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Emission of molecular fragments synthesized in hypervelocity
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1. Introduction
We have reported previously on the enhanced performance of
secondary ion mass spectrometry, SIMS, with massive gold projec-
tiles such as Aun

q+ (100 ≤ n ≤ 400; q = 1–4) [1,2]. Briefly, Au400
4+ at

an impact energy of 34q keV, produces molecular ions from low
mass organics with yields of ∼100% [3]. A surprising observation
is the synthesis of Au-adducts, where a single Aun

q+ projectile is
the source of energy stimulating the emission and the donor of Au
atoms [4]. The new process of adduct formation is due to a dif-
ferent impact regime than that of overlapping collision cascades
prevailing in small cluster impacts. Indeed, the projectiles consid-
ered here have distinct characteristics, they are nanoparticles and
at 34q keV have impact velocities of tens of km/s. We show below
that the projectiles are implanted virtually intact in a carbon foil,
thus their interaction occurs via the mode of “hydrodynamic pen-
etration” [5]. This process involves an extreme pressure transient
at the interface of the colliding solids that lasts for a few picosec-
onds. The process has been mostly described in physical terms, e.g.,
impact light flash, melting and ejection of matter, crater formation
[6]. Mass spectra of the ejecta have been obtained from impacts
of energetic micron-sized projectiles [7]. There are also reports of
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h Aun nanoparticles (100 ≤ n ≤ 400) at velocities of 10–60 km/s. They are
ydrodynamic penetration. The products of the extreme pressure transient

the ionized ejecta. Targets of labeled molecules (13C-, 15N-glycine) reveal
processes, producing CN− and OCN− with high efficiency (45%). This value
e larger than that obtained with atomic and small cluster projectiles. The
llisions of nanosized dust particles in interstellar space.
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chemical effects and reactions under varying impact conditions
including those where the particle shatters in the collision with the
solid [8–12]. The experiments presented here provide an approach
for studying the fragmentation–recombination process associated
with hydrodynamic penetration in the nanometer domain and for

measuring quantitatively, the rate of molecular fragments synthe-
sis. We have also examined the transition between this regime of
the solid-particle interaction and the collision induced by atomic
and small cluster ions where the constituents interact indepen-
dently with the solid. To account for physicochemical reaction
yields, we used glycine molecules labeled with stable isotopes (13C-
Gly 15N-Gly) and an 1:1 mixture of these two) as targets and made
the measurements at the level of single projectile impacts. In this
paper we present the rates of recombination for CN− and OCN−

made with atoms from different molecules of glycine. The rates of
recombination are surprisingly high as well as the yields obtained
for those recombined species.

2. Experimental procedure

The experiments were run on a set up including a liquid metal
ion source (LMIS) and a Wien filter for primary ion mass selec-
tion [13]. To study the final state of implanted clusters, low doses
(∼1010 ions/cm2) of massive gold cluster ions Au400

4+ (10 and
19 keV of energy per charge) were implanted into amorphous
thin carbon foils (50 nm). These targets were examined after the
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irradiation with a Transmission electron microscope (Philips CM
30), operating at 300 kV. The secondary ions resulting from the
cluster-target interaction were analyzed according to their mass
to charge ratio in a Time of flight mass spectrometer with a mass
resolution of ∼1100 at mass 75 [14]. The systematic ion emission
study was carried out with massive (100 ≤ n ≤ 400, q = 4) and small
(1 ≤ n ≤ 9, q = 1) gold clusters of 34q keV total impact energy. The
secondary ion yields are the average of measurements on at least
three targets. Complementary yield measurements have been per-
formed between 19 and 34q keV total impact energy in order to
determine the influence of the projectile velocity.

Labeled glycine powders, 12C2
15NO2H5, 13C2

14NO2H5, were
purchased from Cambridge Isotope Laboratories. For the mixed tar-
gets, the powders were dissolved in distilled water and dried at
ambient temperature. All targets were prepared by vapor depo-
sition under vacuum (∼105 Torr) on a stainless steel surface. The
thickness of the sample prepared in this manner was 5 �m based
on ellipsometry. The 1:1 homogeneity of the mixtures was verified
with the equality of the two molecular ion peaks and the binomial
distribution of the dimer ion peak measurement via TOF-MS.

3. Results and discussion

Fig. 1a reproduces a transmission electron micrograph (TEM) of
a 50 nm thick amorphous carbon foil after bombardment with a low

dose of 1010 particles/cm2 of Aun

q+ with n/q = 100 at 10q keV energy.
Different impacts are clearly seen in this figure. Two observations
must be noted: the number of impacts visible in the micrograph
corresponds to ∼75% of the number of implanted projectiles; the
range of diameters corresponds roughly to the size distribution of
clusters of n/q = 120 mentioned by Bouneau et al. [13]. Two magni-
fied impact sites are shown in Fig. 1b. Assuming spherical implants
with the density of gold, the implants of 1.4 and 4 nm correspond to
gold nanoparticles with 100 and 2000 atoms, respectively. Around
the implanted objects the carbon foil presents a morphological dif-
ference which is assumed to be due to a stress in the solid. The width
of this peripheral area is ∼5 nm. The largest object presents lattice
fringes. Fig. 1c shows a typical high-resolution transmission elec-
tron micrograph of the impact region of a large cluster. The same
observations have been made on carbon targets bombarded with
similar Au clusters of 19q keV total energy.

This observation of nanocrystals demonstrates that the projec-
tile atoms penetrate in a cohesive motion. In contrast, the area
surrounding the impact presents a structure modification due to
the high pressure and temperature associated with the transfer of
tens of keV of energy in a volume of a few thousand nm3. It must

Fig. 1. TEM micrograph of a 50 nm thick amorphous carbon foil after implantation with
amounts to ∼75% of the number of implanted projectiles. (b) Magnified view of two im
area surrounding the impact is 10 nm. (c) High-resolution TEM micrograph of Au2000 show
distance of the nanocrystal is in agreement with the gold crystal d(1 1 1) value.
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be noted that molecular dynamics simulations of clusters (Sin, Arn,
Agn, Aun) interacting with different solids, including graphite, show
a coherent penetration in the solids with the cluster constituents
remaining aggregated in the final state [15,16].

The mass spectra of the small negative secondary ions obtained
under the impact of a 34q keV energy Au400

4+ projectile on the 15N-
glycine, 13C-glycine and the mixed targets are shown in Fig. 2a–c,
respectively. The appearance of a peak at mass 28 in the mixed
glycine target mass spectra (Fig. 2c) corresponds to the 13C15N− ion.
This peak is a direct evidence of a fragmentation–recombination
process occurring during the bombardment with a massive gold
projectile. Likewise one observes a peak at mass 44 correspond-
ing to the O13C15N− recombined ion. Peaks at masses 26 and 42
correspond to the 12C14N− and O12C14N− ions, respectively, and
may be due, in part, to recombination. Other fragment ions such
as CNO2Hp

− (p = 1–3) and C3N− were also observed (not shown
in Fig. 2). The production of the latter may result from complex
fragmentation–recombination processes given that the starting
target molecule of glycine contains only two carbon atoms. Also
notable is the formation of complex ions involving atoms from the
projectile and species from a recombination process. For instance
the peak due to Au(CN)2 is shown in Fig. 2d–f for the different
targets studied. The peaks at masses 250 and 252 contain one
recombined CN fragment. Given the constraint of a single projec-
tile, the formation of both the recombined species and Au-adduct

must occur in situ, i.e., during the impact [4].

The importance of the fragmentation–recombination process
becomes apparent when computing the rate of production for the
pertinent assemblies of CN− and OCN−. The data can be extracted
with good accuracy, given that 15N-glycine and 13C-glycine show
little signal at m/z 26, 28 and 42, 44. Thus in the case of recom-
bined CN−, one finds that the contributions of 12C14N− and 13C15N−

are the same. Concurrently the yield of m/z 27 corresponding
to 12C15N− and 13C14N− decreases by the same value. A similar
observation holds for OCN−. Recalling that the data for the “no
recombination” case are from the mass spectra of 15N-glycine and
13C-glycine, the absolute values of the difference in yields between
the mixture and the single compound samples for m/z 26, 27, and
28 are given by

�Yx =
∣∣∣Yx.M −

(
Yx,N + Yx,C

2

)∣∣∣
where �Yx is the difference in yield between the mixture and the
no recombination case for an ion x of m/z = 26, 27, or 28. Yx,M is the
yield for the ion x from the mixture. Yx,N and Yx,C are the yields of
ion x in the case of 15N-glycine, 13C-glycine, respectively. The total

Aun
q+ (n/q = 100) of 10q keV total impact energy. (a) The number of visible impacts

pact sites. The larger object corresponds to Au2000. The diameter of the stressed
ing lattice fringes and electron diffraction pattern (insert). The 2.37 Å inter-planar
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divid
ycine
(d–f)
Fig. 2. Negative ion mass spectra obtained from the summation of N0 ∼ 5 × 105 in
15N-Gly, and 13C-Gly (c), for 22–47 mass range. The spectra are normalized to the gl
for ease of comparison between the two varieties of labeled glycine and their mix.
type of targets.

percentage of recombined CN− is the recombination rate, RR, and
is defined as:
RR = �Y26 + �Y27 + �Y28

(Y27,N + Y27,C)/2

The recombination rates of CN− and OCN− are shown in Fig. 3a
for a suite of Au projectiles impacting on glycine with 34q keV of
total impact energy. The rates increase with the projectile size, i.e.,
from 7% for Au+ up to ∼45% for Aun projectiles with 9 ≤ n ≤ 400. Sim-
ilar trends and values for the recombination rate are obtained from
19 to 34q keV. The “saturation” at 45%, suggests that the hydrody-
namic regime prevails for a range of impact energies and particle
characteristics. For example at 34q keV, the corresponding ener-
gies range from 3.7 keV/atom for Au9

+ to 340 eV/atom for Au400
4+.

A fraction of CN− and CNO−, is emitted as gold-adducts, most
prominently Au(CN)2

−. The binomial distribution shown in Fig. 2f
indicates that the gold atoms from individual projectile impacts
react with a population of CN (produced by recombination or pre-
existing) that is at equilibrium.

The production of the recombined ions requires complete frag-
mentation of several molecules. Key parameters in this respect
are the projectile’s cross-section and surface density (number of
atoms/unit area). The cross-section and shape of clusters with n < 14
ual impacts of 136 keV Au 400
4+ projectiles on 15N-Gly (a), 13C-Gly (b), 1:1 mix of

M–H− peak intensity and divided by a factor 2 in the case of the spectra (a) and (b)
The same comparison for a range corresponding to the Au(CN)2 ions for the three

has been determined by ion mobility [17]. For massive clusters
we assume a spherical shape with a cross-section, � = kn2/3. The

projectile cross-sections are shown in Table 1 for the series of Au
projectiles studied. The number of atoms per unit area increases
from Au to Au9 and is approximately equal for Au3 and Au5. Qual-
itatively, this approach explains the trends observed for the RR for
the small clusters. However, for the large clusters, the number of
atoms per unit area also increases with the projectile size while the
RR remains mostly constant. This may indicate that the complete
destruction of molecules, necessary to achieve a maximum RR, is
obtained when the projectile reaches a certain surface density.

The total yield of all CN-based species, produced from both
recombination and direct emission from individual molecules are
shown in Fig. 3b as a function of the projectile constituent number
at the same 34q keV energy per charge. The CN− and OCN− emis-
sion yields increase in an identical trend with the cluster mass.
For CN−, the yields obtained with the massive clusters reach 88%
and therefore are 150 times larger than those for atomic gold. The
enhancement reaches almost a factor 40 between the atomic ion
and Au9. A compilation of yields from 19 to 34q keV (data not
shown here) allows a comparison at equal projectile velocities [18].
For small projectiles (Au3–9), the enhancement can be described
with a na (a > 2) relationship which is steeper than that describing
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Fig. 3. Recombination rate (a) and total yields (b) for CN− and OCN− ions as a func-
tion of the Aun

q+ cluster size (n = 1, 3, 5, 9, q = 1; n = 100–400, q = 4). Results were
obtained from a glycine target bombarded with projectiles of 34q keV total impact
energy. The error bars are ≤10%.

the projectile’s density and cross-section (Table 1). The non-linear
enhancement observed can be explained by the overlapping colli-
sion cascades. For large clusters, the effect is smaller and in this case
the trends are described by a n2/3 relationship, i.e., corresponding
to the cross-section of the clusters (Table 1) [17]. These two trends
show, again, the difference between the impact of the small clus-
ters which is related to the interaction of independent constituents,
and the impact of the massive clusters for which the constituents
act in a coherent way due to the compactness of the projectile.

The rates of recombination observed here can be compared with
what may be obtained in the multiple collision regime with atomic
ion bombardment. We monitored the emission and recombination
rates of CN− and OCN− following implantation with a 34 keV atomic
gold beam with doses of up to 6 × 1015 atoms/cm2. The recombina-
tion rates increase with the implantation dose to reach a plateau

Table 1
Listing of the cluster projectiles used in this study at 34q keV total energy

Ion Energy/atom
(keV/Au)

Velocity
(km/s)

Cross-Section
(Å2)

Number of
atoms (Å2)

Au 34 180 31 0.028
Au3 11.3 110 41 0.075
Au5 6 78 57 0.08
Au9 3.7 61 76 0.12
Au100 1.36 37 337 0.29
Au200 0.68 26 534 0.37
Au300 0.45 21 700 0.42
Au400 0.34 18 849 0.47
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at 6 × 1014 atoms/cm2 (0.06 atoms/Å2) with an average value of
∼58%. This maximum value is obtained when 85% of the target is
destroyed. The difference between the recombination rate of ∼45%
obtained in nanoparticle bombardment and that of ∼58% after Au
implantation can be explained by the modification of the chemical
composition of the target due to its destruction in the latter case.

An implantation of 0.06 atoms/Å2 is required for complete
destruction of the area exposed to bombardment and hence for
achieving a maximum recombination rate. For Au9 and massive
clusters the cross-sections and the atomic densities per unit area
(Table 1) lead to more than 0.06 atoms/Å2. For small clusters Au3–5
the straggling of the individual gold atoms in the solid increases
the projectile cross-section which decreases the efficiency of target
destruction. The efficiency of small clusters to cause fragmentation
and thus their rate of recombination depends on the density of the
elastic collisions in the track of the projectile. In the case of the mas-
sive clusters which remain intact during their penetration in the
solid, the fragmentation–recombination is not caused by individ-
ual atomic collisions but arises from the compression and heating
of matter at the interface of the colliding solids.

4. Conclusions

The impact of a nanoparticle in a low Z solid involves a propor-
tionately large displacement of matter as shown by MD simulations
and inferred from TEM images. The case of hydrodynamic pene-
tration studied here creates conditions for picosecond chemistry
under extreme conditions of pressure and temperature and by
virtue of shallow penetration, under conditions where products
are readily observed. The difference between the atomic ions and
the clusters and, even more, the massive clusters, resides in the
simultaneity of the reactions observed during one single impact.
The comparison between the recombination and emission rates
shows the transition region from conditions where the cluster
constituents interact independently (with or without overlapping
of their collision cascades) to those where a hot spike due to
hydrodynamic effects dominates. The nanoparticle impacts lead
to emissions from two distinct processes. One involves “extreme
ion chemistry”, i.e., atomization with high rates of recombina-
tion and results in thermodynamically stable fragments such as
CN− and OCN−. Simultaneously, there is an efficient emission of
molecules ionized in the gas phase by electron attachment, an
advantageous feature of nanoparticle bombardment for chemical

analysis [1–3,14]. The experiments presented here allow to study
the dynamics of matter under conditions such as those exempli-
fied with the impact of hypervelocity nanosized dust particles on
solids in interstellar space [19]. More generally, they may serve as a
microscopic analog for assessing reactive processes in macroscopic
impacts [20].
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