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ABSTRACT. 
Energetic ions or atoms in space may undergo hot chemical reactions 
upon penetration into interplanetary or interstellar dust grains, ice 
layers, cometary matter, and surfaces of planetary moons. The mechanistic 
pathways can be different from those of classical ion molecule inter
actions, photolytical and radiolytical processes. The kinetic energy of 
the hot reactant facilitates endothermic reactions and those with high 
energy of activation, among them atom-molecule interactions. The 
conditions of hot cosmic chemistry are simulated in laboratory expe
riments in order to obtain insight into the nature of chemical products 
and the reaction mechanisms of their formation. This paper reviews the 
methods of ion implantation, nuclear recoil in situ, nuclear recoil 
implantation, secondary knock-on processes and computer simulation of 
collision cascades. Carbon and nitrogen impact in frozen H O , NH_ and 
CH is shown to lead to the formation and radiolytic permutation of a 
series of organic molecules, among them e.g. formaldehyde, methanol, 
methylamine, cyanamide, formamidine and guanidine which may act as 
precursors for biomolecules. 

I. INTRODUCTION 
Reactions in the bulk of interplanetary or interstellar dust grains are 
less frequently treated by cosmic chemistry, compared to the reactions 
in the gas phase. Two prominent examples are the formation of H 
molecules from H atoms on grain surfaces (1) and the photolytic or 
radiolytic reactions in mixed ice layers or frosts (2). A new type of 
cosmic solid state reactions has been discussed recently, the inter
action of accelerated ions or atoms with interstellar grains (3-7). 
Species with kinetic energies ranging from a few eV to some MeV are 
frequently encountered in space, e.g., in the radiation belts of stars 
and planets, in interactions with solar (stellar) winds and cosmic rays, 
and upon collisions of dust or gas clouds. The impact of primary ener
getic particles such as electrons, protons, light and heavy ions may 
create secondary projectiles inside a solid by knock-on processes (8) 
and finally may lead to sputtering (9). Chemical reactions of accelerated 
species are studied for more than 5o years in nuclear chemistry. The 
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domain of hot atom chemistry treats the reactions of particles 
recoiling as a consequence of nuclear processes (lo-14). Hot reactions 
are characterized by the fact that one of the reactants carries an 
appreciable amount of its kinetic energy into the reactive collision. 
This enables endothermic reactions and those with high energies of 
activation, such as atom-molecule interactions. The latter ones are 
only seldomly considered in cosmic chemistry higherto. Especially, 
the reactions of biogenic atoms such as carbon or nitrogen with inter
stellar dust and ice material, comets, planetary surfaces, etc. seems 
to be of interest with respect to the formation of organic material in 
space. Some first studies are concerned with the reactions of hot radio
active C and N with frozen H O , NH and CH at 77 K (6,15-19). 
These nuclear recoil techniques are compared to other solid state 
physical methods such as ion implantation, atomic beams, and computer 
simulation of collision cascades in solids. The different approaches 
are compared with respect to their aptitude to simulate energetic solid 
state processes in space. 

2. CHEMICAL REACTIONS OF IMPLANTED IONS 
The chemical consequences of implantation of biogenic ions into some 
inorganic substances have been studied by means of radioactive and 
stable isotopes. Besides the formation of carbides and nitrides by 
implantation of carbon and nitrogen ions into metals and semicon
ductors, many properly "chemical" systems have been reported, cf. e.g. 
(2o~26). Table I presents a selection of insulator systems ranging from 
alkali halides to targetswith more cosmic relevance such as SiO and 
water ice. In general(simple products are observed, most of them by 
means of optical spectroscopy. The advantage of the in situ analysis 
by optical spectroscopy, which applies to many systems in Table I 
(with exception of the radioactive implants), is however ruled out to a 
certain degree by the radiolytical effects of the high radiation doses 
delivered by the implants. Optical spectroscopy in absorption requires, 
even for molecules with very high (C ) and high (CO ) molar extinction 

coefficients in the range of lo to lo cm mole (23) , the implantation 
of some lo to some lo ions cm-. Table II. reports 
the radiation dose (total fluence) - in eV delivered per target 
molecule in the penetration range of the projectiles - for carbon 
implants in H_0-ice (o = o.87 gem ). It can be seen, that the doses 
are relatively independent of the energy and that they are very high 
in the range of 5o to 5ooo eV per target molecule for lo and lo 
ions cm . The second disadvantage is that also the fluxes (dose rates) 
are equally high. In order to obtain some lo implants cm in a 
reasonable time the beam intensity cannot be much lower than o.l to 

11 * 12 —1 1 \1A (6- lo to 6 lo ions sec ) . Other methods of in situ analysis 
such ESR and C-NMR require high concentration of implants, likewise. 
The only feasible improvement consists in optical spectroscopy via 
laser induced fluorescence of the chemical products. Here some lo 

1S —2 to lo ions cm would be sufficient for an effective measurement. The 
high energy deposition by the laser may, on the other hand, be 
detrimental for metastable radicals and intermediates. In order to 
establish a good comparison of the simulation experiments with real 
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cosmic chemistry, temperatures of the targets should be kept in the 
region between 4 and lo K by the aid of cryostats. Especially for 
water ice, slight changes of temperatures in the 4 to 2o K and the 
77 to 115 K region result in different mobility of radiolytic H' or 
radicals, responsible for reducing or oxidizing the primary products 
of the implantation, cf. (7,18,19). The major disadvantage, however, 
main the too high doses and dose rates, compared to interstellar 
conditions. 

Table I. Chemical products formed by ion implantation into some 

simple solids 

projectile 

3V 

32p+ 

12cW 
12cV3c+ 

v,v 
v,v 12c+ 

12c+ 

12c+,l3c+ 

14c+ 

12c+(13c+ 

12cW 
1V 
11 c + 

energy 

keV 

6o 

6o 

2o-2oo 

2 5o 

15 

15o 

15 

4o 

o.oo7 

-o.48 

4o 

4o 

2 5o 

1o- 2 -1o 3 

target 

NaCl,KCl 

" 

KC1 

AX** 

A 1 2 0 3 

T i 0 2 

M g O , A l 2 0 3 , 

Si0 2 ,CaF 2 

minerals 

temp. 

K 

298 

298 

298 

5 

298 

298 

5 

298 
lunar samples 

S i 0 2 

H20 

H20 

H20 

H20 

C 2 H 4 

298 

113 

77 

77 

6 

77 

products 

s2",s°, 
2- 2-so, ,so, 3 4 

PI,PIII,PV 

CN* 

C 2 ~ 

(c2,c3) 

Al202(OH) 

OH,OD 

no C 2 

simple 
organic 

co2,co 

CO,C02,CH4 

CH3OH,CH20 

HCOOH etc. 

co2 

CN0(?) 

N02,HN02 

twelve 11C 
labelled 
organic 

analysis 

method 

RC 

» 

uv 

VIS,UV 

IR 

IR 

VIS,UV 

MS 

IR 

RC 

IR 

IR 

IR 

RC 

ref. 

2o 

2o 

21 

22,23 

24 

25,26 

22,23 

3,4 

5,27,28 

29, 3o 

31 

31 

19,32 

33 

RC = radiochem. separations, e.g. chromatography; UV, VIS, IR = 
optical spectroscopy in absorption; MS = mass spectroscopy of 
ejected ions 

A = Na, K, Rb, Cs; X = F, CI, Br, I 
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3. CHEMISTRY OF SECONDARY PROJECTILES (UPON KNOCK-ON, SPUTTERING) 
Energetic particles in solids create a number of secondary 
projectiles by knock-on processes. Provided the energy of the latter 
ones is large enough, tertiary projectiles are formed and so on. 
Computer simulation of collision cascades in SiO and H O-ice shows 
that by a lo eV hydrogen primary about 2o and by carbon between 5o 
and loo secondaries are formed with energies between some few eV and 
lo eV (8). These particles can perform hot chemical reactions, which 
might be of special importance for frozen H O-NH -CH etc. mixtures 
and contribute to the radiolytical reactions, cf. (3). This hot 
chemistry underlies the formation and chemical sputtering of molecules 
and molecular ions during the bombardment of ices with fast ions (9). 

TABLE II. Dependance of radiation dose D (total fluence) delivered to 
H O-ice (P=o.87) by carbon implants with various energies. 

-2 x-
energy of mean pene- n(H O)cm D , eV per target molecule 
12 + 15 17 -2 
C , eV tration,nm in the impl. for lo or lo ions cm 

5ooo 

53oo 

55oo 

57oo 

Numerous systems have been studied via mass spectrometry of the 
ejected ions, such as H O , NH , CO , SO , CH , N , H and O and 
mixtures thereof, cf. e.g. (9,34-42). Of interest is the observation of 
formaldehyde D C 0 emerging from an ion bombarded surface of a 
C O -D„160 ice film at 9 K (9). The probable mechanism of formation 

2 2 1 ̂  
may be an insertion of a secondary energetic JC into the O-D-bonds of 
D O. Besides the sputtering of ices there are intersting studies on 
the ejection of volatiles out of carbon films during bombardment with 
hydrogen at energies between loo eV and 3o keV, cf. (43). Synergistic 
effects have been studied in the erosion of graphite and Tie by D+ ions, 
H°/Ar -molecular and ion beams and H°/e -molecular and electron beams 
(44-46) and the emission of CH , CH (CD ) has been observed. Due to the 
sensitive methods of detection, irradiation doses can be kept somewhat 
lower than in the case of analysis of the primary's chemical fate. How
ever, the information on the bulk chemistry is often obscured by 
surface effects and aggregation in the gas phase before detection. 

4. NUCLEAR RECOIL IN SITU AND NUCLEAR RECOIL IMPLANTATION 
Formation of energetic primaries at much lower irradiation doses 
ranging from lo- to some lo eV per target molecule is possible via 
recoil processes after nuclear reactions. Biogenic recoil atoms can be 

lo2 

lo3 

lo4 

lo5 

cf. L8J 

o.7 

6.5 

62 

6oo 

layer 

2-lo15 

1.9-lc16 

1.8-lo17 

1.7-lo18 

5o 

53 

55 

57 
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produced by a multiplicity of reactions ranging from the thermal 
neutron induced 3He(n,p)3H, 14N(n,p)14C, and 35Cl(n,p) S to those by 
cyclotron accelerated particles in the multi MeV range, e.g., 
14N(p,a)11C, 160(p,CC)13N and 14N(d,n)150, cf. (7,lo). The product 
nuclei obtain kinetic energies from several loo eV to some MeV 
depending on the type of nuclear process. They can be projected in situ 
by activating a target component or implanted from the outside from 
another gaseous, liquid or solid source material, e.g. BN fine grains 
for implanting C via the N(p,a) C reaction into admixed LiH grains 
(15,16). That the irradiation doses can be kept much lower than in the 
ion implantation studies, comes from the fact that the projectiles are 
radioactive and can be followed by radiochemical techniques such as 
radiogas -, high performance liquid - and thin layer chromatography. 
Thus lo to lo ° implants can be analyzed for their chemical fate. The 
radiation dose stemms primarily from the activating particles (protons, 
deuterons, neutrons etc.) and not from the collision cascade of the 
primary as in the case of the ion implantation or sputtering studies. 
The disadvantages of the nuclear method are the target evaporation, 
melting or dissolving steps prior to the chromatographic analysis, 
which may change important metastable intermediates in the cold solid 
into different final products. Also, only reactions of single atoms can 
be studied. The small number of recoil atoms is not sufficient to form 

compounds containing two or more of them. Despite these disadvantages, 
the fact that (via the radioactivity) a loo % balance of the products 
of a certain implant is possible and the low dose range render the 
nuclear method as a powerful tool for studies of cosmic solid state 

11 1 ̂  

chemistry. Recent examples are the systems C/H 0 (77 K ) , N/H 0 
(77 K ) , ̂ C/NH (77 K) and 13N/CH (77 K) (7,15-19) which demonstrated 
the formation of products which are important for cosmic chemistry with 
respect to chemical evolution such as NH-,, CH , formaldehyde, cyanamide, 
methylamine, NH OH, CH OH, formamidine and guanidine. These systems 
showed the primary hot reactions at doses < lo eV per target molecule 
and at increasing radiolysis, e.g. in H O ice reduction by H" radicals. 
and at highest doses (>lo eV per target molecule) oxidation by the 
reactive OH' and O H ' radicals. Thus,products are constantly changed 
by radiolysis (7). From the effects of temperature( dose and dose rate 
extrapolation to cosmic conditions seemsto be possible. 

6. CONCLUSION 
The three experimental methods for studying hot reactions in solids of 
astrophysical interest have advantages and disadvantages with respect 
to information on the proper in situ reactions at lowest temperatures. 
Thus, they have to complete each other and proper mechanistic inform
ation should by based on intercomparison of the results obtained by at 
least two of the methods. Computer simulation of collision cascades 
provides the necessary solid state physical background information for 
the chemical studies. 
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