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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 mass~up to m/z'300 u! positive and
negative secondary ions, sputtered from carbon-containing molecular solids~polymers, bioorganic molecules,
and fullerene targets! are investigated. The first (^v&! and second~^v2&! moments of the velocity distributions
vary systematically with the atomic composition of secondary ions of the type CnHm

1, CnFm
1, CnHmF

1, and
CnHmO

1. Positive ions formed from extensive fragmentation-rearrangement of the original molecular structure
~e.g., Cn

1! tend to be ejected towards the MeV ion trajectory~positive mean radial velocity! and to have the
largest̂ v2&. Saturated species~e.g., CnX2n, X5F, H! tend to have smaller̂v2& and negativêv&. 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 ejected ions~e.g., momentum
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.
@S0163-1829~96!05229-0#

I. INTRODUCTION

A fast heavy-ion~with velocity much higher than the
Bohr velocity,vb50.22 cm/ns! penetrating a solid produces
a roughly cylindrical region of high electronic energy density
~the ion track!.1,2 This energy can be rapidly converted into
atomic motion3 and chemical rearrangements,4 which may
result in ejection of material from the surface and permanent
damage to the solid along the ion track. Time-of-flight mass
spectrometry has been employed to study such secondary ion
emission from solids in individual MeV ion impact events.5,6

Only the nascent~i.e., most energetic! ionic intermediates
and reaction products, ejected in a single impact event, are
sampled by this technique. However, the ionic component of
the electronically sputtered material carries important infor-
mation about the processes of ion-solid interactions occur-
ring in single MeV ion tracks on the picosecond time
scale.7–12Studies of the material ejected from molecular sol-
ids have concentrated on intact large molecular ions, with
much less attention to the low mass part of the spectrum
composed mostly of fragment ions. Such species, formed
after considerable chemical rearrangement-fragmentation,
may be suitable probes of the complex chemical events oc-
curring at high-energy densities in ion tracks.

In general, ejection of material from the solid may occur
in response to the local energy density at the surface13 or in
response to the volume force arising from the large radial
gradients of the deposited energy.14 The velocity distribu-
tions of the ejecta can be used to extract information on the
operating ejection mechanism. In the case of sputtering due
to a volume force ~described by pressure pulse14 or
shock-wave15 models!, there is a nondiffusive~correlated!

momentum transfer from the expanding track core to the
ejected molecules. It results in an exit angle correlated with
the direction of the incoming projectiles.14 This has been
clearly observed in the radial velocity distributions of large
intact molecular ions~e.g., peptide ions!.9,16,17On the other
hand, several low-mass ions, originating from, e.g., the frag-
mentation of such large molecules, showed an initial radial
velocity distribution symmetric around the surface normal as
expected for ions ejected in an evaporative process.18 For
instance, Moshammeret al. reported that the fragment ions
from valine targets show an angular distribution peaked at
the normal, independent of the primary ion angle of
incidence.16 In contrast, Brinkmalmet al. found later that
both F1 and carbon cluster ions ejected from poly~vinylidene
fluoride! leave the surface preferentially backwards along the
direction of the incoming primary ions, in a type of ‘‘jet
effect.’’10 This has indicated that a correlation between the
angle of incidence of the projectiles and the exit angle of the
ejecta may also occur for fragmented and reconstructed spe-
cies.

No systematic and accurate characterization of the chemi-
cal composition of ejected low-mass ions has been per-
formed in the above studies. Preliminary results of a system-
atic study performed for a series of low-mass ions ejected
from polymeric films, using a high resolution time-of-flight
mass spectrometer revealed that the moments of the radial
velocity distributions~i.e., the mean velocity and the width!
of the positive ions vary in a regular fashion with their
chemical composition.11,19

Here the nature of this effect is investigated in detail. A
systematic study of the radial components of the velocity
distributions~vx and vy! of the molecule-specific and non-
specific positive and negative fragment ions~up to masses
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around 300 u! sputtered from polymers, bioorganic mol-
ecules, and fullerene targets are reported. The interconnec-
tion between secondary ion chemical composition and the
velocity distributions of such ions is found to be a general
feature in the electronic sputtering of organic solids. We ar-
gue that this correlation between the ejection dynamics and
the ion chemical composition reflects the fast-ion track struc-
ture and the geometry of impact. That is, it results from the
spatial inhomogeneity of the energy deposition events in the
track and the existence of different locations where particular
ions are formed relative to the point of impact.

II. EXPERIMENT

A. Target preparation

Compounds with predominantly carbon backbone have
been investigated and are given in Table I. The targets in the
different experiments were deposited on 131 cm2 Si sub-
strates, except for poly~tetrafluorethylene! ~PTFE! targets,
which were self-supported 5-mm-thick foils covered with a
thin Au layer. In this case stainless-steel disks were used as
backing material. The blend of polystyrene and C60 ~PS/C60!
~10:1 by weight! was prepared by codissolution in toluene.
Poly~vinylidene fluoride! ~PVDF!, nitrocellulose~NC!, poly-
styrene~PS! and PS/C60 films were prepared by spin coating,
using a 10-mg/ml solution in acetone~for PVDF and NC! or
toluene~for PS and PS/C60!. Polyethylene~PE! films were
prepared by dipping Si backings in a 10-mg/ml solution in
toluene at 80 °C. C60 thin films were prepared by vacuum
sublimation~at'1026 torr! onto Si substrates. The peptides
luteinizing hormone releasing hormone~LHRH! and
substance-P~SP! were dissolved in a mixture of 80% acetic
acid and 20% trifluoracetic acid at a concentration of 10
mg/ml. LHRH and SP films were prepared by electrospray-

ing the solution onto Si substrates. The target thicknesses
were monitored by ellipsometry or atomic force microscopy
~AFM!. The prepared thin films had thicknesses around
5–500 nm. The electrosprayed peptide films were somewhat
thicker ~on the order ofmm!.

AFM images showed an irregular topography of the
PVDF films on a micrometer scale. This is probably due to
the tendency of the chains to crystallize from the solution
during the spinning. For that reason, ellipsometry measure-
ments on these films provide only the average thickness. PS
and PS/C60 films were flatter. The mean roughness for PS in
a 232 mm2 scan was typically 0.15 nm, with features with
maximum height of 1.5 nm. For PVDF films these values
were around 10 and 100 nm, respectively. Sublimated C60
films were polycrystalline~grains typically with 150–200 nm
diameter! with an average roughness around 10 nm. Electro-
sprayed targets presented the most irregular surfaces~mean
roughness about 60 nm, in a 535 mm2 scan!, giving grainy
deposits of micrometer dimensions.20 Morphology analyses
were not performed for PTFE, NC, and SP.

B. Instrumental setup

MeV atomic ions from the Uppsala EN-tandem accelera-
tor, incident on the targets at an angle of 45° and at a rate of
2000–4000 s21 were used as projectiles. In most of the radial
velocity measurements 72.3 MeV127I131 ions were used as
primary ions. In the experiments on the radial velocity dis-
tribution dependence on the MeV ion stopping power, the
targets were irradiated with 0.61 MeV/amu~around five
times the Bohr velocity! 16O31, 32S31, 79Br91, and 127I141

ions. A reflectron time-of-flight~TOF! mass spectrometer21

was used for secondary ion analysis. Before reaching the
target, the primary ions passed through a thin carbon foil,
inducing secondary electron emission to give the start signal
for the timing electronics. Therefore, they were in charge
state equilibrium when impacting the targets. The area on the
target impacted by the beam was defined by a 131 mm2 slit
and a 1.2-mm-diam collimator placed before and after the
carbon foil, respectively. The positive~negative! secondary
ions were accelerated by a potentialVa of 1~2!14.00 kV,
traversing a field-free flight tube before reaching a single-
stage electrostatic ion mirror at a potentialVr51~2! 15.66
kV. The electrostatic ion mirror corrects for the dispersion in
the initial axial velocity of the ejected species, improving the
mass resolution.21 The ion flight time registration was per-
formed by a time-to-digital converter~IPN, Orsay, France!
with 0.5-ns time resolution. Typically 43106 primary ion
impacts were accumulated for each mass spectrum. A
scheme of the TOF spectrometer is displayed in Fig. 1.

The initial radial ~tangential! velocity distributions were
obtained by monitoring the secondary ion yields as a func-
tion of the voltage applied to two sets of deflection plates~in
the x or y direction perpendicular to the target surface nor-
mal!. The plates were installed parallel to the ion optical axis
of the TOF mass spectrometer. To determinevx(vy), the
yield of low-mass ions was maximized by setting the appro-
priate potential on they (x) deflection plates, and then data
were acquired for different voltagesVdx (Vdy) applied to the
x (y) deflection plates. The procedure for measurement of
the initial radial velocity distribution has been described in
more detail elsewhere.10,18

TABLE I. List of compounds investigated. MW is the average
molecular weight.

Compound Structure MW~u!

Polyethylenea ~PE! @-CH2-CH2-#n 50 000
Poly~tetrafluoroethylene!
~PTFE!b

@-CF2-CF2-#n '106

Poly~vinylidenefluoride!
~PVDF!a

@-CH2-CF2-#n 534 000

Polystyrenec ~PS! @-CH2-CH~w!-#n
a 160 000

Polystyrene/C60
~PS/C60!
Nitrocellulosed ~NC!

Substance-P~SP!e C63H98N18O13S 1347.6
Luteinizing hormone C55H75N17O13 1182.3
Releasing hormone
~LHRH!e

Fullerenef C60 C60 720.6

aAldrich.
bGoodfellow.
cBASF.
dBio-Rad.
eSigma.
fMER Corporation.
gw denotes the phenyl ring~C6H5!.
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Conversion from voltage units to velocity units was performed according to10,18

v i5ki
q

uqu
V0i2Vdi

Am
. ~1!

The indexi refers to thex or y components,m andq are the ion mass and charge,ki is a constant depending onVa ,Vr and
on the geometrical parameters of the instrument,

ki5S uqu
2Va

D 1/2 ~ l dz1D l dz!

l dx

@~1/2!l dz1 l 314l 4~Va /Vr !1 l 61~2/a!l 71b~ l 21 l dz!#

@2l 01 l 11 l 212l dz1 l 314l 4~Va /Vr !1 l 61~2/a!l 7#
, ~2a!

with

a511F12
q

uqu
Vp

Va
G1/2 and b5 H 0 for kx ,

1 for ky .
~2b!

Vp is the voltage applied to the first stop detector channel
plates~Vp522.6 kV! andD l dz is the first-order correction to
the length of the finite deflection plates.18 For the definitions
of the distances see the caption of Fig. 1.V0i in Eq. ~1! is the
voltage on the deflection plates required for an ion with a
zero i -velocity component to reach the center of the stop
detector. For perfect alignment of the spectrometer optical
axis with the beam spot position and the normal to the
sample surface,V0i50. This condition is very difficult to
achieve and the centroid of the velocity distribution of C2H3

1

ions, ejected approximately normal to the target surface18

was used for estimatingV0i . For the negative ions,V0i was
determined from the centroid of the C2H2

2 velocity distribu-
tion. The velocity distributions were obtained by fitting a
Gaussian curve to the experimental data. The mean radial
velocities^vx&, and the mean-square velocities,^v x

2&, or the
width of the distributions were calculated using Eq.~1! and
averaging over the velocity distributions for each ion.
Throughout the paper we have used the term ‘‘radial veloc-
ity’’ for brevity, although itsx (y) component,vx (vy) Fig.
1, were actually measured and reported. The signs of the
velocities are defined by the coordinate system in Fig. 1. An

ion with positivex andz velocities is ejected back along the
line of incidence of the MeV primary ions.

C. Effect of the stop detector collimator

The diameter of the collimator placed in front of the stop
detector~Fig. 1! is the most important instrumental param-
eter defining the range of velocities within which ions are
collected for a particular voltage applied to the deflection
plates. The effect of the collimator aperture on the radial
velocity was examined by collecting the velocity distribu-
tions of secondary ions from CsBr and PVDF targets at three
different apertures: 4.8, 20, and 35 mm. Several ions were
investigated and the result for~CsBr!Br1 ~from a CsBr tar-
get! is shown in Fig. 2. The widths of the distributions were
typically 10–20% smaller using a 4.8-mm aperture com-
pared to the distribution taken with a 35-mm stop detector
opening, despite the broad range of velocities accepted in
each experimental point in the last case. No systematic influ-
ence on the centroids of the distributions were detected. As
the effect of the aperture on the velocity distributions is weak
and the stop rate decreases considerably for a small aperture,
a value of 19 mm has been chosen as standard.

Other instrumental effects such as divergency due to the
acceleration grids22 and finite size of the irradiated spot on

FIG. 1. Schematic diagram of the time-of-
flight mass spectrometer. The actual lengths are
l 054.5 mm; l 15130 mm; l dz525 mm; l 2511
mm; l dy516 mm; l 35494 mm; l 45289 mm;
l 65435 mm;l 7510 mm. The separation between
both pairs of plates~in the x and y direction! is
l dx514 mm. The inset shows the coordinate sys-
tem. An ion with positivevx and vz is ejected
backwards along the line of incidence of the MeV
primary ions.
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the targets can, as well, introduce a broadening in the veloc-
ity distribution. A rough estimate of all such contributions
~including detector aperture! is about 50% of the measured
width. The final shape of the distributions may also be af-
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 track~e.g., from fragmentation of
colder, larger precursors and fragmentation in the high-
energy density zone, see below!.

III. RESULTS

A. Mass resolution and chemical composition assignment

In this paper a correlation between the chemical compo-
sition of the various secondary ions and their respective ve-
locity distributions is established. A prerequisite for this is an
unambiguous determination of the chemical composition of
each ion in the mass spectrum. While for PE and PS this is
relatively straightforward, the presence of different types of
heteroatoms, mainly for the peptide and PVDF targets, gives
rise to doublet or triplet peaks corresponding to isobar ions.
The reflectron TOF spectrometer employed here21 has an av-
erage resolution,m/dm'5000. In the mass region up to 100
u, peaks corresponding to ions with masses that differ by
'0.02 u can be resolved, while the average mass accuracy
for singlet peaks is typically 0.004 u. However, it has been
observed for all investigated polymers that hydrocarbon ions
with a larger number of hydrogens in each of the various
CnHm series tend to have systematically longer flight times
than expected~i.e., they appear ‘‘heavier’’!. The effect seems
not to be related to a possible spread in the initial axial ve-
locity of the secondary ions as the electrostatic mirror should
compensate for it. This systematic ‘‘mass defect’’ is tenta-
tively attributed to an initial time spread~‘‘time lag’’ ! during
ion formation.23 Therefore, the time-to-mass calibration has
been performed using intense ion peaks with well established
chemical composition and containing a varying number of

hydrogen atoms~e.g., H1, C1, C2H3
1 , C3H5

1!. This proce-
dure gives more accurate masses, as differences in the time
of flight due to initial time spread during ion formation are
averaged. Even after applying such a procedure, a systemati-
cally larger mass deviation,Dm ~the difference between the
measured ion mass and the expected mass calculated from its
proposed chemical composition! has been observed for the
peptide immonium ions. These arefingerprint ions charac-
teristic of the peptide’s constituent aminoacids. The assign-
ment in this case is inferred from their higher intensity and
from the aminoacid sequence of the investigated peptides,
which are well known. In the mass spectra of LHRH, SP,
and NC targets, ions of the type CnHm

1 are clearly distin-
guished. The major problem in the chemical composition
assignment has been the differentiation of structures of the
type CnHmNp from CnHm22Op which in some cases was not
possible. For PE, PS, and PVDF, ions of the type CnHm

1 ~and
CnHmF

1 for PVDF! dominate the low-mass region. In the
case of PTFE, CnFm

1 ions dominate the whole spectrum. De-
tails of the procedure for chemical composition assignment
for PVDF, PS, and PTFE have been described elsewhere.11,19

The yield ~area! of each component of a multiplet was
deconvoluted by fitting multiple Gaussians to the whole
group of peaks. An example for a doublet is given in Fig. 3
for C3

1 and C3H5F
1 ions ~both withm/z'60! ejected from

PVDF targets. The mean velocity and width of the velocity

FIG. 2. Radial velocity distribution ~vx component! of
~CsBr!Br1 ejected from a CsBr target using 72.3-MeV127I113 as
primary ions. The velocity distributions were acquired at three dif-
ferent apertures of the iris in front of the stop detector: 4.8, 20, and
35 mm.Ymax is the maximum value of the yield in each distribu-
tion.

FIG. 3. ~a! Doublet ~C3
1 , 59.999 u and C3H5F

1, 60.037 u!
aroundm560 u in the positive ion mass spectrum of a PVDF
target.~b! Radial velocity distributions~x component! of the same
secondary ions. Primary ions: 72.3-MeV127I131.
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distributions for these two ions are quite different: e.g.,^vx&
is 7706260 m/s for C5

1 and214006240 m/s for C3H5F
1.

The averaged̂vx& is close to zero without the deconvolu-
tion. This finding exemplifies the type of correlation between
the velocity distributions and chemical composition observed
for a very large number of secondary ions, which is de-
scribed in detail below.

B. vx-velocity distributions for C nHm
1 and CnHm

2 ion series

A plot of the vx-velocity distributions of C6Hm
1

ions ejected from a PE target is shown in Fig. 4~a!. The
differential yields are normalized to the maximum value
in each distribution. The centroids of the velocity distribu-
tions,^vx&, change from a positive value for C6H2

1 to a nega-
tive ^vx& for C6H13

1 . At the same time, the larger the num-
ber of hydrogen atoms in the C6Hm

1 ions, the narrower is the
width of the distributions. The^vx& and the FWHM
@5(1/2)m^v x

2&2(1/2)m^vx&
2, or simply ^vx

2&, for brevity#
obtained from the velocity distributions of all the CnHm

1 se-
ries analyzed~up tom/z5120! is given in Fig. 5 as a func-
tion of ion mass. Botĥvx& and^v x

2& vary regularly with ion
mass with 12~one C atom! as a ‘‘repeat unit.’’ No correla-
tion between ion yield intensities and the values of^vx& and
FWHM are detected.

Secondary ions with no hydrogen or low hydrogen con-
tent have mean velocities with positive sign~ejected away
from the surface normal, andtowardsthe primary ion trajec-
tory, see Fig. 1 for the coordinate system!. This is similar to
the ejection of C60 ions from PVDF.10 The values of̂ vx&

decrease for ions with higher hydrogen content, eventually
reaching negative mean velocities for ions with the highest
number of hydrogen atoms in each CnHm

1 series. These ions
are ejected again off the surface normal, butaway from the
incident ion trajectory. The effect is similar to the one ob-
served for intact biomolecular ions.9,16–18,24This indicates
that a nonrandom momentum transfer is also involved in the
sputtering of the low-mass species. If evaporative-type pro-
cesses were dominant,^vx&'0 would be expected. In a simi-
lar fashion, ions with a higher degree of hydrogenation tend
to have lower mean radial kinetic energies and vice versa
@Fig. 5~b!#. There is a clear correlation between FWHM and
chemical composition similar to what is observed for the
^vx&.

Such behavior has been seen for the^vx& of CnHm
1 ejected

from all polymers,11,19 peptides, and PS/C60 targets. A sum-
mary of the collected data for the different targets is given in
Table II. In the case of PS it is possible to extend the ana-
lyzed mass range for the hydrocarbon ions up to 200 u. The
results for^vx& are shown in Fig. 6. Although the variation
of the ^vx& values is somewhat smaller compared to the
lighter ions ~not shown here11! the correlation between the
degree of hydrogenation and^vx& is still clearly seen. Ex-
amples are given by the doublet peaks corresponding to
CnHm

1 and Cn21Hm112
1 ions ~e.g., at 144, 168, 182 u!. Inter-

estingly, a similar correlation between degree offluorination
and the radial velocity distributions has been observed for
CnFm

1 ejected from PTFE films.19 This finding indicates that
the dependence of the moments of the velocity distribution
on the chemical composition of the secondary ions is not

FIG. 4. Thevx ~a! andvy ~b! component of the radial velocity
distributions of C6Hm

1 ions ejected from PE films by 72.3-MeV
127I131 ions.Ymax is the maximum value of the yield in each distri-
bution.

FIG. 5. ~a! Mean velocities ^v i& and ~b! FWHM
(50.5m[ ^v x

2&2^vx&
2&]) of the x and y velocity distributions of

hydrocarbon secondary ions ejected from PE films as a function of
ion mass. Primary ions: 72.3-MeV127I131.
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coupled to a specific property of hydrocarbon ions. It gives
additional evidence for the connection between the observed
‘‘chemical’’ effect and the ion track momentum and energy
density radial profiles, as discussed below.

Even though electronic sputtering is a fast nonequilibrium
process, it is reasonable to assume that the local energy den-
sity ~or ‘‘temperature’’! at the time and place of emission,
e(r ,t), is proportional to the width of the velocity
distributions.7,25–28It is expected that a complete destruction
of the original molecular structure together with the prefer-
ential elimination~by diffusion and/or ejection! of H, O, and
F atoms, occurs in the innermost parts of the track where the
energy density is highest. Pure carbon clusters Cn

1, which
have the broadest velocity distributions should originate
preferentially from this ‘‘hot’’ region. At the outer zones of
the track, the survival probability for hydrogenated frag-

ments increases, and heteroatom depletion is not strong, thus
enhancing the probability of recombination reactions involv-
ing, e.g., H, F, and C atoms. The lower mean kinetic energies
~FWHM! of ions with increasing number of hydrogen atoms
are an indication that they are formed further away from the
track core where the energy density is lower. In short, the
decrease in the width~mean kinetic energy! of the velocity
distributions as the hydrogen content increases reflects the
radial profile of the deposited energy density in the heavy-
ion track. Therefore, it is plausible to infer that the chemical
effect observed is actually an expression of the different loci
~and/or time! of ion production relative to the point of the
MeV ion impact. This overall picture of fragmented ions
originating from the inner parts of the track, in contrast to
more intact species emitted from the outer zones, has been
suggested by several authors.18,24,29–31The important contri-
bution here is that a detailed mapping of the radial effects
around the ion track is experimentally demonstrated.

A smooth variation of the momentum imparted to the
ejecta with the radial distance from the track would explain
qualitatively the observed transition from positive~axial di-
rection! to negative~radial direction! mean velocities as the
number of hydrogen atoms increases in each CnHm series.
Both the pressure pulse and shock-wave models14,32,33pre-
dict a dependence of the momentum imparted to the ejecta
on the position of ion emission.@This is also expected from
direct electrostatic interactions between emitted ions and the
positive charges trapped in the track, if the neutralization is
slow compared to the average time of ejection~and if the
track cylindrical geometry is maintained during ejection!#.
Moreover in these models, material ejected from radial dis-
tancesr.Ri , the initial track width,

14 is expected to acquire
negativê vx& values~in our geometry!. Ejecta from the core
(r,Ri) would receive an impulse predominantly back along
the track, acquiring a positivêvx&.

14 Based on this picture of
the ejection process, the observed dependence of the mean
radial velocities can be again interpreted to be a consequence
of the different loci of ion production and ejection relative to
the point of impact.

TABLE II. Summary of the results obtained for the velocity distributions of hydrocarbon~CnHm! positive ions ejected from different
organic films. ‘‘Periodicity’’ here means the observation of systematic variations in the mean velocity^v i& or FWHM values with the degree
of hydrogenation of the secondary ions. The^vx& 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 velocity of C2H3

1 .

Target
^vx&

periodicity
^vx& range
~103 m/s!

FWHM
periodicity

FWHMa

range~eV!
^vy&

periodicity Thickness

PE Yes 21.5 – 1.2 Yes 2.7–7.0 .1 mm
PE Yes 21.5 – 1.2 Yes 1.5–4.5 No ,1 mm
PVDF Yes 21.0 – 1.0 Yes 1.5–4.5 No 100 nm
PTFE Yes 21.0 – 1.2 Yes 2.0–7.0 5mm
PS Yes 20.5 – 0.7 Partialb 1.5–4.0 No 100 nm
PS/C60 Yes 20.5 – 1.0 Yes 1.5–4.0 100 nm
LHRH Yes 21.7 – 1.8 Yes 4.0–13.0 .2 mm
NC Yes 20.5 – 0.5 Yes 1.2–3.2 6 nm
NC Yes 20.8 – 0.9 Yes 2.4–4.0 45 nm
SP Yes 20.6 – 1.4 Yes 1.8–3.0
C60 No ••• Yes 1.0–2.5 100 nm

aData from thevx distributions.
bValues for the CnHm ~n51,2! series. For highern the periodic behavior is not clearly demonstrated.

FIG. 6. Mean velocitieŝ vx& of hydrocarbon secondary ions
~CnHm

1, 8<n<16! ejected from a PS film bombarded with 72.3-
MeV 127I131, as a function of ion mass. For clarity, the results from
the C12Hm

1 , C14Hm
1, and C16Hm

1 hydrocarbon series are shown as
open circles.
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In contrast to the positive ions, the negative CnHm
2 have

^vx& and ^v x
2& which are roughly constant as a function of

ion mass.11 Only H2 shows a clearly different̂vx& from the
majority of the other ions in the mass range up to 200 u. The
relatively lower values and the lack of dependence of both
^vx& and ^v x

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
dominates for these ions. We note that the number of hydro-
gens in the CnHm

2 series is small~m<3!. This may effec-
tively limit the observation of a chemical composition effect
typical for the positive ions.

It should be noted that the behavior of the^v x
2& varies for

various targets~Table II!. The connection of the width of the
distributions to the chemical composition of the secondary
ions is clearly expressed for PVDF, PE, and PTFE targets.
However, in PS it is only seen for the CHm

1 and C2Hm
1 se-

ries. For higher masses that effect is smeared out.11 A weak
dependence of thêv x

2& on the hydrogen content can be dis-
cerned in some of the higher CnHm

1 series~e.g., C5Hm
1 and

C7Hm
1!, but the small variations are on the order of our ex-

perimental uncertainties. As the primary ions deposit roughly
the same amount of energy in all tested materials, sample-
dependent factors may also contribute to the width of the
velocity distributions. One possibility is the specific radiation
chemistry induced in each target. The energy released in the
breaking and/or formation of new chemical bonds in the ion
track may add to the energy deposited directly by the pri-
mary ions, or it may influence the ion-track lifetime. The
lower values of̂ v x

2& for secondary ions from PS is probably
indicative of a lower local temperature~energy density! or a
faster quenching of the deposited energy. The sample thick-
ness and roughness may influence the width of the velocity
distributions as well, as already pointed out.12,27,34,35The
thickness effect is specifically discussed in Sec. III E.

C. vy-velocity distributions for C nHm
1 ions

Thevy-velocity distributions of C6Hm
1 ions ejected from a

PE target are shown in Fig. 4~b!, and the mean velocities and
width of the distributions of the various hydrocarbon ion
series in Fig. 5. Thêv y

2& vary systematically with ejected
ion mass, showing a similar correlation with the degree of
hydrogenation as discussed above for thevx distributions.
However, contrary to thevx distributions, thevy distribu-
tions are centered aroundvy50, independent of the chemical
composition of the secondary ions@Fig. 4~b! and Fig. 5~a!#.
This behavior is actually expected, and follows from the ar-
guments presented in the discussion of thevx data ~Sec.
III B !, taking into account the symmetry of the MeV ion in
impact. The trajectory of the incident MeV ions lies in thexz
plane and, as the angle of incidence is 45°, preferential di-
rections for energy deposition and propagation not coincid-
ing with the surface normal are introduced. The axial and the
radial expansion of the track define two different projections
of the ejection ‘‘vectors’’ on thexz plane ~ejection due to
radial expansion gives negative^vx&, and ejection due to the
axial expansion gives positivêvx&!. This gives rise to the
systematic pattern in Fig. 5 for thêvx&, as discussed in the
previous section. In turn, they axis is a symmetry axis~since
MeV ion trajectories lie in thexz plane! and ejection pro-

duced by either radial or axial ‘‘push,’’ as well as any evapo-
rative ejection would givevy distributions which are sym-
metric in theyz plane.33

D. Specific cases

Secondary ions different from the hydrocarbon clusters
also exhibit radial velocity distributions which vary system-
atically with chemical composition, as already pointed out
for the fluorocarbon ions. The same is observed for structures
of the type CnHmX ~X5F or O! present in the spectra of,
e.g., PVDF~Ref. 11! or peptide targets, respectively. Pure
hydrogen ions~H n

1, n51,2,3! show, in all investigated tar-
gets, an effect similar to the one described in Sec. III B
above: the mean velocity and the width of the distributions
decrease with increasingn. The results for NC targets are
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.

It is worth noting the behavior observed for ions such as
Na1, NO2

1 , and the immonium ions ejected from the peptide
targets~Table III!. NH4

1 , NO2
1 , and Na1 have always high

and negativêvx& ~we note that̂ vx& is close to zero for Na
1

ejected from the polymer targets!. The latter ions may be
linked to the ejection of large precursors which have nega-
tive ^vx&. One possibility is that these low-mass ions are
formed by fragmentation from highly excited species~e.g.,
macroradicals, molecular ion complexes! immediately after
ejection. The same explanation may apply to the immonium
ions as well. These ions have always^vx& with the same sign
and similar or higher magnitude than the molecular ions
~Table III!. The ‘‘mass defect’’~i.e., longer flight times than
expected, see Sec. III A! observed for the immonium ions
supports this hypothesis.

The velocity distributions of hydrocarbon ions ejected
from C60 thin films have also been measured. In this particu-
lar case only carbon atoms are present in the molecular struc-
ture of the targets. Therefore, the observed CnHm

1 are derived
most probably from surface contaminants, although some
bulk contamination during the film growth cannot be com-
pletely ruled out. Contrary to all other compounds investi-
gated, it has been observed that^vx&'0 for most of the sec-

FIG. 7. ~a! Mean radial velocity~vx component! and~b! FWHM
of Hn

1 ~n51,2,3! ejected from NC films impacted by 72.3-MeV
127I131 ions.
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ondary ions up to masses'100 u. However, the dependence
of the ^v x

2& on the degree of hydrogenation can still be
clearly distinguished~Fig. 8!. The explanation of such be-
havior is not clear at present. It may be coupled to the facts
that hydrocarbon ions originate mainly from adsorbed con-
taminants and/or that the ejection mechanisms from a C60
matrix are distinct from the polymeric and biomolecular tar-
gets. We note that intact C60 molecular ions are ejected pref-
erentially normal to the surface~^vx&'0!, while an asym-
metric vx distribution relative to the normal is observed for
intact biomolecules~^vx& is negative!.

16–18This may indicate

that the hydrodynamic type of ejection is not efficient in C60,
and an evaporative type of ejection dominates.10

E. Thickness dependence

As already stated, ions sputtered from thicker targets
show typically broader velocity distributions. For example,
ejecta from LHRH and PTFE targets, which are the thickest
employed in this work~'5 mm!, had the broadest velocity
distributions of all tested targets~Table II!. It is not the goal
of this work to perform a systematic investigation of thick-
ness effects on the velocity distributions. This has been done
in detail by Fenyo¨ et al.34 and Wienet al.12 for H n

1 ions.
Here, measurements are reported only for thevx velocity
component for secondary ions ejected fromNC ~60 Å and
450 Å thick! and PS targets~100 Å, 3000 Å, and. 1 mm
thick!. The observed results can be summarized as follows:
~i! ions sputtered from thicker targets have broadervx distri-
butions, which is valid even for relatively ‘‘heavy’’ ions
~m/z up to '150 u!; ~ii ! the broadening, however, is en-
hanced for lighter ions~up tom/z around 25!; ~iii ! the rela-
tive difference of the FWHM or̂vx& values among ions in
the same CnHm series, i.e., the dispersion in these quantities,
is weakly affected by the target thickness~Fig. 9!, except,
again, for the very light ions;~iv! the width of the velocity
distribution of H2 decreases for thicker samples, but in-
creases for more massive negative ions. The novelty here,
compared to previously published data, is that broadening of
the distributions is observed for all investigated ions~up to
m/z'150! and not only for hydrogen ions.12,27,34,35

TABLE III. Results from the radial velocity distribution of sev-
eral low-mass ions and immonium ions~fingerprint ions character-
istic of the peptide’s constituent aminoacids! ejected from various
targets. Primary ions: 72.3- and 78-MeV127I.

Ion LHRH
^vx& ~m/s!a

Substance P NC

NH4
1 224006500 25806350 06300

H3O
1 33006700 2606350 1856280

Na1 216006500 29006350 606260
NO1 756300 3706270
NO2

1 211206250 27306160
Immonium
CH4N

1 220006400 26006200
C2H6NO

1 222006300
C4H8N

1 220006230 25406200
C5H12N

1 221006230
C5H8N3

1 216006200
C8H10N

1 24006200
C8H10NO

1 216006200
C10H11N2

1 216506180
@M1H#1 b 29006 60 25806 90

aRelative to the C2H3
1 distribution.

b@M1H#1 is the protonated molecular ion.

FIG. 8. Full width at half maximum~FWHM! of the radial
velocity distributions~x component! from hydrocarbon ions ejected
from C60 targets vs secondary ion mass. The projectiles were 72.3-
MeV 127I131 ions. The inset shows the results obtained for the mean
velocity ^vx& for the same ions.

FIG. 9. ~a! Mean velocities ^vx& and ~b! FWHM
(50.5m[ ^v x

2&2^vx&
2]) of the x velocity distributions of hydrocar-

bon secondary ions ejected from NC films with 60 Å~h! and 450 Å
~d! as a function of ion mass. 72.3-MeV127I131 were used as
projectiles.
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The increase in the width of the velocity distributions
with thickness, at least for Hn

1 ions, has been attributed by
various authors to the residual track potential at the time of
ejection.12,27,34It was demonstrated that the deposited energy
transiently stored as potential~Coulomb! energy may add to
the Hn

1 ions mean velocities and mean-square velocities to
an extent which depends on the neutralization time~assumed
to be thickness dependent!. It is an open question whether
this explanation is also applicable to more massive species.
If so, it is unclear whether it is effected directly by electro-
static repulsion from the transiently charged track, and/or by
a more efficient coupling~conversion! of the potential en-
ergy into atomic motion~kinetic energy! for thicker samples
with longer neutralization times. In both cases, rapid neutral-
ization is causing less energy to be transferred to the ejected
molecules. Therefore, the thickness dependence of^v x

2& may
be generally coupled to the energy density in the track. The
track either cools faster in thin samples or rapid neutraliza-
tion leads to ‘‘colder’’ track~due to less efficient conversion
of electronic energy into atomic motion!, resulting in nar-
rower velocity distributions. Other factors such as the strag-
gling in the secondary-ion velocity via gas-phase
collisions,32,36or the effect of a nonflat surface composed of
segments with different orientation can also be considered as
source of smoothing and broadening of the radial velocity
distributions. Further investigations in samples with well-
controlled topography and thickness are necessary to evalu-
ate the relative importance of all different factors.

F. dE/dx dependence

Experiments on the dependence of the radial velocity dis-
tributions on the primary ion stopping power were performed
only for the peptides SP and LHRH. The general trend is that
the^vx& for all investigated ions, including the molecular ion
peak, become closer to zero for decreasingdE/dx. In other
words, theamplitude of variationof the ^vx& and FWHM, in
each CnHm

1 series with fixedn, decreases for lower stopping
powers. This is illustrated in Fig. 10, where the^vx& and
FWHM obtained for hydrocarbon ions ejected from a LHRH
target impacted by 78.2-MeV12I and 9.9-MeV16O ions are
shown.@Note that this result is different from the effect of
thickness which produces a shift of the moments without
changing theiramplitude of variation, Fig. 9~b!.# The^vx& of
several ions ejected from LHRH and SP is plotted against
dE/dx in Fig. 11. It is seen that themagnitudeof the mean
velocities decreases roughly linearly with decreasing stop-
ping power for both ions with positive~e.g., C3H

1, C4H3
1! or

negative~e.g., NH4
1 , NO2

1! mean velocities.
This decrease in the dispersion of^vx& and FWHM for

lower stopping powers appears to be linked to a ‘‘weaker’’
impulse imparted to the ejecta~either radially or axially to
the track! and to a lower local energy density. The momen-
tum imparted to the moleculesp, in the pressure pulse for-
malism is proportional to (dE/dx)eff @see Eq.~B7! in Ref.
32#, where (dE/dx)eff 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-
lated from linear fits of the experimental points fordE/
dx→0 ~Fig. 11!. However, NO2

1 and C10H11N2
1 ejected from

SP targets have clearly nonzero intercepts which may be in-
dicative of different route for their formation~e.g., gas-phase

dissociation of sputtered molecular ions!. We point out that
while zero mean radial velocity for most ions may have a
clear physical meaning~at dE/dx50 ions cannot be sput-
tered so their velocity will be obviously zero! the real picture
is probably more complicated than that. The validity of a
particular model of electronic sputtering operative at higher
dE/dx has still to be proven at lowerdE/dx. For instance, at
low dE/dx, close to the threshold for ion ejection, the pres-
sure pulse model may not be applicable37 ~instead a statisti-
cal model may better describe the ejection process!.

It is seen that the dependence of^vx& on the primary ion
stopping power is stronger for ions emitted from LHRH.
This may be coupled to the target-thickness effects as dis-
cussed above. The longer track neutralization time in LHRH
may result in a more effective conversion of the initial po-
tential energy into expansion energy~molecular motion! and
a higher^px& being imparted to the ejected ions.

IV. CONCLUSIONS

The vx and vy components of the initial radial velocity
distributions of low mass~up tom/z'300 u! secondary ions,
sputtered by MeV atomic ions from molecular solids~poly-
mers, bioorganic molecules, and fullerene targets! have been
determined. The first (^v&) and second~^v2&! moments of the

FIG. 10. Moments of the velocity distributions~x component! of
secondary ions ejected from a LHRH target by 9.9-MeV16O ions
~open symbols,dE/dx'112 eV/Å! and 78.2-MeV127I ions ~closed
symbols,dE/dx'655 eV/Å. The mean velocities are displayed in
~a! and the FWHM~}^v x

2&! in ~b!. In ~a! the triangles are used to
indicate secondary ions different from hydrocarbons. Particular ions
are indicated by capital letters:A5NH4

1 , B5C3H7O
1,

C5C5H10N
1 or C8H8O

1, D5C6H12O
1 or C6H14N

1, E5C9H8N
1.
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velocity distributions of positive ions are seen to varysys-
tematicallywith the degree of hydrogenation-fluorination of
secondary ions of the type CnHm , CnFm , CnHmF, and
CnHmO. Such effects decrease at lower primary ion stopping
power and arenot observed for negative ions. For the lowest
stopping power the values of the mean radial velocity ap-
proach zero for all secondary ions, independent of their
chemical composition. This phenomenon, detected in differ-
ent types of molecular solids, is found to be general feature
in the fast-ion-induced sputtering of dielectric solids. How-
ever, the magnitudes of^v& and^v2& and their variation with
atomic composition depend on sample specific factors such

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 thêvx& and^vy& 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
for they component~independent of the ejection mechanism
invoked! but asymmetric distributions for thevx component
of the radial velocity. This is most probably the reason for
observing^vy&'0 for all secondary ions, and a ‘‘chemical
composition’’ dependent̂vx&.

The chemical transformations necessary for ion formation
and the processes leading to ejection are both a function of
the amount and the gradient of the deposited energy at a
particular point from the track center. This interconnection
results in the regular dependence of the properties of ejected
species~e.g., mean exit velocity! on their chemical compo-
sition. In other words, the correlation between the ejection
dynamics and the ion chemical composition reflects the fast-
ion track structure and the impact geometry. It results from
the spatial inhomogeneity of the energy deposition events in
the track and the existence of different locations where par-
ticular ions are formed relative to the point of impact.

The observed effects demonstrate that the ionic compo-
nent of the electronically sputtered material carries important
information on ion-solid interactions and specifically on the
structure of the MeV ion track. They also permit one to
qualitatively compare the characteristics of an ion track~e.g.,
how fast the deposited energy is quenched! and/or the dy-
namics of ion ejection in specific materials.
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