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Carbon-cluster formation from polymers caused by MeV-ion impacts
and keV-cluster-ion impacts
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It has been observed that under MeV-ion bombardment of a polymer, such as polycarDate
polyvinylidene fluoride(PVDF), large quantities of carbon clusteiS,” and GH™) are generated. However,
when PC or PVDF is bombarded with keV atomic ions, very few carbon-cluster ions are produced. This
different behavior was attributed to the different sputtering/desorption mechanisms for keV- and MeV-ion
impacts. Low-energy keV ions deposit their energy into a solid through nuclear stopping, while MeV ions
deposit their energy mainly through electronic stopping. The formation of carbon clusters is thought to be
facilitated by the high-temperatures and high-energy densities produced in the region nearest the point of
MeV-ion impact, the infratrack region. We have observed extensive carbon-cluster formation from PC and
PVDF under keV-cluster-ion bombardment. Despite the vastly different velocities of the high- and low-energy
projectiles, identical carbon-cluster trends are produced from KR&®f fission fragments and 20-keVig
projectile impacts on the same target. This leads us to the conclusion that a polyatomic ion impact, which
deposits its kinetic energy near the surface, may create a region of high-temperature and high-energy density
that is similar to the infratrack of a MeV-ion impa¢61050-294{@9)00706-4

PACS numbg(s): 34.50.Dy, 36.40-c, 61.82—d, 07.75+h

[. INTRODUCTION ber of atoms in the cluster projectile. It is commonly be-
lieved that the enhanced yields are caused by regions of high
N . collision density. It has been proposed that the nearly simul-
The elucidation of the structurkl] of Ceo™ caused in-  h06,5 impact of several atoms from a polyatomic projectile
creased interest in car_bon-cluster f(_)rmanon from_ various Calgreates a region where numerous collision cascades overlap
bonaceous targets using s_everal different technlql_Jes. For iy poth time and spackL3]. This creates a local high colli-
stance, laser vaporization, plasma desorption masgion density region where large amounts of material are sput-
spectrometry(PDMS), and dynamic secondary-ion mass tered. Whether the nonlinearity arises from increased sputter
spectrometry(SIMS) have been used to generate carbonyields or increased ionization efficiency of the sputtered ma-
clusters from carbon targets. Feld and co-work@iscom-  terial has not been determined.
pared the carbon-cluster production by MeV and keV atomic We have shown that large numbers of carbon-cluster an-
ion bombardment of several polymer substrates. They founibns are produced when small organic molecules are bom-
that carbon clusters of the form,,C and GH™ were pro- barded by keV polyatomic clustefd8]. In light of these
duced up ton=21 when?5%Cf fission fragments impacted findings and the earlier observations by Feld and co-workers
polycarbonatdPC). However, when PC was bombarded by [2], a study was undertaken with the intent to compare the
Ne+’ Ar+, or Xe+ at 10-30 keV’ carbon clusters were pro- behavior of keV cluster prOjeCtiIeS with MeV fission frag-
duced only up to=4. Similar behavior was observed when Ments. In this paper we present measurements of carbon-
polyvinylidene fluoride(PVDF) was used as the sample tar- Cluster emission caused by bombardment of PVDF and PC

. 25 . .
get. However, a surprising observation was that under MeyWith ZCf fission fragment$60—-100 MeV, 20-keV mon-
ion bombardment, PVDF produced a carbon-cluster serig&l©Mic primary ions, and 20-keV cluster ions.
out ton=100 with an enhanced abundancenat 60.
Recently, due to the high secondary-ion yields produced, Il. EXPERIMENTAL METHOD
there has been renewed interest in the use of polyatomic |, experiments were performed on a dual time-of-flight

primary ions in SIMS. While the enhanced secondary-ion1op) mass spectrometer built in house, which has been de-
(SI) yield due to a polyatomic cluster impact is well known geripeq in detail elsewheffd7]. The vacuum of the system
[3—17], there is much that is still unknown about the desorp-y a5 maintained at6.7x 10~ ° Pa. One of a pair of fission
tion mechanism for a keV energy cluster impact. It is Widelyfragments coemitted from a radioactif&’Cf source was
knOWn that the SlI y|e|d inCI’easeS nonlineal’ly W|th the num'used to produce atomic and C|uster primary ionS from a My_
lar foil that was coated with Csl, ammonium hexafluorosili-
cate, indium(lll) acetate, or g. The In" and Sik~ foils

* Author to whom correspondence should be addressed. were prepared by solution deposition while Csl ang fGils
FAX: (409 845-1655. were prepared by vapor deposition. The second of the co-
Electronic address: schweikert@mail.chem.tamu.edu emitted fission fragments impacted a detector, located 180°

1050-2947/99/5®%)/44705)/$15.00 PRA 59 4470 ©1999 The American Physical Society



PRA 59 CARBON-CLUSTER FORMATION FROM POLYMER . .. 4471

100% 1.8

. C.H’ n=4 (2) B MeV lons
e 16 0 20keV Cio*
@ : 1.4
g 3 1
= -
I % os
£ 3
s E 0.6
04
0.2
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Carbon Cluster (C,’)
100% X (b)
sov | CH ned FIG. 2. Relative yield ofC,,” (n=1,2,...)clusters from PC
s produced by MeV ions and 20-keV4§ .
g 70% n=2
'E.‘ 60%
§ o =6 Ill. RESULTS
5 . .
£ . Figure Xa) shows the S| mass spectrum generated by fis-
S sion fragment impacts on PC. The spectrum is plotted such
n=10 . . .
1o n=12 that all peak intensities are normalized tgHC, the most
" d.. : s intense peak in the spectrum. For the low-mass region, mass/
L R charge (n/z)<200 amu, a large carbon-cluster distribution

m/z

is observed. (H™ clusters were observed up fie= 16, how-

FIG. 1. Secondary-ion mass spectrum of PC producedaby €ver, no clusters after=16 could be determined above the
fission fragment bombardment afig) 20-keV G, bombardment.  background spectrum. Note the strong even-odd cluster dis-
Each mass spectrum was divided by the relative yield of the mostribution which is thought to arise from the high electron
intense peak of that spectrum to provide the normalized intensityffinity of the even carbon clustef&9].

(%). The same PC sample was bombarded with 20-kgy" C
primary ions. The resulting mass spectrum is shown in Fig.

from the Mylar foil, which produced the start signal for the 1(b). The carbon-cluster distribution observed is qualitatively

primary-ion TOF measurement. The cluster ions were accef® same as that seen using PDMS. Once again, the back-

; . ; d signal obscured any carbon clusters formed past
erated to 20 keV and mass separated in the first TOF reglor%roun + o
The primary ions struck a thick target of PVDF or PC on =16. The spectra produced K¢sNCs' and Sif™ cluster

stainless steel with an incident angle-e27° with respect to bomba_rdmen(_spec:ra ngt ShO|V\)I’EXthIt ah3|mllar but Ies?
the surface normal. The targets were prepared by dissolvin§thnSN§ ts)en;s or car (;n ;nL;StirgS‘ In t E spec(tjrumhphPC
~1 mg of PVDF in acetone ang 1 mg of PC in cyclohex- roduced by SIE, a peak am/z 19 was observed, whic

Th luti hen d ited h il was absent using all other projectiles. This is in line with our
anone. The solutions were then deposited on the stainlegs, jier observation of F recoiling from fluorinated cluster
steel sample support and allowed to dry.

- , projectiles upon impact with an organic targ2e.
To operate in PDMS mode, the Mylar source foil was' The relative yield of each bare carbon clustey, Cemit-

removed, allowing fission fragments to traverse the flightieq from PC is plotted in Fig. 2 for fission fragment angC
tube and strike the target. When a primary ion strikes thg,ompardment. The trends are almost identical except for a
surface, electrons are emitted and are used to register tgyitch of intensities fon=1 and 2. Since these two carbon-

arrival time of a particular projectile. Sputtered secondaryg|yster peaks arise primarily from hydrocarbon contaminants
ions are then mass analyzed in the second TOF region with a

mass resolutionr/ Am) greater than 300. The experiments
were carried out in the event-by-event bombardment mode ai |, | W MeV Tons
L. X . . . . R ] 20 keV Cg
the limit of single ion impacts. Typical primary ion doses .
were on the order of £8-10' ions/cnt, well within the static
SIMS limit (>10" ions/cnf). A coincidence counting data
collection approach, developed in our laboratptg], was
used to obtain the ion yields produced from each primary-ion § !
impact. Thus, the transmission and detection efficiencies ofz *
the instrument as well as the target surface conditions re- !
mained constant, allowing for direct comparison of the data °~5*|'L
from all cluster impacts. The relative yiel@o) of each SI °
was calculated by integrating the area of the Sl peak and
dividing this number by the integrated area of the secondary
electron peak, indicating the number of primary ions that FIG. 3. Relative yield of gH™ (n=1,2, .. .)clusters from PC
impacted the surface. generated by MeV ions and 20-ke\, L.
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o the error of our measurements, the differences are not sig-
on the surfacqd18], the _gb.erranon is expected_ due to the nificant. The same trends hold f¢€s)Cs" and Sik -, with
mcrease_d surface sensitivity ofyC caused by its shallow one notable difference. For PVDFCs)Cs' and Sik~ form
penetr{;\tlon depth. _ . . the same number of 1~ clusters. This could be due to

In Figs. 3 and 4, the relative yield of eachiT clusteris — .pemica) effects which will be described in detail later.
plotted for all projectiles. The graph in Fig. 3 shows that the
C,H™ cluster trend produced by MeV ions and 20-keyC
is the same. The cluster yield frof@sl))Cs" and Sik~, as IV. DISCUSSION

well as the atomic primary ions, Tnand Cs,, is shown in A mechanism for the production of carbon clusters from
Fig. 4_. The carbon-clust_er format|or_1 from the atomic pri- py/pE was proposef2] whereby the polymer undergoes car-
mary ions ceases at=6, in acco+rd with the results of Feld onization and subsequent degradation to form large carbon
and co-worker$2]. When(Cs))Cs™ or Siky™ are used, (H™  ¢j,sters. Upon ion impact, the polymer undergoes dehydro-
clusters are produced out to=10 and 8, respectively. This pajogenation at one chain side of the polymer. The products
result is further discussed below. _ _ of this reaction are a conjugated polyene and HF. The poly-
_ A sample of PVDF was analyzed with our series of pro-gne then loses all substituents to form bare carbon and HF.
jectiles (spectra not shown The low-mass carbon-cluster  \within the framework of this mechanism, Feld and co-

formation was less extensive than from PC. Higher-mass cafyorkers resolved the differences between SIMS, where no
bon clusters, such asgg, were not observed. The relative Cqo Was formed, and PDMS. In SIMS, the primary ion de-

. — + . - L . L
yields of Cfg clusters for PDMS and 5™ are shown in Fig.  sits its energy through nuclear collisions, leading to a large
5.The G trend mirrors the PDMS trend with the expected yje|d of products from the first reaction step. Due to the

deviations for the low-mass contaminant clusters. The high€g|ectronic excitation induced by a MeV fission fragment, the
intensity of then= 10 peak for G," is within the error of our

> \ s W second step of the degradation reaction is favored and for
experiment and not considered significant.

- ' o PDMS, products of the second step dominate.

Figures 6 and 7 show the,8™ cluster yields from fission Following this work, Sundqvist and co-workers at Upp-
fragment impacts and from each cluster projectile. Thesaia performed numerous studies of the formation of low-
PDMS and @," series are very similar. Althoughe& led  mass and high-mass carbon clusters from several polymers
to hlghel’ abundances of tme= 4, 5, 6, and 7 Clusters, within under MeV-ion bombardmentZl_Zﬂ_ All experiments
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were performed using a low primary-ion current, ensuringlisions between atoms. Within this context, it is probable that
that each incident particle impacted an undamaged area af20-keV G, projectile, with 60 simultaneous collision cas-
the polymer. Their work showed that carbon clusters wereades occurring within 2.5 nm of the surface, could create a
formed by a single MeV-ion impact and not by a collective high-temperature, high-energy density region very similar to
effect due to the primary beam dose. By studying the radialhe high-temperature, high-energy density infratrack of a
velocities of emitted clusters, Fenw'nd Co-workerq:24] MeV-ion impact. This would eXplain the similar carbon clus-
were able to determine that low-mass ions such ag'Gtd ~ ter trends+ produced by MeV fission fragments and
C,H;" were thermally evaporated. This finding led Papale Zo'k?V_QSO . o )
and co-worker$25] to examine the radial velocities of posi-  Within this qualitative model, the formation of carbon
tively charged GH,, ions emitted from PVDF and polysty- clustgrs can be usgd as a qualltatl\ie |nd!cat|on of the energy
rene(PS. They found that the radial velocities of the carbon density of each primary ionCs)Cs", which has a lower-
clusters changed with increasing hydrogenation. Pure carbd?1€"dy density than &" due to the increased penetration
clusters, G*, were found to be emitted from the high- depth and fewe_r collision cascades, would produce a smaller
temperature infratrack region closest to the MeV-ion impact€9!on of the high-energy denilty needed to produce small
site, while carbon clusters with a higher hydrogen contenf@rbon clusters. Ijence(psl)ps produces fewer carbon
were emitted from a lower energy density region removedtlusters than do g™ or MeV ions from both PC and PVDF.
from the hot infratrack core. SiF;~ has a lower-energy density thé@sl)Cs" because the
When negatively charged 8, clusters were examined impact of a Cs.or | atom wiII.Iead toa larger coIIisiqn cas-
[25], the radial velocity distributions from PVDF and PS cade than the impact of a single Si or F atom. This is the
targets showed no dependence on the hydrogen content Well-known mass effect of the primary ion in SIMS. Conse-
the cluster. Two hypotheses were suggested to account fauently, the lower-energy density of SiF relative to
this behavior. These ions could be ejected after the infratrackCS)CS™ manifests itself by producing fewer carbon clusters
has neutralized and cooled, or negative carbon clusters coufian (Cs)Cs" for the case of PC. The case of giFhaving
be formed outside the positively charged infratrack. How-an identical carbon-cluster trend witGs)Cs" for PVDF is
ever, both of these explanations are speculative and no dé-special case which will be discussed below.
finitive conclusion about the origin of negative carbon clus- It has been reportel@] that PVDF produces &~ second-
ters was reached. ary ions whereas other polymers, such as Teflon, do not do
By Coup"ng these data with disappearance cross sectiorg$ under MeV-ion bombardment. The conclusion was that
o;, measured from PVDF, Papaleand co-workerg26] hydrogen and fluorine, present in PVDF, rapidly form HF
were able to develop a picture of the energy density an@vhigh is necessary for_large even numbgr carbon-cluster for-
structure of a MeV-ion track. The disappearance Cross Seéna.uon. If thIS meChanlsm hO|dS true, thIS Could eXplaIn the
tion is determined by monitoring the decrease in intensity ofimilarity betweer(Csl)Cs" and Sifks™~ carbon-cluster yields
a particular secondary ion as a function of primary-ion dosefrom PVDF. We have observd@0] the ejection of constitu-
It was found that the disappearance cross section, equivalefifits of a polyatomic cluster projectile, namely, F ions from
to the ejection radius of a specific ion, increases with increasiNaF),Na", BF,~, PR, and Sik~ upon impact. The pres-
ing hydrogenation of the carbon cluster. This f|nd|ng con-€nce of F at the impaCt site could facilitate carbon-cluster
firmed the radial velocity data which showed that ions withformation by abstracting hydrogen from PVDF to form HF.
fewer hydrogen atoms originated from the hotter areas of the
ion track. In this way, the emission of positive clusters was
directly correlated to the energy density of different regions V. CONCLUSIONS
of the MeV-ion track.
An important effect in a polyatomic cluster impact is the |

overlap between multiple collision cascades in both time andl, o ¢ by MeV ions and 20-keV polyatomic ions. The yield
space. In a cluster projectile, the total kinetic energy is paryenq of carbon-cluster ions is virtually identical between
titioned between the constituent atoms of the projectile. Thi$sy\is and 20-keV &". The other polyatomic projectiles
lowers the energy per incident atom, which decreases thg amined,(Cs))Cs" and. Sik~, produce more carbon clus-
penetration and range of each projectile atom. The decreas? s than éO-keV monatomic ’primary ions.‘Cand It but
penetration depth allows the energy deposited by a cluster Wver than Go' or fission fragments. It h'as been r,eported
be concentrated in the surface to near-surface region, cre Rat positive ocarbon clusters are formed in the hot high-
ing.a region of high-energy densit.y. For example, a transpor nergy density region of the infratrack of a MeV-ion impact
OI lons In rr;atte:a('lc':RlMl)dcalculatlcin [,[28] zf athsi?ﬁ:?—SeV c [21-27. If negative carbon clusters are formed in similar
atom impact on I ylelds a penetration dep = M. high-temperature regions of the ion track, then the similar
While a single Go" projectile mlgh_t penetrate to a depth behavior of G,* and PDMS can be attributed to each pro-
greater than 2.5 nm due to a “clearing the way effef29], jectile producing a region of high-temperature and high-

the penetration depth is still less than the 22.4-nm range of ; e ) :
20-keV Cs atom and several orders of magnitude less than anergy density that facilitates carbon-cluster formation.

MeV ion. Each 333-eV C atom from 20-ke\k& will ini-

tiate a CO'||ISIOI’1 c_a_scade near the surface, Ieadlng to a region ACKNOWLEDGMENT
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We have shown that the polymers PC and PVDF emit
rge numbers of negative carbon clusters under bombard-
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