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ABSTRACT

Aims. We compare the classical and molecular approaches for small particle erosion, in an overlapping particle size domain, to model

dust destruction in a hot gas.

Methods. We calculated and compared the carbon ejection rate constant for a-C:H grains and PAHs (with 50 to 5000 carbon atoms)

in a hot gas (10*~10% K).

Results. The classical approach does not take into account electron collisions nor electronic interactions, which are shown, using the
molecular approach, to be important for small grains (<1000 carbon atoms). For N < 1000 the two approaches diverge but for larger
grains they are in very good agreement for a wide range of temperatures (T ~ 10°~107 K).

Conclusions. To quantify the erosion of small hydrocarbon grains in a hot gas a molecular approach, rather than classical sputtering,
needs to be adopted. This then indicates that small hydrocarbon nano-particles (with Nc < 1000 or ¢ < 3nm) cannot be abundant
in a hot coronal-type gas, be it galactic hot ionised medium or nearby intergalactic medium, because they are rapidly destroyed by
dissociation resulting from electronic excitations induced by electron collisions.
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1. Introduction

In a hot gas, dust particles undergo erosion because of the colli-
sion with the energetic ions in the gas. This process is known as
thermal sputtering. The thermal sputtering of dust in the inter-
stellar medium (ISM) is only important for gas kinetic tempera-
tures, T, greater than 10° K (e.g., Draine & Salpeter 1979; Jones
2004) and is therefore unimportant in “cold” ISMs media such
as photodissociation regions, HII regions and in the warm inter-
cloud medium with Ty =~ 10* K. Thus, it is only in a low-density
(ng =~ 10°=10"*cm™3) hot coronal-type gas (T ~ 10°—10% K),
such as in the hot ionised medium (HIM) of galaxies or in the in-
tergalactic medium (IGM, ny ~ 1072-10"* cm™3), that thermal
sputtering is an important process.

In this paper we re-visit the problem of small hydrocarbon
particle erosion and, in particular, consider the effects of electron
collisions and electronic interactions.

2. Thermal sputtering
2.1. Carbon grain erosion

The thermal erosion of grains in a hot gas is well described by
the approach followed by Tielens et al. (1994). They found an
analytical result for the thermal erosion, which they compared
to the experimental studies of sputtering of a variety of materi-
als, and considered the gas as mainly composed by H*, He™*, and
the CNO group ions in the temperatures range T ~ 10*-108 K.
In this work, the target was considered to be a semi-infinite pla-
nar surface, even if, as we will see in the following section, the
finiteness of the grains must be taken into account for a more
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Table 1. Parameters for target and projectile materials.

Projectile parameters

Material M, X
H 1.0 1.0
He 4.0 0.1
C 20 107

Target parameters
Material U, K p  Xu
a-C 4 065 22 O
a-C:H 4 -0.04 14 04

Notes. M, is the mean atomic mass of the projectile (amu), y the abun-
dance, U, the surface cohesion energy (eV), K a free parameter, p the
density (g cm™) and Xy the atomic fraction of hydrogen in the particle.

precise analysis. The impacts of the incident ions create a colli-
sional cascade inside the target (taken into account in the model
of the sputtering yield, i.e. the number of sputtered atoms per
incident particle) and, depending on the temperature of the gas,
they can have enough energy and momentum to break the bonds
of the surface atoms. In this way the target grain is eroded by the
ambient gas.

We calculate the sputtering yield using the parameters in
Table 1 for projectile and target materials for hydrogenated
amorphous carbon (a-C:H) and amorphous carbon (a-C) as per
the approach of Tielens et al. (1994) but as updated by Serra
Diaz-Cano & Jones (2008). We adopt a carbon abundance yc =
10~%, which is an intermediate value between what has been esti-
mated by Sofia & Parvathi (2009) and Cardelli et al. (1996). The
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inclusion of nitrogen and oxygen into the sputtering calculation

does not change our results. From the sputtering yield we can

calculate the carbon ejection rate,

dNp
dr

= 2ﬂaZZn[(Yiv) (1)

1

where Ny, is the number of sputtered atoms, the factor 2 takes
into account the average of the yield over all angles of incidence,
n; = nyy; is the density of a given projectile with abundance y;,
ny is the proton density and

(Yiv) = f Yivf(v)dv ©))

with Y; the sputtering yield for a given projectile, v the projectile
velocity and f(v) the Maxwell-Boltzmann velocity distribution
at the given gas temperature. The target carbon atom ejection
rate constant is given by dNg,/dt/ny.

The parameters (see Table 1) used for a-C:H grains differ
a little from the ones for the amorphous carbon (a-C) and the
finiteness of the grains has been taken into account as per Serra
Diaz-Cano & Jones (2008), see Appendix A.

The number of carbon atoms in an a-C:H grain is given by:

Ne = 4rpN, s

= X0 = XeMc + Xt 50 )

where a is the grain radius, Na the Avogadro’s number, p the
grain density, Xy the atomic fraction of hydrogen in the particle,
i.e. Xy = Nug/(Nc + Np) (p and Xy are given in Table 1), and
M and My the atomic masses of carbon and hydrogen atoms
respectively (Mc = 12 and My = 1).

2.2. PAH erosion

To describe the erosion of polycyclic aromatic hydrocar-
bons (PAHs) by ions and electrons in a hot gas, we adopt the
molecular model developed by Micelotta et al. (2010a,b).

The interaction of a PAH molecule with an ion consists of
two simultaneous processes which can be treated separately: the
transfer of energy to a single carbon atom of the PAH through
a binary collision with the projectile ion (nuclear stopping or
elastic energy loss) and the energy loss due to the PAH elec-
tron cloud (electronic stopping or inelastic energy loss). If the
energy transferred through nuclear stopping exceeds the nuclear
threshold energy T, the target carbon will be ejected from the
molecule. The standard value adopted for Ty is 7.5 eV. The en-
ergy transfer through electronic stopping is described in terms of
the stopping power S of an electron gas with appropriate density.
The stopping power is defined as the energy loss per unit length:
S =dT/ds, where dT is the energy loss over the pathlength ds.

For PAH collisions with electrons the energy transfer oc-
curs through inelastic interactions with the target electrons, as
for electronic excitation. The electron stopping power has been
derived from measurements of d7'/ds in solid carbon Micelotta
et al. (2010a,b).

The energy transferred through electronic interactions and
electron collisions is spread over the entire molecule. The re-
sult is a collective excitation of the PAH, followed eventually
by fragmentation or radiative relaxation. The dissociation prob-
ability is governed by the parameter Ej, which describes the
dissociation rate of a highly excited PAH molecule using an
Arrhenius law. The value adopted for Ej is 4.6 eV (Micelotta
et al. 2010a,b).
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Fig. 1. dN,/dt/ny. Comparison between a-C (black) and a-C:H (red)
sputtering due to H*, He* and C* projectiles.
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Fig. 2. dN,;,/dt/ny. Comparison between PAH (black) and a-C:H (red)
sputtering due to H*, He*, C* and electrons (only for PAHs) projectiles.

The destructive effects on PAHs of collisions with ions and
electrons in a thermal gas are described in terms of the rate
constant for carbon atom ejection, which is defined by the ra-
tio between the carbon ejection rate and the density of hydro-
gen nuclei ny. The carbon ejection rate is derived using Egs. (8)
and (23) in Micelotta et al. (2010b). The results of the PAH ero-
sion model are exemplified in Fig. 8 in Micelotta et al. (2010b).
The curves clearly show that electrons are the most important
destruction agents for small PAHs (50 carbon atoms), while the
erosion of large PAHs (1000 carbon atoms) is dominated by nu-
clear interaction.

3. Results

In Fig. 1 we compare the sputtering rate constants of Tielens
et al. (1994) and Serra Diaz-Cano & Jones (2008) for different
gas temperatures and for different grain sizes expressed as Nc.
We notice that the use of different parameters for a-C:H and the
size effect (more important for high temperatures) taken into ac-
count to calculate the sputtering yield do change the profile of
the sputtering rate quite significantly.

In Fig. 2 we compare the thermal sputtering for PAHs and
a-C:H grains. For the PAHs we use the molecular approach
(Micelotta et al. 2010b), while for a-C:H grains we use the clas-
sical approach (Serra Diaz-Cano & Jones 2008) with the size
effect included. We see that for the a-C:H model the sputter-
ing rate constant increases with the increasing number of carbon
atoms (N¢), while for the PAH model the behavior changes at
Nc =~ 1000. For Nc = 1000 the sputtering rate constant increases
as Nc increases, as per a-C:H, but for N¢ < 1000 it increases
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Fig.3. dN/dt/ny at T = 10° K and at T = 107 K. Red line: rate constant
for a-C:H grains. Black lines: rate constant for PAHs; the dotted line
shows nuclear interaction only, the dashed line the summed effects of
nuclear and electronic interactions, whilst the solid line includes elec-
tron collisions as well. The results for T = 10° K are not shown here but
are very similar to those for 7 = 107 K.

as Nc decreases. For Nc > 1000 the two models agree for tem-
peratures T = 10°-10°K and within a factor of about 2 for
T = 10" K. On the other hand they lead to different results for
small grains, which is clearer in the following plot (Fig. 3) where
we show the carbon ejection rate constant for a-C:H grains (red
lines) and PAHs (black line) for gas temperatures 7' = 10°K and
T = 107K as a function of the number of carbon atoms in the
grain/molecule.

The dotted black line (in Fig. 3) shows the sputtering due to
nuclear interaction (binary collision) only, the dashed one rep-
resents the sputtering due to both nuclear and electronic inter-
actions, whilst the black solid line includes electron collisions
as well. The effect of collisions between electrons and the par-
ticles is remarkable for grains with a small number of carbon
atoms. In the absence of electron collisions and electronic inter-
actions the two models would be very close, regardless of the gas
temperature in this range. We can see that, for Nc > 1000 (for
T = 107 K), the electron collisions and the electronic interac-
tions are negligible in the approach used to treat the PAHs. In the
classical model described by Tielens et al. and Serra Diaz-Cano
and Jones electron collisions are not taken into account but they
clearly will be important for particles with a sufficiently small
number of carbon atoms.

The other important fact here is the extremely good accor-
dance between the classical model and the nuclear interaction
of the PAH model. This can be seen as the combination of
two different effects. In the classical approach, since we con-
sider 3D grains, a collisional cascade contributes to the sput-
tering yield allowing the possibility of ejecting more than one
target atom. On the other hand, in the PAH approach there is
no such effect, because only binary collisions are considered,
but the cross-section increases with the number of carbon atoms
more rapidly than in the 3D case.

In the molecular approach, if we consider only the nuclear
interaction, which is represented by the dotted lines in Fig. 3,
we only have binary collisions. If the transferred energy in the
collision is higher than a certain threshold energy, Ty = 7.5¢eV,
then this leads to a loss of a single carbon atom. We would ex-
pect that, in the classical approach, the enhancement of the sput-
tering yield due to the collisional cascade compensates for the
enhancement of the sputtering yield in the molecular approach
due to the difference in cross-section. In order to investigate this
we built a simple model of collisional cascade. Grains are mod-
eled as cubes where the carbon atoms occupy fixed positions

a¢

sputtering yield ratio

Fig. 4. Red solid line: ratio between the number of sputtered atoms in
the 3D case (obtained by our simple model of collisional cascade for
T = 107 K) and the single atoms ejected in the PAH case (considering
only the nuclear interaction above threshold). Black dashed line: ratio
between the geometrical cross-section of a planar PAH and that of a
3D a-C:H grain. The x axis shows the number of carbon atoms in the
particle.

and are treated as hard spheres. We considered only binary colli-
sions between atoms and we used an energy-dependent nuclear
cross-section as described in (Micelotta et al. 2010a, Eq. (15))".
As an initial projectile we took a proton with an energy distribu-
tion given by the Maxwell-Boltzmann energy distribution at the
temperature T = 107 K. We allowed multiple collisions and for
each collision we consider a threshold energy 7Ty = 7.5¢eV. For
each angle and input energy we counted the sputtered atoms only
if the first proton transferred an energy larger than the threshold
energy. Then we averaged over all the possible angles and over
the Maxwell-Boltzmann energy distribution. In Fig. 4 we show
(red solid line) the ratio between the number of sputtered atoms
due to collisional cascade in a 3D a-C:H grain and that for a PAH
molecule (i.e. single sputtered atoms for the molecular case for a
transferred energy larger than 7.5eV) as a function of the num-
ber of carbon atoms in the particle. We see that, the larger the
grain is the more important the cascade will be and consequently
the larger the number of sputtered atoms. On the other hand, the
geometrical cross-section of a 2D PAH for a given number of
carbon atoms is larger than that of a 3D grain. This difference
in the geometrical cross-section leads to an enhancement in the
sputtering yield in the molecular approach with respect to the
classical one.

The expression for the radius of an a-C:H grain can be de-
rived from Eq. (3), whilst the relation between the radius of a
PAH molecule and the number of carbon atoms is given by the
following equation:

a(nm) = 0.09 /N¢ (5)

where a is the radius of the PAH in nm. If we consider a PAH
as a thick disk of radius a and thickness d = 0.3354 nm then its
geometrical cross-section, averaging over all angles, will be

OpAH = g (a2 + ad) (6)

! It should be noted that Eq. (13) in the article should be:

oo <2

i=0

m(E) = 1 —exp 4)

as indicated in Ziegler et al. (1985).
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Fig. 5. PAH lifetime (in years) as a function of the number of carbon
atoms, Nc, in the particle for a gas phase proton density ny = 1cm™
and for temperatures of 10° (solid line), 10° (dotted line), 107 (dashed
line) and 10® K (dash-dot line). The fit (see text for details) for the case
T = 107 K is shown in gray solid line. We can compare our fit to previ-
ous estimates (Draine & Salpeter 1979; Jones 2004), which are shown
in red dashed line (see text for details).

So the ratio between the two cross-sections is given by:

opan _ 1/27 (appyy + apandpan)

2
O aCH Aoy

9% 10729 x 107°NY? + 3.4 x 107%) [4mpNa(1 - Xi)]*?
- 2 x 32ANZI(1 = Xi)Mc + XuMu]*?

(N

where apap and a,cy are the radii for a PAH and aCH grain, p
is expressed in gecm™, Mc and My in amu. In Fig. 4, the black
dashed line gives the ratio between the PAH cross-section and
the 3D grain cross-section as a function of the number of carbon
atoms in the particle. We can see that, even with a simple model
like this, the behaviours of the red solid line and the dashed black
one are similar. This means that the effect of the cross-section
compensates the effect of the collisional cascade in 3D grains.
This would explain the agreement between the sputtering rate
constants for the two models.

Thus, the molecular approach of Micelotta et al. (2010a,b)
can and should be used when considering the erosion of any
small hydrocarbon particles, be they PAHs or a-C:H grains, in
a hot gas because the classical sputtering approach, extended to
particles with less than ~1000 carbon atoms, does not take into
account electronic excitation effects and thus underestimates the
degree of destruction.

4. Astrophysical implications

Considering a hydrocarbon particle (PAH or 3D a-C:H grain) of
a given size we can follow its time-dependent evolution using
the equation below:

Ne®  gN,
,wzf e ®)
Nc(to) c/dt

where dN¢/dt is the ejection rate calculated in the previous sec-
tions. The time #4.5; When the grain/molecule is totally dissoci-
ated corresponds to its life-time. At ¢t = fgest, We have Ne(fgest) =
0. In Fig. 5 we show the PAH life-time as a function of the num-
ber of carbon atoms, Nc, in the molecule for unit proton density
and gas temperatures of 10°, 10°, 107 K and 10% K. It should
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be noted that hydrocarbon particles with Nc < 5000 have radii
<7 nm.

In the hot post-shock gas behind a fast shock (Ty ~ 5% 10° K
and ng ~ 1cm™) the hydrocarbon nano-particle life-time will
be <103 yr, which is consistent with the results of Jones et al.
(1996) for 200 km s~! shocks. Nevertheless, our results indicate
that, in such shocks, the thermal sputtering of hydrocarbon nano-
particles should be even more pronounced than in this earlier
work. However, and given that in the Jones et al. (1996) study,
thermal sputtering was already the dominant destruction process
for small carbon grains, our new erosion rates do not qualita-
tively change their results.

In the HIM or IGM, with ny ~ 1072-10"*cm™ and Ty =
10°~107 K, Fig. 5 indicates hydrocarbon nano-particle lifetimes
of <107, <10° and <10° yr, for ny ~ 1074, 1073 and 1072 cm3,
respectively. For typical IGM conditions, i.e., ny ~ 1073 cm™
and T, = 107K, the hydrocarbon nano-particle life-time, fgeq,
is less than a thousand years and the exact size-dependent life-
times can be approximated by (gray solid lines in Fig. 5):

N2.6
-6 C
Tdest ® 2x10 ﬁ yr for NC < 1000
nyg/cm
NO.S
~0.43 % yr for Nc > 1000 (=a = 3nm). (9)
ny/cm

For PAHs with N¢ > 1000 the above expression is equivalent to

20 a(nm)!®

ng/cm=3 (10)

Paest fora > 3nm,
where a is the PAH radius in nm. These life-times show a
stronger size-dependency than previous estimates, i.e., fgest =
10% a(nm)/(ny/cm™>) yr (Draine & Salpeter 1979; Jones 2004),
see red dashed line in Fig. 5.

In the calculation of the particle life-times, the sputtering rate
plays a central role. As is clearly shown in Fig. 3, the addition
of electron collisional sputtering and electron interaction in our
calculations dramatically increases the sputtering rate for small
particles. As a consequence, we have that the particle life-times
are shorter than the previous estimates, which were based on
the presumed dominance of proton sputtering in the hot gas and
only the nuclear interaction was taken into account. Evidently,
for small particles (i.e., Nc < 1000 = a < 3 nm), the destruction
time-scale is significantly shorter than the previous estimates
and, additionally, shows a stronger size-dependence.

From Eq. (8), we can also calculate the time-dependent evo-
lution for a grain of a given size. In Fig. 6, we show the time-
dependent evolution of a hydrocarbon grain initially of 5000 car-
bon atoms in a gas with unit proton density and temperature of
10° (solid line), 10° (dotted line), 107 (dashed line) and 103K
(dash-dot line). The time-dependent evolution of grains with
Nc < 5000 can be seen as a shift in time of the plot in Fig. 6.
For example a 5000 carbon atoms PAH in a gas at T = 10’ K
evolve with time as indicated in Fig. 6 (dashed line) and at a
time o ~ 2.5 x 10? yr it contains only 1000 carbon atoms. The
time-dependent evolution of a 1000 carbon atoms PAH is given
by the same line in Fig. 6 but starting from #,.

5. Conclusions

We find that the PAH, or molecular, approach to hydrocarbon
nano-particle erosion provides an excellent means of determin-
ing the processing of 3D particles with the same number of car-
bon atoms. This approach indicates that electronic interactions
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Fig. 6. The time-dependent evolution of PAHs, with Nc = 5000, for a

gas phase proton density nyy = 1 cm™ and for temperatures of 10° (solid
line), 10° (dotted line), 107 (dashed line) and 108 K (dash-dot line).

and electron collisions are important for particles with fewer
than about 1000 carbon atoms and must be taken into account in
determining hydrocarbon nano-particle life-times in a hot gas.

From our study it appears that hydrocarbon nano-particles
(with Nc < 1000 or @ < 3nm) cannot be abundant in a
hot coronal-type gas, be it galactic HIM or nearby IGM (e.g.
taest < 10%yr for T = 10°~107K and ny = 1073 cm™3). Thus,
it is to expected that any dust emission coming from the HIM
of a galaxy or from the IGM in the close proximity of a galaxy
must be dominated by emission from large hydrocarbon grains
with life-times >10% yr (see Eq. (10)), with radii >100nm, or
perhaps more likely from amorphous silicate grains that appear
to be more resistant to thermal sputtering than carbonaceous dust
(e.g., Jones et al. 1996). We have not re-evaluated the effects of
amorphous silicate thermal sputtering here but, in the light of im-
portant small particle sputtering effects apparent in hydrocarbon
dust (Serra Diaz-Cano & Jones 2008), the size-dependent sput-
tering effect will need to be carefully evaluated for amorphous
silicate dust as well.
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Appendix A: a-C:H size-dependent sputtering yield

In the model described by Serra Diaz-Cano & Jones (2008) they
used a size-dependent sputtering yield given by:

o (22

Y/Yo=1+6.6exp 57

—exp (- (7a/R4+0.25)%) (A.1)

a/Ry

Fig. A.1. Correction to the sputtering yield taking into account the
finiteness of grains.

where Y, is the sputtering yield in the case where the grain is
considered as a semi-infinite plane, a is the radius of the grain,
R4 = Rp/2, where R, is the implanting depth (see Eq. (A.2)),
o =0.552 and ay = 0.79.

-8.0
R, = (T +0.1357 E +7.601 | (nm) (A2)

with E the energy of the impinging ion in eV.

As we can see in Fig. A.1, the sputtering yield ratio Y/ Y
is smaller than 1 for small grain radii, which means that the
ions actually pass through the grain for sufficiently large ener-
gies, when the implanting depth is larger than the radius of the
grain. At a ~ R, there is an enhancement in the sputtering yield
ratio whilst it tends to 1 for large values of a/Ry (>4), which
means that the semi-infinite plane model approximation starts to
be valid.
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