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A Raman study of ion irradiated icy mixtures
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Abstract. In this paper we present a Raman study of pure,G30O:CH,:N, and CHOH:N, frozen films before and after

ion irradiation at 12 K, 100 K and 300 K. By means of Raman spectroscopy, we monitor the structural evolution of each
film, whose chemical and physical properties are deeply modified by the interaction with the ion beam. For the two methane
containing samples, Raman spectra show that the initial ice is partially converted into a refractory residue, which under further
irradiation evolves towards an amorphous carbon (AC) with a band near 156q@rine) and a shoulder at about 1360¢m

(D line). No evidence of the AC Raman band is seen in the spectra of the methanol-containing mixture. By means of Lorentzian
fits, we have determined the specific parameters of the AC band (G and D line peak positions, widths and relative intensities)
in our spectra after ion irradiation and we have compared them with the corresponding parameters of the band as observed in
the spectra of 11 IDPs (Interplanetary Dust Particles). Here we present the experimental results and discuss their contribution
to our knowledge of the origin and evolution of IDPs.

Key words. astrochemistry — molecular processes — methods: laboratory — techniques: spectroscopic —
comets: general — interplanetary medium

1. Introduction Sun, passing through the porous structure of the crust. In fact,

. ) . experiments on targets much thicker than the penetration depth
Comets are believed to be among the less altered objects in§fig, 2 diating ions showed that an organic residue is left over

Solar System (and hence the best reservoir of presolar matetighd; the sublimation of underlying ices, thus giving support
and one of the main sources of interplanetary dust grains tat,e pynothesis that an ion-produced cometary organic crust
are collected in our atmosphere and analysed in terrestrial 130z, «g;ryive” ejection from deeper layers (i.e. passages near
oratories. It is known that the external layers of comets are gz Sun) and be as old as the comet itself (Strazzulla et al.
posed to background radiation (galactic cosmic rays) that, 4j91) Thus, a dark surface can be formed, which could ex-
cording to some models, can drive the formation of an orgaifit strong albedo variations corresponding to patches or fis-
crust, which can survive when the comet approaches the ifleg in the crust through which volatiles are expelled. Albedo
(e.g., Strazzulla & Johnson 1991). Raman Spectroscopy is QAGiations have indeed been confirmed by recent observations
of the laboratory techniques used to get information about tt@oderblom et al. 2002) of the comet ¥BBrrelly, whose nu-

constituent materials of these grains. Furthermore it has begfy s has an average geometric albedo of ord@ @ 0.005
used in the laboratory to study th&exts of ion irradiation on |, .+h qarker spots ranging down te.01. ’

the formation and further evolution of refractory carbonaceous

materials. By means of in situ Raman spectroscopy, it has beenlinterplanetary dust particles (IDPs) are believed to derive
shown that amorphous carbon can be formed at low tempemainly from comets and asteroids (a fraction of them has an
tures after ion irradiation of butane and benzene (Strazzullamerstellar origin), and they are the smallest and most fine-
Baratta 1992). On the basis of these results it has been sgyigrined extraterrestrial objects available for laboratory inves-
gested that an organic crust could already be formed duritigation. Recent studies (e.g., Joswiak et al. 2000; Thomas
ion irradiation at low temperature, i.e. while comets stay in thed al. 1993) have underlined that morphological and mineralog-
Oort cloud T ~ 10-20 K), without requiring a first passage byical differences exist between asteroidal and cometary IDPs.
the Sun and its consequent heating. Once a comet is formddyphologically, asteroidal IDPs tend toward smoother, com-
the inner layers are somehow shielded, and are altered quegt forms while cometary IDPs exhibit ffy, porous, aggre-

by the most energetic but less abundant ions. The frozen gegate textures. Mineralogically, asteroidal IDPs are often com-
in these regions can sublimate when the comet approachespbged of phyllosilicate minerals with only minor amounts of
anhydrous phases present, while cometary IDPs are domi-
Send gfprint requests toM. E. Palumbo, nated by anhydrous phases and may contain significant car-
e-mail:mepalumbo@ct.astro.it bon and GEMS. The average density obtained for asteroidal
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IDPs is 2.5 gcm® whereas cometary IDP densities avethe Raman spectra of the films are presented in Sect. 4. The
age 1.1 g cm®. However, it can be dlicult to unambiguously astrophysical implications are discussed in Sect. 5.

classify an individual IDP as either asteroidal or cometary

since characteristics of each group can be found within the .

other. The presence of carbon in IDPs was first detected HyEXPerimental set-up

Fraundorf et al. (1982) and confirmed by subsequent Ramfe in situ analyses have been performed in a stainless
studies (McKeegan et al. 1984; Fahey et al. 1985; Macklin et gfee| vacuum chamber facing a Raman spectrometer. Figure 1
1987; Wopenka 1988; Raynal et al. 2001). The amount of c@knematically shows the arrangement used for in situ Raman
bon can be greatly variable (Thomas et al. 1995); anywaygj ectroscopy. A continuous Ar-ion laser beam=( 514 nm)

has been found that the C-rich material is amorphous or poogiters a confocal illuminator perpendicular to its optical axis,
crystalline and could present vescicular textures (Keller et glio which it is deflected by a microprism. The confocal optical
1994; Thomas et al. 1993). The IDPs’ amorphous carbon (Ag)stem is arranged in such a way that any parallel beam inci-
could be the result of ion irradiation processes of volatile mgant along the optical axis in the opposite direction of the laser
terials (frozen hydrocarbons in the parent bodies) and thus i{d$ocused onto the entrance slit of the spectrometer. By means
interesting to compare the profile of the AC band in such IDR$ two flat mirrors, the laser beam is reflected towards the vac-
with that of ion-irradiated laboratory samples. uum chamber and focused by an objective into a:#Dspot

In this paper we present Raman spectra of three icy samp¥8sthe sample. The back-scattered Raman light is collimated
(pure CH, and the mixtures bD:CH;:N, and CHOH:N,) ir- by the same objective into a parallel beam that, according to
radiated with He (30 keV), Ar* (30 keV) or Ar+ (60 keV) the setup geometry, goes back along the same path of the lasel
ions at low temperature (12 K) and then gradually warmd¥am and reaches the confocal illuminator where it is focused
up. Previous experiments performed on pure frozen hydroc@fito the entrance slit of the spectrometer.
bons, such as benzene and butane (Strazzulla & Baratta 1992)nside the vacuum chamber, in which the pressure is kept
have shown that ion irradiation at low doses makes the sa@/ow 107 mbar, a substrate (crystalline silicon) is placed in
ples fluorescent and, at higher doses, a broad band apptggnal contact with a cold finger whose temperature can be
around 1560 crrt, which is attributed to amorphous carbonvaried between 10 K and 300 K. The vacuum chamber is inter-
A detailed analysis of this feature makes it possible to ifaced with an ionimplanter (30 kV; Danfysik) from which ions
fer information on the structural properties of a given sarMith energy up to 30 keV (60 keV for double ionizations) can
ple. The new experiments here discussed show that ion ifg-obtained. The ion beam producese2Zn? spot on the tar-
diation can drive the formation of amorphous carbon also @¢tand currents in the range of 100 nACito a fewuA cm2.

a pure methane ice or in hydrocarbon-bearing mixtures (e.g. A needle valve is used to admit pre-prepared gases (or mix-
H»0:CHs:N,). Amorphous carbon samples formed after ioftres) into the chamber, where they freeze on the substrate. A
irradiation of icy mixtures will be referred to as IPHAC (lonHe-Ne laser can be used to monitor the thickness of the ice film
Produced Hydrogenated Amorphous Carbon). Moreover, \Wuring accretion; this is achieved by looking at the interference
compare the AC band of laboratory samples to that of 11 IDREttern (intensity versus time) given by the laser beam reflected
These IDPs are some out of the 20 that Wopenka (1988) agaan angle of 45both by the vacuum-film and film-substrate
lyzed by means of Raman spectroscopy (in particular we cdfterfaces (see Baratta & Palumbo 1998 for further details on
sidered the ones in whose spectra the AC Raman feature #gstechnique used to measure the thickness).

a higher signal-to-noise ratio). This analysis showed that these The substrate holder is mounted at an angle cf E&th
particles can be divided in sixffiérent groups depending on thevith the ion beam and the laser beam. This configuration of-
profile of the amorphous carbon feature. Particles which exhifgits the advantage that spectra can be easily taken in situ, ever
an amorphous carbon feature that indicates a high degree ofigiing irradiation, without tilting the sample.

der have been assigned to group 1 while those with a decreasinglhe amount of energy released into the sample (dose) is ex-
degree of order have been classified in groups 2 to 5. Partighgssed in units of eV per small molecule (16 amu) and is cal-
which do not show the amorphous carbon feature have beencaated from the knowledge of the ion fluenEgions cnr?),
signed to group 6. Among laboratory samples we have congide stopping powes (eV cn? molecule?) for the chosen
ered icy mixtures after ion irradiation (IPHAC) here discussdtfojectile or its penetration depth (range)into the target
and hydrogenated amorphous carbon grains (HAC) produdgiblecules cr?). The first is given by a current integrator
from non-ice experiments (e.g., Mennella et al. 2001, 2002 the path of the ion beam, which measures the charge that
We have found that the characteristics of the AC band observedches the sample during irradiation; the other two parameters
in the spectra of the three icy mixtures discussed in this pare easily calculated by using available routines (e.g. TRIM,
per difer from those exhibited by IDPs, implying that the coretc.). Thus, if the penetration depth is greater than the sample
responding structural properties ardfelient while the amor- thickness, the dose is:

phous carbon band profile of HAC is similar to that of IDPs. d=SxF
=SxF.
In the following section we will briefly describe the exper-

imental set-up, then we will give some general information dhthe range is smaller than the sample thickness, the ions are
the profile of the amorphous carbon band and on what cangiepped in the target and only the molecules within a certain
inferred from it. The results of the experiments performed anigpth in the ice, roughly equal to the range, interact with the
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Fig. 1. Schematic view of the experimental apparatus used for in situ Raman spectroscopy of ion irradiated frozen gases.

ion beam. In this case the average energy absorbed by edwst grains can also be analysed by Raman spectroscopy, in-
molecule is: ferring information on the composition and processingjened
by their parent bodies.

In this paper we will concentrate on what can be deduced
whereE is the project”e energy given ineV. from the study of the 1560 cm AC band. The profile of this

The icy films we report on in the following are all severapand difers from one carbonaceous material to another, re-
um thick, while the penetration depth of the ions used as préecting the great variation in chemical composition and struc-
jectiles ranges between 0.0& and 0.5:m. This implies that ture (“degree of order”), and this makes Raman spectroscopy a
the incoming ions Stop inthe target and On|y the outer |ayers[2ﬁW€fo| technique of classification for samples which exhibit
the ice are processed_ this characteristic feature.

Generally speaking, Raman spectroscopists associate the
crystallite size to the crystal order or “perfection”. In HOPG
(Highly Ordered Pyrolitic Graphite) or natural graphite
with large &1 um) microcrystals a band is present at
Raman spectroscopy gives valuable information on the vib@Pout 1582 cm* (Robertson 1986), which is called the G (or
tional transitions of molecules in the solid, liquid, and ga@raphitic) line. Because of the momentum conservation selec-
phase. In particular it is a powerful tool to investigate the strulion rule, this is the only active first-order strong Raman band
tural properties of a given sample and so it has often beafd it is due to the  mode (Tuinstra & Koenig 1970). The
used to study theftects of ion-induced lattice damage in carspectra of microcrystalline<(l ym) graphite show an addi-
bonaceous solids and organic compounds (Elman et al. 198anal line peaked at 1350 crh called the D (or disorder) line.
Strazzulla & Baratta 1992; Baratta et al. 1996; Musumeci et al. It has been found (Tuinstra & Koenig 1970) that a corre-
2000; Strazzulla et al. 2001 and references therein). Ranmation exists between the intensity rafig/lc and the coher-
spectroscopy makes it possible to perform mineralogical stughce lengthL, of the crystal, which can be taken as an in-
ies (see for example Wang et al. 2000), to identify substandadisator of the degree of ordelp/lg « 1/L; if 2.5 hm <
and chemical compounds, and to deduce structural and syirp-< 1 um. In more disordered carbonky( < 2.5 nm) this
metry properties of molecules. For these abilities Raman anedrrelation is no longer valid; for example, in amorphous car-
ysis may have important applications in planetology, especialigns with a low degree of order an opposite trend is observed.
in the “in situ” angor laboratory studies concerned with thén this case, thdp/lg ratio increases with the cluster size.
evolution of surface rocks and also in the determination 8f indication of the degree of order can be also provided by
past environments, as recorded by meteorites. Interplanetdmy G and D bands width: the broader the bands are, the more

d=r1xFxE,

3. Raman spectroscopy of carbonaceous
materials
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disordered the amorphous carbon is. In fact, sincd=ivM

of both G and D lines depends on the bond angle disorder, a
on the relative amounts of crystallites versus the amorphol
matrix, a broadening of the bands indicates an increase in tl~
bond angle disorder and a decrease in the mean siz/erancg
number of crystallites. Below a certain size of the basic strucz
tural units of the carbonaceous material, the bands become §
wide that they can no longer be recognized as individual peal§
(Wopenka 1988).

Carbonaceous materials withfidirent degree of order dif-
fer in number angbr size of the sp clusters. When the sam-
ple is ion-irradiated, these parameters change. Several lat
ratory experiments performed on carbonaceous materials he
shown that ion irradiation can increase or decrease thelsg-
ter size depending on the starting material. During ion irradia- _
tion two competitive processes are present: graphitization dri@ 2-'R (top curve) and Raman spectra of a pure methane frozen film
amorphization. The first one is related to the energy releasefic'e (curve a) and after (curves b-d) irradiation wittr &0 keV)

. R . nd Ar+ (60 keV) ions. Spectrum a (corresponding to the mixture as
the form of heat ( ”.‘e”“?' Splkes_ ) inside the collision Casc_a@%posited) has been arbitrarily shifted with respect to the other Raman
(sp® to sp conversion with or without hydrogen loss), whil

G'Spectra for clarity. Curves b, ¢ and d represent the spectra, at 100 K,

the second is caused by displacement collisions and depesls increasing irradiation doses (130, 290 and 10001@\amu
on the size of crystallites. Since the relaxation time of the exspectively).

citation generated by an ion is of the order of one picosecond
or less, equilibrium processes (like annealing) are not possible.
The saturation fect is due to the competition between these
two processes (Compagnini et al. 1992), in which saturatio
has been reached when they become equal.

The dfects of releasing energy to a poorly ordered amor~
phous carbon by thermal annealing arfatient. Experiments 3
have been performed on AC samples with a low degree of ord
(Dillon et al. 1984; Vidano & Fishbach 1981; Vidano 1980),
showing that thdp /I ratio increases up to a maximum value
atT = 800-90C°C and then it goes to zero at higher anneal
ing temperature. In summary, energetic processing greatly ¢
fects G and D lines peak positions, widths and relative intens
ties, because these parameters are directly linked to the latti
structure, which changes after ion irradiation @ménnealing.

In order to qualitatively analyse these variations and partict

1500 2000 2500 3000

Wavenumber (cm™)

<
&

>
h=~4

ntens

1
1000

1
1500

1
2000

1
2500

1
3000

500 3500

Wavenumber (cm™)

larly the relative contribution of the D and G lines, we have,
done a Lorentzian line shape fitting analysis for the amorphdﬂgf
carbon band in the Raman spectra of the laboratory sampf%es

.3.IR (top curve) and Raman spectra of the mixtus®HCH,:N,
ore (curve a) and after (curves b and c, corresponding to doses
378 eV16 amu and 825 ei6 amu respectively) irradiation

A similar analysis was performed for the band observed in t

ith He™ (30 keV) ions at low temperature (12 K). In spectra b and ¢
spectra of some IDPs.

the ice features are undetectable because of the intense fluorescenct
background. The arrow in the IR spectrum indicates the position of

4. Results the NN symmetric stretching mode, which cannot be observed.

We present the results obtained for threfadent icy mixtures

containing hydrocarbons: pure GH,0:CH4:N, (1:6:3) and

CH30H:N; (1:2). Each mixture was first deposited at 12 K,

then irradiated (with non-reactive ions such as' ke Art*)

and finally warmed gradually to room temperature. Ramdiims, cannot be easily observed in the Raman spectrum (be-
spectra of the samples were taken fdfefient doses. In Figs. 2, cause of the small cross-section), while the opposite is the case
3 and 7 the corresponding infrared spectra of the mixturesfasthe symmetric modes of mono- and poly-nuclear molecules
deposited (top curves) are also shown for comparison. Sirmech as N and CH, (which are IR-inactive). These consider-

a molecule can have infrared active transitions which are raitons are summarized in Table 1 (where we also provide the
Raman-active (or extremely weak) and vice versa (becawdeserved peak positions of the Raman features in our spectra)
of the diferent selection rules), some features present in thed indicate that the two spectroscopic techniques can be used
IR spectrum are absent from the Raman spectrum. For exas-complementary tools in identifying the solid-phase features
ple, water bands, very intense in the IR spectrum of thin i©f various molecules.
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Table 1.IR and Raman features of the molecules studied here.

Molecule Vibrational mode Position (crh IR Raman
IR Raman

H,O OH sym & asym stretch 3300 3400 active active
H,O OH bend 1660 1640 active active
H,O libration 675 800 active active
CH, C-H stretch (asym) 3010 3011 active active
CH, C-H stretch (sym) 2900 inactive active
CH, C-H deform (sym) 1534 1547 inactive active
CH, C-H deformation 1300 active inactive
CH;0OH O-H stretch 3260 3360 active active
CH;0H C-H stretch (asym) 2961 2950 active active
CH;OH C-H stretch (sym) 2830 2829 active active
CH;OH bend & def 1460 1470 active active
CH;OH bend & def 1126 1107 active active
CH3OH C-O stretch 1034 1021 active active
CH;OH torsion 694 active inactive
N5 N=N strecth 2328 2322 inactive active

* Liquid phase position.

Table 2. List of studied icy mixtures.

Number Sample Ratio Thickness lon & energy Fluence Total dose = Temperature

(um) (ions cnt?)  (eV/16 amu) (K)

1 CH, 3.7 He', 30 keV 1.8< 101 64 12
Het, 30 keV 1.8x 10'° 130 100
Artt, 60 kev  1.1x10% 1000 100

2 H,O:CH;:N,  1:6:3 5 He, 30 keV 3.2 10 825 12
Het, 30 keV 2.0x 10 300

3 CH;OH:N, 1:2 10 He, 30 keV 1.2¢10% 164 12
CH;OH:N, 1:2 10 Ar*, 60 keV 1.8x10° 654 12

Ar*, 30 keV 7.1x 10 1900 12

4.1. Irradiation effects 4.2. Pure methane ice

It is well known that when fast ions impinge on an icy samplé&igure 2 shows the evolution of the Raman spectrum of a
many molecular bonds are broken, and fragments are fornpde methane frozen film after irradiation with 30 keV*He
along the ion track which recombine giving rise to moleculand 60 keV At* ions. The curve labelled with the lettarep-
species not present in the original sample. Beyond the chemesents the spectrum of the sample as deposited at 12 K, in
ical modifications, ion irradiation drives a gradual alteratiowhich the features due to silicon (substrate) phonon vibra-
of the sample structure, causing a rearrangement of the atdimss (~525 cnt! and ~990 cnt?! for the first and the sec-

in their lattice sites and a thorough modification of the opticahd order, respectively) are clearly distinguishable. In addition,
properties of the ice. As we will show, Raman spectroscopyig see the C-H asymmetric and symmetric stretching modes
a powerful tool for monitoring structural changes. In the nexind the C-H symmetric deformation mode of Cidolecules,
sections we will illustrate theffects of ion irradiation on the that peak around 3010, 2900 chand 1550 cm' respec-
Raman spectra of the mixtures reported in Table 2. When diftely. After irradiation at 12 K with 30 keV Heions (up to
ferent ions have been used to irradiate the same sample,axdose of 64 eX16 amu), the sample was warmed up to 100 K
report in the table the maximum fluence of each ion and t{&pectrum not shown), a temperature at which underlying
total dose sfiered after each irradiation step. unirradiated Clj had already sublimated, and then further
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irradiated with dfferent ions (30 keV Hg 60 keV Ar*) up S
to 1000 eY16 amu. From infrared spectroscopy (e.g., Kaiser Ly + 378 evitG amu FWHM, 176 cm”
Roessler 1998; Baratta et al. 2002; Moore & Hudson 2003) \ Gl e
know that ion irradiation of pure methane produces other h =081
drocarbons (such as ethangHg, and propane, §Hsg), which

sublimate during warm up at about-680 K, and a refrac- 5 +503 evits amu v,=1537 cm*
tory residue stable at room temperature (e.g., Strazzulla etg Mo varg“gg“‘fmj
1983; Strazzulla & Johnson 1991). The formation of an orgar VSVQHMD;; o
residue is a general ion irradiatioffect and occurs for fer- 02

ent icy mixtures, as has been discussed elsewhere (Moore €

1983; Foti et al. 1984; Strazzulla & Johnson 1991). The n

ture of the residue formed and its thermal stability depend i A FW;“;"’QM
several parameters such as the initial composition of the ice ¢ ‘ ‘ ‘ ‘ ‘ ‘ ‘ I/1,=0.78

the irradiation dose. The “organic residue” obtained by ionirr:

diation of frozen icy mixtures containing C, H, N, and O bear-

ing species is mainly constituted by=C, C=0, C=N, C-H Fig.4. G and D Raman bands of the mixture®CH,:N, after ir-

(Strazzulla et al. 2001). spectra are displayed in order of increasing irradiation dose. For each

spectrum the Lorentzian fit, with the two components, is shown. The

In Fig. 2 the curves labelled with, c andd show the spec- . " . _
f th idue for i ing irradiation d 100 corresponding parameters (peak position, full width at half maximum
tra of the residue for increasing irradiation doses at *WHM) and the intensity ratio of the G and D lines) are listed on the

130, 290 and 1000 €¥6 amu. In these spectra the silicomight side of the figure.

features are no longer detectable, implying that the icy film

optical properties have been modified (darkening) so that the

laser beam is absorbed in the sample and can no longer rer%%%e) and methane features are present, while the Raman fea:

the substrate. Furthermore, after irradiation, an intense ﬂl{afes of water ice are undetectable

rescence continuum appears, typical of disordered polymer- L .
Pp yp poly The amorphous carbon band is distinguishable at doses

like carbons containing a relatively large quantity of hydrogen . . :
and due to radiative recombination of electron-hole pairs pr%f-37% e,,WG amu (the corr(_aspond_lng spe_ctrum_ls Iabelled_wnh
tter “b” in the figure) and its profile and intensity vary as irra-

duced by laser irradiation. With increasing irradiation fluence, th ¢ labelled with the letter “c” ref
the fluorescence signal becomes weaker and weaker, du '?(Sr'lon goes on (the spectrum labelled wi ©letier ¢ reters

the gradual loss of hydrogen. When higher doses are reacﬁgc}, e sample after a dc_)sg of 825/8% amu). Figure 4 Hllus-

a broad band appears near 1560 &mwhich is attributed to trates the result of the fitting procedure with Lorentzian com-
C=C stretching vibration of amorphous carbon. Theeats ponents; the corresponding fitting parameters are shown on the
were already known for other simple frozen hydrocarbons, b(ﬂﬂht hand side ‘?f the f!gure. . . .
aromatic such as benzeneskG) and aliphatic such as butane We can see, in particular, that the G-line peak position shifts

(C4H10; Strazzulla & Baratta 1992). In summary ion irradiatio® higher frequencies with increasing dose. These results are
of frozen methane induces the followinfjets: consistent with an increasing size or number of the largest

sp? clusters (with respect to the $plusters) induced by ion
— at low fluences, the sample shows an intense fluorescefitadiation (Baratta et al. 1996).
signal due to the formation of a damaged molecular solid; After irradiation at low temperature of the mixture
— as irradiation goes on, hydrogen is lost and the fluorescertg):CHs:N», the icy sample was warmed up to room tem-
signal intensity decreases; the Raman feature of amorphpesature and left under vacuum overnight and then the spec-
carbon appears and gets more and more intense. trum was taken (Fig. 5, top curve). Since the penetration depth
of the impinging ions was smaller than the sample thickness,
All these dfects occur at low temperature and cannot be ijust a thin layer of the target was altered by irradiation and
vestigated using infrared spectroscopy, which testifies to the converted into a refractory material. No features due to
chemical evolution of the sample, but gives little informatiothe ice constituents are obviously present in the spectrum at
on its structure. room temperature, because the underlying ice has sublimated
A fit of the profile of the amorphous carbon feature aftgrassing through the porous structure of the residue. Only the
the highest dose of irradiation with two Lorentzian componen®-C 1560 cm® band is observed superimposed on the fluo-
givesvg = 1517 cntt, FWHMg = 146 cnT?, vp = 1265 cnt?,  rescence continuum background.
FWHMp = 314 cnt?, andlp/Ig = 0.232. The organic residue has been further irradiated at room
temperature with He(30 keV) ions. As we can see from Fig. 5,
during irradiation the fluorescence background intensity de-
creases, as occurs at low temperature.
Figure 3 shows the spectra of an icy mixture;@HCH,4:N» If we look at the fitting parameters reported in Fig. 6, we
(1:6:3)) before and after irradiation with 30 keV Héons note that thelp/Ig ratio decreases (from 0.74 to 0.57) dur-
at 12 K. Nitrogen £2350 cnt?, for the symmetric stretching ing irradiation. Moreover, th&WHM of both G and D lines

Intensit

v,=1548 cm™
FWHM_=153 cm™

Raman shift (cm")

4.3. The mixture H>O:CH4:N>»
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Fig.5. Raman spectra, at room temperature, of the residue obtaingg 7. |R (top curve) and Raman spectra of the mixture;OH:N,

after ion irradiation of the mixture }0:CH,:N; at 12 K before (top pefore (curve a) and after (curve b) irradiation with*H80 keV)
curve) and after (bottom curve) irradiation with 30 keV*Hens. jons. The fluorescence continuum increases after ion irradiation, but
Itis evident that the fluorescence background greatly decreases afihand appear which can be attributed to the amorphous carbon. The
irradiation. apparent jumps from a spectral region to another indicate laser in-
duced alteration of the sample.

v,=1539 cm™

as formed FWHM,=197 om” dose of about 1900 g¥6 amu. On the other hand, we have
Fw:ﬁggmm discussed in the previous sections that the amorphous carbon
1/1.=0.74 band is apparent in the spectra of the two methane contain-

ing samples at a lower dose. These results indicate that the
AC formation dficiency depends on the specific composition
of the ice film and requires an energy release that can vary

Intensity (a. u.)

ve=1529 cm* over a wide range. Further experiments are necessary to see if

FW;“;lzem IPHAC can be &ectively formed irradiating icy mixtures con-

FWHM, =275 o taining methanol as carbon bearing species. In the case of a

1o/1e=057 hydrocarbon, such as methane, benzene, etc., doses of some
‘ ‘ ‘ ‘ ‘ ‘ ‘ 10-10? eV/mol are stfficient to make the 1560 crh band
observable.

Raman shift (cm™)

Fig.6. G and D Raman bands of the residue of the mixture . .
H,O:CH,:N, before (top curve) and after (bottom curve) irradiatior$' Discussion
with He" (30 keV) ions at room temperature. For each spectrum the this paper we have discussed Raman spectra of three ion-
Lorentzian fit, with the_t\_/vo components, is shown._ The correspondlﬂgadiated icy mixtures at low (12 K, 100 K) and at room tem-
parameters (peak position, Full Width at Half MaximuRWHM) and -
the intensity ratio of the G and D lines) are listed on the right hand Sigéeratgre. Ram"_"” spectroscopy is useful to understand the pro-
of the figure. gressive evolu_tlo.n of the sample towards an amorphous ca_rbon.
The characteristic feature of such a disordered structure is the
1560 cn1! band, which forms at low temperature. It was al-
decreases and the G line peak position shifts from 15&%dy kwown that amorphous carbon (IPHAC) can be formed
to 1529 cm™. after ion irradiation of icy samples of pure hydrocarbons such
as GHjp and GHe (both aliphatic and aromatic). The new ex-
periments here discussed show that the formation of IPHAC oc-
curs not only for pure hydrocarbons (G}lbut also in the case
Finally we describe the spectral modifications induced by iaf a mixture containing them. This supports the idea that the
irradiation on a frozen film made up of methanol and nitrgagrocess of IPHAC formation is general. Anyway, there seem
gen. The corresponding Raman spectra at 12 K, both beftmebe great dterences in the feciency of the process itself
(curve a) and after (curve b) ion irradiation, are presented (Bect. 4.4).
Fig. 7. In this case we can see all the original features even after The typical parameters (peak position, width and inten-
irradiation with a total fluence of #0He" ions cnT?, because sity of both G and D lines) of the AC band depend on the
of the low fluorescence background. The corresponding doseasbonaceous material considered. In Figs. 8 and 9 we com-
nearly 160 ey16 amu, and no bands around 1560 ¢@re ob- pare theFWHM of G and D lines, versus the correspond-
served. Other irradiation experiments with a {LHH:N, mix- ing peak position, for dierent carbonaceous material, which
ture have shown that no features appeared around 1560 care:a) IPHAC (samples 1 and 2 of Table 2) both at low and
even after irradiation with Ar" and Art up to a maximum room temperatureh) different kinds of hydrogenated carbon

4.4. The mixture CH3OH:N>
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Table 3. Parameters of Lorentzian fit to the Raman spectra of 11 IDPs. Particle names have been assigned by Wopenka (1988).

Particle G line position G linEWHM D line position D lineFWHM  Ip/lg
(cm™) (cm™) (cm™) (cm™)
Tyson 1594 73 1350 141 1.068
Attila 1594 72 1345 202 0.936
Essex 1591 82 1361 267 0.896
Summersville 1589 100 1393 469 1.392
Elias 1579 101 1347 288 1.326
Lea 1584 159 1379 269 0.978
Mosquito 1562 114.3 1349 476 1.044
Pattonsburg 1577 118 1373 373 1.129
SkyFB 1591 90 1371 159 0.663
Spray 1581 126 1364 338 0.872
Verona 1585 104 1358 284 0.966

Table 4. Parameters of Lorentzian fit to the Raman spectra of amorphous carbon samples from non-ice experiments (Baratta et al. 1
Mennella et al. 2003).

Sample Fluence G line position G lif@WHM D line position D lineFWHM  Ip/lg
(30 keV He cm?) (cm™) (cm™) (cm™) (cm™)

ACAR 1589 86 1372 355 1.037
ACAR_H 1585 102 1360 284 0.953
ACAR_H 1585 114 1363 307 1.032
ACAR_H 9.5x 10'° 1553 159 1356 463 0.679
ACH2 6.0x 10% 1551 147 1356 388 0.667
ACH2 11x 10 1557 162 1363 408 0.716

grains (labelled ACH2, ACAR, and ACARI') produced in (EDX) analyses (e.g., Sandford & Walker 1985). It has been
the laboratory from non-ice experiments acidsome IDPs. found that the particles are heterogeneous, witfetgnt min-

The mentioned laboratory materials (organic residues obtairexdlogical and structural properties. They contain silicates, in
after ion irradiation of frozen gases and mixtures, hydreariable amounts, (whose Raman features have not been ob-
genated carbon grains) have been considered to test if diérved probably due to the presence of carbonaceous material
ferent kinds of AC samples could be similar, at least frotat masks the signal of silicates), and amorphous carbon with
a structural point of view, to the carbon phase of interplandifferent degree of order, as can be seen from Table 3, in which
tary grains. Here we have selected 1ffatient IDPs among we report the fitting parameters derived by the Lorentzian fits
the 20 already studied by Wopenka (1988), choosing thethe IDPs’ AC band. The fitting parameters derived by the
ones whose Raman spectra have a higher signal-to-noise rataventzian fits of the AC band for the samples obtained from
These particles, whose dimensions are between 1 apan50 non-ice experiments are reported in Table 4. In the case of
have been collected by NASA spacecrafts at altitudes BCAR_H samples, two dferent specimens were analysed and,
tween 8 and 20 km and have been studied by means of mias-expected, the fit parameters are very similar.

Raman spectroscopy, infrared transmission spectroscopy, SCantere, we compare the “laboratory” and the “interplanetary”
ning electron microscopy (SEM) and energy-dispersive X-rgijues of these parameters and try to test the hypothesis that
the amorphous carbon phase of IDPs could be similar to ion
' ACH2 was prepared by condensation of carbon vapor producedipdiated ices. In fact, according to some models (Strazzulla &

an arc discharge between two carbon rods in a 10 mbar hydrogen\]%thnson 1991), the surface layers of comets<0.8m) are ex-
mosphere (Mennella et al. 2001). The label ACAR refers to hydrogegg ! !

) : osed to an irradiation dose of up to 600/eMlecule. This en-
free carbon grains produced by laser ablation of carbon electrode - . . . - N
[astic processing drives the formation of a substantial “crust

n
an argon atmosphere. In some cases, these grains were hydroge a} latil ial lef h latil ial f
(ACAR_H) by exposure to hydrogen atoms produced by microwayv@! NON-vO atile material, left over when volatile material from

excited dissociation of molecular hydrogen (further details on tB€ deeper layers sublimes in the passages near the Sun. Pai
preparation of these grains can be found in Mennella et al. 2009f.this crust, in the form of IDPs, could enter the Earth atmo-

Some of these samples have been irradiated with 30 keVietes Sphere and then be analysed by means of laboratory techniques
(Baratta et al. 1996; Mennella et al. 2003). Looking at Fig. 8 and particularly at Fig. 9, that illustrate D
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Fig. 8. D line full width at half maximum EWHM) versus peak po- Fig.10.1p/lg ratio versus G line full width at half maximunF(VHM)
sition. The stars, all in the middle-bottom part of the figure, refder the laboratory samples discussed in this work and 11 IDPs. All the
to IDPs. The label 1 on the squares indicates the mixtu@:8H,:N, Symbols in the graph have the same meaning of the previous figure.
at 12 K at the firstirradiation dose, while 2 and 3 refer to the same sam-

ple atincreasing irradiation dose. The same criterion is adopted for the

corresponding residue, which is represented by the up triangles angfige most ordered IDPs according to the classification made
labelled with 4 and 5 respectively before and after irradiation. Labed§, Wopenka, i.e. those with the narrowest G and D lines (viz.
ach2_|rr a_nd a_ca'rh irr refer to ACH2 and ACARgrains, respectively, Essex, Attila and Tyson), are far from our IPHACs. The IDP
after ion irradiation. which is closer to our irradiated ices is Spray, which has a
T " T " T . T . rather low degree of order. We can conclude that the IDPs here

200 |- A o considered have spectral features which are not reproduced by
N L & i IPHAC samples.
FE The observed results indicate that the AC present in the
e T 3 @g % studied IDPs dfers from that formed by ion irradiation of
% 150 - . % - frozen gases in the cometary crust. Thus, if the cometary crust
£ @ is formed after ion irradiation (Strazzulla & Johnson 1991),
o 2 K 1 these results question the hypothesis that some IDPs could be
2 H % Kt fragments of the cometary crust. Alternatively, we could imag-
Al % %% 1 ine that the crust has aftérent origin or that there is aftiérent
5 HOCHNaLK =41 _mechanlsm Whlch_ leads to the amorphous carbon detected in
o ci, E'3 interplanetary grains. These may be, for example, “older” than
! ; ! ; : ; ! ; the crust, in the sense that they could be the sites for the sur-
1520 1540 1560 1580 1600

. face ice to condense when the comet forms. In this case, the
G line position (cm") crust should have a flierent history and composition from the
Fig. 9. G line full width at half maximum FWHM) versus peak po- AC that is embedded in IDPs, suggesting that the crust is very
sition. All the symbols in the graph have the same meaning as in tgi@ble.
previous figure. Some of the considered IDPs might not have a cometary
origin. Some of them (namely Essex, Attila, Tyson) probably
do have an asteroidal origin, so they could have been processed
and G line widths versus the corresponding peak position, aehigh temperature in the inner Solar System. This hypothe-
can say that most of amorphous carbon samples obtained adtelis confirmed by a terrestrial-like deuterium abundance and
ion irradiation of icy mixtures greatly ffier from IDPs. On the the presence of crystalline olivine. Depending on the IDPs ori-
other hand the profiles of the amorphous carbon band in ACAf (whether asteroidal or cometary), the interaction with the
and ACARH are similar to those of IDPs. The latter have atmosphere is flierent. Dust particles from comets generally
narrower G line, which peaks at higher wavenumbers than theter the Earth’s atmosphere with more initial energy than that
AC produced after ion irradiation of icy mixtures, implying thapossessed by asteroidal dust particles (see for example Jackson
the structure of IDPs is more ordered than that of the IPHA@sZook 1992) and hence cometary particles of the same size
here considered. and density, on the average, should be heated more in their de-
The same dference between laboratory and extraterrestriggleration.
samples is apparentin Fig. 10, where k¢l s ratio versus the This means that IDPs can beffgirently annealed by the
G line width is reported. From the figure it is evident that onlierrestrial atmosphere, which heats them by a considerable
a few data points, relative to unirradiated ACAR samples, aamount T ~ 400-1200C) for a few seconds. This heat pulse
close to some IDPs, namely Pattonsburg, Mosquito and Verowdl alter abundant organic matter in IDPs and, for example, it
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may lead in some cases to vesicle formation, and in very étaundorf, P., Lyons, T., & Schubert, P. 1982, JGR, 87, A409

treme cases to a porous structure, made up of interconned@kson, A. A., & Zook, H. A. 1992, Icarus, 97, 70

bubbles (Brownlee et al. 1997, 2002). Anyway, though it iéenniskens, P., Baratta, G. A., Kouchi, A., et al. 1993, A&A, 273, 583
known that thermal annealing increases the degree of ordegwiak, D.J., Brownlee, D. E., Pepin, R. O., & Schlutter, D. J. 2000,
in amorphous carbon (since it tends to remove heteroatomsi';gr" sli 1zolgoessler K. 1998, ApJ, 503, 950

a_nd structural defects in the amprphous carbon, so that th(?‘ eTIer,’L. P_” & McKay, D’. s, 1994" Met,eoriti;:s, 29, 480

sic structural carbonaceous units re-arrange, raising the

f order” th heric heati | | facklin, J., Brownlee, D., Chang, S., & Bunch, T. 1987, in
gree of order”) the atmospheric heating alone cannot explain ysi-robeam analysis, ed. R. H. Geiss, 211

the diferent spectral characteristic of AC in IDPs. In fact, a§ckeegan, K. D., Sandford, S. A., Walker, R. M., & Zinner, E. 1984,
Wopenka (1988) points out, Attila and Skywalker, which show peteoritics, 19, 269
nuclear tracks that indicate the same atmospheric heating (liennella, V., Munoz Caro, G. M., Ruiterkamp, R., et al. 2001, A&A,
low 600°C), exhibit a diferent AC Raman feature. This could 367, 355
imply differences in chemical composition @mdstructure of Mennella, V., Brucato, J. R., Colangeli, L., & Palumbo, P. 2002, ApJ,
the precursor material. 569, 531

All these considerations indicate that the understanding™¢nnella, V., Baratta, G. A., Esposito, A., Ferini, G., & Pendleton,
the evolution of IDPs needs further experimental work and dif- Y- J- 2003, ApJ, 587, 727 ,
ferent kinds of samples are to be considered. So other expwpgi’ 2/'8'8""' Donn, B., Khanna, R., & AHearn, M. F. 1983, Icarus,
ments, suc_h as those here presented, which provide an exarlg'r%loere: M. H.. & Hudson, R. H. 2003, Icarus, 161, 486
of comparison between the AC Raman feature of IDPs and g

: - usumeci, P., Calcagno, L., Makhtari, A., et al. 2000, NIMPB, 166,
laboratory samples, are needed for further information. 404

Raynal, P. I., Quirico, E., Borg, J., & d’Hendecourt, L. 2001, Lunar
and Planetary Science XXXII, abstract no. 1341
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