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Abstract. We have the unique ability to perform ultraviolefl998). Also,H,O andCO, are two of the molecules identified
photolysis & 10eV photon™') and ion irradiation (0.8IeV  on the surfaces of Mars (Herr & Pimentel 1969; Larson & Fink
p") in the same experimental set-up, with ices created un@&72) and Triton (Quirico et al. 1999).
identical conditions. We present experiments that show the for- In this paper, we present the first comparison of UV-
mation of carbonic acidH.CO3) from H,O:CO- ice mixtures photolyzed and proton-irradiated ices in the same laboratory.
exposed to either UV photons or high-energy protons. CO amftle formation o, CO3 by proton bombardment &f;0:CO4
CO; were also formed in these experiments. Results show tia mixtures has been shown previously in experiments by
while H,COj5 is readily formed byp* bombardment, its for- Moore & Khanna[(1991), DelloRusso et dl. (1993) and Bru-
mation by UV photolysis is limited by the penetration of U\tato et al.[[1997). However, there is a notable lack£D:CO-
photons into the icell, CO3 production pathways are investi-UV photolysis data in the literature. The solitary experiment is
gated. Intrinsic IR band strengths are determined for eight fRund in a Ph.D. thesis (Zhaa 1990), wherédg©:CO, =10:1
features oftI,CO3. Implications for ices found in various as-ice was photolyzed for six hours. The only analysis presented
trophysical environments are discussed. was focussed on the search for the formation of formaldehyde,
which was not clearly identified in the ice spectra.
Key words: molecular data — molecular processes — methods: Our results represent not only the first comparison of the
laboratory — comets: general — planets and satellites: generaffects of UV photolysis and proton bombardmentiy®:CO4
ISM: molecules ices, but also the first published studyt®fO:CO- photolysis
itself. We show that CO anH,CO3 are the major products of
H>0:CO4 = 1:1 mixtures exposed to either type of processing,
] and we compare the product yields in both cases with respect
1. Introduction to the energy input to the ice. We also present measurements
H,0 andCO, ices coexist in a variety of astrophysical environof carbonic acid's intrinsic IR band strengths, based on the UV
ments. They are two of the most abundant molecules identifidgotedissociation of crystalling, CO; at 18 K.
as constituents of icy grain mantles in the interstellar medium
(Whittet et al 1996). Moreover, recent observations obtained experimental

from the Infrared Space Observatory (ISO) indicate that a sig-

nificant fraction of interstellar soli@O, exists in mixtures dom- 1he experimental system, ice preparation, and proton irradiation
inated byH, O in both quiescent cloud and protostellar region§rocedure have been described in detail by Hudson & Moore
with a ratio of total, O to total polarCO, ranging from 4 to 25 (1995) and Moore & Hudsori (1998). In summary, gases are
(Gerakines et &1.1999). For example, two-thirds of the oy~ Prepared inside a vacuum manifold and vapor-condensed onto
toward the massive protostar NGC 7538 IRS9 exists in a pofa¢old (T = 18 K) aluminum mirror suspended inside a stainless-
ice at an abundance of 12.5 % relative to the tdtgD in this Steelhigh-vacuum chamber. Mixing ratios in the resultantice are
line of sight. The presence 6O, in cometary ices as a paremdetermined from the partial pressures inside the manifold before
molecule is inferred from gas-phase observations of comet&8ndensation. A schematic of the laboratory set-up is shown in
comae. Relative tH,0, CO, has an abundance of 6 % in comekig-[. IR spectra (with a spectral range of 4000-4@0 " and
Hale-Bopp (Crovisier 1998), and an upper limit of 7 % is givef resolution of 4m~") are taken by diverting the beam of an
for Hyakutake (Bockéle-Morvan 1997). IR spectra of the icyF TIR spectrometer (Mattson) toward the ice-covered mirror,
Galilean satellites Europa, Ganymede, and Callisto show bY¢Rere it passes through the ice before and after reflection at the

H,0 andCO:; ice features (Carlson et al. 1999; McCord et alc&-mirror interface. o .
Reagents used and their purities are as folldi (triply

Send offprint requests 1®.A. Gerakines distilled, with a resistance greater thaA” ohm cm), CO,
(Perry.A.Gerakines@gsfc.nasa.gov) (Matheson, 99.995 %), SKPfaltz & Bauer, 99.8 %).
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ggg,ggm Tube therefore the amount &, O was the limiting factor in choosing

appropriate ice thicknesses for the UV experiments.
To process the ice by proton bombardment, the ice sam-
ple is rotated to face a beam of OBV protons generated
by a Van de Graaff accelerator. At this energy, protons can
pass through ices up to 20n thick. To photolyze with UV,
the mirror is rotated to face the UV lamp. Three methods of
photolysis were used: (1) condensation of a single ice layer,
with subsequent photolysis, (2) photolysis of several layers,
Al Mirror each condensed atop the last, and (3) simultaneous conden-
sation and photolysis, where gases are passed through a sec-
ondary deposition tube (shown in Hig. 1) positioned to release
them while the mirror is facing the UV lamp. Gases in ex-
periments using method (3) were condensed at a rate of about
3.3x 104 moleculesm 2 s~ (0.35um hr ™).
Radiation doses in the proton irradiation experiments were
Sjﬁd,mg calculated using the average stopping powers and molecular
System densities for each given ice sample, as described in detail by
Moore & Hudson[(1998). Doses in such experiments are typi-
cally given in units of energy per 18 amu of reactant, butin pho-
tolysis experiments, levels of processing are usually expressed
HO CO, Other in terms of the total UV exposure time. Conversion to energy
, , dose per 18 amu of reactard, is possible when an ice film
Fig. 1. Schematic of the laboratory set-up is condensed to a column density §fand subsequently pho-
tolyzed for a time with a photon flux ofpyy:

Recently, a microwave-discharge hydrogen flow lamp
(Opthos Instruments) that produces primarily Lymaphotons D = 18 Puv t Buy )
(A = 121.6nm, E = 10.2¢V; see, e.g., Warnedk 1962) has m N
been added to the system. With this addition, both UV phOtQ{rhereEhV is the average energy per UV photon ands the
ysis and proton bombardment of ices are now possible, merglerage molecular mass of reactant in amu. It is assumed that
by turning the ice sample to face the appropriate energy sourg ice is optically thin and that the UV penetrates the entire ice
The UV lamp system is similar to that used by others (e.gample. This calculation is not straightforward for ices that are
Allamandola et al. 1988; Gerakines et al. 1996) and is separaé@flultaneously condensed and photolyzed, since the number of
from the vacuum by a UV-transmitting\ (> 104 nm) lithium  reactant molecules is constantly increasing over the course of
fluoride window. We calculated the lamp’s flux at the ice tghe experiment.
be puv = 8.6x 103 photonscm™2s~! (for A < 185nm) by
measuring the @— O3 conversion rate in the photolysis of a
pure G ice at 18 K. This method of UV flux measurement i$. Results
well-documented for gas-phaseg @roduction (e.g., Warneck .
1962). Due to the lack of solid {data, we have assumed gas:-g'l' Comparison of spectra
phase values for both thegQuantum yield (1.92; Groth 1937), We have formed, CO3 by both proton bombardment and UV
and the strength of thetretching mode at 1030n~! (A = photolysis ofH,O:CO, ice mixtures. Fid.R2a shows the mid-
1.4x 10717 cm molecule!; Smith et al[ 1985). Given theselR spectrum of ail,0:CO, = 1 ice at 18 K (with a thickness
assumptions, the flux estimate is accurate to within a factoraff 2.08um) before and after proton irradiation to a dose of
two. 48eV (18 amu)~!, and of the same ice after warming to 250 K
Depending on the experiment, ice thicknesses ranged freonevaporate the volatile components and leave ¢hl¢O5.
0.1 to more than 2m and were typically condensed at rates dfig.[2b contains spectra of &3 O:CO5 = 1 mixture after simul-
about 2.8 to 4.% 10'® moleculesm—2s~! (3 to 5umhr™'). taneously condensing and photolyzing as described in[Sect. 2
Except in special cases, UV experiments were performed fam 3 hr, and after warming the processed ice to 250 K. Low-
samples less than O.n thick to ensure UV penetration intotemperature spectra in Fig. 24ndiz) have been normalized to
the bulk of the ice, since the optical depth for a UV photon ithe height of theé1,0 3250cm ! (3.1.m) feature, and high-
anH-O ice, or the depth to which the UV transmission dropemperature spectradi{) have been normalized to the height
to 37 %, is 0.1%um. This assumeg = 1gem > and a UV of the H,CO3 1508cm ! (6.6m) feature. The four most in-
absorption cross-section 2k 10718 cm? from Okabel(1978). tense absorptions in pui®,CO3 at 250K fall at 2620, 1714,
The UV absorption by’O, is about five to more than ten times1507, and 1298m 1!, and all are presentin the low-temperature
lower than that ot O from 110 to 160 nm (Okalkie 1978), andd,0:CO, irradiated ice spectra shown in Higid)(

UV Lamp

to detector

——— 0.8 MeV
Protons

FTIR Spectrometer

from source

(1)
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Fig. 2a and b.Spectra of aril,0:CO- = 1 ice over the course of two Fig. 3a and b.1800-120@m ! (5.6 to 8.3.m) region of a proton-
experiments with different processing method<roton irradiation irradiated ando UV-photolyzed ices at 18 K with varying initial ice
and b simultaneous condensation and UV photolysis. Spectra wehicknesses.if 0.25um, (i7) 1 um, (i7¢) 2 um. All spectra have been
taken before processing at 18 K {fradiation case only), after pro- normalized to the height of thH,O band at 164@m~! (6.1.m).
cessing{i), and after heating the processed ice to 25@iK (Spectra Below 1200cm !, the spectra (especially itis) are affected by an
in (i) and ¢3) have been normalized to tii& O 3250cm ' (3.1um) artifact created by the incomplete ratioing of a background feature
band, and spectra irif) to theH,CO3 1508cm ™~ (6.6,.m) band

Each 0.26:m layer of anH,O:CO- = 1 mixture was photolyzed

In Fig.[3, we compare proton- and UV-processe®:CO:  for 1 hr. Four layers were used to create the final processed
ice spectra at 18K in the 2000-10@@~" (5-10um) re- jce sample whose spectrum is shown in Eigi§(Second, an
gion for different starting thicknesses. Spectra are normg@e was simultaneously photolyzed and condensed at a rate of
ized to the height of thél,O bending mode at 1646n~' 0.35,mhr ' to a total thickness of 1 um (Fig.@(ii)). The
(6.1um). In the case of proton irradiation (Fig. 3a), the promost intense signatures H, CO; were obtained in the exper-
files in each case are identical, verifying that the net conversigfent involving simultaneous photolysis and condensation.
of H,O + CO2 — H>COj3 does not depend on the starting  Anion formation (eithe€©O,~ or OH™) is thought to be the
thickness of the ice within the range of these experiments (fey to theH,CO; production, and so we performed an exper-
tal dose =48V (18 amu)~"). Protons of this energy (0MeV)  iment that included 1% sulfur hexafluoride (SFan electron
can process the entire bulk of ices with thicknesses up tm20 scavenger which would consume any available electrons and
The size of thél,CO; features relative to those 8, O in our  nhibit the formation of OH andCO,~. The yield of H,CO3
proton-irradiated1> O:CO, ices are independent of the initialdropped significantly when $Fwas added to the ice in the
ice’s thickness (from 0.25 to/2m), but this is not the case for jrradiation experiments. However, when it was added to the
photolyzed ices. H,0:CO, ice ina UV photolysis experiment, tfi& CO; abun-

Inthe UV cases, (Fil3b), total photolysis times were aboghnce did not drop significantly. The reason for this discrepancy
3hr, but the sizes of thél;CO3 bands produced relative tojs unclear, but it is likely that the combination of broHdCO5
the H,O bending mode at 1668n—" are smaller in ices with features and low abundancel®fCO5 produced in the UV case
greater initial thicknesses. This result is not surprising, givgithout any Sk) makes the difference difficult to detect.
the UV optical depth of 0.1pm mentioned above.

Since UV photons process the top layer of an ice and do not L
penetrate it completely, the features of new products in thickF- Measurement d1>CO; intrinsic IR band strengths
ices are observed against the IR spectrum of the unprocesggthave employed a technique to determine the band strengths
ice beneath. Fi§l4)Y shows the spectrum of dil,O:CO ice, of a molecule by photodissociation into a product with known
initially 1 zm in thickness, that was photolyzed for 1 hr. Twatrengths. In this section, we present the results of band strength
different techniques were used to demonstrate that by increggasurements by photodissociation of pHp&O5 into H,O
ing the amount of UV exposure in the bulk of the i¢B,CO3  andCO, as follows:
features can be enhanced. First, experiments were performed
in which photolyzed layers were built up on top of each othdi,CO3 + hv — HyO + COs . (2)
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Wavelength [um] Table 1.Band strengths of anneal&t, CO3 at 18 K
012,,,‘?,,,,?,,,,?,,,,9
[ Position Band Strengt
b [em™1] Vibrational Modé'  [10!7 cm molecule ]
0.1y 2840+2761 O-H stretch 9.8+ 0.4
I 2626 O-H stretch 16.0+0.8
0.08 1719 C=0 stretch 11+1°
° [ 1508 C-OH asym stretch 6.5 0.6
2 » 1307 C-OH i.p. bend 10+ 2
S 0.06 1038 C-OH sym stretch  0.14 4 0.02
5 908 C-OHo.p.bend  5.6+0.8
3 0.04l 813 CQ o.p. bend ?
Tt 690 CQ i.p. bend 1.3+0.2
b # Band assignments from DelloRusso ef al. 1993; “asym” = asymmet-
0.021 ric, “sym” = symmetric, “i.p.” = in-plane, “0.p.” = out-of-plane;
H b derived by scaling the strength of the 1588~ * band (see text);
0 ' ¢ unable to determine
| |

P IR R M .
1800 1600 1400 1200

Wavenumber [cm] Areas of nine IR bands dfi,COj3 are plotted in Fid.5 as

functions of theaCO,+CO column densities during the photoly-
Fig.4. H,0:CO2 = 1 ices after UV photolysis at 18 Ki)(Ice con- ses. Linear least-square fits to each band’s data are also shown,
densedto Lm inthickness before photolysis for 1 hifYfour 0.26um  and the intrinsic IR band strength is given by the slope of the fit
layers, each condensed on the last and photolyzed for &f)rsimul-  (listed in TabléL). Data points in Figl. 5 representing the shorter
taneous UV and condensation#ol um at arate of).35 umhr ™" gyneriment (open circles) have been shifted upwards for fitting
purposes. Inthe longer experiment (solid squares), the trend be-
comes obviously non-linear for most bands after about 40 min of
photolysis (corresponding ¥co, + Nco > 1x 106 cm~2).
Therefore the number afO, molecules produced equals théThis is likely caused by the combination of three effects: the
number ofH,CO3 molecules destroyed. CO must also be takexmorphization oti;CO3 by the photolysis, the growth &f, O
into account once significantamounts are created fro@@g bands underneath those la§ CO3, and the decomposition of
and this occurred in our experiments at energy doses greater th&r into something not taken into account. For this reason, fits
22eV (18 amu) !, were made using only the first 30 min of photolysis data from
Since the intrinsic IR band strengths of CO an@, have the longer experiment in combination with all data from the
already been determined (pure CO: Jiang €tal.1975;@0re  shorter experiment. With the exception of the 848! band
Yamada & Person 1964; water-dominated mixtures with CO anflH,COg3, clear band strength estimates could be made and
COs,: Gerakines et dl. 1995), we can calculate column densiti® listed in Tabl€ll. Band positions listed are those observed
for CO5 and CO at any stage in the photolysis from €@, in the annealed;CO3 at 18 K, and differ slightly from those
band at 2342m~"! (4.27m) and the CO band at 214th—' found in Moore & Khanna(1991) and DelloRusso et[al. {1993)
(4.67um). For these calculations, we have used band strengtbs H,COj3 at 250K, since band positions are temperature-
of A(CO,, 2342cm~!) = 7.6x 107! cmmolecule™! and dependent. The 284in~! band observed ifl,CO3 at 250 K
A(CO, 214m™1) = 1.1x 107" cm molecule™! (Gerakines splits into two bands when cooled to 18 K, and the new pair of
et al.[1995 showed that these values are independent of fegtures are listed in Tadlé 1 and Fif. 5 as “2840+2761".
mixture). For eachl,CO3 IR feature, we may then divide  Although the evolution of the 171@n~! band is extremely
the loss of H,CO3 absorption area by the gain 60, well fit by a straight line in Fid.l5, its rate of decrease due to
and CO column densities, yielding the absorption per umihotodissociation is slower than that of the otHg€CO3 bands
column density, or intrinsic IR band strength (in units ofexcludingthe 818m~! band, which does not seemto decrease
[em~1]/[molecule cm~2] = [cm molecule1]). at all). After the first 30 min of photolysis, its area drops by only
Two experiments were performed, with different initiall1 %; all other bands lose 21 to 35 % of their initial areas during
H,COg3 thicknesses and total photolysis times. In each case, this time. If theH, COj5 is merely breaking down intH,O and
H,CO3 was produced by the irradiation of &, 0:CO2 =1 COs, all of its bands should shrink at the same rate. Therefore,
ice, followed by warming to 250 K and re-cooling to 18 K (spedhe slope of the linear fit to the 17¢fh~! band underestimates
tra not shown). Then the remainifiify CO3 was photolyzed at its true band strength. This is most likely caused by the growth
18 K by the UV lamp to creatél,O and CO- as in Eq.[R). of the underlyingI,O bending mode at 1668n " (6 m) or a
Initial HoO:COs ice thicknesses for the two experiments wergrocess more complex than the simple dissociatioH&£ O3
2.08 and 5.2@um, respectively, and total photolysis times werée.g., changes in intermolecular bonding or the formation of
90 and 180 min, respectively. other products such as,B0). For this reason, we have used
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Fig. 5.Areas (incnm ') of theH, CO3 IR bands (denoted by position in ¢rh) vs. the combined column densities@®, andCO (in 10'¢ cm™2)
during the photolysis of annealé&th CO3 in two experiments (solid squares and open circles). Dotted lines represent the best linear least-square
fits to all data in the shorter experiment plus the first 30 min of data in the longer experiment

the value for the 1508n~! band in any calculations requir-so that a plot ofVp vs.t givesot, as¢uyyv andN§ are known. To
ing the abundance a1, CO3. However, scaling the calculatedfacilitate comparisons between proton irradiation and UV pho-
strength of the 1508n~! band by the ratio of initial 1719 tolysis experiments, we convert UV formation cross-sections
and 150&m ! band areas gives a 17&& ' band strength of to formation yields. Since the yield is the ratio of product
(1.1£1)x 10716 cm molecule ! (almost twice the slope of the molecules to input energy absorbed1(0), we may calculate

fit in Fig.B). This value is listed in Tablg 1, where the error bakyy using

represents the 10 % variation in the ratio of 1719 to 1568*
products cm ™2

band areas over the first 30 min of photolysis. Guyv = 100 x
energy absorbed cm—2
. . . N,
3.3. Calculation of formation and destruction rates =100 —2 | (5)
¢uv t Eny

Production ratesinionirradiation experiments are usuallygiver?] is the el d photolvsis imB. . is th
in terms of the yield(7, the number of molecules produced by aly"e"€t IS the elapsed photolysis timé,,, Is the average energy

absorbed energy of 1@¥. In photolysis experiments, result er UV photon, a_nd itis assumed that al incide_nt photons are
are usually expressed in terms of a formation cross—seczf;on,absorbed by the ice. EQI(5) may be re-written in terms of the

(in cm?). Assuming zeroth-order kinetics formation cross-section by substituting the right-hand side of

Eq.[4) for Np:
N ) q.19) P
—— =0t puv Ny , 3) NO
e . Guy = 100 =% (6)
whereNp is the column density of product molecules formed, hy

puv isthe UV flux, andVy is the initial reactant column density.We will denote yields in proton irradiation experimentsy.

Integrating gives and those in UV photolysis experiments &Y. Results are
Np = (ot duv NP{) t, (4) summarized in Tablel2. Yields 6fO, destruction are denoted
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Table 2. Yields in H,O:CO, = 1 processing experiments at 18 K Phot. Time [min]

50 100 200
T T | T T
Species  Gp+ Guv P @p ¢ j(buv
H2COs3 0.028 + 0.024 0.030 £ 0.016 i .
CcO 0.20 £0.07 0.32£0.15 -«
COq —0.55+0.05 —0.56 + 0.09

=
o

by negative values of in Table[2, and were measured usin
the area of thé3CO, band near 2286m~! (4.39um) and
assuming a ratio of?CO,/*¥C0O, = 87. Destruction rates
for H,CO3 in the H,O:CO, ice mixtures at 18 K were not
measured since a linear production rate, without reaching &n
equilibrium between reactants and product, is seen throughgcth 0.1¢
the course of these experiments. F

Fig[8 contains plots of CO an#l;CO3 column densi- A R B
ties during the processing of dfi,O:CO, = 1 ice at 18K 1 10 100 2 5 10
as functions of energy absorbed per unit area (given in units Energy Absorbed [10*° eV cm]

of 108 eV cm~2). Data points Sh_OW” represent three d|fferFig. 6aand b.Combined results of three proton irradiation experiments
ent experiments for both proton irradiation and UV photolys and three UV photolysis experimerits Column densities of CO
sis. Since the strengths of th&CO3 bands in a mixture of (solid circles) andd,COs (open circles) are plotted vs. total energy
H,0:C0O4:H2CO3 at 18 K are not known, we have calculated absorbed per unit area. Photolysis time is given in the top axis of
strength by scaling the 15@&~! band in purdl,CO3 at 18 K The slope of the trend in each case, given by the solid lines, represents
(measured in Se€f-3.2). The scaling factor was determined fréfié formation yield ¢, or Guv) as calculated from the average over
the ratio of the 1508m ! band area in a purd,CO; sample all data points
at 18K and that of the same band in tHeO:CO5:H>CO5
ice (at 18 K) from which the purél;CO3; sample was pro-
duced (by annealing to remou&,O and CO- as described CO, and assuming all ions formdd, CO3. The growth of the
in Sect[3.P). In a mixture oH,0:CO,:H,CO3 at 18K, this H,COj3 features during formation does not level off, even at the
band falls at 1486m~!, and the strength was calculated thighest energy doses in these experiments #g8 amu) ~1).
be A = 5.9x 10717 cm molecule . All values of Ni,co, in The growth of CO andi,CO5; column densities during
Fig.[d have been calculated with this band strength, where the corresponding photolysis experiments are plotted ifFig. 6b.
1485cm~! band was fit by a gaussian curve with a linear basBhotolysis time is given by the top x-axis. Ices were con-
line from about 1530 to 1156n " (to approximate the wing densed and subsequently photolyzed. Average ratiQ¥-@f
of the 1640:m~! H,O ice band). andNy,co, to the energy absorbed per unit areadyy £, t)
Values of G, given in Table[P and Fi¢l6a were calcugive yields ofGyy (CO) = 0.32 £ 0.15 andGyy (H,CO3) =
lated from the combined data of four proton irradiation €x.030 4 0.016. This calculation assumes all photon energy was
periments. The average ratio of product column density to eabsorbed in the three ice samples studied, whose thicknesses
ergy absorbed per unit area gig& . (CO) = 0.20 £ 0.07 and were 1.04, 1.04 and 2.Q8n. Using Eq.[(B), these values@f;v
Gp+(H2CO3) = 0.028+0.024 (the data in Fid.6 are plotted oncorrespond to formation cross-sectionsogfCO) = (1.1 +
logarithmic scales for comparison purposes). The large unces) x 1071 cm? ando; (HoCO3) = (1.1£0.6)x 10720 cm?,
tainty inG,+ (H2CO3) is due to the fact that there is a high derespectively (usingVu,o + Nco, as the initial reactant abun-
gree of scatter itVy, co, - Data points appear to cluster into twadance and assuming that all energy is absorbed in the top
major groups, positioned in the lower center and upper right @20um of the ice).
gions of Fig[6a. Points in the low-center region represent results It is clear from the values af listed in Tabl¢ P tha€O and
from two ices with thicknesses of about 0,45, whereas the H,CO3 do not account for all of the carbon-bearing molecules
those in the upper-right region represent ices with thicknesseained from the originalCO-. The formyl radical, HCO, was
about 2 and 5.5m. Future laboratory work should investigatédentified in these experiments by its band near 180"
a possible dependence@f,; (H2CO3) on ice thickness. (5.4um). Although highly variable, its formation yield was
This value ofH,COj3 yield (0.028) is about a factor of 10aboutG = 0.001 in all experiments (assuming a band strength
lower than those previously published, where band strengthfs2.1x 10~'7 cm molecule™! from Hudson & Moore 1999).
were estimated assuming a mass density @frh—3 and the The CQ molecule was also formed in these irradiation and
change il CO3 band arearelative to the ice’s thickness duringhotolysis experiments, identified by its absorption feature at
sublimation at 250K (e.g., DelloRusso et/al. 1993). They aP®45cm~! (4.9um; see Jacox & Milligan 1971). However, no
also lower than those obtained by Brucato etlal. (1997), wkarmation rates or yields could be calculated since thg B&nd
derivedH,CO3 band strengths by ion-implantation into purastrength is not known. It is possible that other molecules such

ct Column ensity [10*® cm?]
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as H,CO form during processing, but their absorption bands gohotolyzed ices (E€J8) is not widely discussed. However, Baron
masked by the stronger featurestifO andH,COs5 in the IR et al. (1978) have shown that the photoelectric threshold of
spectra. amorphous water ice at 13K is &V. We therefore consider
We also calculated the photodissociation cross-section aidctron production in our UV-photolyzed ices reasonable. In
destruction yield for crystallinfl, CO3 from the photolysis ex- our experiments, these electrons are trapped byCthe and
periments used to determine its IR band strengths in Sekt. M by forming the bicarbonate ion (which then goes on to form
Since the ice is optically thin, the dissociation follows aH,COg3). The importance of electron transfer in this reaction
a zeroth-order reaction, and the abundance of carbonic asitieme (EqE]9=IL1) was confirmed by the addition gfi&Ehe
should drop linearly with photolysis time, e.g., ice mixture (see Sedi—3.1). The reaction given by[EqG. (12) may
Nﬁ2003 _ NI912003 (1= ooa duv 1), 0 be impeded by the presence of an Bcavenger such as NH

whereN§2003.is the initial abundance dil,COs, andopa is 4.2, Astrophysical significance
the cross-section faf, CO3 photodissociation. Afitin the form o
of Eq. (7) to the first 25 min of photolysis data for the 1508~ These results have significance over a large range of astrophys-
band ofH,CO; yieldsopq = (1.3+0.3)x 1078 cm?. The for- ical environments, from icy grain mantles in the interstellar
mation cross-section 6fO, from crystallinel,CO; in thisex- medium, (thickness 0.01-0.1xm), to ices on the surfaces of
periment was measured to be= (3.16+0.14)x 10720 cm?2, Planetary bodies (4m — several mm) and in cometary nuclei
An experiment was also performed where crystalliigO; (1M —several km). _ _ o
at 18 K was irradiated by 08V protons. In this case, afitto ~ The dominantsource of energetic processing for an icy mix-
data points at low doses (from 0 to 128 (18 amu)~!) gives ture in different astrophysical regimes depends on the nature of
Gy (—HaCO3) = 4.2+ 0.3, andG,, (COp) = 2.4+ 0.2, the radiation environment and the thickness of the ice layer
Since theH,CO5 samples in the photolysis experimentiound there. Interstellar icy grain mantles are subjected to two
were optically thin to UV, not all photons were absorbed, argPurces of processing: UV Lymanphotons and cosmic rays.
we cannot convert cross-sections to yields in these experimeftgold dark clouds, models show thatan ice layer absorbs nearly
with Eq. (8). However, we can work backwards, using Ef. (§Aual doses from each source (see review by Moore! 1999 and
to convert the measured, , values to “cross-sections” for thereferences therein). In cold diffuse clouds, however, the UV pho-
sake of comparing them with the results of the photolysis ejn flux dominates, where a UV dose ot 80° eV molecule ™
periments. In this case, we find that irradiation destroys tifeabsorbed in a 0/m ice layer after 10yr, as compared to

crystallineH,CO5 37 times faster and formg0, 875 times < 1eV molecule " from low-energy cosmic-ray protons (see
faster than photolysis. Moore[1999). Processing of cometary ices stored for 4.6 Gyr

in the Oort cloud is dominated by cosmic rays, and it is esti-
mated that 42V molecule ' is deposited in the upper 20 cm of
ice from cosmic-ray protons. Deeper layers accumulate smaller
4.1. Reaction schemes doses, but the upper layers of dynamically new comets are evap-
) ) .. orated at each apparition, so older comets may process and
The chemical evolution of the processéO:CO; ice IS o\ anorate once-deep layers. However, the contribution of prod-
thought to proceed along the following path: first, the diregls from UV photons is insignificant in the case of observed
dissociation oftf; O~ Oort-cloud comets, since the photon penetration depth is small
H,O + pt,hv — H,OH, H;0", e, (8) compared to the thickness of evaporated cometary ice layers at
each apparition (0.1/mm vs. several meters). The surfaces of the
where products such a$H,0,, and HGQ may be formed by Galilean satellites experience a constant flux of energetic ions
reaction of the primary dissociation products. The next step(ifainly from the Jovian magnetosphere) along with Solar UV
the formation of C@ and/or OH", which quickly reactto form photons. Although Europa receives the highest particle flux, the

4. Discussion

bicarbonate: other satellites receive enough radiation to drive ice processing
COs, OH + ¢~ — CO;, OH™ | 9) as well. The average UV _flux de_:nsity in the Jovian system is
< 1% that of the energetic particles (see Carlson et al. 1999
CO; + OH — HCOy (10) and references therein), and the contribution of UV photons to
the abundance of observed molecules in these environments is
and/or also insignificant, since IR observations of the Galilean satel-

(11) lites sample the top- 50 um of the ice (vs. the UV penetration
depth of 0.15:m).

Finally, bicarbonate reacts with a positive ion to foHpCO3: Our results indicate that whenevids O:CO4 icy mixtures

_ n are processed (either by UV photons or cosmic-ray particles as

HCO; +H" — HyCOs3 . (12) described above)JO and H,COj3 will be formed. The lack

Secondary electrons are produced in ion-irradiated ices®sH20:CO2 photolysis data before this study is likely due
discussed in Spinks & Wood5 (1990), but their production {@ the fact that no products other thal® are formed above

OH™ + COy — HCOj .
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