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Coincidental emission of molecular ions from keV carbon cluster impacts
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Abstract

We report here experimental data for the emission of one and two phenylalanine (Ph) molecular ions per impact from 10 to 21 keV impacts
of coronene (C24H12), C60, and gramicidin S (C60N12O10H92) projectiles as a function of projectile mass, energy, and geometry. Secondary
ion mass spectrometry (SIMS) experiments were conducted using event-by-event bombardment and detection. With this method, individual
projectile impacts and the resulting secondary ions are recognized as singular events resolved in time and space. The target surface was an
equa-molar mixture of phenylalanine (PhH, C9H11NO2) and deuterated phenylalanine (PhD, C9H3D8NO2). This allowed for the detection
of two co-emitted [M-H]− phenylalanine ions in a dual time-of-flight instrument. In contrast to the linear dependence yield of Ph versus
e ge. For the
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nergy for single Ph ion emission, the yield for two Ph ion emission versus energy is nonlinear within the experimental energy ran
o-emission of two Ph ions, C60 was found to be more efficient than coronene at equal velocities.
2004 Elsevier B.V. All rights reserved.
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. Introduction

A number of studies have shown a ‘cluster effect’, i.e.,
ncreased secondary ion yields when a surface is bombarded
ith keV polyatomic projectiles at equal velocities[1–10].
he secondary emissions produced by these keV projectiles
re not all equivalent. Most impacts result in the detection
f no secondary ions. However, there are some impacts that
roduce multiple secondary ions. A study conducted with
old clusters examined the co-emission of two molecular ions
s a function of projectile characteristics. The study found
nhancement in secondary ion yields and the yields of two
o-emitted molecular ions from individual events by atomic
nd polyatomic gold clusters[2]. Studies have shown 1–3
rders of magnitude increases in secondary ion yields with
60 compared to atomic projectiles at equal velocities[4] and
ave also observed low damage cross sections for C60 [9,11].
ince these properties have been demonstrated with C60, it is
f interest to investigate multi-ion emission produced by C60.
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In addition to C60, two other carbon containing molecu
(coronene and gramicidin S) were also used to invest
multi-ion emission as a function of projectile characteris
We report here the first experimental data for the co-emis
of two phenylalanine (Ph) molecular ions from keV coron
(C24H12), C60, and gramicidin S (C60N12O10H92) projectile
impacts as a function of projectile characteristics.

This study was conducted using event-by-event bomb
ment and detection described in detail elsewhere[4]. With
this method, individual projectile impacts and the resul
secondary ions are recognized as singular events resol
time and space. The results of multiple impacts are sum
to produce analytically significant data.

It has been demonstrated that non-imaging characte
tion of nano-volumes is possible using the event-by-e
technique[12]. Secondary ion (SI) emission is thought
originate from a volume about 10 nm in diameter. S
ejected secondary ions originate from this region, the
must have a spatial relationship within the desorption volu
Observing co-emitted ions originating from individual
impacts renders spatial relationships of specific species o
E-mail address:schweikert@mail.chem.tamu.edu (E.A. Schweikert). surface. The effectiveness of the nano-characterization de-
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Fig. 1. Schematic diagram of the carbon cluster time-of-flight mass spec-
trometer.

pends on the occurrence of multi-ion events. Therefore, pro-
jectiles that produce more analytically significant multi-ion
emissions would increase the effectiveness of non-imaging
nano-characterization[12].

2. Experimental

2.1. Instrumental

A dual time-of-flight (ToF) instrument was used in this
experiment (Fig. 1). Primary ions (PIs) are produced from
a sputtering source using252Cf fission fragments. Approxi-
mately three percent of the activity of252Cf produces MeV
fission fragments (FF) that are emitted about 180◦ from
each other. One fission fragment starts the timing electron-
ics by passing through a negatively biased conversion foil
which produces electrons that impact a microchannel plate
(MCP) assembly. The complementary fragment causes des-
orption/ionization of a source material coating an aluminized
mylar foil. The desorbed ions are used as PIs for SIMS. The
PIs are accelerated in two steps up to a maximum of 21 keV.
First, 3.5–14.5 keV primary ions separate in a 14 cm pri-
mary ToF region. The positively charged PIs are accelerated
a second time as they approach a sample target biased a
− ◦ -
p jected

Fig. 2. Primary ion spectrum of C60 caused by252Cf fission fragments
(dashed lines identify the primary ion window).

and accelerated through a second∼48 cm ToF region. The
secondary electrons are steered to a second MCP assembly
by a weak magnetic field (<150 gauss) to signal the impact
of a PI. Finally, any secondary ions produced by a PI impact
are detected on a third MCP assembly.

All measurements are made in the event-by-event bom-
bardment and detection mode described in detail elsewhere
[4]. In brief, operating at low PI fluence (<1000 Hz), all PIs
made by a FF on the source foil impact the sample surface
at different times based on them/z of the PI. For example,
a FF produces a C60 ion and the complementary FF starts
the electronics. Secondary electrons signal (Stop 1) the ar-
rival of C60 at the sample target as well as the beginning of
the secondary ToF stage. Any SIs originating from the im-
pact are detected (Stop 2). In instances where both secondary
electrons and ions are detected from an impact a SI spectrum
can be made. This spectrum is the sum of all PI impacts and
recorded secondary particles (Fig. 2). To look at secondary
particles produced only by C60, a window is set around the
C60 peak in the PI spectra yielding a SI spectrum. The SI
spectrum is convoluted because of the impact angle coupled
with a large impact area (∼2 cm2) which produces a time
aberration in the arrival time of C60. A software function
compensates for the time aberration by electronically shift-
ing the arrival times of the PIs in a selected window to the
fi h PI
e a SI
m re
o the
S

2

om
S d
o ted
s xy-
6.5 kV at 30 from normal. Once a primary ion (PI) im
acts the surface, secondary electrons and ions are e
t

rst channel in the window. The SIs associated with eac
vent are shifted an equal number of channels yielding
ass spectrum (Fig. 3). Coincidental (co-emitted) ions a
bserved by setting a window around an ion of interest in
I spectrum (Fig. 4).

.2. Source foil and target preparation

Primary ion source materials were obtained fr
igma–Aldrich. Coronene and C60 were vapor deposite
n mylar foil. One hundred microliters each of satura
olutions of gramicidin S and 3, 5-dimethoxy-4-hydro
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Fig. 3. Secondary ion spectrum produced by 21 keV C60 bombardment. The
inset is an enlarged view of the molecular ion region (dashed lines identify
the coincidental ion window).

cinnamic acid in methanol were mixed. Forty microliters
of the mixture was deposited on a mylar foil and dried
leaving a thin deposit of analyte and matrix. The target
material was prepared by mixing equa-molar amounts of
phenylalanine and deuterated-phenylalanine. The phenylala-
nine mixture was then vapor deposited on a stainless steel
substrate.

2.3. Detection of multiple molecular ions

The secondary ions are monitored by linear ToF-MS. The
ToF instrument uses a pulse counting arrangement and thus
cannot report ion multiplicity (i.e., two or more ions of the
same mass arriving simultaneously at the detector). To rec-
ognize the ejection of two molecular ions, we chose a target
that consisted of an equimolar mixture of Ph (phenylalanine,
PhH, C9H11NO2, Mw 165.19) and deuterated Ph (deuterated-
phenylalanine, PhD, C9H3D8NO2, Mw 173.26). This allows

F
d

the detection of two phenylalanine molecular [M-H]− ions,
PhH (m/z = 164) and PhD (m/z = 172), possessing similar
physical characteristics[2].

3. Results and discussion

3.1. Secondary ion yields

The experimental secondary ion yields are influenced by
the nature of the target surface. The following equations de-
scribe the experimental ion yield for a specific case (i.e., a
surface composed of one-half PhH and one-half PhD)

Y (Ph)exp = Y (PhH)exp + Y (PhD)exp = I(PhH)

N
+ I(PhD)

N
(1)

whereY(Ph)exp is the experimental ion yield of all [M-H]−
phenylalanine ions,Y(Phn )exp is the experimental ion yield
for [M-H] − phenylalanine ions of a specific fraction (n = H
or D), I is the number of detected ions of a specific target
fraction, andN is the number of primary ion impacts. Each
species represents 50% of the surface (ρ = 0.5), therefore

Y (PhH)exp = Y (PhD)exp (2)
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ig. 4. Coincidental ion spectrum (all ions co-emitted with 164m/z) pro-
uced by 21 keV C60 bombardment.
nd

(Ph)exp = Y (PhD)exp/ρ (3)

hereρ is the relative concentration.
The impact velocities of these projectiles are consider

ifferent at identical impact energies. For example at 21
he impact velocities of coronene, C60, and gramicidin S ar
pproximately 116.1 km/s, 75.0 km/s, and 59.6 km/s, res

ively. In order to compare the projectiles at equal imp
nergies per constituent atom (neglecting hydrogen), th
act energies are divided by the atomic mass of the resp
rojectile. The SI yield is divided by atomic mass to comp

he SI yields per constituent of the projectiles.
The yields of Ph are approximately the same for coron

nd C60 projectiles at equal velocities. There is a linear r
ionship between the yield and the energy per projectiles
Fig. 5a and b). A similar trend was previously observed w
ombarding an organic surface with carbon clusters ha
few hundred eV per atom[10,13]. This behavior is in con

rast to what is observed in bombardment with atomic ion
mall cluster with kinetic energies of thousands of eV wh
he sputtering yield depends on the elastic stopping po
he present case of massive projectiles with impact ene
f hundreds of eV per atom has been modeled by Bite
nd coworkers[14,15]. In this model, the dependence of
ield (Y−) versus energy (E) for negatively charged seconda

ons is expressed as follows:

− ∝ E · f (x) (4)
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Fig. 5. (a) Secondary ion yields of Ph per projectile impact as a function of
impact energy, (b) secondary ion yield per amu of Ph as a function of impact
velocity, (c) enlarged view of the secondary ion yield per amu of Ph as a
function of impact velocity (note: the SI yields of Ph are the sum of peak
areas of PhH− and PhD−). The error bars for the data are <±5% (dashed
lines are to guide the eyes).

wheref(x) is a complex power function[16]. The variablex
is a function of the following parameters

x = β · E1/3/ exp

(−z

λ

)
(5)

whereβ is a projectile shape factor, which is highest for spher-
ical projectiles;z is the ion formation depth inside the crater

Fig. 6. (a) Secondary ion yield per amu of H− as a function of projectile
impact velocity, (b) secondary ion yield per amu of D− as a function of
projectile impact velocity (dashed lines are to guide the eyes).

created by the projectile, andλ is the mean free path of the
secondary ion before neutralization. In the case of a high sur-
vival probability for the secondary ion (x 
 1), the ions are
emitted from the total crater volume and the expression (4)
reduces to

Y− ∝ E (6)

The experimental ion yield dependences reported here are
well approximated by (6) within the experimental energy
range (Figs. 5b, 6b). The dependences (4) and (6) are valid at
impact conditions where crater formation occurs. It is proba-
ble in our case, that the Ph molecular ion has a high survival
probability and is emitted from the entire volume of the crater.
Our explanation fits with recent molecular dynamics simula-
tions, which shows cluster emission from the entire volume
of the craters perturbed by low energy C60 impacts[11].

The comparison of SI yields of H and D per constituent
produced by equal velocity projectiles reveals several differ-
ences. The relative positions of D ion yields to the H ion yields
from C60 and gramicidin S bombardment are inverted from
one data set to the other. The SI yields of H from coronene
and C60 impacts are not in alignment in the H data (Fig. 6a),
while the SI yields of D from coronene and C60 are simi-
lar at equal velocity (Fig. 6b). This difference in the relative
orientation of H and D secondary ion yields from C60 and
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gramicidin S is directly related to the origin of the ions. The
D ions must originate from the phenylalanine volume. How-
ever, hydrogen has three possible sources: the phenylalanine
volume, surface contamination and the primary projectiles
(coronene and gramicidin S). Recoiled hydrogen from gram-
icidin S increases the SI yield of H for this projectile which
inverts the relative positions of the SI yields of D and H (i.e.,
for yields of H, gramicidin S has a higher yield than C60
while the yield of D is higher for C60 than gramicidin S at
equal velocities). Similar observations of recoiled ions have
been observed[17]. These additional hydrogen sources may
account for the deviation of hydrogen yields (Fig. 6a) from
the behavior described byEq. (6).

The yields of Ph caused by C60 impacts is∼20 percent
higher than the yields of Ph caused by gramicidin S impacts at
equal velocities (Fig. 5c). This is also observed in the yields of
deuterium (Fig. 6b). The primary projectile structure may in-
fluence the SI yields as explained by the Bitensky model[14].
According to this model, one parameter affecting the sput-
tering yield is the projectile shape factor (β). The structural
differences in the projectiles (i.e., C60 is a rigid, covalently
bonded, sphere, while gramicidin S is a comparatively flex-
ible, hydrogen-bonded, quasi-spherical structure) may influ-
ence the emission of secondary ions from C60 and gramicidin
S impacts.
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Fig. 7. (a) Experimental secondary ion yields of two co-emitted Ph ions per
projectile impact as a function of impact energy, (b) experimental secondary
ion yields of two co-emitted Ph ions per amu as a function of projectile
impact velocity. The error for the data varies between±12% at 10 keV
impact energy to±5% at 21 keV impact energy (dashed lines are to guide
the eyes).

Ph target surface (ρ = 0.5), therefore

Y (Ph, Ph)exp = Y (PhH, PhD)exp/ρ
2 (8)

whereY(Ph, Ph)exp is the experimental yield of two co-
emitted Ph molecules,Y(PhH, PhD)exp is the measured yield
of two co-emitted Ph molecules, andρ is the relative concen-
tration.

Fig. 7a shows the yield of PhD co-emitted (coinciden-
tal) with PhH from coronene, C60 and gramicidin S versus
impact energy. The yield for co-emitted ions and impact en-
ergy are divided by the atomic mass of the respective projec-
tiles (neglecting hydrogen) for reasons previously mentioned.
The coincidental ion (CI) yields per constituent for C60 and
gramicidin S are comparable at the impact energies examined
(Fig. 7b).

In contrast to the linear dependenceY(Ph)exp versus en-
ergy for single Ph ion emission, the dependenceY(Ph, Ph)exp
versus energy for two Ph ions emissions is nonlinear. Sig-
nificant differences in projectile efficiencies emerge when
comparing the CI yields of coronene and C60. The trend
for C60 suggests that at equal velocities this projectile is
A second explanation for the higher yield produced by60
ompared to gramicidin S may be attributed to changes i
onization process because of the direct deposition of ox
nto the desorption volume. It is well documented that m
actors, such as surface work function, ionization pote
nd electron affinity of the emitted ions affects the ioniza
robability. The importants of each factor varies depen
n the ionization process[18]. Several studies have sho

ncreases in the SI yields of both anions and cations
ingle crystal surfaces in the presence of oxygen[19–21].
ore relevant to our experiment are observations mad

olving carbide surfaces. It was observed that oxygen ab
ion decreased the emission of most carbon containing
n carbide surfaces[22]. The depression of D and Ph yie
roduced by gramicidin S may be attributed to change

he ionization process because of the presence of oxyg
ramicidin S (Figs. 5b, 6b).

.2. Coincidental ion yields

The coincidental (co-emitted) ion yields are also in
nced by the nature of the target surface. The following e

ions describe the experimental ion yield for a specific
i.e., a surface composed of one-half PhH and one-half PhD)

(PhH, PhD)exp = I(PhH, PhD)

N
(7)

hereY(PhH, PhD)exp is the ion yield of PhD co-emitted with
hH, I(PhH, PhD) is the measured number of events w
hD co-emitted with PhH, andN is the number of primar

on impacts. The coincidental yield corresponds to a m
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intrinsically more effective for the co-emission of two Ph
ions than coronene. This evidence supports a collective col-
lision cascade mechanism, which has been examined with
molecular dynamics (MD) simulations. MD simulations ex-
amining keV C60 sputtering have shown that the impacts
produce multiple overlapping cascades in a relatively shal-
low volume resulting in the emission of many particles
[11].

4. Conclusions

We report here the first experimental data for coincidental
ion emission by these types of carbon containing projectiles.
The key observation is the supralinearity of the yield of co-
emitted phenylalanine ions versus the kinetic energy of the
projectile. The results demonstrate that C60 is a promising
projectile for organic surface analysis as well as for the pro-
duction of multi-ion emission. Further examination of the
behavior of the yield of co-emitted phenylalanine ions ver-
sus kinetic energy of the projectile, needs a data acquisition
scheme where multi-ion emission processes (i.e., emission
of 3, 4,. . . ions) can be measured.

This research was supported by the NSF (CHE-0135888)
and R.A. Welch Foundation (A-1482).
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