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In the ejection of material from organic solids following MeV ion bombardment, the initial velocities of the ejected species 
contain information on their interaction at the surface of the solid and the selvedge. Here, experimental data are presented on the 
sample thickness dependence of the yield (the number of secondary ions per incoming ion) and the initial radial velocity 
distribution of singly charged hydrogen ions (H+, Hz, Hl, H-1 and other low-mass fragments ejected from organic solids of 
nitrocellulose and arachidic acid due to the impact of 72.3 MeV lz7114+ ions. An increase is observed in the width of the radial 
velocity distribution of the positive hydrogen ions as the thickness of the nitrocellulose film is increased. The results are in 
qualitative agreement with s~ulations based on Coulomb repulsion from the charged track created by the incident ion. 

1. Introduction 

A fast heavy ion (- 1 MeV/u) penetrating an or- 
ganic solid causes ejection of secondary ions and neu- 
trals from the solid [l]. A description of the mechanism 
of the formation and ejection of secondary ions does 
not exist, even for the case of the lightest and least 
complex of the ions observed, the hydrogen ions H+, 
Hz, Hz and H-. The purpose of this paper is to 
present experimental data and a simple calculation 
that contriiute to an understanding of the ejection 
process of these low-mass species, which are an impor- 
tant part of the mass spectrum even when the goal is 
the study of biomolecules [3]. 

The origin of the hydrogen ions is uncertain at 
present. Possible sources include: the organic sample 
molecules; surface contaminant molecules like pump 
oil with a high hydrogen content, and adsorbed hydro- 
gen-containing molecules. Positive hydrogen ions can 
be created by several mechanisms, including: direct 
ionization by the primary ion; repulsive decay of elec- 
tronically excited molecules; and gas phase collisions 
between ejected atoms and molecules. H- can be 
formed by low energy electron capture [4]. 

The location of the origin of the light ion species 
has been examined by studying the yield dependence 
on the parameters of the incident ion beam such as 
mass and charge state. As a function of the primary ion 
charge state (q) the yield of H+ varies as q”, with 
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it = 3 [5]. For a constant primary ion velocity and 
charge state the yield of H+ is independent of the 
mass of the projectile unlike the yield of heavier sec- 
ondary ions. This means that only the energy lost by 
the primary ion near the sample surface ~ntributes to 
the ejection of H’, because incident ions with different 
mass will reach different equilibrium charge states and 
thus have different stopping power deeper inside the 
sample. For heavier secondary ions, on the other hand, 
the energy deposited at depths for which the charge 
state has changed considerably from the initial also 
contributes to the ejection. From this it is concluded 
that Hf is created close to the surface and is ejected 
from the solid earlier than heavier secondary ions [Sj. 

The axial component of the energies of desorbed 
particles also gives useful information about the des- 
orption mechanism. It has been established that H’ 
and Hi have higher mean U&L energies than the 
heavier secondary ions [6-121. Furthermore, their axtil 
energies are thickness dependent [8]. To account for 
this effect it has been proposed that the secondary ions 
are accelerated due to the Coulomb interaction with 
the short-lived infra track of positive ions created by 
the primary ion [SJO]. The velocity distribution of the 
positive hydrogen ions should be affected more than 
that of other secondary ions because H+ is created 
closer to the ion path and ejected at earlier times than 
other more massive secondary ions. 

In this paper measurements are presented on the 
sample thickness dependence of the yield and the 
initial radial velocity distribution of charged hydrogen 
ions ejected from organic solids due to the impact of 
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MeV ions. The data are compared with results of 
computer simulations of the desorption process based 
on the Coulomb repulsion model. The results indicate 
that the hydrogen ions sample the transient Coulomb 
repulsion from the track of positive charges created by 
the primary ion and are neutralized by electrons from 
the substrate. 

2. Experimental 

The organic samples studied include nitrocellulose, 
which is a polymer employed in biochemistry for pro- 
tein adsorption, and arachidic acid, which is an am- 
phipaticO linear fatty acid. Thin filmsoof nitrocellulose 
(O-800 A) and arachidic acid (O-350 A) were prepared 
on silicon backings using the spin coating method [13], 
in which a droplet of solution containing the sample is 
applied to the rotating substrate. Langmuir-Blodgett 
films of arachidic acid molecules were also prepared 
according to a known procedure [14]. First, a submono- 
layer coverage of arachidic acid molecules is formed on 
a water surface. Next, the arachidic acid overlayer is 
compressed to form a monolayer coverage. Finally, 
several layers are transferred to a clean etched silicon 
substrate yielding a film with a well-defined structure. 
The thickness of the films was determined by ellipsom- 
etry [15] for both deposition techniques. The surface 
roughness of Jhe spin-coated films was measured to be 
less than 50 A by atomic force microscopy [16]. 

Either fission fragments from a 252Cf source or 72.3 
MeV iz7114+ ions from the tandem accelerator at The 
Svedberg Laboratory in Uppsala were used as primary 
ions. The ions bombard the sample at an angle of 
incidence of 45”. A pressure of 10m6 Torr is main- 
tained in the experimental chamber. The secondary 
ions ejected upon primary ion impact are identified by 
time-of-flight mass spectrometry [17]. The lower mass 
region of a typical time-of-flight spectrum of positive 
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Fig. 2. The yield of H+ and CH: ions from a nitrocellulose 
sample as a function of the deflection voltage. 

secondary ions ejected as a result of ion impact is 
presented in fig. 1. The distribution of the component 
of the velocity along the x-axis (referred to as the 
radial velocity in the following presentation) was deter- 
mined by measuring the secondary ion yield as a func- 
tion of the voltage applied to a pair of deflection plates 
(fig. 2). The velocity was calculated from the deflection 
voltage as described elsewhere [18]. The mean kinetic 
energy was calculated by a least-squares fit of a Gauss- 
ian to the experimental radial velocity distribution and 
correcting for the instrumental broadening. 

3. Simulations 

If the net positive charge of the infra track, created 
by the primary ion in the solid, survives for a suffi- 
ciently long time, the electric field resulting therefrom 
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Fig. 1. An example of a time of flight spectrum of low mass positive ion ejecta from a nitrocellulose sample due to the impact of 
72.3 MeV 127114t ions. The inset shows a schematic of the experimental setup. 
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could influence the velocity distribution of ejected ions. 
This was the conclusion based on the experimental 
observation that a thin layer of gold on top of nitrocel- 
lulose reduces the mean axial energy of the ejected 
H+ [lo] and that the axid velocity changes with sam- 
ple thickness [8]. Here we will use this concept to study 
the change in the radial velocity distribution. That is, 
Monte Carlo simulations are performed on the influ- 
ence of a cylindrical charge distribution on the velocity 
distribution of ejected H+. It is assumed that the 
primary ion creates a cylindrical track of homoge- 
neously distributed positive point chargfs within a dis- 
tance of one Bohr adiabatic radius (2.5 A for 72.3 MeV 
iz71) from the path of the incident ion. The charge 
density is talculated from the electronic stopping power 
(820 eV/A for 72.3 MeV lz71 in nitrocellulose) using 
the average energy to create an electron-hole pair as a 
parameter. It is determined to be 50 eV, a value 
somewhat larger than is typically used for the bulk, by 
fitting the width of the simulated radial velocity distri- 
bution of hydrogen ions to that experimentally ob- 
tained for the thickest nitrocellulose film used. The 
electric field was calculated under the assumptions that 
the solid has a plane surface and was characterized by 
its dielectric constant, E, = 7 [19]. Although the dielec- 
tric constant of the charged track is expected to be 
lower than the bulk value because it will be more 
difficult to polarize due to the lack of loosely bound 
electrons, this was not taken into account. Finally the 
charged track was assumed to have a time dependent 
charge density (q = q,e -‘/‘), where T is called the 
neutralization time. 

It is assumed that H+ is created inside the charged 
track, homogeneously distributed from the surface 

H+ NC 

down to a maximal depth. If H+ is only ejected from 
the sample surface the angular distribution shows an 
alignment along the axis of the charged track. If H+ is 
ejected from deep down in the sample, on the other 
hand, the ejection perpendicular to the axis of the 
charged track will be favored. The maximal dOepth from 
which H+ can be ejected is chosen to be 5 A in order 
to give radial velocity distributions for 45” angle of 
incidence which are in agreement with experimental 
data on H+ from nitrocellulose films bombarded with 
fast iodine ions, i.e. the radial velocity distribution 
corresponds to ejection on the average in a direction 
normal to the surface [US]. It is assumed that H+ is 
created in a dissociation of a sample molecule to 
account for the energy acquired in such a process an 
initial kinetic energy of 4 eV in an arbitrary direction 
of motion was given to the hydrogen ions [20]. 

Ejected ions can be neutralized through electron 
capture. The main source of electrons is the sample 
and therefore the neutralization probability of ejected 
ions will depend on their escape velocity [21]. This was 
taken into account by applying a velocity dependent 
survival probability, p a exp(-u,/u,), where u, is the 
component of the velocity normal to the surface [22]. 
The constant ua was determined to be 4 x lo4 m/s by 
a fit of the width of the simulated radial velocity 
distribution of hydrogen ions to that experimentally 
obtained for the bare silicon substrates. 

Calculations were performed on the classical trajec- 
tories of the hydrogen ions as they were accelerated by 
repulsion from the charged track varying the track 
length and the neutralization time of the charged track. 
For each thickness the trajectories of 20000 particles 
were calculated. 
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Fig. 3. The mean radial energy for a few fragment ions as a function of sample thickness for nitrocellulose (NC) films as well as for 
arachidic acid films prepared by spin coating (SC Ara) and the Langmuir-Blodgett technique (LB Ara). 
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4. Results 

4.1. Experimental 

Spin coated nitrocellulose films: The mean radial 
energy for different film thicknesses is presented in fig. 
3. A broadening of the radial velocity distribution with 
increasing sample film thickness is observed for the 
positive hydrogen ions (H+, Hi and Hl) and a slight 
narrowing is observed for the negatively charged hy- 
drogen ion H-. The heavier secondary fragment ions, 
i.e. CH:, HzO+, HsO+, NO+ and CN- have radial 
velocity distributions which are independent of the 
sample thickness. An increase of the yield of H+ and a 
decrease of the yield of H- as a function of sample 
thickness were observed (fig. 4a). 

Films of arachidic acid: Independent of the method 
used for sample preparation, the radial velocity distri- 
bution of H+ changes only slightly as a function of film 
thickness as seen in fig. 3. This is contrary to what is 
observed for nitrocellulose. Also the yield of H+ and 
H- for samples of spin coated arachidic acid is roughly 
constant (fig. 4b). 

As reported earlier the dependence of the yield (Y) 
of the positive hydrogen ions as a function of their 
mass (m) follows an exponential law Y = a 
exp( - bm ‘1’) [23] From a fit of this expression to the . 
data obtained, a value of b = 5 amu-1/2 results, re- 
gardless of the sample type and its thickness. The 
absolute yield of H+ is of the order of 10%. The ratio 
of the absolute yield of H- and H+ from the clean 
silicon substrate is - 0.9 and for a thick (1400 A) 
nitrocellulose film - 0.2. 
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Fig. 5. The mean radial energy for H+ as a function of sample 
thickness for the neutralization time being infinite (T = m) and 
proportional to the thickness (T ad) compared with the ex- 

perimental data for nitrocellulose films (fig. 3). 

4.2. Simulations 

The simulated mean radial energy of H+ as a 
function of sample thickness can be seen in fig. 5. The 
results are obtained using two different assumptions. 
In one case the neutralization time is assumed to be 
infinite. This assumption results in a much faster in- 
crease of the simulated mean radial energy than that of 
the experiments. In the second case the neutralization 
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Fig. 4. The normalized yield of H+ and H- as a function of sample thickness for films of (a) nitrocellulose and (b) arachidic acid 
bombarded by fission fragments from Z2Cf. 
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time is assumed to be proportional to the sample 
thickness. DThe constant of proportionality was chosen 
to be 1.3 A/fs to give the best fit to the experimental 
data, which corresponds to e.g. a neytralization time of 
300 fs for a sample thickness of 400 A. This assumption 
gives a fair agreement with the experimental results on 
mean radial energy. The simulations give an increase 
in the relative yield by a factor of - 1.6, when increas- 
ing the film thickness from zero to 400 A. This is lower 
than the experimentally observed increase in relative 
yield of - 1.9 (fig. 4). 

5. Discussion 

The fast increase of the width of the radial velocity 
distribution of H+ as a function of sample thickness 
obtained from the simulations using an infinite neutral- 
ization time shows that only the charges close to the 
surface contribute substantially to the acceleration (fig. 
5). Consequently, the experimentally observed increase 
of the width of the radial velocity distribution with 
sample thickness cannot simply be attributed to the 
larger repulsion from a longer track. Simulations using 
a neutralization time proportional to the sample thick- 
ness, on the other hand, yield a fair agreement with the 
experiments. A thickness dependent neutralization time 
suggests that the neutralization of the charged track is 
dominated by electrons from the substrate. 

The parameters of the simulations were determined 
to give radial velocity distributions which are consis- 
tent with the experimental data on thick films of nitro- 
cellulose. Qualitatively, the dependence on sample 
thickness and neutralization time of the mean axial 

energy from the same simulations is similar. However, 
the magnitude of the simulated mean axial energy 
(- 5 eV) for a thickness of 400 A is much smaller than 
experimentally measured: - 14 eV [8], - 11 eV [lo], 
and 8.0 f 0.2 eV [ll]. This discrepancy could be elimi- 
nated by including hydrogen ions with a higher initial 
kinetic energy as though they were formed for example 
in a two-electron process (e.g. -C-H’+* -C++ H+). 
For a more complete description of the ejection pro- 
cess, collisions inside the solid also have to be taken 
into account. However, including these mechanisms 
would not change qualitatively the dependence of the 
radial and axial velocity distributions on sample thick- 
ness and track neutralization time. 

The increase of the yield of H+ with sample thick- 
ness for the nitrocellulose films (fig. 4a) is reproduced 
qualitatively by the computer simulations. In the simu- 
lations the increase in yield is a consequence of the 
velocity dependent survival probability (p a exp( - uo/ 
u,)). Ejection from a thicker film will result in a higher 
mean velocity normal to the sample surface and thus in 
a higher yield. 

The radial velocity distribution of H+ from films of 
nitrocellulose shows a thickness dependence which is 
not observed with films of arachidic acid (fig. 3). This 
difference could be explained by the difference in 
structure and thus in conductivity between the highly 
excited part of the nitrocellulose and that of the 
arachidic acid films. A faster neutralization in the case 
of the arachidic acid films would lead to a smaller 
repulsion of the ejected H+ resulting in a lower mean 
energy (fig. 3). To explain why the velocity distribution 
of heavier ions is constant it could be argued that these 
are created at a later time and interact with a partially 
or totally neutralized track or that they are created 
further away from the ion trajectory than the positive 
hydrogen ions [5]. 

Gas phase collisions could, in principle, modify both 
yield and velocity distribution of ejected ions. A larger 
amount of material is ejected upon ion impact on 
thicker films [13] and the probability for gas collisions 
increases. This would, however, mainly affect the veloc- 
ity distribution of the slower secondary ions rather 
than the fast hydrogen ions. Thus, the broadening of 
the radial velocity distribution of Hf as a function of 
sample thickness cannot be caused by changes in the 
probability for gas phase collisions with film thickness. 

6. Conclusion 

The width of the radial velocity distribution of the 
hydrogen ions is shown to increase with increasing 
sample thickness. Comparison is made with a very 
straightforward simulation of the Coulomb repulsion 
by the transiently ionized region where the track inter- 
sects the surface. The rough agreement indicates that 
the observed broadening of the radial velocity distribu- 
tion of the positive hydrogen ions as a function of 
sample thickness can be attributed to repulsion from 
the track of positive charges created by the primary ion 
and neutralized by electrons mainly from the substrate. 
This indicates that measurements of positive light ions 
can be used to study the track neutralization process. 
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