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Low-mass secondary-ion ejection from molecular solids by MeV heavy ions:
Radial velocity distributions
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Secondary ions sputtered in individual MeV ion impacts are analyzed in a high resolution time-of-flight
mass spectrometer. The initial radial velocity distributions of low m@gsto m/z=300 U positive and
negative secondary ions, sputtered from carbon-containing molecular godigeners, bioorganic molecules,
and fullerene targetsare investigated. The first)) and second(v?)) moments of the velocity distributions
vary systematically with the atomic composition of secondary ions of the typt:CC,F., C,HF", and
C.H,,O". Positive ions formed from extensive fragmentation-rearrangement of the original molecular structure
(e.g., G) tend to be ejected towards the MeV ion traject@pgsitive mean radial velocijyand to have the
largest(v?). Saturated specigg.g., GX,,, X=F, H) tend to have smallg?) and negativev ). These effects
are weaker as the stopping power of the primary ions is decreased and are not observed for negative ions. The
observed effects demonstrate a correlation between chemical composition of an ion and its formation and
ejection processes. The chemical transformations and the processes leading to ion formation and ejection are
functions of both the density and the gradient of the deposited energy at a particular position from the track
center. This interconnection results in a regular dependence of the properties of eject@dgomomentum
received on their chemical composition. The correlation of the momentum imparted to the fragment ions with
the geometry of impact indicates that such species are predominantly ejected in a nonevaporative process.
[S0163-18296)05229-0

I. INTRODUCTION momentum transfer from the expanding track core to the
ejected molecules. It results in an exit angle correlated with
A fast heavy-ion(with velocity much higher than the the direction of the incoming projectilé8.This has been
Bohr velocity,v,=0.22 cm/n$ penetrating a solid produces clearly observed in the radial velocity distributions of large
a roughly cylindrical region of high electronic energy densityintact molecular ionge.g., peptide ions™*®*"On the other
(the ion track 2 This energy can be rapidly converted into hand, several low-mass ions, originating from, e.g., the frag-
atomic motiodd and chemical rearrangemefitsyhich may ~ mentation of such large molecules, showed an initial radial
result in ejection of material from the surface and permaneny€locity distribution symmetric around the surface normal as
damage to the solid along the ion track. Time-of-flight masEXPected for ions ejected in an evaporative protéswor

spectrometry has been employed to study such secondary i tance, Moshammest al. reported that_ th? frggment lons
emission from solids in individual MeV ion impact events. rom valine targets show an angular distribution peaked at

Only the nascenti.e., most energetjcionic intermediates Fhe. norm:éll, mdependent. of the primary ion angle of
. X . . . incidencet® In contrast, Brinkmalmet al. found later that
and reaction products, ejected in a single impact event, ar§
I

led by this techni Y the ioni N oth F" and carbon cluster ions ejected from poipylidene
sampied by this technique. However, the lonic component o uoride) leave the surface preferentially backwards along the

the electronically sputtered material carries important infor-direction of the incoming primary ions, in a type of “jet

mation about the processes of ion-solid interactions 0CCUfgftact »10 This has indicated that a correlation between the
rng |7n123|ngle_ MeV ‘ion tracks on the picosecond time gngle of incidence of the projectiles and the exit angle of the
scale.™"“ Studies of the material ejected from molecular sol-gjecta may also occur for fragmented and reconstructed spe-
ids have concentrated on intact large molecular ions, withtjes.
much less attention to the low mass part of the spectrum No systematic and accurate characterization of the chemi-
composed mostly of fragment ions. Such species, formedal composition of ejected low-mass ions has been per-
after considerable chemical rearrangement-fragmentatiofiprmed in the above studies. Preliminary results of a system-
may be suitable probes of the complex chemical events oaatic study performed for a series of low-mass ions ejected
curring at high-energy densities in ion tracks. from polymeric films, using a high resolution time-of-flight

In general, ejection of material from the solid may occurmass spectrometer revealed that the moments of the radial
in response to the local energy density at the sutfasein  velocity distributions(i.e., the mean velocity and the width
response to the volume force arising from the large radiabf the positive ions vary in a regular fashion with their
gradients of the deposited enerdyThe velocity distribu- chemical compositiof®°
tions of the ejecta can be used to extract information on the Here the nature of this effect is investigated in detail. A
operating ejection mechanism. In the case of sputtering dugystematic study of the radial components of the velocity
to a volume force (described by pressure putéeor  distributions(v, and v,) of the molecule-specific and non-
shock-wavé® model3, there is a nondiffusivécorrelatedd  specific positive and negative fragment iofu® to masses
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TABLE I. List of compounds investigated. MW is the average ing the solution onto Si substrates. The target thicknesses

molecular weight. were monitored by ellipsometry or atomic force microscopy
(AFM). The prepared thin films had thicknesses around
Compound Structure MWu) 5-500 nm. The electrosprayed peptide films were somewhat
Polyethylen (PE) [-CHy-CHy ], 50 000 th'iﬁ(ﬂ(o_” the order ofum).
Poly(tetrafluoroethylerie [-CF,-CFy ], T _images sh_owed an |rregular_ t(_)pography of the
(PTFEP PVDF films on a mlcrom_eter scale. Th_|s is probably due_ to
Poly(vinylidenefluoride [-CH,-CFy ], 534 000 ;[jhe_tentdhency_of.the '(;haltnhs tto crystalllzng from tthe solution
(PVDR? ments on hese flms provide only he average thickness. PS
a .
Eg:ﬁgigi /((;S) [-CH-CHe)-n 160000 and PS/G, films were flatter. The mean roughness for PS in
(PSIGy) a 2>§2 um® scan was typically 0.15 nm, vy|th features with
Nitrocellulosé (NC) maximum height of 1.5 nm. For PVDF films the_se values
Substance-RSP® CaHogN1s012S 13476 were around 10 and _100 nm, res_pectlve_ly. Sublimatggl C
o 63 198 181 ) films were polycrystallinggrains typically with 150—200 nm
Luteinizing hormone S5H7N17013 1182.3 diametey with an average roughness around 10 nm. Electro-
Releasing hormone sprayed targets presented the most irregular surfamean
(LHRH) roughness about 60 nm, in &5 um? scan), giving grainy
Fullerené Co Ceo 720.6 deposits of micrometer dimensioffsMorphology analyses
aa|drich. were not performed for PTFE, NC, and SP.
Goodfellow.
BASE. B. Instrumental setup
“Bio-Rad. MeV atomic ions from the Uppsala EN-tandem accelera-
€Sigma. tor, incident on the targets at an angle of 45° and at a rate of
'MER Corporation. 2000-4000 s* were used as projectiles. In most of the radial
9% denotes the phenyl rin(CgHs). velocity measurements 72.3 Me¥/'1'3* ions were used as

primary ions. In the experiments on the radial velocity dis-
around 300 y sputtered from polymers, bioorganic mol- tribution dependence on the MeV ion stopping power, the
ecules, and fullerene targets are reported. The interconnegargets were irradiated with 0.61 MeV/amaround five
tion between secondary ion chemical composition and théimes the Bohr velocity 1%0°", 32S3* 79Br%* and 12714*
velocity distributions of such ions is found to be a generalions. A reflectron time-of-fligh{ TOF) mass spectromet’ér
feature in the electronic sputtering of organic solids. We arwas used for secondary ion analysis. Before reaching the
gue that this correlation between the ejection dynamics angarget, the primary ions passed through a thin carbon foil,
the ion chemical composition reflects the fast-ion track strucinducing secondary electron emission to give the start signal
ture and the geometry of impact. That is, it results from thefor the timing electronics. Therefore, they were in charge
spatial inhomogeneity of the energy deposition events in thetate equilibrium when impacting the targets. The area on the
track and the existence of different locations where particulatarget impacted by the beam was defined byxd mn? slit

ions are formed relative to the point of impact. and a 1.2-mm-diam collimator placed before and after the
carbon foil, respectively. The positiv@egative secondary
Il. EXPERIMENT ions were accelerated by a potentig] of +(—)14.00 kV,

traversing a field-free flight tube before reaching a single-
stage electrostatic ion mirror at a potentigl=+(—) 15.66

Compounds with predominantly carbon backbone haveéV. The electrostatic ion mirror corrects for the dispersion in
been investigated and are given in Table I. The targets in ththe initial axial velocity of the ejected species, improving the
different experiments were deposited o 1L cn? Si sub- mass resolutioA® The ion flight time registration was per-
strates, except for polietrafluorethylene (PTFE targets, formed by a time-to-digital convertgtPN, Orsay, Frange
which were self-supported am-thick foils covered with a with 0.5-ns time resolution. Typically X410° primary ion
thin Au layer. In this case stainless-steel disks were used dmpacts were accumulated for each mass spectrum. A
backing material. The blend of polystyrene ang) ®S/Gy) scheme of the TOF spectrometer is displayed in Fig. 1.
(10:1 by weight was prepared by codissolution in toluene.  The initial radial (tangential velocity distributions were
Poly(vinylidene fluoride (PVDF), nitrocellulose(NC), poly-  obtained by monitoring the secondary ion yields as a func-
styrene(PS and PS/(G, films were prepared by spin coating, tion of the voltage applied to two sets of deflection pldtas
using a 10-mg/ml solution in acetoi@®r PVDF and NG or  the x or y direction perpendicular to the target surface nor-
toluene(for PS and PS/g). Polyethylene(PE) films were  mal). The plates were installed parallel to the ion optical axis
prepared by dipping Si backings in a 10-mg/ml solution inof the TOF mass spectrometer. To determingv,), the
toluene at 80 °C. g, thin films were prepared by vacuum yield of low-mass ions was maximized by setting the appro-
sublimation(at ~10"° torr) onto Si substrates. The peptides priate potential on thg (x) deflection plates, and then data
luteinizing hormone releasing hormon€LHRH) and  were acquired for different voltagas;, (Vg4,) applied to the
substance-PSP) were dissolved in a mixture of 80% acetic x (y) deflection plates. The procedure for measurement of
acid and 20% trifluoracetic acid at a concentration of 10the initial radial velocity distribution has been described in
mg/ml. LHRH and SP films were prepared by electrospray-more detail elsewher&:®

A. Target preparation
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Conversion from voltage units to velocity units was performed accorditfg%o
q Voi—Vai
vi= ki ﬂ = (1)
a  Jm

The indexi refers to thex or y componentsin andq are the ion mass and charde,is a constant depending an,,V, and
on the geometrical parameters of the instrument,

Jal |2 (gt Al [Nzt s+ 41a(ValVe) + 16+ (2I)l 7+ B(1 o+ )]
2V, Ty [2lot 1+ 1o+ 20 g+ 15+ A1, (Vo IV,) + g+ (2la)l,]

(2a)

with ion with positivex andz velocities is ejected back along the

line of incidence of the MeV primary ions.
12 0 for ki, primaty

1 for ky.

Y

1_jl_£

lal Va

V, is the voltage applied to the first stop detector channel
plates(V,=—2.6 kV) andAl 4, is the first-order correction to

the length of the finite deflection plat&sFor the definitions detector(Fig. 1) is the most important instrumental param-

of the distances see the caption of FigV4; in Eq. (1) is the eter defining the range of velocities within which ions are

voltage on the deflection plates required for an ion with a

zero i-velocity component to reach the center of the StOIOcoIIected for a particular voltage applied to the deflection

detector. For perfect alignment of the spectrometer optica?lates." The effect .Of the coIhmatpr aperture on th? r?‘d'a'
axis with the beam spot position and the normal to the‘{eloc'ty was exam.lned by collecting the velocity distribu-
sample surfaceVy,=0. This condition is very difficult to tlpns of secondary ions from CsBr and PVDF target_s at three
achieve and the centroid of the velocity distribution gH¢; ~ different apertures: 4.8, 20, and 35 mm. Several ions were
ions, ejected approximately normal to the target sufface investigated and the result f6€sBpBr* (from a CsBr tar-
was used for estimatingm. For the negative ionQ/Oi was geb is shown in Flg 2. The widths of the distributions were
determined from the centroid of the,l&, velocity distribu-  typically 10-20% smaller using a 4.8-mm aperture com-
tion. The velocity distributions were obtained by fitting a pared to the distribution taken with a 35-mm stop detector
Gaussian curve to the experimental data. The mean radiapening, despite the broad range of velocities accepted in
velocities(v,), and the mean-square velociti¢s,3), or the  each experimental point in the last case. No systematic influ-
width of the distributions were calculated using Efj and ence on the centroids of the distributions were detected. As
averaging over the velocity distributions for each ion.the effect of the aperture on the velocity distributions is weak
Throughout the paper we have used the term “radial velocand the stop rate decreases considerably for a small aperture,
ity” for brevity, although itsx (y) componentp, (v,) Fig.  a value of 19 mm has been chosen as standard.

1, were actually measured and reported. The signs of the Other instrumental effects such as divergency due to the
velocities are defined by the coordinate system in Fig. 1. Aracceleration grid€ and finite size of the irradiated spot on

a=1+

and /5’=[

C. Effect of the stop detector collimator

The diameter of the collimator placed in front of the stop

lg L

\ Stop detector 2
(reflected mode)

Stop detector 1
(straight mode)

Electrostatic FIG. 1. Schematic diagram of the time-of-

l |
o
= | flight mass spectrometer. The actual lengths are
. [0=4.5 mm; [;=130 mm;|4,=25 mm; |,=11
y 45 z
mm; Idy=16 mm; 1;=494 mm; 1,=289 mm;
le=435 mm;l;,=10 mm. The separation between

A
A
L

Sample

ample

®7

Primary ions
Primary ions

Transmission
start detector

both pairs of plategin the x andy direction is
l4¢x=14 mm. The inset shows the coordinate sys-
tem. An ion with positivev, andv, is ejected
backwards along the line of incidence of the MeV
primary ions.
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FIG. 2. Radial velocity distribution(v, component of
(CsBBr™ ejected from a CsBr target using 72.3-Mé¥1 712 as
primary ions. The velocity distributions were acquired at three dif- 1500
ferent apertures of the iris in front of the stop detector: 4.8, 20, and
35 mm. Y is the maximum value of the yield in each distribu- 10004
tion.
. L 5004
the targets can, as well, introduce a broadening in the veloc-
ity distribution. A rough estimate of all such contributions
(including detector aperturés about 50% of the measured 0
width. The final shape of the distributions may also be af- -10

fected by scattering due to collisions in the gas phase and the

velocity spread arising from ejection of a species from dif-

ferent locations in the tracke.g., from fragmentation of

colder, larger precursors and fragmentation in the high- FIG. 3. (a) Doublet (C, 59.999 u and gHsF', 60.037

energy density zone, see below aroundm=60 u in the positive ion mass spectrum of a PVDF
target.(b) Radial velocity distributiongx component of the same
secondary ions. Primary ions: 72.3-Mé&%/13*.

v_(10°m/s)

lll. RESULTS
hydrogen atomse.g., H", C*, C;HJ, C;HJ). This proce-
dure gives more accurate masses, as differences in the time
In this paper a correlation between the chemical compoef flight due to initial time spread during ion formation are
sition of the various secondary ions and their respective veaveraged. Even after applying such a procedure, a systemati-
locity distributions is established. A prerequisite for this is ancally larger mass deviatiodm (the difference between the
unambiguous determination of the chemical composition ofneasured ion mass and the expected mass calculated from its
each ion in the mass spectrum. While for PE and PS this iproposed chemical compositiphas been observed for the
relatively straightforward, the presence of different types ofpeptide immonium ions. These afiagerprintions charac-
heteroatoms, mainly for the peptide and PVDF targets, giveteristic of the peptide’s constituent aminoacids. The assign-
rise to doublet or triplet peaks corresponding to isobar ionsment in this case is inferred from their higher intensity and
The reflectron TOF spectrometer employed Athas an av- from the aminoacid sequence of the investigated peptides,
erage resolutionn/ m~5000. In the mass region up to 100 which are well known. In the mass spectra of LHRH, SP,
u, peaks corresponding to ions with masses that differ byand NC targets, ions of the type, 8, are clearly distin-
~0.02 u can be resolved, while the average mass accuraguished. The major problem in the chemical composition
for singlet peaks is typically 0.004 u. However, it has beenmassignment has been the differentiation of structures of the
observed for all investigated polymers that hydrocarbon ionsype GH;N,, from C,H,,_,0, which in some cases was not
with a larger number of hydrogens in each of the variougpossible. For PE, PS, and PVDF ions of the typel & (and
C,H,, series tend to have systematically longer flight timesC,H,,F* for PVDF) dominate the low-mass region. In the
than expected.e., they appear “heaviep! The effect seems case of PTFE, (F,, ions dominate the whole spectrum. De-
not to be related to a possible spread in the initial axial vetails of the procedure for chemical composition assignment
locity of the secondary ions as the electrostatic mirror shouldor PVDF, PS, and PTFE have been described elsewhére.
compensate for it. This systematic “mass defect” is tenta- The vyield (area of each component of a multiplet was
tively attributed to an initial time spreddtime lag” ) during  deconvoluted by fitting multiple Gaussians to the whole
ion formation?® Therefore, the time-to-mass calibration hasgroup of peaks. An example for a doublet is given in Fig. 3
been performed using intense ion peaks with well establishefbr C3 and GHsF" ions (both with m/z~60) ejected from
chemical composition and containing a varying number ofPVDF targets. The mean velocity and width of the velocity

A. Mass resolution and chemical composition assignment
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FIG. 4. Thev, (&) andv, (b) component of the radial velocity FIG. 5 (@ Mean velocities (v;) and (b) FWHM
distributions of GH, ions ejected from PE films by 72.3-MeV (=0.5m[(v2)—(v,)?)]) of the x andy velocity distributions of
120113 jons. Y max is the maximum value of the yield in each distri- hydrocarbon secondary ions ejected from PE films as a function of
bution. ion mass. Primary ions: 72.3-Me¥{#/13".

distributions for these two ions are quite different: e(g,)  decrease for ions with higher hydrogen content, eventually
is 770260 m/s for G and —1400+240 m/s for GHgF . reaching negative mean velocities for ions with the highest
The averagedv,) is close to zero without the deconvolu- humber of hydrogen atoms in eachHG;, series. These ions
tion. This finding exemplifies the type of correlation betweenare ejected again off the surface normal, Bway from the
the velocity distributions and chemical composition observedncident ion trajectory. The effect is similar to the one ob-
for a very large number of secondary ions, which is de-Served for intact biomolecular iods®~'##*This indicates
scribed in detail below. that a nonrandom momentum transfer is also involved in the
sputtering of the low-mass species. If evaporative-type pro-
cesses were dominart;,)~0 would be expected. In a simi-
lar fashion, ions with a higher degree of hydrogenation tend
A plot of the v,-velocity distributions of @H;  to have lower mean radial kinetic energies and vice versa
ions ejected from a PE target is shown in Figa)4 The  [Fig. 5b)]. There is a clear correlation between FWHM and
differential yields are normalized to the maximum valuechemical composition similar to what is observed for the
in each distribution. The centroids of the velocity distribu-(vx>_
tions, (v,), change from a positive value fogB; to a nega- Such behavior has been seen for thg) of C,H | ejected
tive (v,) for CgHi3. At the same time, the larger the num- from all polymers:'® peptides, and PS/gtargets. A sum-
ber of hydrogen atoms in the;8 ;, ions, the narrower is the mary of the collected data for the different targets is given in
width of the distributions. The(v,) and the FWHM Table II. In the case of PS it is possible to extend the ana-
[=(1/2)m(v 2)— (1/2)m(v,)?, or simply (v2), for brevity]  lyzed mass range for the hydrocarbon ions up to 200 u. The
obtained from the velocity distributions of all thel€,, se-  results for(v,) are shown in Fig. 6. Although the variation
ries analyzedup tom/z=120) is given in Fig. 5 as a func- of the (v,) values is somewhat smaller compared to the
tion of ion mass. Botl{v,) and(v 3) vary regularly with ion  lighter ions (not shown her¥) the correlation between the
mass with 12(one C atom as a “repeat unit.” No correla- degree of hydrogenation ara@,) is still clearly seen. Ex-
tion between ion yield intensities and the valueswf) and amples are given by the doublet peaks corresponding to
FWHM are detected. CHand G_,H. . ,,ions(e.g., at 144, 168, 182)uinter-
Secondary ions with no hydrogen or low hydrogen con-estingly, a similar correlation between degredlobrination
tent have mean velocities with positive siggjected away and the radial velocity distributions has been observed for
from the surface normal, artdwardsthe primary ion trajec- C,F;. ejected from PTFE film&’ This finding indicates that
tory, see Fig. 1 for the coordinate sysferfihis is similar to  the dependence of the moments of the velocity distribution
the ejection of G, ions from PVDF° The values of(v,) on the chemical composition of the secondary ions is not

B. v,-velocity distributions for C,H/; and C,H 1, ion series
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TABLE Il. Summary of the results obtained for the velocity distributions of hydrocafi@hl,,) positive ions ejected from different
organic films. “Periodicity” here means the observation of systematic variations in the mean velgeiogr FWHM values with the degree
of hydrogenation of the secondary ions. Tlsg) and FWHM ranges give the maximum and minimum values obtained for these quantities
for each target. For all targets the “zero” of the velocity scale is defined by the mean velocityHgf.C

(vy) (vy) range FWHM FWHM? (vy)
Target periodicity (10° m/9) periodicity range(eV) periodicity Thickness
PE Yes -15-1.2 Yes 2.7-7.0 >1 um
PE Yes -15-1.2 Yes 1.5-4.5 No <1 pm
PVDF Yes -1.0-1.0 Yes 1.5-4.5 No 100 nm
PTFE Yes -1.0-1.2 Yes 2.0-7.0 am
PS Yes -0.5-0.7 Parti&l 1.5-4.0 No 100 nm
PS/Go Yes -05-10 Yes 1.5-4.0 100 nm
LHRH Yes -1.7-18 Yes 4.0-13.0 >2 um
NC Yes -05-05 Yes 1.2-3.2 6 nm
NC Yes -0.8 -0.9 Yes 2.4-4.0 45 nm
SP Yes -06-14 Yes 1.8-3.0
Ceo No Yes 1.0-2.5 100 nm

@Data from thev, distributions.
bvalues for the GH,, (N=1,2) series. For highen the periodic behavior is not clearly demonstrated.

coupled to a specific property of hydrocarbon ions. It givesments increases, and heteroatom depletion is not strong, thus
additional evidence for the connection between the observeenhancing the probability of recombination reactions involv-
“chemical” effect and the ion track momentum and energying, e.g., H, F, and C atoms. The lower mean kinetic energies
density radial profiles, as discussed below. (FWHM) of ions with increasing number of hydrogen atoms
Even though electronic sputtering is a fast nonequilibriumare an indication that they are formed further away from the
process, it is reasonable to assume that the local energy defiiack core where the energy density is lower. In short, the
sity (or “temperature’) at the time and place of emission, decrease in the widttmean kinetic energyof the velocity
e(r,t), is proportional to the width of the velocity distributions as the hydrogen content increases reflects the
distributions’?>~28|t is expected that a complete destruction radial profile of the deposited energy density in the heavy-
of the original molecular structure together with the prefer-ion track. Therefore, it is plausible to infer that the chemical
ential elimination(by diffusion and/or ejectionof H, O, and  effect observed is actually an expression of the different loci
F atoms, occurs in the innermost parts of the track where thednd/or time of ion production relative to the point of the
energy density is highest. Pure carbon clustefs @hich ~MeV ion impact. This overall picture of fragmented ions
have the broadest velocity distributions should originateoriginating from the inner parts of the track, in contrast to
preferentially from this “hot” region. At the outer zones of more intact species emitted from the outer zones, has been

the track, the survival probability for hydrogenated frag-suggested by several authof$***~*'The important contri-

<v >m/s

bution here is that a detailed mapping of the radial effects
around the ion track is experimentally demonstrated.
CH*Y ejecta with the radial distance from the track would explain
1000 1 CH* PmoC H Y CH "L gualitatively the observed transition from posititexial di-
;/ CH.* ¢ ¢ / rection to negative(radial direction mean velocities as the
o
500 -% #{ #& % i B ﬁ ¢ 3
%ﬁ E H% @% B_oth the pressure pulse and shock-wave m pre-
0 - ﬁ ﬁ 5 - dict a dependence of the momentum imparted to the ejecta
on the position of ion emissiofiThis is also expected from
’\ positive charges trapped in the track, if the neutralization is
-1000 - 9 m cH* cu*+ r slow compared to the average time of ejectiamd if the
127m 157m track cylindrical geometry is maintained during ejecjipn
100 120 140 160 180 200 tances >R, , the initial track widtht* is expected to acquire
Mass (atomic units) negative(v,) values(in our geometry. Ejecta from the core
(r<R;) would receive an impulse predominantly back along
(C,H,, 8<n=<16) ejected from a PS film bombarded with 72.3- the ejection process, the observed dependence of the mean
MeV 1?113% as a function of ion mass. For clarity, the results from radial velocities can be again interpreted to be a consequence
the C,H;,, CiH %, and GgH,, hydrocarbon series are shown as of the different loci of ion production and ejection relative to

1500 —_t , | i A smooth variation of the momentum imparted to the
B number of hydrogen atoms increases in eaﬁhiré%series.
¢ 4
500 - f % f%ﬁ%& ﬁ #} ? e | direct electrostatic interactions between emitted ions and the
N
-1500 ‘ ‘ ‘ | , Moreover in these models, material ejected from radial dis-
FIG. 6. Mean velocitiev,) of hydrocarbon secondary ions the track, acquiring a positive,).* Based on this picture of
open circles. the point of impact.
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In contrast to the positive ions, the negativgHG, have
(vy) and (v %) which are roughly constant as a function of I ]') ]
ion masst* Only H™ shows a clearly differenfv,) from the 4000 @ i (b) 1
majority of the other ions in the mass range up to 200 u. The I ] 6
relatively lower values and the lack of dependence of both
(v,) and (v 2) on the ion type suggests that these ions are
ejected at later times, after the track neutralized, and
“cooled” considerably or preferentially from regions far
from the track core. It also suggests that evaporative ejection oF + 1 ;
dominates for these ions. We note that the number of hydro- : ] 4+ 8
gens in the GQH,, series is smallm=3). This may effec- 22000 i % ]
tively limit the observation of a chemical composition effect 3 [
typical for the positive ions. [ A

It should be noted that the behavior of the?) varies for 012345 0 lMiSS3(u)4 >
various target§Table Il). The connection of the width of the Mass (u)
distributions to the chemical composition of the secondary
ions is clearly expressed for PVDF, PE, and PTFE targets. FIG. 7. (a) Mean radial velocityv, componentand(b) FWHM
However, in PS it is only seen for the GHand GH, se- of H} (n=1,2,3 ejected from NC films impacted by 72.3-MeV
ries. For higher masses that effect is smeared oatweak 21" ions.
dependence of the >2<> on the hydrogen content can be dis-
cerned in some of the higher,B/ series(e.g., GH,, and  duced by either radial or axial “push,” as well as any evapo-
C,H."), but the small variations are on the order of our ex-rative ejection would giver, distributions which are sym-
perimental uncertainties. As the primary ions deposit roughlymetric in theyz plane®®
the same amount of energy in all tested materials, sample-
dependent factors may also contribute to the width of the D. Specific cases
veloci_ty dis_tributions. One possibility is the specific radia'_[ion Secondary ions different from the hydrocarbon clusters
chemistry induced in each target. The energy released in thaﬁ

breaki d/or f i ¢ hemical bonds in the i so exhibit radial velocity distributions which vary system-
reaking ana/or formation of néw chémical bonds in the Ior‘atically with chemical composition, as already pointed out

track may add.to the energy depos_ited direct!y t_)y the PM¥or the fluorocarbon ions. The same is observed for structures
mary ions, or it may influence the ion-track lifetime. The of the type GH. X (X=F or O) present in the spectra of
m ]

lower values ofv 3) for secondary ions from PS is probably e.g., PVDF(Ref. 11 or peptide targets, respectively. Pure

indicative of a lower local temperatufenergy densityor a : o f ; ; :
faster quenching of the deposited energy. The sample thicéydrogen long(H, , n=1,2,3 show, in all investigated tar

(m/s)

<V >

ness and roughness may influence the width of the velocit jets, an effect similar to the one described in Sec. Il B
TN . bove: the mean velocity and the width of the distributions
distributions as well, as already pointed &t 3** The y

; . o ! : decrease with increasing. The results for NC targets are
thickness effect is specifically discussed in Sec. Il E. shown in Fig. 7. The values of the mean velocity and mean

kinetic energy of hydrogen ions are higher than the values
for the heavier ions.

Thewv,-velocity distributions of GH ., ions ejected from a It is worth noting the behavior observed for ions such as
PE target are shown in Fig(i#), and the mean velocities and Na", NO3 , and the immonium ions ejected from the peptide
width of the distributions of the various hydrocarbon ion targets(Table Ill). NH;, NO; , and N& have always high
series in Fig. 5. Thév 5) vary systematically with ejected and negativév,) (we note thatv,) is close to zero for Na
ion mass, showing a similar correlation with the degree ofejected from the polymer targetsThe latter ions may be
hydrogenation as discussed above for thedistributions. linked to the ejection of large precursors which have nega-
However, contrary to the, distributions, thev, distribu-  tive (v,). One possibility is that these low-mass ions are
tions are centered aroung=0, independent of the chemical formed by fragmentation from highly excited speciesg.,
composition of the secondary iofiBig. 4(b) and Fig. %a)]. macroradicals, molecular ion complexésymediately after
This behavior is actually expected, and follows from the ar-ejection. The same explanation may apply to the immonium
guments presented in the discussion of thedata (Sec. ions as well. These ions have alwgys) with the same sign
[ll B), taking into account the symmetry of the MeV ion in and similar or higher magnitude than the molecular ions
impact. The trajectory of the incident MeV ions lies in the  (Table Ill). The “mass defect’(i.e., longer flight times than
plane and, as the angle of incidence is 45°, preferential diexpected, see Sec. Ill)Aobserved for the immonium ions
rections for energy deposition and propagation not coincidsupports this hypothesis.
ing with the surface normal are introduced. The axial and the The velocity distributions of hydrocarbon ions ejected
radial expansion of the track define two different projectionsfrom Cg, thin films have also been measured. In this particu-
of the ejection “vectors” on thexz plane (ejection due to lar case only carbon atoms are present in the molecular struc-
radial expansion gives negatiye,), and ejection due to the ture of the targets. Therefore, the observe#i; are derived
axial expansion gives positi,)). This gives rise to the most probably from surface contaminants, although some
systematic pattern in Fig. 5 for tH@,), as discussed in the bulk contamination during the film growth cannot be com-
previous section. In turn, theaxis is a symmetry axigince  pletely ruled out. Contrary to all other compounds investi-
MeV ion trajectories lie in thexz plane and ejection pro- gated, it has been observed tkag)~0 for most of the sec-

C. vy-velocity distributions for C LH 1 ions
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TABLE IlIl. Results from the radial velocity distribution of sev-

eral low-mass ions and immonium ioffingerprint ions character- 1600 I o a0 Al
istic of the peptide’s constituent aminoadidgected from various (a) 60 A
targets. Primary ions: 72.3- and 78-M&¥/1. 1200+ °

o 8004 -

(v (M/9? B i

lon LHRH Substance P NC = 400+ %% % ; -
NHZ —2400+500 —580x350 0+300 \‘7% 0+ % # % B
H,0" 3300700 —60=350 185-280 -400 % % g L
Na* —1600+500 —900x=350 60+260
NO* 75300 370-270 00 % T
NO; —~1120+250  —730+160 (b)‘ T [ e 4s0A
Immonium 4 o 80A ||
CH,N' —2000+400 —600+200 < ﬁé ﬁ
C,HNO" —2200+300 © 3,% s %? ¢ i o
CHgN* —2000+230 —540+200 = % ¢ i %
CeHy N —2100+230 § 2. % %& %E %% L
CsHgN3 —1600+200 = %
CgH N —400+200 14 -
CgH NO* —1600+200
CyiH1iNS —1650+180 0 S S S S —
[M+H]* — 900+ 60 _580+ 90 10 20 30 40 50 60 70 80

Mass (atomic units)

®Relative to the GH3 distribution.

"[M+H]" is the protonated molecular ion. FIG. 9. (@ Mean velocities (v,) and (b) FWHM
(=0.5m[(v2)—(v,)?]) of the x velocity distributions of hydrocar-

ondary ions up to masse400 u. However, the dependence bon secondary ions ejected from NC films Wi}?ﬁ@ﬂ) and 450 A

of the (v 2> on the degree of hydrogenation can still be (®) as a function of ion mass. 72.3-Me¥#7 were used as

clearly distinguishedFig. 8. The explanation of such be- Proiectiles.

havior is not clear at present. It may be coupled to the facts

that hydrocarbon ions originate mainly from adsorbed conthat the hydrodynamic type of ejection is not efficient ig,C

taminants and/or that the ejection mechanisms fromg@ C and an evaporative type of ejection domindfes.

matrix are distinct from the polymeric and biomolecular tar-

gets. We note that intactggmolecular ions are ejected pref-

erentially normal to the surfac€v,)~0), while an asym- E. Thickness dependence

metric v, distribution relative to thelen?gmal is observed for  5q already stated, ions sputtered from thicker targets
intact biomoleculeg(v,) is negative. ™ “This may indicate  gpqy typically broader velocity distributions. For example,
ejecta from LHRH and PTFE targets, which are the thickest
employed in this work~5 um), had the broadest velocity
3 distributions of all tested target3able Il). It is not the goal
of this work to perform a systematic investigation of thick-
o/ o ness effects on the velocity distributions. This has been done
% $%%%%§ & in detail by Fenyoet al®* and Wienet all? for H; ions.
. Here, measurements are reported only for #hevelocity
R B component for secondary ions ejected froh€ (60 A and
450 A thick and PS target§100 A, 3000 A, and> 1 um
%’ thick). The observed results can be summarized as follows:
} % % ﬁ H % (i) ions sputtered from thicker targets have broadedistri-
$ i ¢ } H butions, which is valid even for relatively “heavy” ions
(m/z up to =150 u; (ii) the broadening, however, is en-
o hanced for lighter iongup to m/z around 25; (iii ) the rela-
U — ' ' tive difference of the FWHM ofv,) values among ions in
20 40 60 80 100 the same (H,, series, i.e., the dispersion in these quantities,
Mass (atomic units) is weakly affected by the target thickne@gig. 9), except,
again, for the very light ions(iv) the width of the velocity
FIG. 8. Full width at half maximum(FWHM) of the radial  distribution of H decreases for thicker samples, but in-
velocity distributions(x componentfrom hydrocarbon ions ejected Creases for more massive negative ions. The novelty here,
from Cg, targets vs secondary ion mass. The projectiles were 72.3compared to previously published data, is that broadening of
MeV 2113 jons. The inset shows the results obtained for the mearihe distributions is observed for all investigated idop to
velocity (v,) for the same ions. m/z~150) and not only for hydrogen ion:2/343%
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n
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The increase in the width of the velocity distributions

with thickness, at least for H ions, has been attributed by 3000

various authors to the residual track potential at the time of 2000 @ o 99MevO ||
ejectiont??"*|t was demonstrated that the deposited energy E % E o 782MeVI
transiently stored as potenti@Coulomb energy may add to 1000 -

the H! ions mean velocities and mean-square velocities to
an extent which depends on the neutralization tiassumed . 0 %
to be thickness dependentt is an open question whether -1000 -

this explanation is also applicable to more massive species.

<V > m/s

If so, it is unclear whether it is effected directly by electro- -2000 - A{ D
static repulsion from the transiently charged track, and/or by 23000 L. . 'f CI : : :
a more efficient couplindconversion of the potential en- 20 40 60 80 100 120 140
ergy into atomic motiorikinetic energy for thicker samples Mass (atomic units)
with longer neutralization times. In both cases, rapid neutral-
ization is causing less energy to be transferred to the ejected 14 b T
molecules. Therefore, the thickness dependende §f may 12 4 ®) o 99MevO ||
be generally coupled to the energy density in the track. The { # * T82MeVI
generally p (he energy y int . = 10_§ i ’ L
track either cools faster in thin samples or rapid neutraliza- > ’ }‘} t‘
tion leads to “colder” track(due to less efficient conversion E 84 P L "
of electronic energy into atomic motignresulting in nar- § 6% % §§ * 3 {’é L
rower velocity distributions. Other factors such as the strag- SIS I g ¢ s i
gling in the secondary-ion velocity via gas-phase 5 ‘]‘i% o R N R
collisions3236 or the effect of a nonflat surface composed of 24 o A AR °o T
segments with different orientation can also be considered as 01— . : : : ; ;
source of smoothing and broadening of the radial velocity 20 40 60 80 100 120 140
distributions. Further investigations in samples with well- Mass (atomic units)
controlled topography and thickness are necessary to evalu-
ate the relative importance of all different factors. FIG. 10. Moments of the velocity distributioits componentof
secondary ions ejected from a LHRH target by 9.9-M&@ ions
F. dE/dx dependence (open symbolsgE/dx~112 eV/A) and 78.2-MeV*?" ions (closed

. : . ._symbols,dE/dx~655 eV/A. The mean velocities are displayed in
bitions on the primary ion stopping power were performed®, &1 the FWHN(=(v ) n (5. In @ the riangles are used t
only for the peptides SP and LHRH. The general trend is thagwdlca_teds_ector:jdarg 1ons dlf{e:enlt ftrtom _rklgﬁﬁrbong'_za:'cg?r 1ons
the(v,) for all investigated ions, including the molecular ion Cric I,: I,Sfi ir CSHy Ofaglzac He C?rs(.)r CH AN,* E=C3H7N+’
peak, become closer to zero for decreadifgdx. In other 50 & o A
words, theamplitude of variatiorof the (v,) and FWHM, in
each GH | series with fixech, decreases for lower stopping ; ) i .
powers. This is illustrated in Fig. 10, where the,) and while zero mean ra@al velocity for most ions may have a
FWHM obtained for hydrocarbon ions ejected from a LHRH C€ar physical meaningat dE/dx=0 ions cannot be sput-
target impacted by 78.2-Me¥ and 9.9-MeV1%0 ions are f[ered so their velocity WI|! be obviously zerthe real picture
shown.[Note that this result is different from the effect of 'S p_robably more comphcat_ed than Fhat' The yahdlty .Of a
thickness which produces a shift of the moments withouarticular quel of electronic sputtering operative at higher
changing theiamplitude of variationFig. 9b).] The(v,) of dE/dx has still to be proven at IowefE[dx. Eor instance, at
several ions ejected from LHRH and SP is plotted againspw dE/dx, close to the threshold f_or lon ejection, the.pr_es—
dE/dx in Fig. 11. It is seen that thenagnitudeof the mean Suré pulse model may not be applicaBlénstead a statisti-
velocities decreases roughly linearly with decreasing stopS@ model may better describe the ejection process
ping power for both ions with positivée.g., GH, CH3) or It is seen that _the dependence_(o&) on _the primary ion
negative(e.g., NH,, NOJ) mean velocities. stopping power is stronger for ions _em|tted from LHRH:
This decrease in the dispersion @f,) and FWHM for This may be coupled to the target-thlc.kne.SS qﬂec@s as dis-
lower stopping powers appears to be linked to a “weaker”cussed aboye. The longer track neutral!zatmn tlmg in LHRH
impulse imparted to the ejecfeither radially or axially to may result in a more effe_ct|ve conversion of the_ initial po-
the track and to a lower local energy density. The momen-tenFIal energy Into expansion energyl_oleculz_ir motiopand
tum imparted to the moleculgs in the pressure pulse for- & higher(p,) being imparted to the ejected ions.
malism is proportional to dE/dX) .« [see Eq.(B7) in Ref.
32], where @E/dx). is the fraction ofdE/dx going into
expansion. This is in qualitative agreement with our data.
Most of the ions have zero-velocity intercept when extrapo- The v, andv, components of the initial radial velocity
lated from linear fits of the experimental points fdE/  distributions of low masgup tom/z~300 U secondary ions,
dx—0 (Fig. 11). However, NG and GgH;;N3 ejected from  sputtered by MeV atomic ions from molecular soligi®ly-
SP targets have clearly nonzero intercepts which may be irmers, bioorganic molecules, and fullerene targktve been
dicative of different route for their formatiofe.g., gas-phase determined. The first(¢)) and second(v ) moments of the

dissociation of sputtered molecular ign8Ve point out that

IV. CONCLUSIONS
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as the target chemical structure and thickness, which influ-
ence the time scale of energy dissipation in the ion tracks.
The direction of the momentum transferred to the target
molecules, and thus the,) and(v,) gained by the emitted
ions is coupled to the geometry of the MeV ion impact and
to the specific ejection mechanism operating. The impulse
transferred either radially or axially relative to the track core
results in velocity distributions symmetric around the normal
COCH N for they componentindependent of the ejection mechanism
invoked but asymmetric distributions for the, component
of the radial velocity. This is most probably the reason for

—®— NH,
— N

0 -No*
| —a— CH;

E observing(v,)~0 for all secondary ions, and a “chemical
A e NHC composition” dependen{tvx>.. . .
g . _CH‘N+ The chemical transformations necessary for ion formation
4 and the processes leading to ejection are both a function of
oo the amount and the gradient of the deposited energy at a
-800.] T — & -CH; particular point from the track center. This interconnection
Ty —o—C H N resul_ts in the regular d_ependgnce of the properties of ejected
-1600- TN gl species(e.g., mean exit velocilyon their chemical compo-
2400 h i sition. In other WO'I’dS, the gorrelation pgtween the ejection
dynamics and the ion chemical composition reflects the fast-
T T T T T T ion track structure and the impact geometry. It results from
0 200 400 600 the spatial inhomogeneity of the energy deposition events in
dE/dx (eV/A)

the track and the existence of different locations where par-
ticular ions are formed relative to the point of impact.

FIG. 11. Mean radial velocitieéx component of several sec- The observed effects demonstrate that the ionic compo-
ondary ions ejected frorf@) substance-P angh) LHRH targets as a nent of the electronically sputtered material carries important
function of the primary ion stopping powettE/dx. The solid and  information on ion-solid interactions and specifically on the
dashed lines are linear fits to the experimental points. structure of the MeV ion track. They also permit one to
qualitatively compare the characteristics of an ion treek.,
how fast the deposited energy is quenchadd/or the dy-
namics of ion ejection in specific materials.

velocity distributions of positive ions are seen to vans-
tematicallywith the degree of hydrogenation-fluorination of
secondary ions of the type 8,,, C,F,. C,H,F, and
C,H,O. Such effects decrease at lower primary ion stopping
power and ar@ot observed for negative ions. For the lowest
stopping power the values of the mean radial velocity ap- This work was supported by the Swedish Natural Sci-
proach zero for all secondary ions, independent of theiences Research Cound€MNFR), the Angstrom and Cluster
chemical composition. This phenomenon, detected in differConsortia and the National Research Council of Brazil
ent types of molecular solids, is found to be general featuréCNPq. We are grateful to G. Brinkmalm, D. Fenyand H.

in the fast-ion-induced sputtering of dielectric solids. How- F. Kammer for their contributions to the results discussed in
ever, the magnitudes ¢b) and(v?) and their variation with  this paper, and to I. Bitensky and R. E. Johnson for helpful
atomic composition depend on sample specific factors sucliiscussions.
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