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Abstract
Suprathermal chemical reactions of carbon atoms were studied
in solid methane at 77 K. ' ' C recoil atoms were generated by
the
nuclear reaction induced by 20 MeV helium ions. The ränge of the integrated radiation dose (fluence)
of the ^He^'" projectiles was 10"^ < D* < 15 eV per target
molecule. Radiolabeled products were formed as a consequence
of ^'C recoil. Similar unlabeled products were also obtained via
secondary hot '^C atoms generated by knock-on processes of
the helium ions and the ' ' C recoils with CH4 target molecules.
95% of the labeled products could be evaporated out of the
target by gently heating it up to 150°C. The products consisted
of aliphatic Compounds and olefines with up to nine carbon
atoms per molecule. Main products were ethine, ethene, ethane
and propane. Small amounts ( < 1 %) of cyclic Compounds such
as cyclopropane, cyclohexane and benzene were observed likewise. At radiation doses D* > 0.02 eV per target molecule,
radiolysis begins to convert the simpler molecules into longer
saturated chains. C2H2, however, remains a major product at
all doses applied.
The reaction mechanisms include as primary step the well
known Insertion of a C or CH into a C —H bond. The primary
carbons are surrounded by more than five secondary hot carbon
atoms at a distance between 3 and 9 Ä, according to Computer
Simulation of collision cascades (MARLOWE). Due to the overlap of reaction zones of the primary and secondary carbon atoms
their products may combine in a multicenter reaction to yield
complex organic species and cyclic Compounds.

Introduction
Suprathermal chemistry by hot atoms [1], ions, molecules, fragments, and grains with kinetic energies E >
2 eV per atom has recently received renewed attention
with respect to chemical reactions in space [2 — 5]. In
a series of studies on hot C and N projectiles in simple
ices (H2O, N H j ,iHC
CH4, etc.), cf. e.g. [4-16], the system
C/ CH4 (77 K) seemed to be of particular interest. Hot
carbon atoms are abundant and ubiquitous in space,
however, rather in the form of secondary particles
from knock-on or photodissociation processes than
as primary projectiles. Asteroids suflferred in the last
4x10® years an Implantation of > 3 x
ions cm"^
from solar wind, among them approx.
carbon
ions cm~^. Penetrating into the solid the ions are
converted by fast neutralization processes to atoms
* To whom correspondence should be addressed.

which are fmally responsible for the chemical reactions. Even if the surface of the asteroids changes with
time by its mixing with grains from deeper layers or
by sputtering and evaporation processes, still an enormous fluence remains on each spot. Asteroids formed
at large distances where even the initial temperatures
were below 400 K are supposed to be carbonaceous
throughout. If primordial carbonaceous Compounds
such as simple hydrocarbons were present from the
beginning, a high fluence of secondary carbon atoms
could have been generated. This should exceed that of
the primary carbons in solar wind by more than five
Orders of magnitude. Hot carbon reactions in addition
to the accompanying radiolysis processes [17 — 19]
could thus be responsible for the formation of organic
crusts, refractories and polycyclic aromatic hydrocarbons (PAH) on asteroids, comets, and interstellar
grains [5, 20].
Solid CH4 presents itself as the simplest model
substance to study the gradual build-up of complex
organic Compounds. Previous work was concerned
with mechanistic studies of '^C recoil in gaseous and
solid CH4 [21], C2H4 [22,23], CjHe and CsHg [24,25],
cf also reviews [1, 23], The formation of unsaturated
Compounds such as acetylene, ethylene, and their derivatives in high yields was reported. The primary step
was explained as Insertion of C, CH, or CH2 into a
C —H bond followed by e.g. H-elimination.
Interesting results were also published on gas phase
reactions in the system ''C/H2O-CH4 which showed
a preference for formation of either [' 'C]-CO or [' 'C]C2H2 and [' iC]-C2H4 [10], cf. also [9,26,27]. Recently
a systematic study has been started on the chemical
consequences of the nuclear reaction
in solid CH4 at 77 K, and a preliminary report was published [16]. The present work deals with
the reaction mechanisms leading to the organic molecules containing more than four carbon atoms. Radiation dose effects were studied over more than four
Orders of magnitude in order to establish a clear discrimination between suprathermal and radiolytic reactions. The results are compared with previous studies
on '^N recoil in solid methane [4, 13]. Of particular
interest are the first steps of the mechanism leading to
the complexation of solid organic matter which has
been predicted recently for the formation of amorphous hydrogenated carbon thin films (a-C :H) by plasma
discharge of organic gases and that of PAH's in space
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out of primitive organic Compounds subject to intensive particle irradiation by cosmic rays, solar wind and
flares, and T-Tauri winds [28, 29].
Experimental
The CH4 was of 99.9995% purity (Messer-Griesheim) and was
applied without further purification. Gaschromatographic tests
showed n o measurable organic impurities within the applied
sensitivity of the F I D detector (see below). The producer listed
the following impurities: 0.1 ppm O2, 0.1 p p m H2O, 0.1 p p m
C O + C O 2 , 2 ppm N2, and 0.1 ppm hydrocarbons, in particular
butane.
The target assembly used for the irradiations is shown in
Fig. 1 in an explosion drawing (upper part) and in the mounted
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Fig. 1. Explosion drawing of the target for irradiation of soUd
CH4 (upper part) and fully mounted target (lower part).

Version (lower part) [9, 10, 13]. The central part consisted of a
flat cylinder out of stainless steel V4A into which the proper
target Chamber was cut: a round hole of 15 mm diameter and
1 mm depth. It was provided with two stainless steel capillaries
of 0.25 mm inner diameter leading from the backside to the
target Chamber. They served for the in- and outlet of samples
and could be closed by two Omnifit valves. A teflon or copper
spacer kept the 1 mm distance to the 25 um thick Ti-foil which
closed the front of the target Chamber The whole array was
mounted by metal tightenings onto a CF-flange.
This target was inserted into the cryostat system shown in
Fig. 2, which could be connected to the cyclotron beam line. It
consisted of an insulated bath which was filled by liquid nitrogen.
The target was pressed against a flange giving access to the beam
line by means of a bayonet closing. Thus, the Uquid nitrogen
bath was separated from the rest of the apparatus. This array
guaranteed a very effective cooling by direct contact of the target
walls to the cooling hquid. The target could easily be taken
out after irradiation by loosening the bayonet closing. In the
antechamber, i.e. in front of the target, a dummy with the same
dimensions as the active target area was positioned. It could be
moved into the beam and served as a Faraday cup to monitor
the beam intensity. Thus, it protected the sample from an unnecessary preirradiation during the beam adjustment. Düring
the final irradiation, the dummy was kept in a lower position.
In front of the dummy was a 450 um thick AI degrader Dummy
and the degrader were cooled by a water flow system.
Before filling, the target was heated for 0.5 h at 250"C in a
vacuum oven, than flushed withHC
CH 4. In general, the targets
received new Ti-foils for each run and were tested for tightness
under vacuum and after addition of 4 bar CH 4. The targets were
then washed thoroughly by methanol (spectroscopic quality) to
remove traces of nonvolatile hydrocarbons and dried in vacuum.
After mounting to the cryostat, the target was flushed again for
1 min by CH4 with a flow of 200 ml min " ' . LN was filled into
the bath tili the target was half covered by the liquid. The inlet
of the capillaries had to be positioned at the upper part of
the target. With continuous slow filling, the methane began to
liquefy, which was noticed by liquid drops ejected through the
outgoing capillary. Then the bath was filled totally and the valves
were closed. The filling procedure was monitored intrndaS
Standard
runs by allowing the CH 4 to evaporate and determining its
volume (100—150 ml). The liquefaction process should not last
too long, in order to prevent condensation and concentration of
nonvolatile hydrocarbon impurities.

liquid N2 bath

Iq.Nz outlet

Fig. 2. Schematic view of the cryostat used for cyclotron activation of solid CH 4.
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Fig. 3. Energy loss of the 36 MeV ^He^"^ beam in Al-degrader,
Ti foil, CH4 target and stainless steel backplate of the target.

The Irradiation was started after 10 min cooling of the whole
system to approx. 77 - 8 0 K. 36 MeV 'He^^ ions were provided
by the compact cyclotron CV 28 of K F A Jülich. The desired
beam intensity was adjusted via the dummy. Fig. 3 shows in a
schematic way the energy loss of the beam in Al-degrader, Tifoil,HC
CH4 target and the remaining energy which is delivered to
the stainless steel target backplate. The dimensions were chosen
in Order to yield Optimum cross section for the
''He)"C
nuclear reaction between 20 MeV and 3.7 MeV, cf. cross section
curves by [30]. The rest of the energy which merely would have
heated up the solid CH4 was trapped by the cooled metal
backplate. Altogether the target functioned as a füll beam stop
to avoid activation of the cooling liquid.
The energy dependent stopping powersTNLEDBA
BE of Al-degrader,
Ti-foil, and CH4 layer were taken from Standard tables [31]. The
energy loss of the projectile A E^ was calculated according to
the formula (1):
(1)

E

where
signifies the area density of the target Clements i, A'g.
their molar fraction. From the number N j of CH4 molecules
within the cavity and the absorbed energy ÄE^, the integral dose
(fluence)tofdTLDA
D* is according to (2):
(eV per target molecule)

D* =
NT

(2 )

where Np signifies the number of projectiles. The dose is mainly
determined by the ^He^^ ions. The effects o f ' ' C recoils,yy- and
^•^-emissions, and the a-particles can be neglected with respect
to bulk radiation damage.
The intensity of the ^He^^ beam was varied from 20 nA,
50 nA, 200 nA to 1 jxA c m ^ s " ' . The beam was wobbled Over
the target area in order to exclude local inhomogeneities. The
lowest Irradiation dose applied was 2s at 20 nA cm"^s ' corresponding to D* = 1.04x10
the highest 10 min at
1 n A c m " ^ s " ' corresponding to D* = 15.6. The CH4 target
seemed to be stable under these conditions. The evaporation
temperature under normal conditions is 109 K, the melting point
is 90 K. The effective cooling (almost 4 n) by the target array
described above and the fact that the sample was closed in a
locked volume, prevented any volatilization process. Check runs
using a mbar-meter (baratron) during Irradiation with a
1 ^A c m ' ^ s " ' beam did not show any pressure increase. When
allowing the target to warm up without opening the valves, the
pressure of CH4 gas exploded the foil immediately. In contrast
to evaporation, some local melting of the target, in particular
near the Ti-foil could not be principally excluded. Optical inspection of partially filied targets after Irradiation did not show
any change in geometry of the CH4 ice. This may exclude macroscopic melting but not Single small hot spots, in particular since
the cooling of the Ti-foil proceeds mainly through the solid CH4.
The temperature rise AT of the sample can be described by
the formula:
dT

=

dß

dL

d/

X A

(3)

where Ö(J) signifies the quantity of heat conducted through the
material, /(s) the time, L(cm) the length, and ^(cm^) the area
of the sample. A(J s ~ ' K ~ ' c m " ' ) is the thermal conductivity
coefficient.

Fig. 4. Gas system for separating the recoil products from the
excess of CH4 from the target.

A maximum current of 1 nA c m " ^ s ~ ' 'He^"^ ions applied
in these experiments at an energy of 3.7 MeV delivers 1.85 W to
the inner surface of the stainless steel backplate. For -l(Fe,
77 K) = 0.5, and A = 1.77 a maximum temperature rise of the
backplate of about 0.3 K is expected, which can be neglected in
the following calculation. For the 0.1 cm CH4 layer the values
are Coming as follows: L = 0.05 (taking into account the rather
homogeneous heat deposition into the layer), Qxt~^ = 8.15 W
and A(CH4, 77 K) = 9.1 mW c m " ' K " ' [32, 33]. This should
result in a temperature rise of 25 K. Taking into account that
some of the heat is also transported through the side walls of
the cavity, a somewhat lower temperature increase of about 20 K
may result. On the other hand, some of the heat of the Ti-foil
has to be transported through the CH4. Even when assuming an
ideal thermal transfer coefficient between the CH 4 -stainless steel
Interface an overall temperature of 97 to 100 K has to be considered for the CH4 sample under the 1 nA cm ^ ^ s " ' beam. At
least at longer Irradiation times (t > 0.5 min) when thermal
equilibrium is reached, a partial melting of CH4 cannot be excluded. For ^He^^ beams < 200 nA cm^^s
however, melting
will not take place provided the thermal transfer coefficient does
not fall too much below a = 0.5 J c m " ^ s " ' K " ' .
After Irradiation the target was transported in LN to the
laboratory and connected via one of the capillaries to the gas
system shown in Fig. 4. It consisted of a ca. 20 cm long, Ushaped glass column of 3 mm diameter filied with Tenax
(Chromapack), a porous polymer based upon 2,6-diphenyl-pphenylene oxide of 60 to 80 mesh. This column was inserted into
a dry ice-acetone bath at about 195 K. Under these conditions
it trapped all Compounds with 2 and more carbon atoms. When
taking the target out off its LN bath and heating it gently with
a fan to approx. 150°C, the solid CH4 and most of the volatile
products were fiash evaporated. The gas was sucked through the
Tenax column into a preevacuated bulb. The excess of CH4 (100
to 150 ml) which would prevent an effective gaschromatography
was thus separated from the products of the recoil reaction. The
pressure of the system which is a measure of the complete filling
of the target was monitored by a manometer. Then He gas was
added to the bulb tili a pressure of 1 bar was reached. The total
radioactivity of the " C H 4 gas in the bulb was measured in
some experiments separately and compared to a total activity
Standard.
The Tenax column was then separated from the gas apparatus and mounted onto a six way valve Valco V6U'' in the
satellite oven of a Shimadzu G C 9A gaschromatograph, all
under dry ice-acetone cooling. Fig. 5 shows schematically the
gaschromatograph with two interconnected (in series) 3 m long
Pyrex glass columns of 3 mm inner diameter filied with Porapak
Q and S (50 to 80 mesh), respectively, in the main oven (1), and
the satellite oven (2) with the Tenax column. The chromatography was started by switching the six way valve so that the
carrier gas He 6.0 with a flow of 50 ml m i n " ' could pass the
Tenax column. The dry ice-acetone bath was removed and the
column fiash heated with a fan above room temperature. Subsequently the temperature programs of both ovens were started.
Oven 2 was heated with a rate of 25° m i n " ' to 150°C, oven 1
with a rate of 10° m i n " ' from an initial temperature of 10°C
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Fig. 5. Double oven radiogaschromatography set-up.

(1 min initial time) tili 215°C was reached and kept at that
temperature tili the end of analysis, i.e. approx. 50 to 60 min.
The connections between six way valve, Porapak columns
and the detectors were established by 316 ss steel capillaries. All
capillaries leaving the gaschromatograph to the detectors were
kept at a constant temperature of 150°C via electrical resistance
heating in order to prevent condensation of less volatile products. From the Porapak columns the gas was passed through a
radioactivity well type scintillation Nal(Tl) detector, the inner
walls of which were cooled by a water flow mantle in order to
prevent thermal damage by the hot capillaries. The detection
volume within the 3 x 3"-detector amounted to 3 ml. Then the
gas was led to a flame ionization detector (FID) which allowed
the analysis of nanogram amounts of hydrocarbons. For further
details cf [10]. The peak signals from both detectors were
processed in a Computer. Background subtraction and correction
for radioactive decay {'^C,TT — 20.3 min) were performed automatically. The position of the individual products in the
chromatogram was checked with non radioactive authentical
Standards.
In a series of experiments the targets and the capillaries were
rinsed with methanol and the surfaces of target cavity and Ti
foil wiped with a cleenex paper. A radioactivity balance was
established between the " C fraction which evaporated from the
target at 150°C, the rinsable, non volatile and the non rinsable
fraction. It was checked by y-spectroscopy and half-life determination that the fractions did not contain other radioactivity than

The measurement of the radioactivity balance between
volatile and non volatile fractions showed that most
of the products evaporated from the target. At doses oiID
D* < 1 (eV per target molecule), about 2 to 3% of
the total radioactivity remained in the target when
heated to 150°C under slight vacuum. At the highest
dose D* = 15.6 this fraction amounted to about 6%.
Most of it was rinsable by methanol. At the same dose
up to 1% could be removed by mechanical wiping
only. This may be due to the formation of polymers,
whereas the rinsable fractions may contain less volatile, branched aliphatic Compounds or olefmes
(>€9), and even polycyclic aromatic hydrocarbons
(PAH). The analysis of this fraction by HPLC and GC/
MS will be published separately. The present paper is
restricted to the analysis of the volatiles. The
radiochemical and mass yields refer to this gaseous
fraction as 100%.
Fig. 6 shows typical gaschromatograms obtained
via FID-detector (upper part) and radioactivity detector (lower part) for a ^He^^ Irradiation of solidHC
CH4,
here at a dose oi D* = 0.16. They show a fine Separation of the three C2 Compounds, however, a less effective one for C5 Compounds. The assignment of C7 and
higher Compounds was difficult due to the variety of
possible molecules. Cg were detected but are not
shown on this chromatogram. Beyond Cg the mass
and radioactivity peaks could not be sufficiently discriminated from the background which increased
steadily, most probably due to the presence of minor
fractions of products which were difficult to separate.
The increase in noise in the radiochromatogram
stemmed also from the decay correction procedure.
Fig. 7 from [16] reports for the sake of comparison a
gaschromatogram obtained under similar conditions
on a 3 m Porapak Q (50 to 80 mesh) column for a
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Fig. 6. Gaschromatograms of a solid CH4 sample irradiated with 20 MeV 'He^^ ions at D* = 0.16 eV per target molecule. The
upper part shows the peaks measured by the FID-detector, the lower, by the radioactivity detector.
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The chromatography was performed on a 3 m Porapak Q (50 to 80 mesh) column only.

dose D * = 0.8. The lower molecular products were
separated less effectively than in the double column
mode applied in this werk. The resolution of the higher
ones seemed to be better. It can however not be excluded that under some of the peaks assigned to certain
higher molecular species a group of slightly different
products is hidden. The operation of the Tenax column
and the irregularities of the flash heating as well as the
variety of products did not allow a better Separation.
Some interesting features can be drawn from the
curves:
a) ^'C recoil in solid CH4 gives rise to appreciable
yields of higher molecular products up to Cg (and
even C9). The cumulative radiochemical yields of
C7 and Cg products amount each to about 1%.
Cg are formed with yields < 0 . 5 % . C I O could not
sufficiently be detected.
b) The products include small amounts of cyclic Compounds: cyclopropane («0.2%), cyclopentane
( ä O . 1 % ) , cyclohexane and cyclohexene
( » 0 . 5 % )
and benzene ( « 0 . 2 % ) . All yields are radiochemical
yields for doses below ö * = 1.
c) All radioactivity peaks are paralleled by mass
peaks (FID) in a similar ratio of relative yields.

Figs. 8 and 9 show the radiochemical yields of
some of the more prominent products (yields > 1 %)
as a function of dose (fluence) between 10"^ < D *
< 15.6. The four different beam intensities (fluxes)
applied are indicated. It can be seen that the values
are fitted reasonably by a smooth curve. Thus, a
special plot of the yield dependence on the irradiation
time for a specific beam intensity could not yield more
Information than the integral curves. All values are
averaged from at least two independent measurements. When error bars are not plotted, the deviation
is smaller than the size of the data points. The large
error for the 'CJ-C2H2 yield at the highest dose may
be due to partial melting of the solid CH4 by a beam
of 1 |iA
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Fig. 8. Radiochemical yields of ^'C products from the nuclear
reaction
''He)"C in solid methane at 77 K as a function of radiation dose (fluence), part I.

'C]-C2H2 and [' 'q-CaHg are the main products,
followed by [ " q - C z H g , -C2H4, -C4H10, etc. After a
somewhat linear beginning most of the curves Start to
move at an approx. dose of D * = 0.02. The lower
molecular products decrease slightly with dose, the
higher molecular species increase. [''C]-CH4 is not
included in these figures. Its yield is rather low, in the
Order of 2 to 3% and does not change significantly
with the dose.
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Figs. 10 and 11 exhibit the corresponding plots of
the product distribution determined via the '^C mass
peaks. These curves seem to be less informative than
those for '^C, since a cahbration of the detector sensitivity was not possible for all peaks. Test runs with the
most prominent products showed however that the
deviations were in the order of ±30%. The curves
contain also the products from macroscopic radiolysis
of CH4, i.e. in particular C2H6 and CjHg, and small
amounts of impurities from the CH4 (e.g. C2H6 and
C4H10). But in general similar trends are observed in
the case of dose dependence as observed for the ^'C
peaks, with the exception that some of the absolute
yields are not congruent (C2H6-C3H8-C2H2).
Fig. 12 gives the cumulative ^^C-radiochemical
yields of C2,IC
C3, etc. molecules as a function of the
number of carbon atoms per molecule for three different doses. It can be seen that the maximum of the
distribution curve shifts from 2 to 3 and that the yield
of higher molecular species increases with the dose.
Fig. 13 shows the mean number of carbon atoms per
molecule averaged over all products as a function of
dose. It increases from 2.75 to 3.5 when going from
D* = 10"^ to 15.6. Fig. 14 exhibits another mean
value, the H/C ratio averaged over all products as a
function of dose. The H/C ratio slightly beyond 2 does
not change significantly with the dose.
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Discussion
The lower molecular products
The lower molecular part of the product spectrum is
already well k n o w n f r o m the few experiments on carbon recoil in solid methane [21], the work on other
gaseous, liquid, a n d solid aliphatic Compounds and
olefmes [21 —25], and gaseous mixtures of CH4 with
H 2 O and N H j [10]; for reviews cf. [1, 26]. T h e formation of high yields of unsaturated Compounds such as
acetylene, ethane, propene, allene, etc. is characteristic
for carbon recoil chemistry in all simple aliphates and
olefines. The mechanisms f o r their formation were
postulated in the early work, cf. [1, 21—25, 34]. They
are schematically depicted f o r the system C / C H 4 in
Fig. 15. The most important step is Insertion of a
naked carbon a t o m or its secondary species C H and
CH2 into the C —H bond of CH4 to form an excited,
metastable intermediate. This species can stabilize via
elimination of hydrogen to C2H2, via H-shift to C2H4,
via H-pick-up to C2H6, and via radical attack onto
neighboring CH4 or combination with radiolytically

A 5. 3- 10" eV per t or get mol ecul e
o 0.16 eV per t ar get mol ecul e
o 1.6 eV per t ar get mol ecul e

number of c ar b on at oms per

formed C H j radicals to CsHg, C4H,o, and related
molecules. C H species can be formed either via Habstraction from CH4 by the naked hot carbon a t o m
or via fragmentation of [HC tsronihecbaJHC
-CH 3]*. They can insert
into CH 4 or continue to abstract H to form CH2, etc.
The build-up or products with a number of c a r b o n
atoms «c > 4 seems to be difficult to explain via these
mechanisms.
Table 1 gives a comparison of the radiochemical
yields of lower molecular products in some gaseous
and solid systems containing CH 4. It can be seen that
the agreement between the values for gaseous CH4
from [21] with those for CH4 with an addition of
10 m o l e % N H 3 from [10], is very good. The yields for
solid CH4 f r o m [21] agree with those f r o m this work,
except for the fact that the yields of C2H4 and CaHg
seem to be interchanged. The solid State seems to favor
the formation of higher molecular species within the
group discussed and to a certain degree the unsaturated Compounds. The yield of ' ' C H 4 is relatively
low, in particular in the solid State. It, thus, seems
reasonable to assume that the abstraction mechanism
leading to CH2, CH3 and C H 4 does not play the role
in the solid which it may possess in the gaseous State.
Likewise, fragmentation reactions should be less abundant in the solid. As to the obvious discrepancy of the
values for C2H4 and C j H g in the two solid State studies
it can be said that the dose dependence of the yields
in Fig. 8 does not indicate a sudden change when going
to dosesDD* < 10"^. Altogether, the classic hot c a r b o n

mol ecul e

Fig. 12. Cumulative radiochemical yields of "C-products as a
function of a number of carbon atoms per molecule for three
radiation fluences.

t ot al absor bed dose D*, eV per t arget mol ecul e

Fig. 14. H/C ratio averaged over all ' ' C products as a function
of radiation dose (fluence).

C

+ CH4

'"sert ion

[ h C - C H J«

abst ract ion
CH

10"'

10"'

10"'

10°

t ot al absor bed dose D*, eV per t ar qet

10^

10^

mol ecul e

Fig. 13. Average number of carbon atoms per '^C-labelled molecule as a function of radiation dose (fluence).

+

CH«

' "s e r t i o n

[HJC-CHJ*

abst ract ion
CH2 + CH4

'"sert ion

[H 3C-CH 3]*

Fig. 15. Schematic representation of major reaction pathways of
hot carbon atoms in solid methane.
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Table 1. Radiochemical yields of " C labeled products in %

' ' C recoil system

CH4

C2H6

C2H4

C2H2

C3H8

CaHe

Higher

CH 4 (gas) [21] D
D* = 4x10"^^

13.9±2.2

23.9 + 2.0

12.4+1.1

17.7±1.4

11.2±2.3

3.0 ±1.0

17.9

9.0 + 3.1

31.3±3.1

8.1 ±2 . 9

21.5±2.9

11.3±2.7

-

19.1

4.5

11.3

27.2

28.1

4.5

-

24.4

3±2

11.8±0.7

5.2+1.2

28.6±0.5

29.5 ±0 . 5

CH 4 -NH3( 9 :l,gas) [ 10 ]
D* = 7 x 1 0 " ^
CH 4 (solid) [21]
D* = SxlO"'^
CH 4 (solid), this work
D* = 1 x 1 0 " ^

mechanisms describe the formation of the lower molecular products quite well even in the solid State.

C o m p a r i s o n w i t h n i t r o g e n r e c o i l in s o l i d
CH4
^^N recoil has recently been studied in solid CH4 at
77 K by gas- and liquid chromatography [13], The
product spectrum at D* = 0.6 includes: 52% ^^NHs,
25%
CHj'^NHz,
3%
(CH3)2'^NH,
15%
CjHs^^NHj, 4% C H j C ^ N , <0.3% (CH3)3N and
7% of unidentified species. It can be seen that '^N
prefers abstraction reactions more than ^^C. The formation of the other products seems to Start with an
insertion into the C — H bond and formation of [HNCH3]*, followed by radical attack to the surrounding
CH4 molecules and further stabilization steps including elimination of H similar to the reactions postulated
above. It becomes obvious that hot carbon shows a
stronger preference to react with the carbon
component of hydrocarbons and form C — C bonds,
than nitrogen to C — N bonds.

P r o d u c t s of s e c o n d a r y k n o c k - o n c a r b o n
atoms
A new result of this work is the Observation that all
radioactivity peaks are paralleled by FID-mass peaks
even at low doses. An estimation of the number of
carbon atoms in the latter peaks for D* = 0.78 resulted in approx. 3 x 10'"' atoms [16]. It is somewhat difficult to estimate the number of secondary carbon atoms
induced by the 20 MeV ^He^"^ ions, since the high
energy regime of collisions is governed by inelastic
transfers. The elastic transfer (displacement, knockon) plays a minor role only. A calculation of the number of the first set of secondary atoms formed by the
collisions of 3 keV "^He^ ions from solar wind in solid
CH4 by the Computer program MARLOWE [35-37]
yielded the formation of 25 carbon and 13 hydrogen
atoms with kinetic energies beyond 4 eV [5]. Since their
energy distribution ranges from 4 eV to a few 100 eV
with a maximum between 10 and 50 eV [29], they will
produce quite a number of tertiaries, quarternaries,
etc. A rough estimation leads to about 100 to 120 hot
carbon atoms which are called here "secondaries" in

2.7±0.2

19.2

CH^- ice

sputtered
particle

Fig. 16. Schematic representation of primary and secondary hot
reactions after " C recoil in solid methane.

a general sense. Even with a strict assumption that
only l%o of the total 16.3 MeV of the ^He^"" beam
deposited in the present experiments is transferred via
elastic collisions, the number of secondary carbons
can be estimated to be in the order of 10^ per impinging
ion. For the above mentioned fluence the number of
^He^"^ ions penetrating the CH4 sample is calculated
to 9.4 X 10^^ cm~^. They should give rise to approx.
10^'' carbon secondaries. This is of the same order as
the number of carbon atoms in the products. The
number of secondaries formed by the total of approx.
2.5x10^^ primary ^^C atoms may amount to some
10'® secondaries and does not significantly add to the
total number of hot carbons. Those secondaries from
the collision cascade play, however, a significant role
in the formation of higher molecular products, as will
be discussed below. Thus, the peaks observed by the
FID-detector contain the products from the secondary
carbon atoms. The Situation is schematically shown in
Fig. 16 representing primary and secondary species.
The partial incongruence of absolute yields between
Fig. 8 and 10 may be due to the fact, a) that a small
fraction of radiolysis products are under the FID
peaks, and b) that the peaks in Fig. 10 are not well
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Fig. 17. Schematic representation of the position of end points
of secondary hot carbon atoms in solid methane with respect
to the primary carbon. Average from MARLOWE Computer
Simulation of 10^ eV " C recoils; projection onto the 001-plane
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Besides the horizontal beginning of the yield curves
in Figs. 8 — 11 at lower doses, it is the dose behaviour
of the number of carbon atoms «c in Figs- 12 and 13
and the constancy of the H/C ratio in Fig. 14 which
supports the conclusion that there are some radiolysis
effects leading to higher molecular products, but that
they do not change the product spectrum from
suprathermal reactions significantly. The hot products
still govern the overall product distribution in the
higher dose regime. On the other hand this signifies
that the appreciable yields of products with Hq > 5
observed in the experiments even for low doses are
rather due to suprathermal processes than by
radiolytic ones. It should be mentioned that each of
the Single yield curves in Figs. 8 and 9 constitutes an
individual stability curve of this product versus the
dose, i.e. versus the attack of H and CH3 radicals,
since there is no overlap of the collision cascades and
no interaction between two ^ ^C atoms or the secondaries in the cascades.

ofCH4.

The h i g h e r m o l e c u l a r p r o d u c t s
calibrated with respect to each other. It may however
also reflect the fact that the primary ' ' C atoms can
easily react in excited states Ci^Di) 1.26 eV or C('5o)
2.68 eV due to their generation by the nuclear process
and the many high energy, inelastic collisions they
undergo along their thermalization starting with
£• ä; 3 MeV, while the secondary carbons created with
kinetic energies £ ^ 50 eV may be rather in the ground
State C(^Po)- Their insertion reactions would lead to
less excited intermediates and to a lower degree of Helimination reactions, thus, explaining the relatively
low inactive C2H2 yields observed via the FID peaks.

The dose d e p e n d e n c e
Another aspect of this work is the study of the dose
behaviour over almost five Orders of magnitude. From
the horizontal beginning of the curves in Figs. 8 - 1 1
it is concluded, as done in many cases before [4, 5, 8 —
10, 26, 27], that here suprathermal reactions prevail
undisturbed by accompanying radiolytic ones. At a
dose D* X 0.02 the curves Start to change their direction, thus, indicating the onset of interfering radiolytic
reactions. It is however not quite clear, that at lower
doses radiolytic effects do not play a role. The discrepancies between the first preliminary studies of solid
CH4 and this work mentioned above do not permit a
too clearcut decision. The lowest dose studied here
{D* = 10"') corresponds to about 5 x 1 0 ' Gy, the
onset of radiolysis {D* « 0.02) to about 10^ Gy.
Gaseous and liquid systems are much more sensible
to smaller doses than frozen, solid ones [37]. The onset
of radiolysis effects for the system C/H20-ice (77 K)
is at /)* > 1, that for the system C / N H j (77 K) even
a t D » > 10[4, 5].

The novel fmding of this work is the formation of
products containing up to 9 carbon atoms including
cyclic and aromatic structures and the relatively high
yields (a few %) of non volatile products with «c > 10.
Previous Computer Simulation of collision cascades
of carbon atoms in CH4, a-C: H, and carbonaceous
matter resulted in a rather dense concentration of secondary atoms along the spur of the primary [5,28, 29].
Fig. 17 reports in a schematic view the end-positions of
secondary carbon atoms around the final site of a 10'
eV carbon projectile into solid CH4 (projection onto
the 001 plane). It can be seen that up to eight secondaries are located near the primary. This number will
increase somewhat for higher energetic projectiles such
as in the nuclear recoil case, since some secondaries
tend to travel into the same direction as the primary.
A preliminary calculation of the distance distribution
between stopped primary and secondary carbons for
10^ eV recoils resulted in most probable distances between 3 and 9 Ä. Each of the secondaries will act as a
centre for insertion, abstraction, etc. according to the
above described mechanisms. There is a good chance
for interaction between these individual Single centers
via radical combination and transfer of excitation energy to a larger group of target molecules in a kind of
multicenter reaction, cf. [39]. This approach can explain the formation of high molecular products within
the collision cascade of one single hot carbon. It seems
fair to note that first principles of this mechanism have
been discussed in hot atom and radiation chemistry
under the headings: cage reaction, nest of radicals,
Spike reactions, etc.: see e.g. [1]. The role of carbonium
ions such as CH^ and CH 5 in the radiolysis of gaseous
CH4 has been reviewed in [40]. Recent publications
on the radiolysis by 6.5 MeV protons report the formation of small amounts of aliphatic Compounds up
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distance of secondaries to primary, K
Fig. 18. Distribution of distances (A) between thermalized primary carbon atom and secondaries in cascades of 100 eV " C in solid
methane. MARLOWE Computer Simulation of collision cascades.

of pure radiolysis of solid CH4 is undertaken at the
moment by the Jülich group, in order to better discriminate the effect of carbonium ion chain reactions
from that of hot atoms and their multicenter interactions leading to non linear products.
Last but not the least it is important to know that
CH4 at 77 K in stageHC
CH 4 -II with its f.c.c. lattice
{Fm3c) [44] constitutes an ideal matrix for the buildup of larger units. The lattice binding energy is relatively low. Furthermore, the lattice possesses a lot of
open Space e.g. in i ,
i^-position (Fig. 19) and open
Channels e.g. along the X, ^-directions. These open
sites may facilitate the formation of medium sized new
molecular units and the combination to larger ones.
Thus, solid methane and other hydrocarbons may provide interesting reaction systems in connection with
collisional effects by ion Implantation to yield molecules which play a role in prebiotic evolution of organic matter in space.
Fig. 19. Lattice of cubic CH4-II with CH4-tetrahedra on f.c.c.
positions and open space at the J,ytsronmihfedcaXPGFCA
X, J-position, from [44],
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to Cio and ring molecules such as benzene, toluene,
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also involve suprathermal processes of C, CH or CH2.
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