section); 3) and 

images are fonned directly as data accumulate [GeoPIXE, Rya95]. In other words each 

image is a close representation of the distribution of a single element, free of artifacts 

created by element overlaps, tails, escape peaks and background. With the modem 

version GeoPIXE II, the above imaging evaluation is less cumbersome since re­

construction of imaging can be perfonned off-line on list mode files [Rya02a]. 

6.2.3. ACCURACY OF THE TTPIXE TECHNIQUE 

The development of modem computer codes for the quasi-quantitative deconvolution of 

PIXE spectra generated much interest on standardless techniques in which the 

mathematical process of calculation of elemental concentrations depend heavily on the 

accurate knowledge of physical parameters involved in Equation 6.10 [Max89, Rya90b]. 

From all these parameters (G'I (EI' Z), S(E), Pr. Wz ,bz ) the ionization cross section is the 

most critical. While theoretical X-ray relative intensities obtained (by PIXE_FIT) using 
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the known databases for those parameters (see section 6.2.3), for each element and every 

X-ray line, discrepancies may occur between the theoretical and experimental values. 

These variations from the experimental values may lead to errors of up to ~ 1 03 ppm for 

certain elements [R ya90b]. 

GeoPIXE' main task is to recalculate X-ray relative intensities to reflect a close 

approximation according to matrix effects due to the real specimen under investigation. 

There are however small residual systematic errors originating from uncertainties in all 

databases. As pointed out in section 6.2.1 the uncertainty in values of physical parameters 

may influence the final accuracy in the calculation of elemental concentrations by PIXE. 

On the other hand, additional experimental sources of possible error such as measurement 

of dead time, current integration and electronic background noise, could affect the final 

accuracy. An overview of the magnitude of error for all these parameters is shown in 

Table 6.2 with a reference to the respective databases from literature used in the code 

GeoPIXE [Rya90a, Rya02a]. 

It was pointed out that the accuracy of standardless PIXE analysis in mineral grains is of 

the order of 9% (STD) using a digital current integration [Rya90a]. However by using a 

chopper as current integration system the accuracy was reduced to 3% (STD) [Rya90a]. 

Current integration at the iThemba NMP facility uses a current digitizer CDIOIO 

[EGG82] which according to our records has a accuracy ot 10.14 for pA levels. 

Quantitative elemental imaging (on-line) is defined to indicate an image that is free from 

artifacts and accurate to within ~10% [Rya95]. However the new version GeoPIXE II has 

an additional sub-program to correct for spatial variability of matrix composition that has 

an influence in reducing the uncertainty due to wrong assumption of localized matrix 

composition [Rya02a]. 

The parameters for counting efficiency have to be measured or at least known from 

detectors manufactures for standard Si(Li) and/or HpInt(Ge) detectors. These values may 

be included in the software package available see Table 7.2 for more details. Of 

importance are specific details related to Si dead layers, Au contact and ice layer which 

may be develop during the course of several month depending on the type of application. 

In particular, work related to analysis where a cool environment in vacuum prevails, 
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Table 6.2: Overview of the estimated uncertainties for physical parameters, which 
influence the accuracy for different procedures involved in the calculation of elemental 
concentrations by the first version of GeoPIXE [Rya90b]. 

PROCEDURE Type of Parameter Symbol 
Valu.e 

Ref: (%) 
Tvne I: SYstematic 
11\ Theoretical & Experimental relative Ionization cross sections (J/ -10% [Coh85] 

intensities calculation: PIXE]IT Fluorescence Yields Wz 1-2% [Kra79] 
11\ Generic X-ray Yields Branching ratios bz <2%ta) [Sa174] 
11\ Tails shape & background corrections 

Mass Absorption coefficients f..lz 2-5% [Thi67] 
11\ LSF by PIXE]IT 
• Calculation of final concentrations by Stopping power S(E) -1% [And77] 

GEO TRACE 

Tvne II: Experimental 

• Theoretical & Experimental detector Detector efficiency Gz _3%tD) [Rya02b] 
definition Detector solid state Q -3% 

11\ Calibration of absorber thickness Matrix composition MStC) -5% 
11\ Integration of current at pA level Total charge at each pixel Q -o.2%ta} [EGG82] 
• Electronic noise Dead time measurement ~t _l%te) 

(a) Estimated value for KaIK~ 
(b) X-ray with energies above 3.5 keY 
(c)For the initial calibration of master spectrum (MS) as determined by EMP or other technique 
(d) pA range 
(e) At count rates -1 KHz 
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effort should be may to prevent the formation of ice layer on the surface of the Be 

window detector. 

Besides the above parameters the correct solid angle should be determined from SRM 

data. This procedure combined with the knowledge of the X-ray absorber used for 

analysis should be characterized with absolute accuracy. See Table 7.2 for details of 

absorbers used at iThemba LABS NMP facility. 

6.3 RUTHERFORD BACK SCATTERING (RBS) WITH PROTONS 

When a target material is bombarded by protons of energy Ep. energy loss during 

collisions with nuclei may always occur. These collisions can be elastic (Rutherford) or 

inelastic (Non-Rutherford) depending on the proton energy as weB as on the Coulomb 

threshold for each atom-nuclei. The magnitude of the proton energy loss is related to the 

particular atom-nuclei from which it was backscattered. In other words, energy is 

transferred from the moving proton to the stationary atom and the energy reduction of the 

scattered proton depends on the masses of both the proton and the target atoms [Le086]. 

The basic analytical characteristics of proton RBS, the capability of mass, depth, and 

quantitative analysis, are based on the energy exchange, the slowing down of the proton 

in the target material, and on the scattering cross sections. The underlying fundamental 

principles of RBS have been discussed by several authors [Rau92] A comprehensive 

discussion on the RBS subject can be found in the book by [Chu78]. 

6.3.1 KINEMATICS OF THE ELASTIC COLLISION 

Energy transfer or kinematics in elastic collisions can be solved fully by applying the 

principle of conservation of momentum and energy. For incident protons of energy Eo, 

mass Mp. velocity vp on target atoms of mass Ma at rest, the conservation of energy and 

momentum parallel and perpendicular to the direction of incidence can be expressed as : 

6.20 

6.21 
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6.22 

Eliminating ¢ first and then va , the ratio of particle velocities is given by: 

The ratio of the incident proton before and after collision for M p < M a ,where the plus 

sign applies, is 

Ep = [(M/ -M/sin2 B)II2+M] rosB ]]2 
Eo Ml +M] 

6.24 

E 
this energy ratio, called the kinematic factor (KF) K = -L, shows that the energy after 

Eo 

scattering is determined only by the masses of proton and target atoms, and the scattering 

angle B. This scattering angle at the iThemba LABS NMP geometry is currently 1760 

measured with reference to the beam path, in the backscattering direction (see figure 6.6). 

In such geometry, when protons of few MeV strike light elements such as C, N, P and Si, 

it is usually possible to resolve C from N or P from Si, even though these elements differ 

in mass by only ~bout 1 amu. 

However, as the mass of the atom being struck increases, a smaller portion of the 

projectile energy is transferred to the target during collision, and the energy of the 

backscattered atom asymptotically approaches the energy of the beam. It is not possible 

to resolve for example W from Ta, particularly when these elements are present at the 

same depths in the sample, even though these heavier elements also differ in mass by 

only about 1 amu. In general the kinematics of the collision and the scattering cross 

section are independent of chemical bonding, and hence backscattering measurements are 

insensitive to electronic configuration or chemical bonding within the target. 

6.3.2 ENERGY LOSS 

The energy loss of charged particles passing through matter depends on the direct energy 

transfer to target atom-nuclei (nuclear component), excitation or ionization of electronic 
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states (electronic component) and possible correlations between these two mechanisms 

[Rau92]. As the proton energy change inside the target material the probability for proton 

backscattering from an atom-nucleus as well as the magnitude of the energy exchange 

will decrease. Due to the slowing of charged particles, the energy loss fluctuates and the 

width of the proton beam energy distribution increases with penetration depth. This is 

called energy straggling, which affects the energy resolution of the technique. At target 

surface with proton velocity exciding the velocity of orbital electrons, the target-atom 

may be treated as a bare nucleus, stripped of all electrons. However at low proton 

energies, deep inside below the surface the proton is slowed down by electron capture. In 

the intermediate energy region no solid theoretical framework exists [Rau92]. Stopping 

powers cross sections and ranges for protons were compiled by [Zie85] but a more 

modem one, [Kon98] report values that may have a deviation for some energies and 

elements of the order of 7-10% [Gen05] with respect to that of [Zie85]:. So care must be 

exercised when selecting an adequate list of stopping power data. 

6.3.3 RUTHERFORD BACKSCATTERING CROSS SECTIONS 

The probability (u) to observe a proton by detector D (see Fig 6.6) after scattering, in a 

differential solid angle dn is given by 

2 [ 1_(MI}2Sin20+coso]2 
du (ZtZ2

e2 J 4 M2 
d n == 161rEoEo sin4 0 ':::"";"--;=1-=( M=I=}=2 s=in=2 0=---=-

M2 

(6.25) 

where ZI. Ml and Z2, M2 are the atomic numbers and masses of the proton and atom­

target respectively. Eo is the incident proton energy. And () is the scattering angle in the 

laboratory frame of reference. This Rutherford differential cross section describes the 

probability ratio of Coulomb interaction between the proton and the target. This 

interaction does not actually involve direct contact between the proton and target atom. 

Energy exchange occurs as a result of Coulomb repulsion forces between nuclei and 

incident proton. 
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Figure 6.6: Typical experimental geometry for RBS and example of spectrum response 
from a target composed of two atom phases A and B with atomic fractions m and n. D = 
annular silicon surface barrier detector; n = solid angle (mSr); Eo = incident proton 

• energy at surface; Ep proton scattering energy; 0= scattering angle; t is the thickness of 

the thin compound deposited onto a thick substrate; X is a depth at which the detected 
proton is scattered. 

6.3.4 NON-RUTHERFORD BACKSCATTERING CROSS SECTIONS 

Backscattering analysis with protons is a very powerful analytical technique in micro­

analysis of biological materials. Protons elastic scattering by light nuclei which result 

from nuclear potential scattering in addition to Coulomb interaction is dominated by 

resonances particularly when using proton energies of 1-3 MeV [Liu93, Ami93, Gur98). 

The proton energy is such that it traverse the Coulomb barrier of the target atom. At this 

point the influence of the nuclear forces for the scattering become significant with a high 

probability of resonances to occur [NurOl]. 

Proton elastic backscattering (p-BS) has the advantage of greater penetrability, smaller 

straggling and better sensitivity for light element detection than other ions. However in 
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the usual energy region for quantitative p-BS analysis of light elements, scattering cross 

sections are non-Rutherford, and cannot accurately be calculated from theory. Hence, 

accurate measurements of cross sections for scattering of protons by light nuclei are 

necessary [Liu93, Ami93, Gur98]. 

6.3.5 ANALYTICAL CAP ABILITIES 

The numbers of backscattering events that occur from a given element in a sample 

depend upon two factors: the concentration of the element and the effective size of its 

nucleus hence the scattering cross section. The atomic ratios m,n of atoms A and B in Fig 

6.6 can be quantitatively determined from the RBS spectrum by measuring the heights of 

the backscattering signals from the target material nuclei. The ration min is given by the 

expression: 

6.26 

where HA,o is the ratio of heights from individual signals (A and B) generated by 
Hn,o 

protons detected with energy Eo near the surface; O'o(Eo) is the inverse ratio of their 
O'AEo) 

cross section; and [Go 1;: the ratio of their stopping cross sections which can be taken as 
[ Go]o 

unit in a zeroth-order approximation [Chu78]. Tabulations for the Rutherford cross 

section have been compiled from several authors [Chu78, Jos95]. 

Several computer programs have been developed to perform simulations of RBS spectra 

in ion beam analysis research [May98, Bar98, Mor95]. The most commonly used is the 

RUMP code by Doolittle [Do085, 00086]. This program computes spectra and plot 

graphs of normalized yield vs. energy. However you may need to have a qualitative 

understanding about the sample structure to be used as a first approximation for matrix 

composition. This is particularly useful in analysis of more complex spectra, where 
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RUMP can successfully calculate the atomic ratios of main atomic phases in a thick 

target material. 

6.4 PARTICLE-INDUCED GAMMA-RAY EMISSION (pIGE) 

In the interaction between energetic protons (with energies of 1-4 MeV) with matter, 

many prompt nuclear reactions are present, in which the transitions from excited states 

occur too rapidly (with half-lives less than nano-seconds). These rapid decays provide 

much information of analytical interest based on emission yield of gamma-rays as well as 

secondary products. The emission of gamma-rays is relatively easy to measure since the 

energy and amounts of nuclei present in the target-material is proportional to the energy 

and yields of these gamma-rays. Several studies on the theory and experimental 

procedures of proton induced gamma-ray emission has been published, [Eva55, Gih82, 

Deb88]. 

6.4.1 KINEMATICS OF NUCLEAR REACTIONS 

A characteristic nuclear reaction yielding prompt- r -rays may be written in the style of a 

chemical reaction as 

A+p~B+b+r+Q (6.27) 

Where Q is the energy released during the reaction of a proton p, impinging on a target 

nucleus A to yield a product nucleus B with the emission of light products, b 

accompanying the r -rays [Eva55LSymbolicaHy this written as: 

A(p,br) B (6.28) 

In the non-relativistic case, and for those reactions where b is a single particle, the 

kinematics relationships between the reactants and products may be deduced from the 

laws of conservation of energy and momentum [Gih82]. For a reaction on a target 

nucleus at rest (in the laboratory system of co-ordinates) the conservation of total energy 

requires that 

where: 

Ep+Q=Eh+En+E r 
Q=(MA +Mp-Mh-Mn)c2 
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c is the velocity of light in vacuum, E r is the energy of the r -rays and E and M refer 

respectively to the kinetic energy and mass of the particles denoted by subscripts. 

If Q is positive, the reaction is said to be exoergic and kinetic energy is gained in the 

reaction. If Q is negative, the reaction is said to be endogenic and there is a threshold 

energy Etk' for the incident particle, below which the reaction cannot occur [Gih82]. This 

threshold energy is always greater than IQ land is given by the relationship: 

E =_Q MB+Mb 
Ih MB+Mb-Ma 

(6.31) 

6.4.2 NUCLEAR REACTION CROSS SECTION 

The probability dn of a nuclear reaction of type A(p,b r) B occurring is proportional to 

the product of the number ofincident protons per second tPp and the number oftarget 

nuclei per unit volume 

(6.32) 

with dx is the thickness ofthe target material and/or the proton range. The 

proportionality constant O'(Ep) has dimension of area (bams) and is called the cross-

section of the reaction for a proton bombarding energy E p' The relationship between 

O'(Ep) and the bombarding energy Ep is caned the excitation function of the specific 

nuclear reaction. Since the energy of incident protons continually change as it penetrates 

the target, these O'(Ep) will also change, sometimes appreciably with resonance 

variations. However analysts are more concerned with the variation of O'(Ep) rather than 

with its absolute value. A common practice therefore is to measure the yield excitation 

curve experimentally, which is time-consuming but allow the detennination of efficient 

resonance energies which will maximize the analytical r -rays yield. Since protons are 

slowed down rapidly within the target the O'(Ep) , is expected to vary drastically with 

depth of analysis. 
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6.4.3 QUANTITATIVE ANALYSIS WITH GAMMA-RAYS 

EMISSION 

If the yield, Ys, for a nuclide W, in a target-material is given by the equation, 

(6.33) 

where dE(x) , is the stopping power, E the kinetic energy of protons at depth x in the 
{Xix 

sample, p, is the sample density, Cw is the concentration of W in the sample and Mw its 

atomic mass. If we define the matrix correction factor Us as 

EtJt dx 
Us == J o-(E)( ~ )dE 

E dE(x) 
I 

(6.34) 

the ratio between the measured yields induced in a sample, S, and in a standard, can be 

written as: 

(6.35) 

the superscript 0 refers to the standard and S, to the sample. If we assume that the matrix 

composition of the sample and standard are similar then the values of U and if; for both 

the standard and the sample are similar for an average cross-section and stopping powers. 

[Ish78a, Ish78b, Gih82]. Therefore, we could assume, with a fair approximation, that the 

ratio of r -rays yields is proportional to the concentrations of nuclide W in the target-

material. 
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CHAPTER 7 

NUCLEAR MICROSCOPY EXPERIMENTAL TECHNIQUES 

7.1 INTRODUCTION 

Focused proton beams of several MeV are obtained by demagnification of a beam object by 

magnetic quadrupoles into a small cross-sectional area, which focal plane is at the analytical 

surface of the target material. The main goal of the focused proton beam for micro-analysis 

is to probe small areas with enough resolution as to obtain relevant information about the 

content and distribution of elements present in a specimen. This chapter will give a brief 

outline of the physical layout related to the iThemba LABS, NMP and peripheral 

instrumentation used for elemental mapping. 

7.2 NUCLEAR MICROPROBE COMPONENTS 

With the aim of improving the reliability and stability of the proton beam delivered to the 

NMP, as well as the characteristics of beam optics along the VDG beam, relevant 

modifications were implemented during the last several years affecting mainly: a) poor 

terminal voltage stability, b) power supply ripple, c) stray field distortions which give rise to 

poor energy beam distribution introducing severe chromatic aberrations, d) horizontal beam 

resolution and e) optimum current on target. The beam-optical set up from ion source to the 

analyzing magnet was optimized using different computer codes (refer to Chapter 5). The 

accelerator can provide the microprobe with a wide variety of beams and energies, including 

pulsed beams with a high timing resolution. The high voltage terminal can host two different ion 

sources: a duoplasmatron and a penning source [ref. Chapterl-5]. The first predominantly being 

used for the production of light ion beams [Tap93]. A description of the different optics 

components will follow 

7.2.1 VAN DE GRAAF ACCELERATOR 

The 6 MY Van De Graaff accelerator has been described in detail in chapters 1-5. For the 

purpose of illustrating the aspects of the accelerator which are more related to the operation 
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of the microprobe we are going to limit the discussion here OIl the instmmentation which 

applies mainly to the optics of the microprobe, by emphasizing the relevance and impoct 

or modilkaftons done in lllaptcrs 4 and 5 on the quality and optimilation of the NMP 

operation (refer to Figure 2.3). 

7.2.2 OPTICS SET UP 

The diagrum in Figure 7.1 shows a schematic repIesentatiOll of the layout of the VOO 

acceieIlltor and beam lines. 1k NMP is inslalled in the 0" line at the 6 MeV singie-ended 

Van de Graff occelerulor at i"lhemba LABS. The beam of ions pnxluced by the ion source 

(D is accelerated vertically downwruds passing through sets of quadrupoles (Q,) fur 

focusing this beam, and slit objc.:ts (C ,) for collimating. Energy selection of the 

accelerated partie Ie, is made by a 90° analyzing magnet (M). After the ""alyzing magnet, 

the beam passe, through energy stabili7iltion slit, (ev. situated hefore the main bewn 

stop (see Figure 7.1). The quadruJXlle doublet (0,) after the beam stop focuses the beam 

at the object slits. This i, le<ld by three computer controlled Fawday cups situated along 

the line up to the target, which f.x;ilitate the current optimization. 

f 
r , 

Figure (7.1) Sectional ,ide view of the VDG accelera10r mowing a cro", se,,\ioll of the verOCallayout 
from ion soun:e (0 switching magnet and a (op "iew of the experimental line,. induding the 
microprobe at 0"; I: hoI-cathode duoplasma!roll ion source: Ql: is !he oonden,~r:M: analysing magnel; 
Q,' quadrupole set: C" C,: set of collimators; S: switching magnet: 0: object slit,; TQ: set of triple 
quadruple lens. 
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Ion source 

A hot-cathode magnetic ion source, duoplasmatron type IS typically used ror microprobe 

work (see Chapter 4). II is fiUed with a tungsten fllament, and coated with a film orSr,N, to 

maximize its yield of positive ions (see Appendix Al. It is operated at an arc current of 

typically 100 A through it; gas flow outlet diameter IS 0.5 mm; fllament current of25 A: 

extraction voltage of 5 kV: and an opemting preSSUTe of _10.1 mBar. 

Vcrriea! line we/ion !intQ anall'zing magnet 

Protons from the ion sOlll"ce are accelerated to the required proton energy in the tube. In 

order to match the beam emittance at the e:>.lt of the accelerator to the emittance of the beam 

line (at extraction voltages of more than 5kV) and additional Ein7.ellens was implemented 

in the terminal section of the onginal (HIgh VoHage) VDG, near the gap lens which is llsed 

ror beam rocusing and acceleration (refeT to Chapter 5). This additional lens can fulfill the 

rocusing properties orthe gap lens, and the gap lens together with the extraction voltage can 

then be used to adjust the injection energy orthe beam at the entrance of the accelerator (for 

more details rerer to optics discussion in Chapter 4-5). At the exit of the tube a new set of 

quadmpoles ensure the focusing of the beam into a set of object slits located before the 

bending magnet. 

Ana/rzing magnet and contiensf{ lens 

A set or quadTllpole dOllbletlenses condense the proton beam into the c;oO JnalyJ.ing magnet 

This is complemented by a set of steerers before and after the magnet, to ensure that the 

beam is aligned to the correct on-axIS direction and maximize the beam transmitted into the 

microprobe line. The microprobe beam line has been mounted at the 0" direction or the 

switching magnet, in order to avoid problems with <;nergy dispersion o[the beam [Tap93]. 

Til" ohi"ct slit 

The object slit is of a four independent jaws configuration, with manual micrometer aperture 

control to allow OCcuTate object alignment.lt is an OM-IO model manufactured by Oxford 

Microbeams [Oxf1}()]. This object slit wOTks in tandem with the high-excitation quadrupole 

lens system. A computer controlled Faraday cup is located before the object slit to monitor 

the maximum currenl which is or the ordeT of 30 nA. It is water cooled 10 prevent object 

Slze vanations due to thennal expansion. 
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SIt'ering coil 

A long ste~ring coil (80 em long) manufactured ~t iTkmha LABS is iTlstall~d UTI tk 6 m 

path between the object ;]lId tne aTltiscalter sliL This will steer the beam on-axis direction 

to ~nSure maximum proton beam illlensity ~t the quadrupoles. 

lkl!.<!!. l}" d"l/Il.lf!d: Del/eelio" swem 

Beam rippk is one ofth~ most important problems arising in the operation of acceleraton; in 

particular older one •. This is translared into a lower count mre than expected when the be1lJIl 

inten. ity is high. TIlis result< in high count rate fur <hort periods and thus high pile--up. An 

on-demand 001lJIl deflection system ODDS (sec Figures 7.2) is used 10 pievcnt evcnt losses 

due ID high X -ray count mte •. It eonsi.<;1l; of two pIll""dllel plates 40 em long (2) thal operate at 

ground polcntial will, applied voltages d~pending on the ~nergy of the proton beam. TIle 

linear relationship between these voltages and proton energy is shown in Figure 7.3, 

·':····H:+ ·· .. .. 

Figmc 7.2 llluslration (not to scale) of the location of the beam on demand deflection 
system (ODDS) with respect tu the t",get_material (9), situated at the Center of the 
scatteling chamber (8), Other convention.s are: p is the incoming protun beam: (1) is 
the beam pipe through which the beam. p,,,s; (2) are the deflection plates; (3) is the 
beam-dump; (4) is the antiscatter slit; (5) the scanning coil used to scal) tile position of 
the beam o\oCr the target sudace : (6) are quadrupole lenses fur fuoosing the beam; (D) 
is the Si(Li) detector and (P) the detector preamplitier. The pl~tes have ~ length of 40 
CIIl and are situatcci 2 meters from the spe.:;irnen. 

In the framework of PIXE arudysis, the principle of such on-demand Jx:.un deflection system 

can be <:qUalM to a deflection oflhe proton beam by an elect";" fiekl between lhe two plates, 
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Figur~ (7.3) Linear relationship of the beam on-demand voltage­
applied to the deflection plates v.s. proton energy. 

each time thaI the fasl di,criminator in the amplifier .ense, a pube from th~ X-ray d(1~c(oc 

preamplifier which i~ not accollnted for. Th;, deflection oflhe b~am from the target happens fOf 

a jix~d time inter.a!. The minimum dellection necessary foJ' optimal operation j, defined hy the 

\'ertical dimension of the hea1l1 at the acceptance ,Iits, 

A henefit rrolll thi, Jeflec\lon i, the reduction ofpube pile-up which normally occur. at high 

count rnl~S as well as th~ reduction in contilluum background which result, in a .;gnificant 

improvement of the analytical deleclioniimi(, for microl'IXE at the iThemba LABS lacility. On 

the other hand, the enforced absenc~ orth~ b~am from th~ target surface, whil e each X-raypuJse 

undergoes proccssing by the dcdronic 'ystem, reduces damage to the specimcn [Tee88, Pro 

The anliscaller slils 

The ion traJectones with the large't divergence generally ~uffer the wont aberration when 

focused. The purpose or the anti-catter 'lit is to limit this divergence entenng the lem 

'Y'lem (,ee Figure 7.2). The , lit i, of the ,ame type OM-10 [Oxf1iO] a~ the object slit. 

X Y ),'.Wn"jllg coil 

A magnetic cod OM-25 [Oxf1iO] " located hefore the lenses. Although i, nol the optimal 

location for the coil due to the moyement of the beam inside the lell' [WalR7J, thi~ geometry 

" the original ii-om manuJactur~~, and datcs hack lo thc installation of tlw :'--I.\1P at iThe1l1ba 
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LABS in 1992. 11-.: L'{);l ;, computer controlled In allow beam scanning: and beam 

po,itioning: of ll)<: beam prohe over the area for analy';' 

Ouadrupole lef/ses as/eln iillc/ude lells alignmentalld focusinR procedures! 

The high quality magnetic lens system was purchased from Oxford Microbeam in 1990. 

A triplc-quadmpolc lenses type OM-ISO 10xi90] was seleo;ted. Lens specifications ure: 

I) Yoke dimcnsxlll: lOOmm x 150 Dlm 0; 2) Maximum current: 100 Amps. It operates in 

a CTX:: (converging, diverging, converging) configuration, limning a ±20 demagnitied 

image of lhe object aperture al the focal point inside the >eattc.'1ing chamocr, willi low 

aberrution tor beam pruh~ "pot laleml diameters of the ordc.'f of 1-3 pm and below wilh 

currents of -100 pA Periodically uligllments of the l~ns maglldic axis are done 10 enSure 

optimal reoohtion forlUlIline work. 

Figure (7.4) Phologrn]il. showing the layoul of the nuckar microprobe (NMP) 'y,tem, H 
i, lhe halo ,lits, S i, the "'~IUlin.g: coil, n,;ed In po,ition the beam probe on the specimen 
surface, LN i, the container fOr cooling tl1<'. Si(Li) ckl<'.~tor u>ed in the <k-.I'~'lion or X_ray •. 
Q the set of quadrupole l;]~ .. ,,,. n,.,oo in the focusing of III;;, "'=n. M the optical 
micf05COjX: fur viewing the specimen"~ C is the nuclear microprobe 5Cattcring chamber 
und SC i, the sample change mechanism. 
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A piLture with the main components of tile OM- L'iO system is S!K}WT1 in Fi!(ure 7.4. Th" 

OM-150 system uses a OM-5Oc constant CUITt-'Ilt power supply capable of producing 100 

A at .j. V with hetter tban 5ppm long term stahi!ity aJld settab!e optimi7.ed to hetter than 

lOppm. [Ox190]. 

Figure I7S1 Top cross-section view of the ",'MP chamber. SV is the specimen view port, \\ the 
microscope , Il the incoming hearn, CB the collimator pre"enting the reflection of be~lll, AN. the 
sUPP'"".<sion ring, SP the specimen. SS the silicon surface barrier detector, CS the collimaTor prro,enting 
the beam from being reflected on the slIIf""e battier delector. S the S( Li) detector. SL the Si crystal, SW 
is the Sin.;) detector window, ~'W the filter whee! aoo FS tile silaft for changing nlter~ FWV the "jew 
port for the filtcrwJ.:e1 GV a view port and GD is the y-ray detector 

7.23 SCATIERING CHAMBER 

The microprobe bought back. in 1990 iIK:luded the original O;\fi>rd scattering chamber 

OM-7Oc (C in Figure 7.4) supplied hy lIJanufdctnrern [Oxl9O, Tap93 I. However 

modifications ha,·c been dooc during past years to accommodate additional needed 

instrunlCntatton. This included the re-desigl! ofthe sample positioning mechanism to 

allow for fast computer control of the target surface (SC in Figure 7.4). A s.chematk: cross 

sectional diagram oftllC 
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OM· 70e scattering chamber with latest modificatic>ns is given In figure (7.5), The chamber 

was designed for optimum efficiency and for the SlD)llltaneolis ll,e 0 I' several detectors such 

as: I) Si(Li), (Link, PGT or lIP·lnt(Ge)) for PIXE; 2) SSB for proton Rackscattering; and 3) 

Ge(Li) Ji)r y- ra y spectrometry, 

Other features include: 

a) A port (at 1350 to the incoming ion heam direction) to fit an X-ray detector (S) dipstick, 

which Be ",indow sUTface can be accuTately po,iti()ned at variolls lengths from lhe target 

surfacc (typically 22-35 mm) by way of a mallllally controlled platrorm, 

b) An annular Si surface barner (SI3D) detector (SS) sitllated at --6cm III frolll of the 

analytical target sllrface, 176" from the dir-eclion 0 I' the IOn beam; 

c) A Cu eleclron ",lppTe"JOn ring sItuated 11\ front orthe /)cam focal point at aboul-2-3 

mm; A voltage or -500 to -1500 V is llsually used for analysis of biological tissue at room 

temperatures. 

d) An optical microscope with a working distance of 35 mm and demagni!lcation 20-110 

with a lOx eyepiece, placed at 45° with respe\:t to the n()nnalt() the sample smface, 

e) Lighting in the target chamber IS enableu through tW() separate light somccs in front of 

(lilT refl ected light) and hehind the target. 

f) Allows Ii)r stepper motor control of samples III X, Y and Z axe" with maximllm 

movement obtainable with the new target sample changer mechanism (see SC in Figure 7.4) 

0[250 mm in the Y direction, 40 nrn] in the X and 30 mm in the Z (rocusing) direction. This 

facilitates the accurate posilioning or beam-pTobe and the selecti()n of required micro­

regions for analysis. 

g) The stepper motor c()ntTol and the laTge movement obtained in the Y direction allows the 

installatIOn or a permanent set or standards ()htained trom ASTI.'vIEXo, The set is compose<.! 

of standard materials emhedded in epoxy and p()lished to a very flat surface. This includes 

one fOT pUTe elements, WIth 44 element, a\ailable and another one or minerals, Pre· 

progrillllllled settings allow the automatic movement by computer control or the ,;ample 

holder to anyone of the ASnMEX!i ,tanuards [ho95]. 

h) A wheel with a set of II !liters is positioned in tront of the X-ray detectoT, The wheel can 

be fitted WIth eleven fille..,; to allow Ji)r selective allenuation or X-rays and to reduce the 

hremsslrahlung mtensity, depending on the requirements of the analysi, (see Table 7.1). 

Analytical grade high pmity metals (Be, AI) and polymers (Kapton) aTe u,e.;j rOT the 
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absorbers: The thickness of these absorbers are shown in Table 7.1. For this investigation 

Be of 1251lm and Al of 102 11m absorbers were typically used (see Table 7.1). 

Table (7.1) List of the set of materials used as X-rays absorbers. 
All are of Analytical grade with low level of impurities. 

Position Filter material 
Thickness Thickness 

[Ilffi] [mg/cm2] 
1 HoIe(not filtered) -- -
2 Al 408 110.1 
3 Al 102 (28.1)27.5 
4 Al 153 41.3 
5 Al 203.5 54.9 
6 Be 125 22.5 
7 Al 253 68.3 

Kapton 
8 C22H lON20 4 76.5 10.9 

D=1.42 
Kapton 

9 C22HlON204 156 22.0 
D=I.42 

10 Be 25 4.51 
11 Hole (collimated) -- --

i) A Faraday cup is located at 90° to the back plane of the target to collect the numbers of 

ions per second. This signal is fed into a current integrator (EG & G-ESN model CD-lOlO) 

with digital output. 

7.2.4 DETECTORS 

For the following discussion about detectors refer to Table 7.2. 

Si(LO 

During this investigation two different detectors for X-ray detection were used. A LinkTM 

Pentafet Model C6648 one supplied by OXFORD Instruments, pIc, Oxon, UK, and a PGT 

supplied by Princeton-Gamma-Tech, Inc., USA. The Link detector was used mostly for 

detenninations with 3.0 MeV protons and the PGT was used with protons at 1.5 MeV and 3.0 

MeV. Both detectors have a low noise Pulsed Optical Feedback (POF) pre-amplifier type 

which includes a field effect transistor (FET) cooled in the cryostat (see Table 7.2). This allows 

to increase the peaklbackground by about ten-fold to greater than 1000: 1 for most of the useful 

X-ray energy ranges. Both Si(Li) detectors are build in with an horizontal dipstick of ~20 mm 
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diameter and 60 cm length and fitted onto a vertical cryostat, were positioned inside the 

scattering chamber through one of its ports (see Figure 7.5) at 135° to the incoming beam. 

High purity Intrinsic Germanium Hp(Ge) 

An Intrinsic high purity germanium detector Hp(Ge) supplied by EURlSYS Measures 

Tanneries, France, was also used for both X-ray and 'Y-ray detection measurements 

simultaneously, particUlarly when looking at low energy gamma-rays from 19F decay (110, 197 

ke V). This detector have an operating voltage of -1000 V with resolution of 154 e V measured 

at time constant 12flS; count rate 1000 cps/s; negative polarity (see Table 7.2). 

Other detectors used 

An annular silicon surface barrier (SSB) detector with an active area of ~ 100 mm2 and a 

typical resolution of ~25 ke V for the measurements of protons was used primarily for the 

evaluation of the composition of thick target-material such as hard human tissues. A 

lithium-drifted germanium detector (Ge(Li), was used simultaneously with the Si(Li) 

detector for the detection of prompt gamma-rays to obtain information on mmor 

components (see Table 7.2 for specifications). Before discussing in detail the detection 

interface we may give a brief description of the two modes in which the probe can be used 

for analytical work. 

7.2.5 SCANNING MODES 

As explained in section 7.2.2 a magnetic coil OM-25 [Oxf90] is located before the 

quadrupole lens (see Figure 7.7) and is used to control beam-probe movement over the 

analytical area by using a scan amplifier OM-40e [Oxf90] to generate the required (x,y) 

coordinates voltages associated with the beam-probe position on the target. The computer 

selection of this coordinates by an external PC computer - using a locally developed 

LabVIEW code "CCSCAN-II" [Chu93]- allows for accurate positioning of the probe over 

the target surface. These coordinates are fed into both the data acquisition software and 

another external PC (MicroControl PC in Figure 7.7). " CCSCAN-II" is also used for the 

real time display of the map generated by the X-ray signal response. With typical beam spot 

resolutions of the order of 1-3 flm (~100 pA current) the proton-probe can be left static (single 

point analysis) or in scanning mode (mapping analysis). These two modes can be used to 

obtain particular elemental information from the target-material according to requirements. 
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Table 7.2 Specifications of detectors used in experiments 

Active Crystal Au 
dead area Thickness 

Detector layer 

[mm2] [mm] [Jllll] 

Link 80 4.8 0.01 

PGT 30 3'.0 0.02 

Hp(Ge)(l) 100 7.0 0 

Ge(Li) -2800 ~50 0 

Se) -100 -- --

(1) It has an additional 0.3 Jllll Al absorber 
(2) Ge dead layer 
(3) Li contact thickness 
(4) Measured at 1332 keY with a Na-22 
source 

Be Si dead 
Window layer 

Voltage Resolution 

[Jllll] 

8.0 

8.5 

12.5 

-500 

--

[Jllll] [Volts] 
Manufacturer Experimental 

[eV] 

0.1 -500 138-170 

0.018 -600 160 

0.5(2) -1000 154 

500(3) +4500 -1.861keV (4) 

-300 +50 -141keV 

(5) Measured at 5.9 keY on Hydroxyapatite 
(6) Measured at 5.9 keY on Keratin 
(7) Annular Surface Barrier 
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/ I PIGE gating I 

I PIXE Dynamic Mapping I Event-by-event , Geo-PIXE II 
files IDL 

.......... I RBS gating I 

Figlire 7.6 Th~. "canning proce>; s: the )w, am pro)w,. movcs along each x;t directions 
fi'om pixel to pixel ""ith a dlial time of I 0 illS, At ~ ach pixel X-ray, scattercd protons 
and gallllna-ray signals are detected. Evaluation of eaeh spectrum by (J.,oPTXE n is 
done using the DA ~Ihod (I,'r X-r.1y) and galing (BS and PIGE) 

X-rays, scattcrcd protons and gamma-rays signals are detected at each scanr ... d pixel with a 

dwell tinlC of 10 ms (sec hgure 7,6), At each pixel an cvent e(F,x,yl is re<:onied and 

evaluation ofe~ch specllulll by GcoPlX-F II is done using the DA melhod (filr X-ray) and 

galing (SS and PIGEl. 

_.~:ingL<: win! alla/vsIJs 

Since beam ~lIrrenl densities at microprobe level are lIsually lugh (-~ 100 pAlflm'), poml 

ana!ys.is on sensitive targets suc·h as biologi~al tiSSlies have lo be· perfilm-....d at low ~lIlT~·nl 

intcnsities, A fair compromise behl'een the X-ray count ratc, the type ol'mate.rial hanil-....ss 

and the available beam charg~ should be exercised 10 be able to perform point analysis by 

PIXE in such specimcns, I'urthermore, the resolution ne~·d ed for a parli~lilar poinl shouki 

always be r~.lalffi 10 It...· lemperalllre sensilivily or Ihe malcnaL 

Elemen!al mappillg 

Mosl of It.... besl advantages from Ihe mfp ar~· l'lIlly ulilu,ed when a focuscd ion beam is 

scanned in a patticu!ar micro-area to obt~in2-dilllensiona! spatial infonllalion re laled to It... 

dislribuhon 01' ITk1jor, minor and traee c1crncnts prescnt in the target matcria! This spati~l 
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information has become especially relevant for micron and sub-micron level analysis in bio­

medical sciences where relatively small detail is required. An image of the sample micro­

region is obtained by scanning of the ion beam from left to right at a particular speed over 

the pre-selected area. The main objective is to construct elemental maps of the elements 

present in such area. 

The optical resolution of the map i.e., the depth of detail visualization depend on the number 

of steps that the ion beam moves over the line scan, in other words, the number of pixels 

defined for the re-construction of the maps. In addition to the experimental hardware set-up 

required for this elemental mapping to occur a critical aspect in modern PIXE work is 

devoted to the on/offline analysis of the PIXE spectra. 

7.2.6 DETECTION AND DATA ACQUISITION SYSTEMS 

The detection system at the NMP at iThemba LABS can be described depending on the type of 

secondary prompt signal detected. Since detection of the X-rays originating in the target­

material is the main thrust of microprobe work it is logical to devote most of the discussion to 

this technique. However, since in most of the experimental work both PIXE and/or BS and 

PIGE are run simultaneously, a brief explanation of the detection-flow schematics for 

backscattered protons and gamma-ray signals will be presented. 

System outline 

Some of the components of the system for detection and data acquisition of pulses have already 

been discussed earlier. The main feature of this system is the dependence on a CAMAC-VME­

V AX4000 configuration with facility for multiparameter data acquisition. The software package 

XSYS is used for data-acquisition and analysis. The system is used in a VAX configuration 

with MBD controller as the front-end interface to CAMAC. The iThemba version is based on 

the Indiana University Cyclotron Facility [Iuc84] with small differences. 

This XSYS software has the possibility to collect simultaneous data areas for each analytical 

technique including allocation of mapping areas and scaler control for current integration, time 

and others parameters required. Data acquisition for elemental mapping is stored in list mode as 

event-by-event computer files. The set of energy, x and y coordinates e(E,x,y) are stored as an 

event for each detected and analysed pulse and elemental maps can therefore be reconstructed 

off-line using the program GeoPIXE II. 

A dedicated control code written in Lab VIEW is used as an intelligent scanner 
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DATA ACQUISITION SYSTEM 

Figure 7.7 Schematic diagram of the nuclear microprobe highlighting the main 
components involved in the focussing, scanning and data acquisition processes. 

CUP 

(MICROCONTROL PC in Figure 7.7). For the purpose of simplicity we will direct aU the 

further discussion in this section to the electronics schematic diagram details in Figure 7.8 

Flow operation of electronic interface (refer to Figure 7.8) 

1) When a start acquisition command (mapping or single point mode) is issued by the LabVIEW 

CCSCAN II program, the acquisition will only start if the Busy line is disabled by the 

acquisition program XSYS, A scan or single point test can be done on the CCSCAN II control 

PC with a Busy signal disable by XSYS. 

2)The ADC enable signal from the CCSCAN II control PC is disabled when the beam is moved 

from one point to the next or when data acquisition is being stopped by XSYS. The period that 

the ADC enable signal is disabled varies during the raster scans (short when moving pixel, 

longer when moving line and longest when a new frame is started). This ADC enable-signal is 

used to enable ADCs for backscattering and gamma-ray signals. 
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3) The X-ray detector pre-amplifier analogue output is fed into a spectroscopy amplifier 

Canberra 2024 with a long shaping time constant (12/ls) and also into another spectroscopy 

amplifier with a short time constant. The 2024 amplifier shaping-time constant is chosen so as 

to give the best resolution for a particular X-ray detector and its output is then fed into a 

Canberra 8077 ADC. The data is then read by the acquisition program XSYS via the VMEbus 

VAX-interface. 

4) When the LG (Linear Gate) signal from the 8077 X-ray ADC is active during the ~ocessing 

of a pulse a reject (Rej) signal is passed on to the ADC so as to inhibit pileup. The inhibit signal 

from the X-ray detector pre-amp is fed on to the 2024 Amp to inhibit the amplifier from 

processing any pulses during the Pre-amp reset period. This inhibit signal is also used to inhibit 

any ICR pulses from being passed to the CAMAC. 

5) The spectroscopy amplifier with a short time constant (mentioned above) is used as a filter! 

amplifier and its bipolar output is fed to a timing SCA which then generates the ICR pulse on its 

LL output. As mentioned above the ICR pulses are inhibited by the pre-amp inhibit signal. This 

timing SCA is used as a discriminator and its Lower Level should be set just above the noise 

level. The timing SCA output is also fed to a pulse generator which is used to generate a 

stretched pulse with longer period than the total processing time of X-ray event. From here it is 

then fed to an OR gate and DTlbusy (from X-ray Amp) signals so that the output from this OR 

gate will switch the beam off using two electrostatic plates in the beam line via the dynamic 

pile-up rejection unit (see beam on demand section 7.2.2). 

7) Furthermore, the beam will be switched offwhen the pixel is moved (ADC enable) or during 

the processing of an X-ray event (pulse generator) or when the X-ray Amp is busy (DTlBusy). 

The total processing time of an X-ray event is approximately 60 J.LS (see Figure 7.9) and thus 

dynamic pile-up rejection is done to eliminate pile-up due to beam intensity fluctuations. The 

second output from the pulse generator is delayed and stretched so that the X-ray ADC is only 

gated on when the pixel is not moved. The ratio of ICR pulses and total events in the X-ray 

spectrum gives the dead time for the X-ray system. The total time for processing including the 

ADC time is 80 /lS (see Figure 7.9). 

8) The RBS events are read into XSYS via the CAMAC and its ADC is only gated offwhen the 

pixel is moved. The LG and Rej. hand-shaking is handled the same way as described above for 

the X-ray system. 
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9) The PIGE events are read into XSYS via the CAMAC and its ADC is only gated off when 

the beam probe is moving towards the next pixel. 

10) The current integrator output frequency is fed into a CAMAC scaler with a value 

representing the desired charge. This process is followed by an interrupt when the scaler has 

been counted down to zero. 

7.2.7. OFF-LINE DATA PROCESSING 

PlXE spectra and mapping bv GeOPIXE 

The algorithm of the GeoPIXE II [Rya02b] software was introduced in section 6.2.3. Off­

line Evaluation of PIXE data comprises the re-construction of elemental maps by sorting of 

events from list mode files. Procedures which not mentioned in 6.2.3 and more related to the 

deconvolution and manipulation of spectra include: 

• Full display window of one or various spectra in the same window for qualitative 

comparison of elemental profile, visualization of pile-up and escape background 

spectra.; identification of X-ray lines for the K, L and M lines of most elements; 

recalibration of spectra and complete control over the definition of each detector 

parameters; display of fitted spectra and report on results which includes infonnation 

about minimum detection limits, relative error, detector resolution and calculated 

nominal yields. 

• Sorting of list mode files written by XSYS as event-by-event with control over the scan 

size (in pixels), the dynamic analysis projection file, detector definition and spectra 

energy calibration. 

• An image analysis window for display of reconstructed elemental maps. This allow for 

the display of as many maps as required simultaneously in cloned windows. Display of 

maps in concentration values as well as the variance is available. If necessary PIXE, BS 

and/or PIGE spectra can be extracted from selected regions within the map by sorting of 

events in this selected areas. Different types of analyzing shapes are available including: 

box, circle and spline with 10 and 32 nodes. Operations such as filtering of mapping 

data as well as elemental mapping distribution correlations are also possible. 
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Pre Amp 

ICR 
~.200n!ll 
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Figure (7.9) lllustration of the signals emitted during the specimen 
irradiation. Pre Amp represents the signal from the pre-amplifier, ICR 
the signal from the incoming counting rate unit. SA the signal from the 
spectroscopic amplifier and AD the analogue to digital converter signal. 
The signal for the ICR is the faster as it is processed in time duration of 
150 to 200 nanoseconds. The spectroscopic amplifier transmits the 
signal only after 90% is processed and the time duration is about 60 J.IS. 
the AD processing times takes about 20 J.IS. The total time then is about 
80 J.IS 

• Outputs of quantitative maps and data can be saved and/or exported in files of specific 

standard formats such as cgm and png, 

Backscattering spectra: RUMP 

The RUMP version 2.0 is used at iThemba LABS [Gen05] for evaluation of BS spectra. 

This allow the simulation of spectra from thick target of human biological tissues which are 

predominately carbon and calcium rich. 

Correspondence analysis 

Correspondence analysis is a data analysis technique which simultaneously displays the 

rows and columns of a two-way contingency table in a low dimensional space. It belongs to 

the family of statistical techniques that have as their common feature the calculation of a 

singular value decomposition of a data matrix (principal components analysis, canonical 
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correlation analysis, discriminant analysis, factor analysis and biplot [Gra84]. In the context 

of multielemental trace analysis, the display in two dimensions may be interpreted as a map. 

Samples which are plotted close together are (in a certain sense) similar, and elements 

(independent variables) plotted close together are (using the term loosely) correlated. The 

simultaneous display of the rows (samples) and columns (elements) is justified by the 

'transition formulae', enabling one to see not only which sample cluster, but also to 

understand why they are clustered. Correspondence analysis is thus related to, but an 

improvement on cluster analysis [PinOI]. 
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CHAPTER 8 

APPLICATIONS TO MICROANALYSIS OF HARD 

HUMAN TISSUES 

8.1 INTRODUCTION 

Prompt analysis of bio-medical tissues with protons has been given a substantial stride 

forward with the improvements of the microprobe mode and development of 

sophisticated software for on/off line deconvolution of X-ray spectra [Rya02C, RyaOO]. 

Some of the fields in which the nuclear microprobe (NMP) has been most powerful is in 

bio-medical studies of soft tissue materials for which the low levels of detection limits 

combined with the availability of multi-techniques and multivariate capabilities has 

proven to be the instrument of choice in many applications[Lla98, PinOl, Pa193,PaI97]. 

An important step in the analysis by NMP of soft bio-medical specimens in general is 

their adequate preparation for analysis under high vacuum conditions. Typically this will 

involve strict protocols for sample preparation at low temperature. In addition, a "true" 

representation of elemental concentrations is critical and this depends to a large extent on 

the optimal protocol used [Prz99, Lla98, HayOO]. On the other hand, biological hard 

tissues do not require in general the use of cryogenics since the mobility of ions in such 

hard materials is minimal. This research was concentrated on the advantages of the NMP 

for the analysis of human hard tissues prepared at room temperature. The steps for 

preparation of each tissue type will be described briefly in the corresponding chapter­

section. 

As in any other instrumental analytical technique the optimization of three important 

experimental parameters in micro-PIXE to obtain the best minimum limits of detection 

(MDL) plays a major role in the determination of trace elements present in hard tissue. 
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Particularly since most of such tissues are rich in carbon, calcium, phosphorus and 

sUlphur. For example in the analysis of trace elements such as Mg, Na, Al and Si present 

in a Ca-rich matrix type, an adequate (1) absorber must be chosen to minimize the high 

background due to secondary electrons as wen as to reduce the high intensity X-ray 

signal from Ca. However this is not an easy task when considering (2) the energy of the 

protons used for X-ray excitation as wen as the detector exposure to scattered protons 

through the absorber. On the other hand this high intensity background can also be 

generated due to a (3) high beam current on target. Therefore a compromise has to be 

reached between these three parameters in order to be able to minimize the MDLs. 

The problem is less complicated when higher proton energies (2.5 < Ep < 3.0 MeV) are 

used for determination of heavier elements such as Ca, Ti, Mn, Fe, Ni, Cu, Zn and Br, 

since the insertion of a thicker absorber will control both the background and the high 

matrix signal. By experience we have found that for low energy protons (1.0 <Ep < 1.5 

MeV) a Be absorber 25 J.1m thick works well; and for high energy protons bombardment 

(2.5 <Ep < 3.0 MeV) an Al absorber 102 J.1m thick is the most suitable. 

The level beam intensity used for analysis of hard tissues, depends on the type of 

specimen material. As a general rule we irradiate the samples in such a way to prevent 

evaporation of elements to maintain the true composition of materials stable while under 

bombardment. Typically a current of between 50-300 pA is required depending on the 

type of hard tissue, the size of the micro-region irradiated and the number of pixels used 

in the scan. These current levels ensure that a true non-destructive analysis is performed 

in most sample materials. Total deposited charge depends as wen on the concentration 

levels of trace elements of interest. PlXE has tWo critical parameters - solid angle 

subtended by the Si(Li) detector and thickness of absorber positioned between the 

specimen and the detector -which are routinely calibrated using standard reference 

materials of pure metals and minerals supplied by Astimex®. Selected micro-regions were 

scanned with proton beams focused to 1.5 - 4.5 11m2 spot size. The scan size was 

typically of 64 x 64 or 128 x 128 pixels with a 10 ms dwell time. 
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As an application to demonstrate the capabilities of the NMP at iThemba LABS after 

recent optics optimization of the VDG accelerator, this work here will deal with a set of 

selected bio-medical applications, particularly in relation to spatial distribution of trace 

metals in hard human tissues such as kidney stone concretions, teeth enamel and hair. 
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8.2 ELEMENTAL MAPPING OF TEETH ENAMEL-DENTINE 

INTERFACE EXPOSED TO ACIDIC CONDITIONS 

8.2.1 INTRODUCTION 

Erosion in teeth is defined as a chemical dissolution of the dental hard tissues in a process 

which does not involve bacteria, when acidic solutions came into contact with teeth for 

prolonged periods of time. Previous investigations on teeth erosion with low energy 

protons [Pro 00] revealed certain areas of depletion of major components Ca and P in and 

around the interface enamel-dentine (hydroxyapatite matrix). Figure 8.1 shows a 

diagrammatic representation of the main causes and steps leading to the process of early 

lesion formation (de-mineralization) in teeth. Since this dissolution may include the 

depletion ofTE associated with morphological changes [Meu91, MiI95], an investigation 

into the role of TE in erosive processes in and around the enamel-dentine boundary was 

undertaken. This present study focused on the detection and quantification of mineral loss 

in early artificial erosion lesions. 

I 

Figure 8.1: Basic model for the process of erosion in teeth, highlighting the main steps 
leading to the de-mineralization of the surface and sub-surface of the enamel. 
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Particular reference to variability on the sp~tial distribution nfTt: in hUnillIl enamel and 

dentine was investigated and their condrtion with de-mineralisution and re­

mineralisation processes especially forCa. p. Fe. Ni. Cu, Zn and Sr was investigated. The 

detection and quantification of mineral loss in early erosive lesions was achieved by 

using nuclear microprobe (NMP) techniques PTXE mlll proton-BS [Pin041. 

Enamel 

- 000 .. 
EPOXY 

Figure 8.2: Di~gnllll showing the way in which the teeth sections (sil,e -2 x 2 
mml) were extracted as well as 'lIl optical phntngraph of the specimen surfdce 
prior to analysis, 

S.2.2IN VITRO EROSION SThruLATION AND MRASliREMRNTS 

An in vilro sirn.J.lation of erosion processes ill a set of healthy mol;rr humun teeth (tests) 

was perfmmed in an acidic solution with pH 3.6 for 20 h. A contml gmup was also 

exposed to a neutral sorution (threshold pH 5.6) with pH value in the lUnge 5.6 - 6,0. for 

the same period of t~. {'Or both tests and controls a sub-set of dentine and enamels 

were considered: 6 enauJCIs and 2 dentine for tests; and 4 enamels and 2 dentine for 

contmls. In avemge rectangular teeth sections of appmximately 10 nllll' in volume were 

cut from the molu teeth (figure 8.2 shows a diagram of the way in which the sections 

were extracted: the section" included the cnamel layer -500 J.lIll thick and a substalllial 

ponion of the dentine material). 

Before exposure to acidic media each tonth section was divided ilUO two blocks of ~2 x 2 

mm2 cms .. --sectional aJCa. One block was used fortrealment of the enamel ~nd the other 
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Pigun.~ 11.1: Optic:t l rnk rogr"Pb of ~ toolh sect ion though th ~ intCl'fute eual!)l! l­
dentine mo"'ing somc Irnt tures In a lransverwl d ire<1iml 10 the plane o f the interfxc 

lor trealmem ul the dentine ~lIrtiICC. Either tm: ellilmd or the deut llle was protected 

selectively fmm the add w[u!iull e~posure by !11e ~pp1icmion of a v".mi ~h layer over the 

()utr:r slufMce of the area DOt requ ired ror exposure ", the acidic solution. Of palticular 

iDler",,! was rhe int"oacc cnal!lc[·deutine ",tl(:m 1I c b;wpe in Ihe vadieO! o f major and 

rrACC clemenl~ c ... uk! illdicate changes of lbe e leHleQl: :..l pmllle and disoibution to rdation 

to t ile bounc.Jary metal distribution ami erosion in th~ sub-'Ulface nf the enlline!. 

M.ntllC!1llOfe. tr...:tm'es in the ~lW1Jel ncar the i1l!erl'xe may be play a role in the 

t:"'n~llIai de·mim,ro!liLaliou or 1ll-lOline r.t1iZll! ioli in the erosion I'flJCCU (OJi().I]. rigure 

8.3 shows au optio: .. t microgr.l ph o f a 100111 !leC:tiotl rMugh !he inrertat.'e enrullCl-demine 

' [lowing SOUle 1r.~tuIT~ in a !r.lII ~ ... :rsal direction In the plane of the intt rl'ace. 

Subsequent to the in vitro sjnlul~tion. samples surrllCCS were ~lIIbetklcd in epoxy aud 

t:ubo<, co:u~ prior to prouou bcllln im"li<l1ioll. Analyses we re ",,11i:nmed with a J.O M"V 

protOlJ.5.. focusct.l to - 1.5;l 3 JUI~: and SC'ID"~ .. vcr ilJtllS trom - ui' )un' down ID - 10' 

Jlmz on ~ltcted areas ofl [~ ellamel or<l~H1ill". The be;un cummt was manu .. innl at 
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bdw~~n200-400 pA l(} emllre Ihal Ihe "Iabilily oj'mdal Jislribllti(}n and content was not 

disturbed. rotal average accnmnlated charge for all ~ize areas was of -0.5 ~" 

Information on major components snch a~ C, 0, P and c~ were perfomled by pmlon-BS 

and analy"i" oj' lTac~ demmls by micro-PIXE usmg a Hp(Ge) detector wbicb a solid 

angle of 174 mSr. An alnminum absorber 102 eml thick was interpos~d between targCl 

and X-ray detector to reduce the bigh intensity Ca X_ray signals. Sinc~ lilt; high mnlent 

of Ca in lhe hydroxyapatite matrix is bigh (-40 %) whicb subseqnent high X-TIlY c(}unl 

rates, care wa~ taken to en"ur~ th~ pik-up r~jedion wa" wdl ~(}nlrolled by tbe beam-on­

demand system (refer to "ecrion 7.2.2). In averag~ thi" pik-up was not bigger tban 10 %. 

Evaluation of X-ray spectra for both group~ (control and k"l) ~namd and dentine wa~ 

dlXonvoluted and true, overlap-resolved elemental map~ were (}btain~d u"ing !he method 

orD)nami~ Analysis. All samples were thick for the 3.0 MeV protons wilh an a"~rnge 

dfectiv~ dq,lh oj' analysIs rang~ oj' ·-50 mg/cm' ror most of elcment~. 

8.2.3 CHAR!o,CTF,RllXI'lO~ 01<' TilE HYDROXY APATITE STOICHIO)j~:TRY 

The assnmed compo"ition of the teeth matrix was hydroxyapatilc wllh maj(}r components 

being C, 0, F and P. Analy,'is by p-BS l.onJinm;d lhis asslllnpti(}n. Also inclnd~d in the p­

BS analysis was the detenninati(}n (}fthe fluorint: conl~nl as almnic fraction of the maj(}r 

cumponents. Atomic ratios of maj(}r C(}mpon~nls 0, Ca, P, and F were determined by 

simulation of BS spectra nsing the software packag~ RIJ/I.-fP [D0086J. Typical values of 

major components at(}mic li'actions f(}r a sd of analysis in either the dentine and/or th~ 

~name1s in lilt; wnlwl :"'TUUP w~n; similar (OIPjCa.\FJ as compared t() Ihe ksl group in 

wbich tm:sc fractions values were O(,p",,<C .. ,I'o., for bolh mamcl and dentine. Table 8.1 

shows the repmtoo value" for ~ach nperimmlal series indicating the similarity ofmalri.~ 

l'omposilion JUT the dentine and tbe enamels independently ofb~ing a wnlrol or a test. A 

wmparison (}flm: p-BS spectra for a control and test enamel is shown in Figure 8.4. It is 

important to rnention here that the dd~TIl1inalion (}f lilt; F l.ontent by p-BS, contains a 

cerrain level of nncenainty since the data for n(}n-Rnthnf(}l'd cross sections used were not 

exactly al Ihe 176° angle req uired jur measurement of backscattered protons (1.0 < Er < 

3.0 "'leV) al our facility. In stead the database for non-Rnth~rf(}rd ~ross ,,~di(}n al 165° 

from lJesOl] were used. The possibk ovn~stimati(}n of Ihe F atomic ratio non-complying 
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with the hydlUllyapaiite stoichiometric value may be explained by resonaliCes present in 

the proton energy nmge under investigation. More precise measurement of the Non-
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Table 8.1: Evaluation of the: lypical atomic tractions forthe 
components oflhe hydroxyapatite enamels and dentilles. 

0 p P Ca 

CONTROL Demillc 5.1 L1 10 2.9 
Enamel 5.0 0.9 L1 3.0 

Tllio'TS Dentine 65 0.5 0.5 2.5 

Enamel 6.0 0.4 0.6 3.0 

Energy (MeV) 

20 22 24 26 30 

~-~ 

I," 
TEST 

C 

1'--
0 ~'--'" '-, 

CONTROL 
F 

c.;, 

p 

C a , _____ 
. .. 

~ 
~ 

200 no ;20 ;40 ,"0 400 

Channel 
Figure 8.4: Comparison ofbackscattcllng spectra for an enamel control 
and test specimens showing the edge inflexion point for each elCIllClll. E, 
= 3.0 MeV. Accumulated charge was -5 J-I.'" 

Rutherford CIUSS section at our 176" geometry are needed in onJer to be able to have a 

''!llle'' value for the cross sections. Data on these are in the process of being mci5urcd 

and evaluated. In spite of tlte abo"" discussion we have conlidence on the simulated 
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,pectra by RUMP on the p-BS spectr.l of fluorine. Simulatinn nf p-BS spectmm from an 

enamel oolllrol is shown in Figure 8.5 with the edges fur C, 0, F, P and Ca marked on the 

figure . 

Energy (MeV) 

'" " " " " H 

" 
" ~- r " 

Thiek Enamel 
, - Control 

" 
q 

~10 Charge 5jJ.C 
" ~, 

> , 

'1' " Q c 
~ 

, 
~l'-~ o r \ ::l , 

' p ~ :;; 
, Cal , 

-~-, ._" "t--;-<' , , , , .,...",----r; ....... ,...., , 
2" "" '" '" ;" ,W ,.0 ." 

ChElilllei 

Figure 8.5: SitmIialinn ofbackscattering SpeCIiUlll fur a thick enamel 
cOlllrol specimen showing energy location tor each element. E" == 3,0 
MeV, AccullllIialed charge was -5 ~c. 

8.2.4 DlSCUSS[ON ON TOTAl" X_RAY ELF.MENT AI" ANAl" YSIS 

Elemental analysis was restricted to the detenninalKHl or trace element> wilh Z > 19. 

Main elements dctecteti w~ Ca, Mn, Fe, Ni, Cll, Zn and Sr wilh traces or Pb, 

particularly after lhe 20 hours exposure 10 lile acidic wlution. Tlris is probably a 

contamination product from the ""lutinn and/or the epoxy used for embedding. SpeL1r.l of 

specimens' material for enamel controls and leslS are shown in Figure 8.6. A clear 

ditterence can be observeti on the coIICtlnlmtion value of Zn and Sr, A silllilar 

comparison is shown in Figure 8.7 lOr the case of the dentine controls and tests wilere 

differences were observed on Cu, Zn and Sr 
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TBIIt Enamel 
1'1" . 

Figure 8.6: Extracted X-ray spectra by GooPIXE n, showi.ng the clements detected on a 
control and Ie,! enamel. Total d"JlOsited charge per unit area was - 0,025 llC.~m '-, 

Table 8.2 shows the C{M1CCIlU'luion values (in ).I.8.g-') as determined by micro-PIXE for 

such elements detennined as total contributioll from all pixels 3llaly"ed in each scanned 

area. Data are shown for the co"trols and le>lS samples oil dentine and enumel. By 

inspecting the cQlIcentratioll levels for Sr in the controls (-140 IIgg ') we llOIice that after 

treatment their average concentration was reduced to -80 ).1.88-'· This is a significant 

reduction, which occurred in all tests r.ampJes independent of being enamel or dentine. A 

similar situation appears 10 be occuning tOr Zn, although to a lesser extent. since there 

are two lest o::naJIleis for which the Zn levels r .. ther increase Substantial! y (soo Tallie 8.2), 

Since Zn :ud Sr are two biological imponanl TE ill relation to the stJUcture oftbe teeth it 

is logical to tbink that the depletion of such elements after the exposure to tbe acidic 

solution treatment is related to an em,ive process. 

124 



Univ
ers

ity
 of

  C
ap

e T
ow

n
, 

Control 
Denlloo 

Test 
O.ntine 

Figure 8.7: Same as Figure 8.6 bUI for lhe case of dentine. 

Since ;m oppositc situation does occur tor Fe mid eu il is possible that lire-mineralisation 

mechanism may also occur. k; a wlly 10 compare the conccnlralionlevels ofCa found by 

PIXE, these were cr:"'pared to those lound by p-BS expressed in wcight 'Ii and assuming 

a density of similar valuc to that ofhydroxyapatitc (-3.19 g.Clll '). The estimated error OTI 

the cOllCentnltion found by p-BS is takeTl <ill all averagc over the whole """"TIed alea This 

value Call be deduced trom the expected chi-S<plare from simulated mid experimcnlal 

dalli. Evaluated valuc:; from RUMP give a figure of -1O'ii.. CoocentrJtion levels (in %) 

lorthe majorcomponcllls of some dentine and enamel spocimens, inchxling an interface 

mcasurement, as detennincd by p-BS with protOTlS of3.0 McV are shown in "fable 8.3. 

ell in particulal' varies in the r,mge 20-43% with the exception ofolle en..ncl ror which 

value was 51.21 %. Ifwe compal"e thesc values 10 those found by PIXE (fable ~.2) we 
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with the hydroxyapatitc stoichiomctric valuc may he cxplained by resonances present in 

tre proton energy range un<ierinvestigatiolL More precise measurement nftbe Non-

Table 8.1: Evaluation ofthe typical atomic fractions fur thc 
components oftbe hydroxyapatite enamels and dentines. 

0 P F C, 
CONTROL Dentinc 5.1 1.1 1.0 2.9 

Enamel 5.0 0.9 1.1 3.0 
Tm.-rS Dentine 65 05 05 25 

En~1 6.0 0.' 0.6 3.0 

Energy (MeV) 

TEST 

c 

o 

CONTROL 
F ·11 

° ~~~p 1,::::.. .;:::1 
, 

>'0 '"" Channel 
f<lgure 8.4: Comparison ofbac};:scattering spectra for <Ill enamel control 
and test specimens showing the edge inJlexion point for each element. E,. 
'" 3_0 MeV. Accumulated chargc was -5 J.l.c. 

Rutherfurd cross sectiou at our 176" gcomctry are needed in order to be able to have a 

"true" value tOr the cross sections. Data on these are in the process of being I\leasured 

and evaluated_ In spite of the abovc discussion we have confidence on the simulated 
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may observe that Ca oscillate betw~cn 26-36~';,. Considtrring thai the variation of metal 

componenls in biologlcal ,ys\"", i, IXlUnu 10 rdalivel l' high standard d~vialion8. it 

Table 8,2: Trace element co tJ<;entrations (ip ~g.g_l) itJ<;h~lin g Ca (in %) a, detenllin~d by micro­
P1XF in se lected areas (enamel. d~ntine or th~ boundary b~tw~~n th~m) of'p~cilllens surfaces and 
'ub-sllrfac~s, Values 1ll brackets r~pr~s""t the cakulal~d \1DLs. Som~ TE (Ni. Sr) appear to be 
depleted after erosive treatment. On the contrary Fe and Zn tend to ilJ<;rea,e in val u~ wlth ~rosion. 

SURFACE 
lrr.di.l,d on ! e, Mn l'c N, ell '" " TREATED , 

06.B-+D5 1>+2 " 
, 18,1±0.9 ,u, 139±2 150±1 

D<-."tinc ik<,,'uory 
(0,39) (2,S) (1.4) (I I) (0,9) (O_~ ) (D,7) 

-- -,~-' --_. . ,------- --- --- ---- -
10,6±0,7 ! 3l.37-+D0 .1-2 27+1 109-=3 3241.3 

i 
123±2 

Dentino Dentino 
(0,67) 0,7) (2, 1) ( 1.(,) ( 1..\) (1.2) ," ---- ------- - ----

" 
'2.~.I-t(]71 , , 21_1 " "_. 102_1 205_2 147±2 

g , Dentine Boundary 
(0 .47) 0, I) (U) , (U) (1.2) (0_9) (0_9) 

" 
----

Z 36.lD-t(]A2 , , 1<;_7-+D~ 1 R_6-±{),~ RO±I 18~ 2 146±2 
0 En,md En,,,,>,1 
0 (0,57) I)) f------~~ .7} (1.') (1.1 ) (0,9) (0,8) 

- - -'--'~'--- ---
3<;A8-+D.l7 n_d_' 2<;+1 19.4+1 %±l 136.±1 147± 1 

En.md Iloundary 
(D,o.l) ( I_~) (L5) (l.3 ) (l.l ) 0' 

32,22±0,57 n_d,' 34±1 2S±1 29 , 6~0.S 149.L2 132.Ll 
Ename l ll"lmdalY 

(OA3) ( 1.1) (O_~) (D,7) (0_7) (0,0) 

32.13-t(]74 n_d,' 31)1-2 4.l-+D 7 44 9+5 1l0±1 8HI 
Dentine B"IJIldaTY 

(0,6~) '" (LG) ( 1 ,4) (1.2) ('l 
---- -

-;.1±071-
-

3LJ3_0,,15 n,d,' " 
, 502±0 131± 1 85±1 

Dentine BIKlI>dary 
(0_61) (18) (1.5) , (l.3) (1.1 ) (0_9) 

3 1.4.1 0_62 I n,d,' " 
, 3_0±0_~ 473 • Ul±2 S2+1 

" Dentino Bound,')' , 

-

" (0_5~) ( 1.7) (14) (1.2) 0' (0.9) 

" ,,--'," - c--cc 
" 

, 
lR_6HO,,14 n,d,' 

I 
77,2 

, 
7A_0_~ 441±5 469±4 95±2 

i 
, 

" Fnamol Boundory I , (054) 
, 

(I .~) (1.4) (13) (I I) (0.9) , 

29,9hO.47 n,d, • S71.1 ", .'DR+4 .I54.L4 ~" [n,mel il<lund.T)' 
(0,72) (2,2) (LS) ( 1.7) (I .4) (1.3) 

- - ---- -- -- -, 
269.1-t(] 81 n,d' 56+3 7±1 561±7 7090>5 120±3 

En,,,,,,1 TlOllndaly 
(U3) (3.7) C1_D) (H) (2,,1) (20) 

'n_d: not detected 
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is logic to assume that the concentration ofCa found by p-BS is in somc respect similar 

to thatl,"md by PIXE. Other major compon~nt such as 0 I"llow th ~ ,ame as,umption, 

For the case of F its concentration is still Jepcndent on thc correction of the Kon­

Ruthe.-i'ml Cross section databa, ~ a""i1abl ~ at the pr~,ent moment. Howc,'cr 

stoichiometric value of F on apatite (~1.24'V,) is quite similar to the found F mean value 

in Tabl ~ 8,3 (--0.5%). 

Table ~.3_ Concentration levels (in '.!''') for the major components of some 
dentine and enamel specimens, inl'luding an inlerlilc ~ measurement, as 
determined by p-BS with protons on_o MeV_ 

Specimen Ca i' F o c 

8.2.5 DY~A~lIC i\fA PPI:-'G A:-'AL YSIS 

Elemental quantitative maps lor Sr, anJ for Zn to a lesser extent, show~d that their 

distribution levels over the al'ea comprising the interlill'e enamel-dentine wett lowcr jor 

the enamel. This apphes particularly [or specimens alter erosion trcatment. The depletion 

of Sr may act as a protcctant against deminerali7ation. contrary to the increas ~ oj 

conl'entration of certain ~l ements ,ul,h as F~ and Ni. Although it is not clear why there 

appears 10 he a rc-minemlisation process ["r thes ~ two clcmcnts it is cnvisageJ that their 

role in erosion is not wdl understood, 

j"gure g.H shows the Ca and 7n maps of a dentine control ,ample oVer an irradiated 

region covering its interlal'e enamel-dentine. The mapping comparison h elw~en C" and 

Zn maps (64 x 64 pixels; scan size ---1000 ,lm2) in a two dimcnsional space (represcnting 

the level of cort'espondence between the tv.-o variables C" and Zn) i, ,hown on the left 

side of th ~ figure, This clearly indicates two kinds of mapping Jistribmions; cach 
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l'''ITespunili 10 the c"lwmd ar~il. A ,imililr lyp~ ofralionak was found for the whole s~t of 

<kntioos. 

Ca-Zn Mapping Correlation 

.. 

. . 

. . 

"Enamel 

In 

Figur~ ~.~: Ca and 7n mapping distl'ibutic)n in a dentin~ control ,ample madiated OVer an 
ar~a ilround th~ inlnfilc~ ""amd-d~ntine. Th~ ,imilarity betv.'een the maps of both ~l~ment:s 
is shown on the left of the figu,..,_ 'Illis is expressed as two typ~s of di,lribuliorn, each 
a",ocial~d with ~ith~r lh~ dmline Or lh~ mamd r~gions. These are jndieat~d by diff~rent gray 
scales on the right side maps. The trend "fthe interface boundary is also vi,ihk Th~ w~ah'l 
correlation cC)n:esponds to that ofth~ ~namel region. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The gradual variation of some element< soch a< Ni, Zn, Sr and to a lesscr extcnt Cu and 

Fe ovcr thc intclface enamel-dentine was investigated. rhe content of Zn and in 

particular Ki (n"t shO\\n in the Figure 8.8) ,wCr the illlerlllCe appeared as a wideI' band 

Cllvering sections of the both the enamel and dentine regi,ms with a gradual variation 01 

the corrcsponding mapped clement (see Figure S.9), To asseos these gradual linear 

variations, linear traverses Were cxtracted from maps of selccted elements. Figure 8.9 

" ~" 

30 

cCc 

'" 
" , 
c LD . 
~ 

0 , 

10 :;;0 ,,0 L::;' co 
X (pix~I~;) 

~. 

c 
~ 

c 
<. 
c 

N 

Figure S.9: Quanlitative maps 01 Zn for the samc dcntine control sample shown in Fi1( 88, 'fhe 
interface enamel-dentine i< clearly vi<ible. The rectan1(ular <hare highlighted O"Cr the map was 
uoed l<> e~tract the traverse profile by Ge"I'IXF II. 
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shows the map of Zn for the same dentine control sample (shown in Figure 8.8) where a 

transverse rectangular shape was used to extract the average elemental concentration over 

the linear direction of the rectangular shape. This information was plotted as a function of 

the distance (in /lm) for Ca, Fe, Ni, Cu, Zn and Sr (see Figure 8.10). 

It was found that most elements exhibit gradual variations of depletion or enrichment 

when considering the direction from the enamel to the dentine (see Figure 8.10). For 

example, Zn have a value of ~30 /lg.g-l over the enamel region, its concentration level 

increased over the interface band to reach a value of -79 /lg.g-I in the direction to the 

dentine. Similar profile can be seeing for Ni. On the other hand Sr had an opposite 

behavior with lower values in the dentine area. Previous results on the concentration 

profiles of human teeth on the enamel-dentine interface showed similar trend for Sr 

[Pin04]. 

8.2.6 TEETH ENAMEL CHARACTERIZATION FROM A LOW INCOME 

POPULATION GROUP AT GUGULETHU, CAPE TOWN. 

The problem of erosion in teeth has been addressed recently as one of the main causes of 

teeth decay, particularly in children from disadvantaged communities where the 

nutritional value of the daily diet is poor [Chi04]. At present there is relatively no data 

available on the concentration levels of major and trace elements in enamel in such 

population group. With a view to characterize the "true" elemental concentration levels 

of raw enamel, a set of about 30 intact teeth extracted from persons living in the 

Gugulethu region of Cape Town were obtained from the Department of Community 

Dentistry at the University of Stellenbosch, South Africa. Age distribution was for 

children (9-17 yrs) 17% and adults (8-68 yrs) 83%. Teeth samples from males (30%) and 

females (70%) were extracted under anesthesia. Most of the teeth consisted of molar and 

incisive specimens, some with the presence of decay at the top enamel surface. In order 

to gain information about the average elemental composition of enamel in such group and 

to establish a standard for enamel, PIXE using a Hp(Ge) detector was used at the nuclear 

microprobe at iThemba LABS. Since this detector efficiency covers a wider range of 
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energies including low energy gamma-rays such as the 110, 197 keY lines from the 19F 

(p,py) 19F reaction then simultaneous analysis ofF was performed. 

1.5)(105 

1.0)(105 

5.0)(104 

o 14H+TH~H+~+H~H+~+H+rH++H~H+rHH 

12 e 
10 

B 
B 
4 

2~~~~~~~~~H*~~ 
15 

10 

5 

60 

40 

Enamel 

Interface 

40 

Dentine 

r 

Figure 8.10: Linear traverses as indicated in Figure 4 extracted from maps of 
selected elements over the same area of Figure 8.9. Concentration levels (in J..lg.g-1

) 

are shown for the enamel and dentine region. The arrow indicates the position of 
their interface. 
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Samples were analysed intact without any prior chemical treatment. Only the area 

exposed to 3.0 MeV proton beam probe was cleaned with de-ionised water to remove 

possible organic material bounded to the teeth as particulates which may have influence 

the true content of trace elements. An aluminum absorber (102 Jlm thick) was selected. 

Irradiations were done on the outer surface (enamel) of aU teeth. Since information at 

high resolution was not a requirement then the proton beam was focused to a size of ~3 x 

4 Jlm2. Scanned areas of ~200 Jlm2 and beam current ranging between 200-300 pA (with 

a integrated total charge of about ~.8 JlC) were used. The dominant elements determined 

were Fe, Zn and Sr, using the X-ray Ka line and Fluorine using the 110 keY gamma-ray 

from the reaction 19F (p,py) 19F. This gamma-ray was detected simultaneously by the 

Hp(Ge) detector. For this purpose an energy calibration of 130 eV per channel was used 

to cover energies from 3 to 130keV (see Table 8.4). The standard reference material 

Apatite supplied by Astimex Scientific Ltd. (Toronto) was used to convert gamma-ray 

yield into concentration (see section 6.4). 

Mean concentration levels for all elements appeared similar when looking at the ratio of 

sex (Zn: 1.0, Sr: 1.4 and F: 1.1) and age (Zn: 0.8, Sr: 0:9 and F: 1.0), see Table 8.5. 

Although the standard deviations are high as expected from biological system variability, 

the mean values reflect some group homogeneity irrespective of sex and/or age. However 

this variability appear to be smaller for Zn and F in the children sub-group. 
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Table 8.4: Trace elemental concentrations (ip. Jlg.g-l) by 
micro-PIXE on selected specimens of the Gugulethu teeth 
sample. The values for F are given in [%]. 

Age Sex Fe Zn Sr F[%]* 

F n.d. 744±3 89±6 1.31 
M 18±7 999±8 43±3 0.67 
F n.d. 379±3 84±4 0.39 
M 12±4 693±9 65±5 2.15 
F n.d. 972±7 52±4 0.69 
M n.d. 783±6 68±5 0.13 
F 10±3 684±4 102±5 2.56 
n.a. n.d. 952±8 73±4 1.16 

46±6 45±2 161±7 0.41 
751±5 55±4 0.67 
174±6 18±2 0.97 

n.d. 1144±11 66±4 4.72 
n.d. 638±4 92±4 1.42 
n.d. 716±4 102±6 4.20 
n.d. 494±4 94±6 1.00 
92±9 601±7 85±4 2.01 
16±4 733±4 105±5 5.71 
42±4 571±5 94±3 4.07 

C F n.d. 972±6 176±7 1.76 
A F 47±4 631±5 44±3 2.92 
A F 17±5 794±6 109±3.9 2.42 
C M 57±11 692±4 82±6 1.77 
C F n.d. 973±4 n.d. 2.28 
A F 22±3 592±6 105±2 2.86 
A F n.d. 121±4 n.d. n.d. 
A F 20±3 963±7 114±6 1.71 
A F 17±3 955±7 110±5 1.94 
A F 17±4 279±3 126±4 0.07 
A F n.d. 185±4 118±6 0.01 
A F n.d. 867±14 50±25 n.d. 

Relative error of determination estimated as 7%. 
1 A = Adult; 2 C = Child 
n.d. = Not Detected 
n.a. = Not availlable 
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Table 8.5. Descriptive statistics 01" the teelh >Jmplc concentration 
levels: mean, standard de,,,,tion (STD) and relative e\Tor. The ratio 
related lO sn or age j~ also given. 

8.2.7. CO l'i:CIXSIOJ'i: ANI) DISCUSSION 

The plUce s~ of demineralization in teeth erosion due to exposure to acidic media WaS 

investigated in a group of test ami control healthy humall molar teeth.lnfom)atiOIl on the 

majOl comp<m.nt, showed marked differences between controls alld t~,t, particularly fo.-

0, P and F. The atomic ratios of majo.- constituent, in the matrix were characteristic of 

test Or control.; with typical ratios: Osp,Ca)F, for tests and O"P".,Ca)Fo.\ for controk 

Analy,is by micw-PIXE showed that the In"C1s of trace element, (TE) were enriched 

and/or depleted accoroing to the type of erosion tr"atment Quantitative micw-PTXE 

result, showed a significant depiction or inc.-ease in SOme TE, particularly Fe, Ni, Cu, Zn 

and Sr for te~ts ,ample~ (see Table 8.2). On the other hand the correlation between maps 

of Ca and Zn in and around the interfuc~ b~tweell dentine and enamel in control ,amplc:s 
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showed two types of mapping similarities (for enamel and dentine). The strongest was 

related to the enamel area. 

Mapping comparison showed that the spatial variability of TE within the enamel-dentine 

interface was distinguished for both enamel and dentine and might give vital information 

as to the role of TE in early erosion lesions. It appears that the structure of dentine and 

enamel is not uniform with respect to the spatial distribution of TE and this may 

determine the cause of teeth demineralization processes exposed to acidic media. On the 

other hand the weak or strong reaction of the teeth to overcome the depletion of minerals 

and their clinical implications should be studied in the future. 

In relation to the study of teeth from a disadvantaged community in Gugulethu, Cape 

Town, the main conclusion to be made is that in spite of high variability of the trace 

elements concentration the mean value appear to be similar for all sub-groups (male, 

females, adult or children). A smaller standard deviation was found for the children sub­

group, particularly for Zn and F. A novel methodology which has been explored recently 

[Sha04] was the determination ofF from the 110 keY gamma-ray simultaneously with x­
ray signal from Zn and Sr using the strength of the Hp(Ge) detector. With this 

information on hand, future investigations will allow us to correlate the content of F with 

possible de-mineralization in teeth and nutritional value. 
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8.3 ANALYSIS OF HUMAN KIDNEY STONES: COMPARISON 
BETEEWN TWO POPULATION GROUPS 

8.3.1 Introduction 

During the past two decades a great deal of scientific effort has been directed at the 

characterization and studying the formation of kidney stones [Bro8l, Smi8l, Sch85, 

Gal89, PaI90, Pin94, Pin96, and AshOl]. However the hope that such studies would 

reveal the cause of urinary calculus formation has not yet been realized, the main 

reason being the multiplicity of factors contributing to the process of formation of 

stones. Amongst these causal factors, pathological changes of the kidney and 

metabolic disorders [Pak76], in addition to geographical, environmental, ethnic and 

family related parameters have been shown to predispose certain people to stone 

formation [Vah79]. 

The analyses of calculi have shown that all stones formed within the urinary tract, 

irrespective of cause or composition, have, in addition to the crystalline inorganic 

substances a second basic component, namely an organic matrix mixed with the 

crystal aggregates [Boy59]. The most common matrix observed in kidney stones is 

calcium oxalate. The calcium oxalate appears typically in three forms: the 

monohydrate CaC204.H20 (COM), the dihydrate CaC204.2H20 (COD) and the 

trihydrate CaC204.3H20 (COT). Each one of these could also be present as different 

crystallographic sub-groups, such as two COM monoclinic varieties with different 

unit cell parameters sizes. However other crystallographic variations of these common 

three may also occur (see Figure 8.11). This knowledge, together with data obtained 

from crystallization experiments, has led to the development of the known theories of 

stones formation. There are three mechanisms which are of importance in kidney 

stone formation. These are nucleation, crystal growth and aggregation [Nan83]. 

Nucleation refers to the birth of sub-microscopic molecular species of critical size 

within the supersaturated solution [Ver68]. This initial event can be either 

homogeneous or heterogeneous, involving nucleation of more than one phase. As a 

consequence of recurrent supersaturation and other factors, aggregation of the formed 

crystal may occur, either by sintering or by interparticle bridging of polymeric 
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materiul [l'in77J. With the sub~uent trapping of the resulting poly<.:rystalJine mass 

in the kidney, a stone is funned. 

Association of at least 
2 co""""nenls 

Stone 
Formatio • .J ----( 

;"-$...,... •• ,U'.Uon: 
"NUeINUon 
"-'N,_ lion 

Hbtrix in!1l.Uo" -
u'otnucopr,,'e in . ..... ..... 

~" ~ L.oI< of ... hibllor • . d ... ",_ 
J.- Epllllxy 

t Crystal growth t 

" 

, 

" 

Heterogeneous 
Nucl ...... tion 

co' 

...---. 
.~ 

• , • 

Agg.-.gatlon 

• • 

t RoleofTE t 

>"<>not.,, ' ... po"' ..... 
).-pH g'-"" ,,-

• 

Figllli 8.11: Calcium oxulate kidney stlJDe fUJUHitkm modd showing th" Tale of 
ph>ll;tl d"v"lopm"nt with pH of supc:rsamruted solution. (APA: Apati"'; STR: 
Stru vile). Tempo;rature. pressure and lock of inhibitors such as citrates are also 
<.:riti<.:al in the nucl"ation stag" [Wan86]. 

Two c linical studi"s have addressed the imlX'rtlult question of wh"th.". any correl1ltkm 

"xists between the trace elements erE) content' of calculi and that of urine and serum 

of th" patitln t from whom the stones were ohtain"d [Jo<J87. Hof89]. 

In the COIltextof <.:akium (lxalare SlOnes particular interest is being paid w the "ffect uf 

trac" "lement aggregates as promorers or inhihiturs in the three swges of stone 

formation. 

n", preselll study oom:entrates U1I the d~rennillatk)(] of trace elements (TE) in human 

kidney stones hy nucl"ar microprobe (NM P). interest waS fiwuStld on ootcnllining 

levels of variability in .,J"m"ntal concenlration of ea and TE lOOlUghout sdtlCreJ 

micro-regions of two set, of kidn"y stones, from SOOaJ..\ and fl\llD South Africa. 11", 

"mphasis was Oil a statisti<.:al oompari"Ml uf t}", two groups in tenns of their elemental 

prolile content hy cuuntry and to establish if a genernl trend in t"rTTlS of .,J~meIlLal 
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variability could be estahlish ba>e<.l on dam obtained from mi<,TOanalysis hy PIXE "lid 

proton backscattering (8S). A smtistieal comparison of the two groups ()f stOIle' is 

significant since this could highlight differences in tenus of climatic conditions, 

goo,graphital circun~~t"ltes us well liS diet. 

8.3.2 Concretions description and measurement~ methodology 

Eleven kidney concreti<ffis from the central regi()ns of Sudan lUd eight from the 

Westem regions of South Africa were considered fOf this investigation. Si:tc of stolles 

varied /Tom small (-1-3 mm) to hig (-1-3 em) with masses of 5 mg to 5 g (St!e Figure 

8.12). TIle topography was rough with actelltuated sharp edges. COIOUf ()f stones 

vaned frum light hruwll to darki,h grey. Clinitally removed concretions were 

emt,.,dded ill epoxy ut room temperature. Cross sections through the tore wtITt! cut 

with u diUlDJnd '"W. n", tW() re,ulting Hat half surfaces wtrr't! carlxm coa!tx.l pri()r to 

pruton bombunllIk'nt (see Figure 8.13). Olle half was u>.e<.ll(,f micro-PIXE and tht, 

second one fur X-ray diffruction (XRD) unalysis. 

Calcium Oxalate Mooohydrale (COM) 
Cac,O,.H, O 

Cak::ium Oxalate Dihydrate (COD) 
caC,O •. ZH,O 

COM _ Outer Core 

Uricite __ Core 
C,H,N40 , 

Figure 8.12: A South Atiican calci\Ull <Jlwlllte calculi (left. side) e~hihiting 
the three pha."" COM, COD and COT. Sudanese were mostly oxalates with 
some showing un uricile structure 111 the tore (right sid.,) 

Most unaly",,' were fotused illto measuremeuts in and arouud the core region of the 

stone. l lowever iTTll<lilltion, wtrr't! perfonu as well in the outercore, to study the 

eienltJntal profile at particular gJuwth l()calizution outside the nud""tion volum.,. 11", 

nucleation cell at the c()re of the mnt",tion" ill particular, some till"CS oould oontain 
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ery,tals o! mixed phases which could generate epitaxial growth of phases other than 

the eurrcntly present at the core of kidney stones LMey75, ManllOJ. This can be 

ob~"rv"d ckarly in dlt' South African ~rone in Figur" 8.12 where h"lll the COM and a 

!Dixlln" of COD/C'0r ar~ I""sent_ Typically th" nucleation 70ne O,c'Gupie8 a ,mali 

vulume within the !mlk of the calculi, which si7.e depend, On the type and mass of the 

whuk collcreti<1il- For example the uricite stOlI<e in Figcrre 8.l3a with a liiameter o! 

-30 mm ha~ a nucleation core of ~ 2-4 nun with layers o! growth IOnncd in the radial 

direction towards the outer core. H>r the South African kidney ,tones serie, 011 the 

other hand, where average mass was smulkr (-2-6 nlll in diumeter), Ihe core 

n..,asured only ten, o!,.m. In Figure 8.13b micrographs of SUllIe cUllcf""'tiuns for both 

South Aliican and Sudun"se groups show clearly the~e variations in sin' and structure 

o! dlC !lat concretions ~urfoce. In general SOUlll African calculi were ,mailer than dIe 

Sudanese however most ofdlen Wef"'" calcium uxalaks. 

---10mm 

I'ib'Uft' 8.13a: A Sudanese calculi flu! 'urfa.::e after CUlling dllUugh the core with a 
diamond saw. Two halves were ubtaintxl, one u.=l fur PIXE and p-BS. and the 
other olle lew )X>wd"r X R D spectrolIletry.(1) Core (2(111<.13) Out of the wre 
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H~u'" S. ' 3b. M kn>£rolph~ or SUlII(: 01 repn:",ntarivc cw...'U1i fur tht: S"uth 
AfriclUl (SA) a.nd 'sOO:lllC'.'<e (S) I.!"'ups. TIle size i~ imli.,,,b.:(! by !he sc~k 
bar and the wlute anuw is p"imin~ !Q th~ Tluc"'alilll ret,tiu". wh~re 
unuly'~' were l10flnully perforHled. 
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A sillllmary of th~ main steps of ilie anal ytic~ I meiliodo logy i~ ~hown in Figure 8.14. 

Sampks w~r~ irradiated with 3 MeV pro\on~. Beam curren\~ of -200-400 pA were 

used to ensure that no lo~s of metal con~\ituents occurred due to l",ssible a rise in 

temper.1ture generated at the probed sample volume (to a depth of -30 mgicm2). 

Micro-regions (-100-1000 ",m2) of interest were scanned by th~ 2-4 fim beam probe, 

~t dwell time of 10 ms, Scan size of 128 x 128 pixels w~r~ us~d to ensure a good 

resolution for mapping visualization. Tru~, overlap-re~olved elemental maps as well 

as total micro-P1XE data were obtained u~ing the method of Dynamic Analy~i~ (DA) 

l R ya02e 1. Simultaneous proton-BS infonnatjon was also recorded for on major/minor 

c.omponents. 

" JIll 

... - --, 
I Sp.lial I 

~]<m<nt.l I 
Dl'1rlbYlio~ 1 ... 

I Simil.rili" I ,--_ ... 

FiguTe 8.14; Main ~tep~ in ilie meiliodology for characlerizalion of the 
kidney stone concretions. Correspond~nce Analysis (CA) provides a tool 
for clust~r classi IIcation according to region. 

8.3.3 p-BS and XRD spectmmetr} determinations 

Major compon~nt~ C, 0, Nand Ca were detemtined by proton-BS. Table 8.6 show~ 

the atomic ratios as det~rmined hy BS, as wdl as the phase identifleation on kidney 

stone samples as detennined by X-Ray powder diffractrometry (XRD). Phases 

detennination were done using th~ 1998 lCOO release data [Pow98], Of int~r~st is the 

fact that some of the stone phase Idenlification did nol c<mespond to the BS Tatio 

evaluation. Since the size of the micro-region irradiated in and around the stones core 

by mic.ro-PTXE wa~ of few hundroo fiml, Ute actual elemental results by PIXE are 
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t'lCused exclusively 10 tllis micro-area III contrast, Ihe analytical area In XRD 

detenninatiolls was -I x 1.5 em'. 

n,., rationale for Ihe ahoYl! oliseussion is suhslantiakol well hy tilt liS s]><'ctru of 

Figure 1!.14a, where a South African sanlple (2240A, wilh COMICOD COTe structure) 

and a Sudanese (S5. with uricite core strucrure) are compared. It shows the presence 

of nitrogen ill the Sudane""" stollt (S5) whkh is relateol to the core phase strucrure as 

deknnineol by p-lIS. Moreover analyst's hy XRD showed that tht main stru<:ture in S5 

wus COM. Tht simulutions of hotll spectra art! also shown in tht figure. Tht relative 

high chi-squanc value found for the simulation of the South African sample in 

particular, lll3.y be coonected to the use of non-Ruthtlford scattering cross section for 

protous at u goomtlJ)' angle (176') which is not the tXUCt angle used at iTIlemha 

LABS. 

Proton Energy I MeV 

2240A-&lUth Africa 

(COMICOD· core: p-BS & XRD) 
-

-

-

300 350 400 
Chamel 

Figure ll.14a: COlI:fIUriSOll of p-BS s]><'Clnl f"T a calcium oxalulC South Africall 
(2240A) and a uricite Sudanese (S5) calculi analyseol at t1,., core. Notiu: the 
presence of N in tht Sudanese steme. 
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Figure 8.15: XRD spectrum of a Whewellite-Weddellile (COM-COD) type 
sample (2241) n-om South Arnea; see Table 8.6) and an Uricite type (4 fi-om 
Sudan; sec Table 8.6). 

ThelT matrix composition (as determined by proton-BS) was in general calcium 

oxalate monohydrate: Whewellile (COM) and/or dehydrate: \Vcddcllitc (COD) (see 

FiglInI 8.15), The Sudanese group had matrices, which exhibit a combination of both 

COD and COM. but in addition ""llne of the stones areas were rich in other type of 
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phases such as micite (see Table S,6 and Figure 8,15), On the other hond some 

Sudanese samples ,;xhibited p,,,o phases of COM monoclinic shown m Figure 1\, 10 for 

stone S5. The occurrence of the two COM monoclinic phoses may suggel1t that a 

similar cembination could also appear in the case 0: other crystallographIc groups 

such uricite. H Owe\'er this hypothesi s waS not explored in this work. 

Since the XRD analysis peTfilnl1ed with the XRD powder machine at iThembo LABS 

use 0 Cu X-Ray beam with 0 loteral size of 1.5 cm as compared with that of the N11P 

beam (size of -2-3 11m). the total area onalysed in XRD covered the whole stone 

surface, From the abo\'e we can dedoce (see Table S,O) that micite matrix in the core 

of the 2260 slone did pTecipitate lhe fonmllion or COD matrix in the outer core of the 

stone. This WaS filUnd rrom a second irradiation of the stone in the outer cOre. A 

reverse process occurred in the case of the S3 stone from Sudan as shown in Table 

8,6. The above discussion is illustr.ded m a better way in Figure 8.17. where the 

atomic ratios orthe malrix composition (at the core) found by p-BS for stone S6 don't 

corrclate with the COM phase found by XRD. 

"~ ,--------c-------------------

II 
'fYI''' A \\'"-..,,,.~.c (C.C,O.RO) 
T},p< II ___ • Who"",IO< WaC,O •. K,O) 

i 

--~---~------~ 

'" '" 2 Theta I • 

figure 8.16: XRD spectrum ofa Whewellite type sample (S5 from SllIlan; see 
Table 8.0) showing the prescnce ofp,,,o different monoclinic phoses Type A 
and B in the ngllre, Di fli"action lines in thc region around 50 degrees are also 
type A. 
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Figure 8.17: "lbe momic mtios for stone S5 (Sudan) found by p-BS (at the <:ore) 
txJint out to a N-ri<:h type matrix. For wmparison the COM phase found by the 
XRD analysis at Ihe o uter con; i, shown. TIle opposite occurred lor the stone S3. 

8.3.4 ).l-PlXE detenninatioIlS: results from tolail'Ootent 

n", dement, Fe. Cu, ZII. Sc, Sr and Sr were dctemlincd hy ftPlXE. Their 

concentration levels are shown in Table 8.6. The analyses woore directed primm!y to 

Ihe con; oflhe concretions. Th:refore the concentnltiOIlS givell in Table 8.6 are reJutted 

to th" particular phase fuwul within Ihe core of ca<:h kidney Slone. In geueral, the 

spatial distrih ution orCa (as major component) in most stones wus non-uniform. with 

concentrution Vlliues in !I,., llm!!e 15-40%. Our J()CUS wCre On rnicnJ-PIXE data 

showing th" spatial distrihution of TE. plll1iculruiy Fc, Cu. Zn and Sf for both groups 

of kidu.",y COIlC""tiOllS. Twu typical PIXI, spectra or til'" total X-ray counts Over a 

wiK)le particular area are showu in Figure S.IS.1n addition to the llUlin ekments cited 

previously snUlII tnlCeS of Mn, Ni and Pb were also dettxoted, howcvcr tlleSC wCre not 

included in thc analysis of results. Due to the presen<;e of pile-up in and :lTound tI,e 

region of Pb L~ lines (-105 keY) this element was not inclmled in the tina! results. 

On thc othcrhand Mn and Ni were below the detection limit, in most of samples. 
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Figure 8,18: PIXE spect,,1. obtained with. 3 MeV protons and a Hp(Ge) 
detector (see detail~ in section 73) on South Alrican and a Sudanese 
,tones. A 102 1,lIn AI absorbe r was used to reduce the high intensity signal 
for thc Ca K-lincs. The pile-up and Ge escape peak profiles arc also shown 
in the ligure. 

The histogram of the elemcntal concenrr-J,tions ()lgg-I.) at the core for the two kidney 

stoncs series is shown in l'igure 8.19. Of imponancc are the high kwels of I'e and Zn 

for sOllie Sudancse concretions (SI. S3) and South Africans (2302A, 2240B). Thc 

Sample 4 (an Uricitc matrix) ,howed elevated levels of Sr which correlate with the 

fact that analysis by XRD gavc an ovcrall COM type_ matrix ror the outer core, 
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rigure 8.19: Histogoon of the elemental concentrations (~gj(l) at the core for 
the two kidney stones series. Notice the high levels of Fe and Zn for some 
Sudanese concretiolls (SL S3) and Sooth African (2302A 224013). Sample 4 
(an Uricite matrix) showed elevated levels of Sr. 

Mean values of the concentration levels for each TE in each JXIpuiation group were 

plottetl to <ieteTInintl the level of correlation between the mean trace elememal protiles 

of each group. This relationship (shown ill Hgure 8.20) highlights a type of linear 

correlation between mean pmfiles_ In particular it can be clearly noted two kind of 

distribution governed in one liand fly Zn, Fe and Sr, and Se, ell and Br on the other 

hand_ This point to a possihle separation between group of stones which call be 

visualized by other kind of statistical analysis such as correspondence analysis (CAl. 

Elemental conceillrations of all stones as determined \>y ",PIXI1 were suflmitted to 

correspondence analysis (CA) [('.re901. Figure 8.21 shows the plot of the CA for the 

fiffit two axes, which contains appro:timately 80% of all the statistical information. 

The South African stones were tight grouped ncar the origin ot the CA plot and lire 

moslly defined by Cu, Br aJld Sr, with a high correlation between eu and lIr. 
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Sudan 

South 
Africa 

Table 8.6: Tracc elemental concentrations as determined by micro-PIXE in mgg· j for the 
two South AJrican and Sudanesc groups. A sct of sub-groups from Slldan (A ~nd B) 
collected [rom population \caving in di ffercnt regions o[the KhartollTn area are indicated 
in the left side o[the tahle. Major components levels arc givcn as atomic ra(io~ 
determined by prolon-RS. Qu~ l itati ve idenlification of the kidney stones m~lrix phases 
were determined bypowdcr XRD. 
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Figure 8.20: Plot of the rr..,all value tr'<>ee demental profile for hoth the South 
Atiicall anu Sudunc,"" concretion gmups. A type of linear rulalion "hip governs the 
relationship with two type:; of distributions: I and 0. The position of Mn. Ni tlIld 
Ph do not play u mujorrok in II.., <.kllni!;o1l ofth" two. 
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• As delormlnod by p-BS 
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Figure 8.21: Con-esp<lTJ<.knce Analysis of the first two axes for the two groups of 
kidney &tOIles from Sudan (D) and South Africa (S). Stones rrom South Africa are 
c1eurly ciusrereJ into one group. One outlier (S) has elemental protile (hut n:sembles 
mostly the suh-group 1 fmm Sutlall_ 
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Two ~tOTl~.~ 2117 "nd 2302 w~re found tu IJt, ou tliers with 2302 mostly colTClatcd with 

the SudaTl~se ~~ri~~. 

n,~ Sudilll~"" ,;;t,ri~,; wa~ clu,;tered into two ~ubgruup~ in th<: CA plot, charoctt:rizcd 

by high le""l, of Sf (sub-group 1) and Fe (sub-group 2). Two stones from Sudan 3A 

arnl 2B were found to IJt, correlated with d~ South Mric!lll group. Although the two 

subgroup, of stones from Sudan (A and B) sbJwn in Tuble 8.6. originat<Xi from two 

diff~reTlt region~ within th~ Khartoum area in Sudan, tl", gro'l'ing Ii,wld by CA 

analysis, does not upr<'ar to be a,;sociat~d with tI",,,, two ~ub-gr"up,; (A and B) ,md 

therefore dIey are not associalxd with different g~ographical conditions preval~nt in 

Sudllll. On ta, contrary, Sudanese ston~,; w~re grou{"'d in the CA plot acoonling to 

,;ub-groups I and 2 (:;ec Figure 8.21). These two suh-gr"up~ contain SudaIlt'''' ~tones 

from both kJCation~. 

8,3,5 Elemental spatial distribution 

As explained in Chapter 6 the calculatioo of elemental maps hy th<: llli'thrxl of 

Dynamic Analy~i,; takc into consideration the calculation of a matrix tran~f(mnatioTl 

tImt convert counts into concentrations for a I<JCa1i~~d micro-region. Since in mapping 

mode tIlC prolon beam is moving pixd by pixel, it is expected, as m:;cu5sOO in section 

83.3, lhat in average ta, matrix compo,;itioll within a localised micro-region may 

chall~. 

f--------------·-----·-·--···-············--·-·-------. 

, 
• AI 

X-ray Energy 'ju,V 

Absor~r _._._.----------- ---------------_._ ... _._. __ .-----' 
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Figure 8.22: Variation of the 
matrix COlTCCtion factor l(Z) with 
tllC X-ray energy in PIXb analy,;i~. 
1bc X-ray yield YCZ) involv~d in 
the cak:ulation of th~ matrix 
transfonn during the method of 
Dynamic Mapping i,; h~avil)' 

dcpendent on th<: localised matrix 
composition. Till, dependellC~ is 
greatly inlluenceU as wdl hy tlle 
quality of daabase available. 
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lbis is p::u\icul:trly the ca...e [' )t Ca·ricJl biolottil:ul materials in wb.il;h the v:uiat'nn of 

tk mall;;' com:c1iou facll)t J(Z) (see Figure 8.22) is lruvily dep.:nOOnl nil tlr 

lncalisod muuh o::,mposition. Thi.~ <iepcn,kllCc is furthennnn;, infiuenc<:d hy the 

'1uality of phys io:.:aJ p<mlI.lClI':l'S <1111:1"-: (._ Chapter 6). CUUlk)f1 ' "lIst the re fore be 

o;}lerci.~d when de~ling ",i lll thi5 kit"! of '~Y'U:Ol1~, es~i~ l ly wloell lI~jll8 low t"1It"rJ:!Y 

protnns ( J.O < ~ < 2.0 McV) anu thill ahsnrhet~. SlIx'e in this i llvC~tigutJJII we used a 

thick A1 uhoorhc:r ln stop tI "" 3.0 MeV protons uti well as tlr high ~jg:rH,h t'mm C a K· 

Ji nes X.mys, "'~ cou.kl o::mf!denlly be ~ure tl1lll tI:.. Ul}UI:;<rtaility d <>e IQ tilt- ev~l u:otion o f 

J(Z) Ii, .. c lcment:; witl . 7. :> 19 IS small. 

Fe 

Cu Zn 
--- , 

--.' ". -

-
- -

100 J..Lm 

Figure 8.23: Elelllt'ntm maps fur Ca, Fe, eu WlIJ 7Jl ot>taIDo:u hy the Illt'thod of DyllllTIli~ 
Analys; ,~ (OA) ror sample 53 • Sudal.lclil' kiJll ey st.l ll<' ~I the CMC (Matrix oompositioo 
unfit<: a:i deu-ruillJc,d hy XJU) . Areas So:31.ne.i were 128 x 12S pixo:l .... Lall':r:ll bellm 
J>:sol lulion was -2 j.lnL TOM ll.;cunrulured d 'lUge wusU5 I'C. 
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Mupping similuritits OD the seritS of kidney OOllCl\;tions ~howed thut !he ~putial 

variubility of TE within tht ureas analysed supply relevant inionnaliou li.~ to II., n,Je 

ofTE in early kidney stoJlt furmmion fur p~rticular elemental phases such as Zn and 

Sr. This phase llOnnally correlate weli with Ca in most of !he South Alrican and 

Sudanese calcium oxalate stones, with tlJt, tX<:tption of rew [Pin85]. Figure S.23 

shows the elemental maps fur Cu, bo. Cu and Zn obtaintd for surnpJe S3, Sudanese 

kidney stone at the core. Although tht matrix compo~ilion u~ determined by XRD wa~ 

Uricite, analy~i.~ by PIXE also detected Ca. This is well explained by the results 

ohtained lrom the atomic rJtios mlalysi~ by p-BS (~Tahl., 8.6). TrtlCc clemcnts Fe 

and Zn (and Cn to a ltsserextent) uprear to correlat., w.,ll with Ca. 

S2 

2240 

2302 

Figure 8.24: Elemental nlap.~ ofCa, Zn and Sr for =ple~ S2 (Sudan), 2240 and 
2302 (South Atiica). Note !he similarity iu ~patial distributiou for the S2 and the 
2302 sample. Expenn...,utal ~UluJitious were as iu Figure K23 
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When maps of Ca, Zn and Sr are compared for sampk 2302 (South Ali-ica) a fair 

slmilanty in spatial di,;tribulion was found (scc Figure ~.24). HOVi'ovcr for South 

African samplo 2240 ~nd Sudan~se S2 such similarity did not occur. This could be 

explain~d from U1C correspondence analysis in Figure 8.21 where tho South African 

sample appear,; a~ outlicr in the ~l~\islical plot. The lack of simllarity in maps of ell, 
7n and Sr for lhe sample S2 m~y be: due to thc prcscnce of more than one phase class 

wiUlin the matrix core. 

Lincar traverscs extracted from selccted micro-regIOns of thc stone-core suppJied 

infomlation a~ to tho linear variability of concelllr~lion level., of certain oloments such 

a,; Fc, Cu., 7n and Sr (seo Figure 8.25). There w~~ a tendency for 7n (and Fo to a 

lesser extent) to increase at (h ~ particular loc~tion, marked ill! in lhe figuw, within tho 

linear lraversc. Th),; location is thoughl 10 be relawd 10 tho ecntrc of the core region. 

Lmear traver,;e,; lor Sr however, did nol ~how a similar trend for the two slones 

samples, with Sr having ma.-xima at different locations. 

8.3.6 Summary 

Two groups of human kidney concretions from South Afric~ and Sud~n arc compared 

in term,; of the ir matrix-phases a,; detemlined by XRD and proton-BS. The 

eoncelllralion vahws of Ihe trace elements (TE) analysed by fLPIXE (Fe, Cu, Zn, Se, 

Br and Sr) showed a linear treOO whcn their mean was plotted for both groups of 

stones. Statistical analysis of >,!'LXb evaluated by Correspondence Analysis showed 

Ih~1 the 2-dimensional plOl of axis 1 and 2 (holding up to S50/0 of the data 

information) could explain the foml~tion of two cILlS\ers, corresponding 10 each the 

South J,friean and the Sudancsc ,;tone group,; (p<0.05). Moreover the Sudanese grOLlp 

was c!us\ew! as Iwo sepamled sub-groups which wero not related to gcog,raphieal 

coOOitions. The core of most stones "·as CO)'I, COD or mixtures. Sin1lLl~tions of p­

BS ,;peclra for thick kidnoy ~Ione targot,; lwlp as a guide for quan titative phase 

identification of Ca oxalatc phases. DiJIerences in the ratio of certain elements such ~s 

Fe, Zn and Sr can be used to characlcri,;c possiblo role ofTE inlhe development and 

growth of ~Ione!;. The combination of XRD, proton-BS and pl'lXE provided a 

powerful set ofkchniques to char~c\erise the composition of kidney stones in the core 

n::glOn. 
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Figure 8.25 Linear u'ltverscs (right) for elen.:nts P",. OJ. Zn and Sr as <,xtractctl 
from maps of "<,l<,cltlti micro-regions at the core (left) for two stDn",s sampks. 
Cnnccnulllionleveis are in j.lg.g'l. Tho; Sudan",,,,, .,tnne (up) appear to have a Zn 
and Sr max at abDut 550 flTTl while the South Alilcan stone (down) have max for 
1'", and Zn to a le.,,,,,r exrent. Small arrows show the location of oth<'r po."ibk 
maxima. 
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8.4 ANALYSTS OF IDJMAN HAIR CROSS SECTIOl\S FROM T\VO 
DIFFERENT 1'00'UI.ATlOK GROUPS 

8.4.1.INTRODIJCTTON 

As w~ ITM)ve into the 21 " c~nlury mo·dem techn(llogie, which depend to a ~'Teat extent on 

otheL' .,uch as nanotechnology, "i]] have an impact (In the way human hio-sy.,tem, re­

engineer themscives to adapt to nevi type, of makriah and chemicals which win bring 

implicitly neW m<:ehanbm, and k,'c1, of toxicity not knowu at pre,ent. Currently, in 

modem .,ociely iucrea.,ing amount, of amhmpogemc and ubiqUItous uHra-iln~ particks 

such a.' in exhau't emis.,ion aerO"(lL" pigments, titanium and .,ilicon oxides and many 

more (with sizes (If --20-20l) nm diameter) are being manufactured for inclusion on 

product devci(lpment to supply the cosmetics, su!factan!." aerosol, indmtries. II i, well 

documenkd, that the thee,hold barri~r at which the bo<iy controls absorption (through the 

lung') of t(lxic fin e particle., is of the order of ~2_5 )lm [Vi193}. On th~ other, hand the 

.,tratum corneum of .,kin serve.' a., an important barrier iimction by keeping molecules 

and!or ultra, fine particles from pas.,ing into the hody. Thi.' skin thre,hold bamer towards 

th~ environment or the mec hanism to st(lP penetration of JXl.sible toxic ,ub,tance, is nG[ 

wdl nrnleNtood [1'01'95 j. FllI'thermore, it has been documented exten.,iYely that certain 

toxic ~km""t' are accumnlatnl with time in the hair shaft as the hair grow., [Hai01}. If 

toxic clements and/(lr compounds that are or will be manufactured in the future enter the 

hody (wer short andlor long periods or time, they may create body dysfunctions and 

health problems (sec Figure ~.26)_ Anal)1ical techniques capable of ddtTInining the 

internal hair distrihution of such toxic material. on crm" sections of human hair shaft, 

such a, PIXF will help to per1()[m ~ua1ity contmls 11l parallel with other techniques which 

do not ha\e the mapping capahility [PiI7SJ-

Earlier research on elemental analysis of hair Cm" sedio", by PIXE [1 lon~5 J showed a 

COllYenient wav u)[ ~uantitative determinations or m~tals radial distributi<J,,, in hair. 

However, this approach was restricted to pmton beams size.' of ~ x 25 I1m'_ Furthermore 

bulk elemental analysis of human hair by other techniques ,nch a, Ion Inducti vc O:l1Iplcd 
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Plasma Mass Spectrometry (K:P-MS), Atomic Absolption (AA), has OOen established as 

a" importallt screening technique to assess body-nutrient levels associated wilh poor 

health conditions and/or toxicity due to e"viroTlm.,-nwl pollutmts particular for long 

peliods of time [Val96, Cag95, Jas96, and ClaS5]. In spite of the greal number of 

research analysis reported Oil this material by a wide variety of instrumental analyt ical 

techniques [Aud04, Cav03. and HalO4J relatively liltle is being dOl);: with lBA 

techniques, particularly with micro-PIXE [Val96]. The reasons for this may be the 

sensitivity of hair to strnctun.l changes during proton bombanlment and/or sample 

preparation_ 

8 .// I ~:: I '" " .. 
- i :- - - - - - -- - - - - - -\~. 

1 1"1:t'1i~" I SJdn 

'. I ... n~' 

(-2.5I"n) 

.. 
/ 

.--' 

H um .. -"" \ 

Hair shan Cross S«UOll 

Cuticle (1) 

r - -\-- Medula (2) 

Cortex (3) 

" .... ~m.d.foon 
JR"'"li"'" 

Pigure 1\.26: ElemeTlts pathway for abso'Ption by the huma" body and accumulation 
in hair shaft. A threshold b~nier B for every cballllel of abso'Ptioil is defined: 
[ngestion~ Skin [FiJ95J~ Lungs [ViI93J_ ACCUlllUlalion ill the cuticle, cortex alld 
medulla can be visualised well by micro analysi, of hair cross-sections by DA 
methodology (soc lower left side). 

Reports of bu lk analysis from One or several poplilation groups have been reported 

[PiI81, Zha89, SeIDl]. However, resean;h of elemental mapping distribution and content 
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In the framework of human physiology, the concentration levels of elements in body 

tissues appear to be correlated with local nutritional and/or toxic conditions for a 

particular population group [Mur02, Zak98, Vas02]. Applying this same rationale to the 

case of human hair and considering that blood flow through the follicle brings in metals 

within the hair shaft growing process, a concise investigation into the metal content and 

distribution in hair cross sections from two different human populations groups was 

undertaken. 

The main objective was to compare the internal elemental spatial distribution of hair shaft 

in these two groups to obtain information as to the level of correlation between live style 

and other environmental conditions of the two groups. This investigation dealt with the 

evaluation of elemental content differences in hair-shaft cross-sections from healthy 

individuals from Sudan and South Africa. Results on the elemental two-dimensional 

distribution and statistical significance of elemental profiles were also addressed. 

8.4.2 Samples description and nuclear microscopy measurements 

Hair sample material from healthy male South African (average age 36 years) and 

Sudanese (average age 35 years) living in urban areas within the areas of Cape Town and 

Khartoum was collected for analysis. Hair shaft of about 2 cm long was removed with a 

tungsten knife from the occipital scalp region of each subject. Samples were washed with 

de-ionised water, rinsed in ethanol and allow drying at room temperature. Thereafter hair 

samples were embedded in resin. Thin cross sections of - 5 J..Lm were cut in a microtome. 

Block sections infinitely thick for the ion beam were also prepared. Prior to micro-PIXE 

analysis samples were carbon-coated to prevent charging during irradiation. Samples 

were stored in a desiccator until irradiation with 1.5 and 3.0 MeV protons. Beam current 

of -50 pA was used to prevent evaporation of volatile elements exposed to a possible 

temporary temperature rise while under irradiation. Selected micro-regions were scanned 

with a proton beam focused to about 2 x 3 J..LID2 spot size. The combination of low current 

intensity and a relatively small beam spot ensured the stability of the hair material at all 

times. Areas covering the whole cross section were scanned in a map-array of 128 x 128 

pixels with 10 ms dwell time. PIXE and proton backscattering techniques were used 

simultaneously. Off-line analyses of experimental data recorded in event-by-event mode 
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were perfonned with GeoPlXE-II. Elemental concentrations based on PIXE spectra 

extracted from selected regions within the cross sections were obtained using Dynamic 

Analysis (DA) method. Concentrations of light elements not detected with PIXE (C, 0 

and N) were obtained from p-BS spectra extracted from the same regions. 

8.4.3. Discussion on total content of metals found by both techniques 

Elemental matrix composition for major components found by RUMP (see Table 8.7) 

showed a similar trend in both population groups. With average composition C700.6N2S0.l 

and CsOo.7N2S0.1 for the South African and Sudanese groups respectively. Figure (8.27) 

shows the typical p-BS spectra of the two population group. Observed concentration 

levels of major components are in the range values from hair standard reference 

materials. 

Average concentration levels of S, K, Ca, Ti, Fe, Ni, Cu, Zn and Sr, obtained by 

irradiation over the whole cross-sections areas, with 3.0 MeV protons is given in Table 

8.8. A South African sample (SA4) in particular had very low concentrations of S, Ca and 

Zn as compared with the other South African and Sudanese hair samples. The Sudanese 

group on the other hand appear to be more homogeneous as far as trace and major 

components is concerned. 

Table 8.7: p-BS atomic ratios of major components in hair 
samples found by RUMP 

Sample C 0 N S 

81 5.2 0.1 1.4 0.1 

~ 
82 6.2 0.3 1.6 0.1 

83 6.8 0.9 2.1 0.1 
til 

84 8.0 1.3 2.8 0.1 

85 10.0 1.3 3.0 0.1 

« 8A1 7.0 0.1 1.8 0.1 

~ 
r.;t.. 

8A2 8.7 0.8 2.4 0.1 
« 8A3 10.0 0.4 2.8 0.1 
i:3 
8 8A4 8.5 1.6 1.8 0.2 
til 

8A5 5.2 0.8 1.5 0.1 
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Figure 8.27: Typical p-BS spectra from a South African (up) and a 
Sudanese (down) hair CTOss->ectioTi. The total spectra show a similar trend 
in both groups with atomic ratios C;rO"c;N,s"1 and C, o."N2S,,\ fur the 
South Alhcall and Sudmr.se &alllples resfl'Xtively_ 

Of importance is the presenc~ of Ti in both groups, although more pronounccd in the 

group from Sudan, with highest v~lu~ being -450 I-Ig.g- ' tor sample SI. Only sample 54 

had a Ti eOllCentration value similar to that of the South Aflieall group. Overall pro/llcs 

for S (mainly in the CO!leK), Ti, Zn alld Sr a"" also shown ill Figure.> 8.28 and 8.29 where 

we could see in geTler.1] that the conccntrations of these elements a"" depleted in the 
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Table8.8: Elemental concentrations of human hair shaft cross-sections found 
by PIXE [in /-tgg-L]. 

Element 
Sudanese specimens 

Sl S2 S3 S4 S5 

S 26120±1300 295200300 18660±1150 16120±900 15720±800 

K 353±14 323±11 232±13 82±9 192±9 

Ca 415±13 262±1O 558±12 159±4 237±5 

Ti 446±1 I 228±8 300±6 10±10 161±8 

Fe 141±2 65±1 107±2 18±1 140±3 

Ni 7±O.8 2l±1 n.d. n.d. l±O.4 

Cu 11.±O.7 4.3±O.6 13±O.6 5±O.4 18±O.7 

Zn 231±3 105±3 158±2 145±2 105±2 

Sf 18±2 8±1 11±1 1l±1 6±0.7 

Element 
South African specimens 

SAl SA2 SA3 SA4 SA5 

S 11070±650 8500±330 80 1 0±420 1360±156 14250±890 

K 253±12 659±19 422±16 145±5 79±6 

Ca 417±9 297±8 306±5 22±5 222±2 
Ti 42±4 31±3 13±2 n.d. 32±2 

Fe 20±0.6 73±2 9±0.4 5.2±O.5 18±O.4 

Ni n.d. 3±O.3 n.d. n.d. n.d. 
Cu 6±O.4 7±O.4 6±0.3 1.1±O.2 5±O.3 

Zn 52±1 68±2 47±O.7 2±O.5 62±3 

Sr 2±O.6 n.d. 2.3±1 n.d. l±O.2 
n.d. == below detection hmlt 

Elemental maps obtained by the method of dynamic analysis of shaft hair cross-sections 

obtained with proton beam of 1.5 MeV showed. primarily the distribution ofS, Ca, Ti and 

Zn. Their range values in aU three areas (cuticle, cortex and medulla) are indicated in the 

Figures 8.30 and 8.31. Regions of enrichment and depletion were observed. in the cuticle, 

cortex and medulla areas of the hair cross-sections. Figure 8.30 in particular shows the 

maps of Sand Ca for typical a Sudanese and a South African samples. Ca had a level of 

--0.4% in the medulla of the Sudanese hair while its value was 50 /-tg.g-l in the South 

African one. S on the other hand had a similar cortex distribution for both samples with 
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mean value content of ~3.5% (Sudan) and --4.0% (South African). However the sulphur 

content in the central region is grater for the South African one. 
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Figure 8.28: Elemental profile for Sand Ti for both series of hair samples. The 
mean S ratio S(S)/S(SA) = 1.8 while that for Ti is 14. Sample S4 appear to have a 
similar Ti concentration as the South African group 

Of significance is the positive correlation of the distribution for sulphur and calcium in 

both the medulla and the cortex regions for the Sudanese hair section. For example in the 

medulla region of the Sudanese hair cross-section the sulphur content is -1.8% while that 

for calcium is -0.4%. On the other hand a similar profile occurs for the cortex where the 
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mean values of sulphur and calcium are -3.5% and -0.1 % respectively. A similar 

situation occurs for the South African sample on the right of Figure 8.30 medulla and 

cortex sulphur and calcium. However the values for Ca are much lower than for the case 

of the Sudanese hair section with medulla-calcium is -SO J.Lg.g,l and cortex-calcium is 

-400 J.Lg.g'l. Normally the concentrations of both Sand Ca were relatively smaller in the 

cuticle external region of the hair shaft when compared with the concentration levels in 

the cortex. 
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Figure 8.29: : Elemental profile for Zn and Sr for both series of hair samples. The mean 
Zn ratio Zn(S)/Zn(SA) = 2.1 while that for Sr is S. 
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Furthermore the maps of Ti and Zn showed in l'igure 8,31 g~ve ~ diiterent picture. 

Although, Ti is present in all three sub-regions (clIticle, cortex and medulla) it hu ~ 

higber concentration level in the cortex region with values of ~.1 % and _ 3(X) "g.g _J for 

Sudanese and South African samples rcspccli,'cly. rOOf the medulla regiOil. these yulues 

were -250 "g.g-land -300 "gK'. The cOllCCntmtion level.s of Zn follows an inverse 

pulten! in the cortex arca with values of 10-200 "g.g-' f{lr the Sudanese and 100-

250 !!g.g_l forthe South African. 

0.1 % 

5/) l'II'g 

Ca Ca 

Figure 8.30; Maps of sulphur and calcium for a typical Sudanese (left") mid South 
African (right) hair cross-sections. The range vallles in all three areas (cuticle, cortex 
and medlllla) = indicated in the figul". :-'ote the inverse correlation of these two 
elemcnts in the rnedull~ region. Sulphllr appears to be distributed similllTly in hoth 
samples, 

Elemcillal dam for PtXE and p-BS was submitted jilr evuluation to corrcspondcocc 

analysis. figure 8.32 shows a plot of!he tlrs! two dimensio])" taking all variables and 

samples into consident!ion. No suppicmcnt31Y points were defin.,.] since the total inClti~ 
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rn,tw~~n hOlh dimcnsions I and 2 amollllled 10 more Ihan 90% of the whole in/(llTIlatioll 

The Sudanes~ gmup appear to form a tight cluster while the SOllih AITicall group was 

scalt,,[fi/ forming all e longated group. This clongation was dctcrmined primarily by thc 

sample SA4 which havc a low content of S, C,,- ~nd Zn. Ta: Sudanese group on the other 

hand uppear to lX'. IlDfe homogeneou., as fur a, trdC" and major components is cOllcffilt",L 

Ti 

Zn 

' . . ' , 

,. . 
• 11)-'f'tIIf.\! . . ' , 

• ... ..... 'P~.~ 

• • .. • 

Ti 

40 IlfIl Zn 

• 
, . 
. ~t • 

• • 

• 

Figure 8.31: Samc as Figure 8.30 bllt lor 7.inc and strontium .'I'l:c rangc values in all three 
areas (cuticle, cortc'"' and medu lla) are indicated in tlJi, figu!>'. Ti is present in all three sub­
regions with ~ higher level (0.1 %) in the medlllla. 

8.4.4. DISCl)SSION AND CONCLl)SIONS 

Both groups of hair samples originated from urball areas l'rom he altby and medium class 

standard of living within Sudan (Kbartoum region) and South Africa (Cape Town 

region). The similarity of mean matrix composition in the two groups as dd~TTnin"d by 

baclscattering ,",aly,is is significallt sincc these are two completely diffurellt population 

group, miles a prut and with different g~ogmphical conditions. However the South 
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Atrican group presented a ditierent pattern when considering the trace element analysis 

alone wilh depicted levels of Ni, Cu and Zn for most of them in addition to a n::lalive 

variation in their content, as compared to the Sudan:.:se data. The low contents for S, Ca 

and Zll in sample (S4) may be indicative of nutritional deficiency aud/or toxicity 

conditions. However concentrat ion levels of such CICIIICDiS in scalp hair trom pn::vious 

reported work is known to vat)' substantially (S: 1.5-4.5 %; Ca: 200-3000 p.g.g.'; Zn: 75-

250 p.g.f' IHar82, Fng891 according to mce, nutritional value and clima The p=',ence of 

TiUm..ium in both groups particularly in the cortex may point to a possible intake of this 

clement by the body. It is unlikely that Ti occurring tWm external envirornnentat sources 

may have infiltrated through the cuticle into the cortex. Particularly since the values are 

rather high (1000 lJg.g_l). 
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Figure 8.32, Correspondence Analysis plO! of elemental concentrations data obtained 
for Sudanese and South Atrican groups lor dimensions t "nd 2. NOIicc the tight 
clustering ofthe Suda[}ese group_ 
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This particular finding should be investigated further in the future in a bigger sample 

population to be able to draw final conclusions as to the more acceptable theory for the 

"true" source ofTi and its possible role in pathogenic conditions not known at present. 

The data on trace elements exhibited in Table 8.8 has shown that the Sudanese group has 

a more homogeneous pattern although with a higher concentration of Ti than the South 

African group. In particular sample SA4, with very low levels for sulphur, calcium, and 

in general aU trace elements is a special case that needs further investigation to be able to 

find the correlation of its metal content profile and a possible toxicity condition in the 

body. Statistical analysis of data by correspondence analysis generated a clear separation 

between the two population groups with the Sudanese group presenting a very tight 

cluster. 

SUMMARY 

Trace element analysis of hair was used to assess the content of metals in two population 

groups and to screen hair shaft of subjects for body-nutrient and/or toxicity levels due to 

environmental pollutants. The main objective was to compare element content and spatial 

distribution within scalp hair-shaft cross sections of these two distinct human population 

groups, and to assess possible similarities and/or differences. Proton backscattering and 

Micro-PIXE were used to determine the matrix composition and content of light and 

middle transition elements, with beam energies of 1.5 and 3.0 MeV. Mapping analysis 

showed a relatively similar content distribution for K and Ca within each group. However 

significant differences, partiCUlarly for heavier metals, such as Ti and Zn were also found. 

Correspondence Analysis of the data showed a clear separation between the two groups 

when the total content over the hair cross section was considered. 
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Appendix A 

Input file for the IGUN Program for the Ion source simulation 

IGUN has built in boundary processing ofPLYGON, which gives a CAD-like user 

interface to set up the boundary, including definition of internal electrodes, dielectric 
i 

boundaries, and slanted Net\mann boundaries (field lines as boundary elements). The 
I 

input now is mesh indepentnt and can use any coordinates from a drawing, accepting 

any offset. The output ofth equipotentials, field line and trajectories (to be used in a 

further run) has the same 0 set and units, which greatly eases the organization of 

concatenated runs, e.g. highl mesh resolution in the plasma region, lower mesh resolution 

downstream 

Ext 106c.in (90/65mA, Positive EE, EE by Dan) 
&INPUTI RLIM=45,ZLIM=5285,POTN=4,POT=0,4705,0,-8326, &END 
3,0,0 (electrode No 3, and R, Z are polar coordinates) 
3,44,0 
2,44,5 
2,1,5 
2,1,6 
2,2.5,7 
2, 3.5, 7 
2,3.5,9 
2, 7.83309, 9 
1002, 7.833095, 10.8 
-1.8 
2, 8.16406, 9.03069 
2,25,22 
2,44,22 
1,44,34 
1,30,34 
1, 8, 13 
1, 8, 19 
1, 15,26 
1,29,39 
1,44,39 
1,44, 75 
1,4,75 
1,4,76 
1,8, 76 
1,8,95 
1, 11, 95 
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1, 11, 76 
1,44, 76 
1,44,100 
4,44, 101.5 
4,34, 101.5 
4,34,85 
4,31,85 
4,31,80 
4,26,80 
4,26,97 
4,9.300003, 97 
4,9.300003, 118 
4,26, 118 
4,26, 130 
4,31, 130 
4,31, 119 
4,34, 119 
4,34, 103.5 
4,44, 103.5 
1,44, 105 
1,44, 138 
1,43, 138 
1,43, 124 
1, 38, 124 
1,38, 140 
1, 12.3, 140 
1, 12.3, 121 
1,9.300003, 121 
1,9.300003, 140 
1,4,140 
1,4,142 
1,44,142 
1,44,216 
1, 1,216 
1, 1,219 
1,44,219 
1,44,224 
1,0,224 
3,0,0 
&INPUT5 

MAXRA Y=30,STEP=0.05,TE=4,UI=0,MASS=1,RP=2,ZP=I,NS=15,HOLD=15, 
PDENS=5. 7Ell ,AMPSO=0.00050,NSCAN=2,SY=8,DSCAN=5,ZSCAN=0,LASER=T, 
WR TEQU=-5000 &END 
&BUNDLE RB2=4 &END 
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APPENDIXB 

Input file for the TRANSPORT program from ion source to the end of 
the accelerator tube 

lIon Source+ Lens+ Accelerator tube. I 
o (Indicator card means the following describes a 

15.1l.0IMEV/0.001; 
15.1.01MM/0.1; 
1. 1 7 1 7 O. O. 4.33231BEAMI ; 
16.4.0 100.0; 
16.3 1837.7 /MASSI; 

3 . . 061/D/; 
6. 1.043.04; 
3 .. 02/D/; 
11. 0.0 .0029; 
11. 0.002 1; 
11. .021; 
11. 0.0020.0; 
3 .. 019/D/; 
6. 1.043.04; 
3 .. 081; 
6. 1 1 3 1; 
3 .. 002/D/; 
3 .. 075/D/; 
11. 0.0 .0028; 
11. 0.005 1; 
11. .05 1; 
11. .0140.0; 
3 . .461/D/; 
6. 1 153 15; 
11. 0.0 0.0064, 
11..011; 
11. .091; 
11. .01 0; 
3 .. 118/D/; 
6.115315; 
3 .. 012/D/; 
11..0 5.988; 
11. .027 .0051; 
11. .027 .0103 ; 
11. .027 .0153; 
11 .. 027 .0205 ; 
II. .027 .0256 ; 

new problem 
(Input-output units) 

(Guess of initial beam parameters) 
(Special input parameters) 
(Mass of the particles comprising the beam, in units 
of electron mass) 
(Drift Space) 
(Transformation matrix update) 

(Electrostatic acceleration section) 
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11 .. 027 .0307 ; 
11. .027 .0359 ; 
11. .027 .0410 ; 
11 .. 027 .0462 ; 
11 .. 027 .0538 ; 
11. .027 .0615 ; 
11 .. 027 .0692 ; 
11. .027 .0769 ; 
11 .. 027 .0846 ; 
11. .027 .0923 ; 
11. .027 .1076 ; 
11. .027 .1153 ; 
11. .027 .1231 ; 
11. .027 .1307 ; 
11. .027 .1385 ; 
11. .027 .1461 ; 
11. .027 .1583; 
11. .027 .1615 ; 
11. .027 .1692; 
11. .027 .1796 ; 
11. .027 .1846 ; 
11. .027.1923; 
11. .027 .2000 ; 
11. .027 .2076 ; 
11. .027 .2153 ; 
11. .027 .2230 ; 
11 .. 027 .2307 ; 
11. .027 .2384 ; 
11. .027 .2461 ; 
11 .. 027 .2538 ; 
11. .027 .2615 ; 
11 .. 027 .2692 ; 
11 .. 027 .2769 ; 
11 .. 027 .2846 ; 
11. .027 .2923 ; 
11 .. 027 .3000 ; 
11. .027 .3076; 
11. .027 .3153; 
11. .027 .3231 ; 
11. .027 .3307; 
11. .027 .3384; 
11. .027 .3514; 
11. .027 .3538; 
11. .027 .3615; 
11. .027 .3693; 
11. .027 .3784; 

170 



Univ
ers

ity
of

Cap
e Tow

n

11. .027 .3846; 
11. .027 .3923; 
11. .027 .4000; 
11. .027 .4076; 
11. .027 .4153; 
11. .027 .4231 ; 
11. .027 .4307; 
11. .027 .4380; 
11. .027 .4462; 
11. .027 .4538; 
11. .027 .4615; 
11. .027 .4692; 
11. .027 .4769; 
11 .. 027 .4846; 
11. .027 .4923; 
11. .027 .5000; 
11. .027 .5076; 
11. .027 .5154; 
11. .027 .5231 ; 
11. .027 .5307; 
11 .027 .5384; 
11. .027 .5462; 
11 .. 027 .5538; 
11. .027 .5615; 
11. .027 .5692; 
11. .027 .5769; 
11. .027 .5846; 
11. .027 .5920; 
11. .027 .6000; 
11. .027 .6076; 
11. .027 .6154; 
11. .027 .6230; 
11. .027 .6300; 
11. .027 .6380; 
11. .027 .6462; 
11. .027 .6538; 
11. .027 .6615; 
11. .027 .6692; 
11. .027 .6769; 
11. .027 .6846; 
11. .027 .6923; 
11. .027 .7000; 
11. .027 .7076; 
11. .027 .7153; 
1 L .027 .7230; 
11. .027 .7307; 
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11. .027 .7385; 
11. .027 .7462; 
11. .027 .7538; 
11. .027 .7615; 
11. .027 .7692; 
11. .027 .7764; 
11. .027 .7840; 
11. .027 .7923; 
11. .027 .8000; 
11. .027 .8076; 
11. .027 .8154; 
11. .027 .8230; 
11. .027 .8307; 
11. .027 .8384; 
11. .027 .8462; 
11. .027 .8538; 
11. .027 .8615; 
11. .027 .8692; 
11. .027 .8769; 
11. .027 .8846; 
11. .027 .8923; 
11. .027 .9000; 
11. .027 .9076; 
11. .027 .9153; 
11. .027 .9230; 
11. .027 .9307; 
11. .027 .9385; 
11. .027 .9462; 
11. .027 .9538; 
11. .027 .9616; 
11. .027 .9692; 
11: .027 .9769; 
11. .027 .9846; 
11. .027 .9923; 
11. .027 1.000; 
3. 1.0 ID!; 
13.48; (Bending magnet input specification) 
16.7.0.7 ; 
16. 7.0 .45 ; 
16.8.02.8 ; 
13. 1.0 ; 
13.3.0 ; 
3 .. 1091L1I; 
5.01 .110 -1.5 22.5!QUADlI; (First electrostatic quadrupole lens) 
3 .. 0851L2!; 
13. 1.0 ; 
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5.01 .110 1.5 22.5!QUAD2!; 

3 . .440 fL3!; 
10. 1.0 1.0.5 O.1IFITll ; 
10. 3.0 3.0 .5 O.lIFIT21 ; 

SENTINEL 

I*PLOT*! 
1 
SENTINEL 
SENTINEL 

Note that: 

(Second electrostatic quadrupole lens) 

(Fitting beam size to Ymax=0.5 mm) 
(Fitting beam size to Ymax=0.5 mm) 

(Plotting the TRANSPORT run to view the fitted bean 
envelope) 

(First one signifies the problem is terminated) 
(The second one signifies the end of the TRANSPORT 
run) 

• Each element is given by a sequence of items, mostly numbers that are separated 

by spaces and terminated by a semicolon, which is a requirement to run 

TRANSPORT. The items, in order, are a type code number, a vary field, the 

physical parameter, and an optional label 

• This TRANSPORRT run is a simultaneous multi envelope fit in which several 

sets of measured profile data are fitted. In this case six TRANSPORT run were 

fitted. 

• The commands given I the appendix are merely stated to explain the meaning of 

the different elements in the beam card, and are not required when running the 

program 
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APPENDIX C 

In chapter four the measured potential distribution in a hot-cathode duoplasmatron ion source was 

shown. The distribution has been explained in terms of four layers of charge between the cathode and 

anode of the source and by applying Gauss' law and Poisson's equation. To simulate the potential 

distribution in the ion source the potential distribution of four layers of charge between two parallel 

conducting plates, connected to a DC voltage source, has been calculated. For the calculation it is 

assumed that the transverse dimensions of the two plates and the layers of charge are large compared to 

the distance between the plates. Under these conditions the potential distribution in the region between 

the center points of the two plates is described approximately by the one-dimensional Poisson's 

equation. The calculation is further done for homogeneous charge distributions in each of the four 

layers. Poisson's equation is solved piece-wise for the nine regions between the two plates. The 

integration constants are determined from the distance between the two plates, the applied voltage, the 

position and width of the layers of charge as well as their densities, and the requirement that the 

potential and field strength should be continuous at the boundaries between layers of charge and charge­

free regions. 

The gap between the two plates, which extend in zy-planes, are divided in spaces numbered one to nine 

and are defined by the x-coordinates 0, x), X2, X3, X4, XS, X6, X7, Xg, X9. The two conducting plates 

positioned at coordinates 0 and X9, are at potentials 0 and Va, respectively. The four layers of charge are 

located in the regions between coordinates Xl and X2, X3 and X4, Xs and X6, X7 and Xg, respectively. The 

regions between coordinates X2 and X3, X4 and xs, X6 and X7, and Xg and X9, are free of charge. 

Since the field between the plates do not vary with time and is independent of the z- and y-coordinates 

near the centre of the plates, the potential distribution in each ofthe nine regions can be calculated from: 

where p is the charge density and I:: the permittivity. 

To simplifY the equations below Poisson's equation is written in the following form, where n is the 

number of the region to which it is applied: 
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For each ofthe nine regions kn2 is a constant given by: 

kn2=-Pn/E 

The general solution of Poisson's equation is written in the following form for region number n: 

The first derivative ofthe potential is given by: 

with En the electrical field strength. 

In region 1 

fiv 
--=0 sincekl2 =0 ax2 ' 

V = kllx + klO 

for x = 0 V = 0, therefore klO = 0 

V = kllx 

In region 2 

V = kn x 2 + k 21 x + k 20 
Atx= XI: 

k11x1 = k22X~ + k 21 XI + k 20 , 

since the potential should be continuous at the boundary. 
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In region 3 

v = k3JX +k30 

At x = x2 : 

k31 X2 + k30 = k22X; + k 21 X 1 + k20 

In region 4 

v = k42X2 + k41 x + k40 

At x = X3: 

k31X3 + k30 = k42X; + k41 X3 + k40 

In region 5 

V = k5JX +k50 

At x = x4 : 

kS1 X4 + kso = k42X~ + k41 X4 + k 40 

In region (; 

V = k62X/ + k61x + k60 

At x = xs: 

kSlxs + kso = k62X; + k61 XS + k60 

In region 7 

V = k 71 X +k20 

At x = X6: 

k 7lx 6 + k70 = k62X~ + k61 X6 + k60 

In region 8 

(2) 

(3) 

(4) 

(5) 

(6) 
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v = kS2 X2 + kSlx + kgO 

At x = x 7 : 

k1lX7 + k70 = kS2X; + kSl x7 + kso 

In region 9 

v = k91 X +k90 

At x = xs: 

k9\XS + k90 = kS2 Xs2 + kSIXS + kso 

At x = X9: 

k91 X9 +k90 = Va 

(8) 

(8) 

(9) 

At the boundaries between layers of charge and charge-free regions the first derivative of the potential in 

adjacent regions should be equal. The following equations arise from this requirement: 

At x=x1 : 

kll = 2k22 X\ + k21 (10) 

At x= x2 : 

k3l = 2k22 X2 + k21 (11) 

At x = X3: 

k3\ = 2k42X3 + k41 (12) 

At x = x4 : 

kS\ = 2k42 X3 + k41 (13) 

At x= x5: 

kSl = 2k62XS + k61 (14) 
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At x = X6: 

k71 = 2k62 x 6 + k 6 ) 

At x= x 7 : 

k 9) = 2kS2 x g + kSI 

At x = Xg: 

k 9 ) = 2ks2XS + kg) 

The solutions for the knl- and kno-values in the above equations as follows: 

k)l = -lIx9 (-Va + k22X/ - k 22 X2
2 

+ k42 X3
2 

- k 42 X4
2 

+ k62XS2 - K62 X66
2 

+ kS2X; - k82Xg2 -

2k22 X1X9 +2k22 x 2X9 -2k42X3X9 +2k4Z X4X9 - 2k62 X5X9 + 2k62 X6X9 -2ks2 X7 X9 + 2kS2XgX9 

k21 =-1 1X9 (-Va +kn XI
2 

-k22 X2
2 

+k42 X3
2 

-k42 X4 
2 

+k62 Xs 
2 

-k62 X6 
2 

+k82 X7
2 

-kS2 Xs 
2 

+ 2k22 X2 X9-

2k42 X3X9 +2k4ZX4X9-2k62XSX9 +2k62X6X9-2ks2X7X9 +2ks2 x SX9) 

k3(=-1/x9(-Va +k22X/ -k22 X2 2+k42X32 -k42X4 2+k62XS 
2 

-k62X6 2+ks2X7 
2 

-kS2Xg 
2

_ 

2k42 X3 X9 + 2k42 X4 X9 - 2k6Z XSX9 + 2k62 X6X9 - 2kS2 X7X9 + 2kS2x gX9 ) 

k41 =-1/x9 (-Va +k22 X1
2 

-k22 X2 
2 
+k42 X3 

2 
-k42 X4 

2 
+k62XS 

2 
-k62X6 2+k82X7 

2 
-kS2XS 

2 
+2k42 X4X9 -

2k62XSX9 + 2k62 X6X9 -2kS2X7X9 +2kS2 x gX9 ) 
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kSI=-1/x9(-V. +k22 X1
2 -knX2 2 +k42 X3

2 -k42X4 2 +k62XS 2 -k62X6 2+ks2 X7 
2 -kS2XS 2 _ 

2k62XSX9 +2k 62 X6X9-2kS2X7X9 +2kS2XgX9) 

k61 =-lIX9( -V. +knx/ -knX2 2+k42 X/ -k42X4 2+k62XS 2 -k62X/ +kS2 X7 
2 -kS2 XS 2 +2k62 X6X9 -

2ks2 X7 X9 +2k S2 XgX9) 

k71 =-lIX9 (-Va +k22 X,2 -kZ2x/ +k42 X/ -k42 X/ +k6Z x/ -k62 X/ +k82X/ -kS2XS 
2

_ 

2ks2 X7 X9 +2ks2 xaX9 ) 

The potential distribution in figure A.I has been obtained for the following values ofkn2: 

Xl = O.21to x2 = 0.60: knz = -700 (positive charge) 

X3 = 3.00 to x4 = 3.30: kn4 = 800 (negative charge) 
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Xs = 3.30 to xi> = 3.60: kn6 = -700 (positive charge) 

X7 = 8.00 to Xg = 9.90: kn8 = -100 (positive charge) 

The calculated potential distribution in the figure shows a strong resemblance to the distribution in figure 

4.4 of chapter 4. It seems therefore reasonable that the distribution in figure 4.4 should be explained in 

terms ofthe four layers of charge. 
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Figure A.t Calculated potential distribution of four layers of charge between two parallel 
conducting plates, obtained by piece-wise solution ofPossoin's equation. 
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