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The InstitulO de Física 3 f\..fV9SDH-2 Pelletron accelerator is hcing useu lo slUUYIhe mcchanisl11s uf track forrnalion and elching in plastic
Imck dctcclors. \Vilh this typc 01' acceleralor conlrolled hcams of many uifferent ions can he produced. The technique used lO obtain an
adequale Irack density was to backscatter Ihe ions from <In Au film deposi¡ed on a thid vitreous caroon hacking. In this way. al an~des
grealer Ihan 90° ions of mas ses 12 :S 111 < 19i amu will he haekscattereJ in a cleJn monocnergetic heam. Thc cnergy is eontrolled by
lhe accekrator energy (which allows the choice 01' several charge slates, depcnding on the typc 01' ion) amI the scattering angle: the energy
specln¡m width is givcn hy the Ihickness ofthe Au 111m.The ion l1uence is controlled by the hcam current, hombarding lime and heam angle.
Carhon iOlls wilh energies hetween 1 and 10 MeY were selected 10 impingc on CR-39 (allyl diglycol polYl'arhollate) plastic detectors. which
were then chemically etched for different times and the ¡rack diameter recorded in 2 hour slep~. Plols of dinl11cter \'S. ion energy and diameter
\'s. surfacc rellloval were ohlained. and analyzed using track etch theory.

K('yU'on!s: Accelerator: carhon ions; CR.39: track produclion

El acelerador Pelletron dc 3 ~tV (9SDH.2) dellnstitulO de f'ísica ha sido usad{) para estudinr mecanismos de formación y grabado de trazas en
detectores pl.ísticos. Con este tipo de aceleradores se tienen haces controlados de diferentes iones. La lécnica usada para obtener la densidad
.1uecllada de Irazas fue la de rClrodispersióll de iones de una película dc oro depositada en un hlanco vítreo de carbón. De esta forma, a
.íngulos mayorcs de 90°, para iones de Illasas entre 12 y 197 uam serán relrodispersados en un haz Illonoenergético. La energía es controlada
por la cnergía del acelerador (la cual permite escoger de algunos estados dc carga, depenJiendo del tipo tle ion) y el ángulo de dispersión:
el ancho del espectro de energía está dado por el espesor de la película de oro. La afluencia de iones es controlada por la corriente del haz,
tiempo de homhardco y del ;íngulo del haz. Fueron seleccionados iones de carhono con energías cJUre 1 y 10 McV. para ser implantados en
CR39 (ADP), los cuales fueron grahados químicamente a diferentes tiempos. y los diámetros de las Irazas leídos cada dos horas. Se obtienen
y analizan las gráficas del düímetro de la Iraza conlra energía dcl ion y las gdlicas de di~ílllctro dc las IraZ;IScontra el desgaste superficial
usando la teorí,¡ de lrazas nucleares.

[)Cscriplon's: Acelerador: iones de carbono: CR-39: producción de Irazas

PACS: 07.77.-n: 29.25.-1

1. Intrnduction

Thc tlctcclion of energctic ions by the formation 01' elched
visihle tracks in polymeric material s is finding increasing ap-
plications, uue maioly lo the simplicity and low cost of lhe
methotl. and that it is well suited for Illcasuring radial ion
tloses. l\1any plastics have hcen testcd 11], with widely vary-
ing results as to lheir usefulness. Their sensitivity to type of
ion anu ion energy are relcvant paramelers lllat can delermine
the rangc of applicahility and undcr wllat conditions lhc de-
tcctors can he used as spectrorncters.

The propenies of Ihe lalen! track formed \Vhen Ihe inns
pcnctratc the detector (projectcd range. ionization along the
Irack. slruclural damage) can he calculated using compulcr
codes like TRlM [21, that uses well known ion stopping lhe-
ory in a Monle Cario approach. On lhe other hand. Iheories on
Ihe ctching IllcchanislTl thal produces visihle tracks from Ihe
lalent lracks have also heen t1eveloped 1:~-51.However, more
detail OH how these Illechanisms take place is desired, sincc

unlil now most experiments have heen done using ions from
radioactive or lIssion sources. whcre the paramelers may nol
he carcfully controlled.

The Instituto de Física 3 MV Pellctron 9SDH-2 accelera-
(or can produce Illonoenergetic ion hcams of most elements.
It is a two-stagc Illachinc into which negalive ions are injected
and positive ions arc eXlracted. so lhe high voltage (variahle
up to .3 MV) is used lwice for single-chargcd cxtracted pos-
itive ions and (11 + 1) times for positivc ions 01' charge n.
Thercforc the energies availahle are in thc 1 to 20 McV in-
lerva!. Jepending 011 lhe ions sclected, and lhc ranges of the
ions in a plastic detector \ViII he approximatcly in the inter-
val 1 1020/1111. Energies (ami ranges) can he varicd contin-
uOllsly within these inlervals. The purpose of lhis work is lo
assess lhe uscfulncss of this lype of acceleralor in investigat-
ing nuclear lrack delector material properties, and ilS appli-
c<llion lo lhe case of cnergetic carhon ions in CR-J9 (allyl
Jiglycol polycarhonatc). Parallel experiments have heen per.
fonned with nill"ogen :Ind oxygen hei1llls [6,71,
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FIGURE l. Carhon ions from the accclcrator are backscattcred from
a Ihin Au film dcposilcJ on ti thick e hacking hcforc impinging 011

the plastic dctcctors.
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FIGURE 3. Energies of various ions elaslically scattcred from Au
al 168°. as a function of incidenl (primary bcam) energy, for lhe
energies 01'the PeIletron ¡lCce!eralOr.
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FIGURE 2. Sphcrical-shaped holder for experimental procedurc.

2. Experiment
O
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Sinec lhe hcam intcnsity of the 3 MV Pcllclron accclcrator
(nA lo IIA) is loo high lo he lIscd direclly 011 lhe detector
rnatcrials. in this cxpcrimcnt lhe hCl1mwas cJastically scal-
!cred from a largcl in a hackward dircction (Fig. 1) bcforc:
impinging on lhe plastic dctcctors. Thc dcsircd numbcr (JI'
¡nos and thcir paramctcrs are lhen varicd by controlling lhe
primary ion hcam. ílnd considcring the scaHcring kincmal.
ies and cross scetions. In tllc prcsent case a carhon ion heam
was ohlained from tllc accelerator with encrgics varying he-
tween 1 and 12 McV. The scattering gcometry was SCICClcd
with lila!> = 1G8°(B = 12°), ond the detector wos placed
al a distance of 12.3 cm from lhe (arget. on a specially huill
sphcrical-shapcd holder (hat ensurcs tllal the seattcred ions
arr¡ve al the delector with normal incidence (sce Fig. 2).

The largct was a thin (85 nm) Au film dcposilcd on a vit-
rcolls carhon hacking. lis thickness was measured hy He ion
scattering. Unuer these conditions, for any primary beam 01'
Ill:lSSnllmber A, a singlc monoenergetic group 01' ions will
he scattcrcd into Ihe detector at (JJab = 168° o if thcir mass
numoer is 12 ::; .ti < 197. Jons with A < 12 will he scaltcred
from lhe backing into the delector, providing an unwanted
hackground; at the olher extreme, mas ses with A 2: 197 will
nol he haekscattered from cither Ihe Au film or the carbon
haeking.

channel (number)

FIGURE 4. The shape 01'the peak measurcd with a surface barricr
detector placcd next to Ihe plastic detector to monitor the cxperi.
I1lcm.

The energy of the ions thal reach the detector is deler-
mined hy sealtering kinclllJtics. Figure 3 shows the energies
ESl'att 01' various easily available ions elastically scattered
from Au at 168°. as a function of incident (primary beam)
energy Eill" for lhe encrgics of the PelJetron accelerator. Por
cach typc 01' ion, if higher cncrgies are dcsired, the scatlering
angle can he reduccd. As a guide, if a scattcring angle of 90°
is selcclcu. the kincmatic faclor J( = Es,att / Eillc is 0.885
for 12C ions and O.l!ll for 133CS ions.

The ions that rcach Ihe detector will have an energy
spread tllat depenus on (he thickness 01' the target. The shape
orthe peak in (he encrgy spectrum is typically likc that shown
in Fig. 4. which was Illeasurcd with a surface barrier detector
placed flcrmanently ncxt lo Ihe plastic dctcclor to monitor the
cxperimcnl. The plalcall is dctermincd hy the encrgy dcpcn-
dence of the Coulomh cross scclion. The position of the high
energy poinl Emax (al 50% heighl) is given hy the cncrgy of
ions scallcred from lhe s urfacc ofthe AlIlilm; (he low cncrgy
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FIGURE 5. The energy spread. in energy. fer e ioos 00 Au films of
dilTerent thicknesses.
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FIGURE 6. A superposilion of lhe speClrameasured in lhe surface
barrier detector for lhe eight diffcrent energies.

18 20166 10 12 14

incident energy (MeV)

316

'o

40

~~
." 30~~¡¡¡.
~ 20
ue
u

10

10 !Un

O

O

FIGURE 7. Calculaled Coulomb labormorycross scctions for three
differcnt inns, rcprcscnlative of different mass intcrvals, at 1680

lahoratory anglc.

Givcn a certain target, the Coulomb scattcring cross sec-
lion amI lhe bcam (urrent \ViIIL!elermine the Juralion of the
cxpcriment. Pigure 7 shows the (alculalcd laboratory cross
scctions ror threc dilTcrcl1t ions. represcntativc 01' dil'ferent
mass inlervals. al IG8° laboralory angle. Since lhe cross sec-
tions are very large, in general an cxpcrimcnl willlake only a
few minutes. Por lhe conditions 01' the present cxperiment, in
ordcr 10 oblain ao easily readahle track density 01' 100 mm-2

on the delcclor, lhe total beam charge collccted on the targct
musl he 4.8 ¡IC, which for o lypicol current 01' 100 nA im-
plies 48 s bombarding lime. Ir ions 0'- a charge statc diffcrcnt
from +1 are used, lhe colculoted lime is multiplied by Ihe
chargc of lhe ions. In Fig. 6the vertical axis was transformcd
lo ((ounts/channcl)/JlC, so lhe Coulomb cross section is rc-
proJuced in Ihe relative heights and shapcs 01' lhe peaks.

In CR-39 Ihe projcctcd ranges Ro of ions of lhe encr-
gies cmployed here are in lhe 1 lo 20 JLIll inlerval. Figure 8
shows examplcs of projecteJ rangcs 01" ions in different mass
regions, calculaleJ using TRI M, assuming the density of CR.
39 to hc 1.32 glcm3. Thc latent track lengths are cxpeclcd lo

poin! Emill corresponds 10 scattering from lhe back sitie 01'
lhe Au mm, in conlact with lhe earoon hacking. Thc cncrgy
distrinulion is convolutcd with an assumcd Gaussian function
whosc FWHM contains contributions from lhe detector res-
olulion (which does nol opply for lhe plo,tic deleclor), lhe
hcam cncrgy rcsolution (afler scaltering) and lhe finilc size
01'lhe detector.

The diffcrence belween lhe high ond low energy poinls
Emax - Emin• which is lhe maio cause al' the encrgy sprcad,
can he calculated from ion stopping thcory applied lo lhe ion
paths heforc and after scattering. as is rcgularly done whcn
using lhe Ruthcrford Backscattering technique on lhick tar-
gets [8]. Por lhis purposc a computcr colle was dcveloped
that uses the eleclronic stopping powcrs o[ 1\.lontencgro [9].
who provide a closed express ion that can easily be included
in a program, and nuclear stopping powers as calculatcd hy
Ziegler [21.

Using this code the energy spread, in percent of Ihe mean
scattcrcd encrgy, was calculated [or lhe case of e ions on Au
films 01' different thickness, as shown in Fig. 5. As can be
seen in the ligure, with the 85 nm film used here, the energy
spread is less than 10% only for a bemn cnergy > 7 MeY. If
a smaller spread is dcsircd for lowcr energies, a thinncr targel
must be used, for instance with a 25 nm thickncss. For ions
heavier than e, the stopping powers gencrally becoI11clargcr,
so lhe ioos' energy spread in lhe Au will be grcatcr.

In the presenl expcriment carbon ions of eighl bombard-
ing energies were used: 1.5, 3.0, 4,5, 6.0, 7.5, 9.0, 10.5,
and 12.0 McY. The corresponding calculated mean energies
E
Ill
t'l\1l <Jtthe detector were 1.03,2.15,3.30.4.47,5.64, 6.H1,

7.99, and 9.17 MeY. Figure 6 concentrates the eight spec-
tra fmm lhe surface barrier detcctor. Thc sixtcen ca!Culalcd
Elllax and Emin poinls servcd to calibrate the deleclor; lhey
were lit with a straight Hne with a correlation coeflicient ol'
0.9997. This is an indication 01' Ihe overall consistency of lhe
cnergy values useu and the prccision with which energies can
be mcasureJ.
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3, Results and discussion
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FIGURE 10. The pit diameters measured ror differenl elching times.
piollco I'S. menn ion encrgy.

FIGURE 9. Etched lracks for difTerenl energies with 12 h elching
lime.
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FIGURE 8. Examples of projec[ed rangcs of ions in differcnt mass
rcgions, ca1culatcd using TRIM.

The pil diametcrs mcasurcd for differenl etching limes, as
shown in Fig. 9. are plotted VS. mean ion cnergy in Fig. lO.
The vertical error bars are those calcuhued hy the image anal-
ysis systell1. <lndthe horizontal hars correspond to the width
nI' lile encrgy pcaks Illcasurcd in the speclra.

The e ion rangcs wilhin the delector material can be oh-
ser ved in Fig. g lo be in the 1 lo 18/l1TI inlerval. Therefore,
depending on lhe ion energy, ror shofl elching times lhe bulk
ctching is Icss Ihan Ihe latent lf<lck Icngth. After a ceflain
lime, lhe process swilches to lhe regime in which lhe bulk
clching is greater than the latent lrack Icngth. Purthermore,
lhe corrcsponding straggling valucs, as calculalcd hy TRIM,
are in the 100 to 300 nm interval, which means less lhan
5% of Ihe rangc. excepl for the lowesl cnergy. Thereforc tbe
rangcs 01' Ihe individual tracks are very close lo one anothcr.

10 he csscntially cqual lo thc projcctcd rangcs. For lhe elch-
ing rates normally used, in lhe prcscnt case of L8 Jlm/hr
in Ihe hulk, Ihe developed tracks ean he studied when the
conc tkplh is smallcr than. equal to, or largcr than lhe latent
¡rack lenglh. This pro vides a uscful procedurc for studying
lhe IIlcchanislIls of track ctching. FUrlhcrmorc, lhe distrihu-
linos 01' ionizalion and structural dumagc along lhe ion rath,
produccd hy clcctronic and nuclear slopping rcspcclively. can
also hc calculatcd using TRIM.

Thc dctectors cmployed werc 500llm thick CR-39 wilh
lhe 100 //ln polyethylene prolection removed. laser cut lo
9.0 mm hy 19.0 mm rectangles. Al each energy three de-
leetors were exposed. in arder to lry differenl elching pro-
eedures. The ehemieal etching was performed wilh 6.25 M
KOH al (i~o :f: 2°C in varying time intervals, up to a total of
12 hours, and Ihe circular track diameters (normal incidence)
were rneasured at each interval using a digilal ¡mage analysis
syslem (DIAS) 1101. By measuring the ehange in thiekness
01' the delector at different times, tlle hulk etching rate was
estimated lo he 1.8 11Inlhr.

R", Mex. n,. ~6 (4) (2(X)()) 314-319
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FIGURE 11. Ionization curves of diffcrcnt energy e ioos in CR-39.
ca!t;ul;ltcd using TRIM.
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FIGURE 12. Measured track diameters plotted ~'s.surface removal
h with the energy dependent ion range as the parameter.
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FIC1URE 13. Calculalion of lrack diamclers using c1assical track
theory. A rcasonablc til (o (he experimental points was ohtaincd
with V = 1.8.

4. Conclusions

The usefulness oí"a low encrgy. multiple ion accelcrator for
the slUUYof lhe mechanisms 01' track formal ion of ions in
plaslic dctectors has hccn assesseu. In combination with the
hackscattering tcchniquc, ion encrgy. cncrgy sprcau. cross
se¡,;lioll.anu projecleu range, are all within adequalc intervals
for lIIany lypes of ions, cOllstituting an alternative rncthod for
ion deleclion.
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In (he prcsent experimC!11 the projected ranges Ro corrc-
'ponJing lo lhe mean energies 1.03,2,15, .1.30, 4.47, 5.64,
h.81, 7.99, and 9.17 MeY are 1.97, .1,10, 4.18, 5.28, 6.38,
7.50,8.66, and 9.87 1,m, respeclively,

The coJe TRIM calculales lhe energy deposiled as ion-
il.atinn along Ihe track. For lhe prcscnt cxpcriment the ¡an-
í/.alion curves, dcpictcd in Fig. 11, show an almost conslanl
rate 01" encrgy deposit, rising slowly up lo a maximum valuc
al a certuio residual energy of lhe ioos, al which point the
curve falls off with an csscntially constant slope. This corrc-
,ponJs lo lhe region in which Ihe eleclronic slopping power
¡nereases Iinearly with lhe vclocity of Ihe ioos, at low cnCf-
gics. It is nol a product of straggling. Thcsc same curves show
Ihal lhe surfacc ionizution lurneJ out to be almost the same
(c1ose lo 1 keV/nm) for all the cncrgics considered. Nuclear
slopping is approxill1alely two orders of ll1agnitude sll1aIlcr
than eleclronic stopping.

Figure 12 shows the pil diamelers plotteJ vs. surface re-
moval h (calculaled from the corresponJing elching time ami
an eleh rale of 1.8 JJm/hr), with lhe ion range (for each ion en-
ergy) as the parameter. For 2 hours elching lime (11= 3.GIlIn)
lhe pits from all energies are very similar in diametcr. but as
etching time increases the higher energy lrack diameters in-
crease raster lhan the low energy ones. so the curves fan out
unlil ror 12 hours (h = 21.G IlIn) rhe diameters fruln dif-
ferenl energies are well separateJ fmm cach other. The dala
points corresponding to lhe highest energy (projected range
U.Sí IJln) wcre fit with a straight Hne that inlersccts the ordi-
nate axis al 0.43 11m, c10sc cnough to lhe origin within lhe ex-
perimental errors. These experimenlal curves are very similar
10 those calculatcd by classical track thcory [3] oftrack diam-
eter \lS surfacc removal. so the {,'orrcsponding calculation was
carried out. using lhe parameters of lhe prcscnt expcr4inent,
ami lhe plots of Fig. 13 were ohtaincd. For a reasonable lit 10

lhe experimental points a ratio ofelch rates V = VTtt>.ck/V""lk0'- I.Hwas useo. The similarily hctween experimental and cal-
culated ¡,;urves indieates that lhe theory cxplains lhe etdling
process \Ve11.
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CR-39 octcctors wece exposcd 10 carnon ions 01' cnCf-
gics hctwccn I antl 10 McV. Thc rncasurco pit diametcrs
\\'crc plottcd t'S. ion cnergy for various ctching times. ami
\'S ..•.• urfacc rcmoval for various projectcd runges (cnergics).
Thcsc last plots are similar to those ohtainctl frorn calcula-
t¡ons hasco 011 dassicaltrack thcory.
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