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Draft version February 2, 2008Preprint typeset using LATEX style emulateapj v. 7/15/03MOLECULAR HYDROGEN FORMATION ON ICE UNDER INTERSTELLAR CONDITIONSHagai B. Perets and Ofer BihamRaah Institute of Physis, The Hebrew University of Jerusalem, Jerusalem 91904, IsraelGiulio Manió and Valerio PirronelloDipartimento di Metodologie Fisihe e Chimihe per l'Ingegneria,Universita' di Catania, 95125 Catania, Siily, ItalyandJoe Roser, Sol Swords and Gianfrano VidaliDepartment of Physis, Syrause University, Syrause, NY 13244Draft version February 2, 2008ABSTRACTThe results of experiments on the formation of moleular hydrogen on low density and high densityamorphous ie surfaes are analyzed using a rate equation model. The ativation energy barriers forthe relevant di�usion and desorption proesses are obtained. The more porous morphology of thelow density ie gives rise to a broader spetrum of energy barriers ompared to the high density ie.Inserting these parameters into the rate equation model under steady state onditions, we evaluatethe prodution rate of moleular hydrogen on ie-oated interstellar dust grains.Subjet headings: dust� ISM; abundanes � ISM; moleules � moleular proesses1. INTRODUCTIONThe formation of moleular hydrogen in the interstellarmedium (ISM) is a proess of fundamental importane inastrophysis beause H2 helps the initial ooling of loudsduring gravitational ollapse and enters, either in neutralor ionized form, most reation shemes that make othermoleules (Duley & Williams 1984; Williams 1998). Itwas reognized long ago that H2 annot form in thegas phase e�iently enough to aount for its observedabundane (Gould & Salpeter 1963). It was proposedthat moleular hydrogen formation takes plae on dustgrains that at as atalysts allowing the protomoleuleto quikly release the 4.5 eV of exess energy in a timeomparable to the vibration period of the highly vibra-tionally exited state in whih it is formed.The proess of H2 formation on grains an be brokenup into a few steps as follows. An H atom approahingthe surfae of a grain has a probability ξ to beomeadsorbed. The adsorbed H atom (adatom) resides on thesurfae for an average time tH (residene time) beforeit desorbs. In the Langmuir-Hinshelwood mehanism,the adsorbed H atoms quikly equilibrate with thesurfae and di�use on the surfae of the grain either bythermal ativation or tunneling. Furthermore, atomsthat are deposited on top of already adsorbed atoms arerejeted. When two adsorbed H atoms enounter eahother, an H2 moleule may form with a ertain prob-ability (Williams 1968; Hollenbah & Salpeter 1970;Hollenbah & Salpeter 1971; Hollenbah et al. 1971;Smoluhowski 1981; Aronowitz & Chang 1985;Duley & Williams 1986; Pirronello & Averna 1988;Sandford & Allamandolla 1993; Takahashi et al. 1999;Farebrother et al. 2000).The stiking probability of H atoms on dust grainswas alulated using semi-lassial methods. Quantummehanial alulations of the mobility of H atomson a polyrystalline water ie surfae, showed that

tunneling between adsorption sites, would provide Hadatoms with su�ient mobility to guarantee e�ientH2 formation even at 10 K (Hollenbah & Salpeter 1970;Hollenbah & Salpeter 1971; Hollenbah et al. 1971).The steady state prodution rate of moleular hydrogen,
RH2

(m−3 s−1) was expressed by
RH2

=
1

2
nHvHσγng, (1)where nH (m−3) and vH (m s−1) are the number den-sity and the speed of H atoms in the gas phase, respe-tively, σ (m2) is the average ross-setional area of agrain and ng (m−3) is the number density of dust grains.The parameter γ is the fration of H atoms striking thegrain that eventually form a moleule, namely γ = ξη,where η is the probability that an H adatom on the sur-fae will reombine with another H atom to form H2.The probability ξ for an H atom to beome adsorbed ona grain surfae overed by an ie mantle has been al-ulated by Buh and Zhang (1991) and Masuda et al.(1998). They found that ξ depends on the surfae tem-perature and on the energy of the irradiation beam. Fora surfae at 10 K and beam temperature of 350 K, Ma-suda et al. (1998) obtained a stiking oe�ient around0.5.Alternative mehanisms, whih were shown to oper-ate in seleted experiments on well haraterized rys-talline surfaes, are the Eley-Rideal mehanism and thehot-atom mehanism. In the Eley-Rideal mehanism,an atom from the gas phase impinges on another atom,whih is already adsorbed, and reats with it before be-oming thermally aommodated with the surfae. Thismehanism has been veri�ed experimentally for D atomson a Cu surfae (Rettner & Auerbah 1996). In thehot-atom mehanism (Harris & Kasemo 1981), an atomlands on the surfae and moves from site to site at super-thermal speed until it reats with another atom (before
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2it thermally aommodates with the surfae). In thisase, the atom might fail to give up all of its inomingkineti energy, or it might use some of the energy gainedin beoming on�ned to the surfae to move aross it atsuper-thermal energy. The two mehanisms an be dis-tinguished experimentally by measuring the ross-setionfor the reation or the energy arried away from the just-formed moleule (Zeho et al. 2002). The kineti energy,as well as the vibrational and rotational states of the des-orbed moleule, are expeted to depend on the surfaemehanism through whih it was formed.In the last few years, we have onduted a series ofexperiments to study the formation of moleular hydro-gen on dust grain analogues under onditions relevant toastrophysial environments (Pirronello et al. 1997a;Pirronello et al. 1997b; Pirronello et al. 1999;Roser et al. 2002; Roser et al. 2003). The experi-ments used well ollimated beams of hydrogen anddeuterium atoms. The prodution of HD that ourson the surfae of a dust grain analogue was measuredboth during the irradiation with the beams and during asubsequent temperature programmed desorption (TPD)experiment. In this ase, the temperature of the sampleis raised quikly to either desorb partiles (atoms andmoleules) that got trapped on the surfae or to enhanetheir di�usion and subsequent reation and/or desorp-tion. In order to disentangle the proess of di�usionfrom the one of desorption, separate experiments werearried out in whih moleular speies were irradiatedon the sample and then were indued to desorb.In an earlier set of experiments, the forma-tion of moleular hydrogen was studied on sam-ples of polyrystalline olivine and amorphous ar-bon (Pirronello et al. 1997a; Pirronello et al. 1997b;Pirronello et al. 1999) and the results were ana-lyzed using rate equation models (Katz et al. 1999;Cazaux & Tielens 2002; Cazaux & Tielens 2004). Inthis analysis the parameters of the rate equations were�tted to the experimental TPD urves. These parame-ters are the ativation energy barriers for atomi hydro-gen di�usion and desorption, the barrier for moleularhydrogen desorption and the fration of moleules thatdesorb upon reombination. Using the values of the pa-rameters that �t best the experimental results, the e�-ieny of hydrogen reombination on the polyrystallineolivine and amorphous arbon surfaes was alulated forinterstellar onditions. By varying the temperature and�ux over the astrophysially relevant range, the domainin whih there is non-negligible reombination e�ienywas identi�ed. It was found that the reombination ef-�ieny is highly temperature dependent. For eah ofthe two samples there is a narrow window of high e�-ieny along the temperature axis, whih shifts to highertemperatures as the �ux is inreased. For the astrophys-ially relevant �ux range the high e�ieny temperaturerange for polyrystalline olivine was found to be between
7−9K, while for amorphous arbon it is between 12−16K.More reently, these studies were extended to di�erentforms of water ie, namely high density ie (HDI) and lowdensity ie (LDI) (Manio et al. 2001; Roser et al. 2002;Hornekaer et al.2003). In these experiments it was seenthat the type of amorphous ie a�ets both the kinetisof moleular hydrogen formation and its e�ieny. We

then arried out a detailed analysis of the new data us-ing a rate equation model in order to obtain useful phys-ial parameters for the modeling of hemistry in denseinterstellar louds. Spei�ally, the parameters of therate equation model are �tted to the experimental TPDurves. These parameters are the ativation energy bar-riers for di�usion and desorption of hydrogen atoms andhydrogen moleules as well as the population ratios ofdi�erent types of adsorption sites for moleular hydro-gen. Using the values of the parameters that �t best theexperimental results, the e�ieny of hydrogen reom-bination on the amorphous ie surfaes is obtained forvalues of the hydrogen �ux and the surfae temperaturepertinent to a range of interstellar onditions.The paper is organized as follows. In Setions 2 and3 we desribe the experiments to be analyzed and theirresults. The rate equation models are introdued in Se.4. Subsequent analysis and results are presented in Se.5, followed by a disussion in Se. 6 and a summary inSe. 7.2. REVIEW OF EXPERIMENTAL METHODSThe experimental apparatus and measurement teh-niques were most reently desribed in Vidali et al.(2004). Here we give a brief outline. The apparatus on-sists of an ultra-high vauum (UHV) hamber pumpedby a ryopump and a turbo-moleular pump (operatingpressure in the low 10−10 Torr range). The sample isplaed in the enter of the UHV hamber and is mountedon a rotatable UHV ompatible liquid helium ontinuous�ow ryostat. By varying the �ow of liquid helium andby using a heater loated behind the sample, it is possi-ble to hange the temperature of the sample over a widerange. In the thermal desorption experiments, the tem-perature is raised quikly from around 10 K to about30 K. Higher temperatures are obtained at slower rates,as when the sample temperature is raised to ∼ 90 K tohange the struture of the ie (see below) or to des-orb the ie layers. The temperature is measured by aniron-gold/hromel thermoouple and a alibrated siliondiode plaed in ontat with the sample.Atoms are sent to the surfae of the sample via twotriple di�erentially pumped atomi beam lines aimed atthis surfae. Eah has a radio-frequeny avity in whihthe moleules are dissoiated, optionally ooled to ∼ 200K by passing the atoms through a old hannel, and theninjeted into the line. Dissoiation rates are typially inthe 75 to 90% range, and are onstant throughout a run.Estimated �uxes are as low as 1012 (atoms m−2s−1)(Roser et al. 2002).The experiment is done in two phases. First, beamsof H and D atoms are sent onto the surfae, at a on-stant irradiation rate F0, for a given period of time t0(from tens of seonds to tens of minutes) while the sur-fae temperature is maintained at a onstant value T0.At this time any HD formed and released is deteted bya quadrupole mass spetrometer mounted on a rotatable�ange in the main UHV hamber. In the seond phase,starting at t0 (the TPD phase), the irradiation is stoppedand the sample temperature is quikly ramped at a rate
b (∼ 0.6 K/se on average), and the HD signal is mea-sured. The time dependene of the surfae temperature,
T (t), during typial TPD experiments is shown in Fig.1, and is approximated by a pieewise-linear �t. In the



3ideal ase in whih the heating rate is nearly onstant,the time dependene of the �ux and surfae temperaturean be approximated by
F (t)=F0; T (t) = T0 : 0 ≤ t < t0(2)
F (t)=0; T (t) = T0 + b(t − t0) : t ≥ t0. (3)The HDI sample is prepared by diretly depositing ameasured quantity of water vapor via a stainless steelapillary plaed in the proximity of the sample (a pol-ished opper disk). Before deposition, the water under-goes repeated yles of freezing and thawing to removetrapped gases. The sample is held at 10 K or lower dur-ing deposition and the deposition rate is 8 layers/se, fora total thikness of the order of 1200 layers. This methodof preparing the ie sample should produe a high densityie, or HDI (Jenniskens & Blake 1994). The other phase,namely the low density amorphous ie or LDI, an be ob-tained from HDI by heating it. This transformation isgradual but irreversible and ours over a broad tempera-ture range starting from about 38 K. In our experiments,LDI is prepared by gradually heating the HDI to 90 Kand holding the temperature at that value for at least 5minutes. Then the sample is ooled down to 10 K. Inthe experiments analyzed here, the LDI sample was keptat a temperature between 9 and 11 K during the irradi-ation phase. During the TPD phase, are was exerisedso that the sample didn't reah a temperature lose to orhigher than 38 K (Roser et al. 2002; Vidali et al. 2004).Low and high density amorphous ie were shown to havesimilar harateristis and struture as interstellar iemantles (Mayer & Pletzer 1986; Jenniskens et al. 1995).The amorphous ie struture, whih ontains manypores with diameters ranging between 15-20 Å, anadsorb H2 moleules, that an di�use into ie miro-pores where they an be trapped (Mayer & Pletzer 1986;Langel et al. 1994).3. EXPERIMENTAL RESULTSIrradiations with beams of H and D ("H+D" there-after) were done both on LDI and HDI in order to ex-plore the formation proesses of HD moleules on theseamorphous ie surfaes. In a separate set of experiments,beams of HD and D2 moleules were irradiated on the iesurfaes. The latter experiments do not involve forma-tion of moleules. However, they allow us to isolate andbetter analyze some of the parameters relevant to themoleular formation proesses explored diretly in theformer experiments. They also support our hypothesisthat moleules that onsist of di�erent hydrogen isotopesbehave quite similarly (although not exatly the same)as HD moleules and all of them ould be treated by thesame general rate equation model.Using the methods desribed in the previous Setion,the following experiments were arried out. The H+D ir-radiation runs were performed with di�erent irradiationtimes (2, 4, 8, 12 and 18 minutes on LDI; 6, 8 and 18minutes on HDI). The surfae temperatures during ir-radiation were T0 ≃ 9.5 K in the LDI experiments and

T0 ≃ 14.5 K in the HDI experiments. In the experi-ments with moleular beams the irradiation time was of4 minutes. The surfae temperatures during irradiationof HD and D2 on LDI were T0 ≃ 9 K and T0 ≃ 10 K,

respetively. In Table 1 we present a list of the exper-imental runs analyzed in this paper. During the TPDruns, the sample temperature is monitored as a funtionof time. The time dependene of the sample temperatureduring typial temperature ramps is shown in Fig. 1 forLDI (solid line) and HDI (dashed line). The temper-ature ramps deviate from linearity but they are highlyreproduible. The symbols show the experimental mea-surements and the lines are pieewise-linear �ts. For theLDI experiments a good �t is obtained with two linearsegments, with an average heating rate of b ≃ 0.6 K/seover the whole ramp. For the HDI experiments a good �tis obtained with three linear segments, with an averageheating rate of b ≃ 0.13 K/se. Although the temper-ature ramps deviate from linearity, most of the stru-ture of the TPD peaks takes plae within a temperaturerange in whih it is linear to a very good approximation.The analysis of the data is done using these temperatureramps, thus any possible e�et of the deviation from lin-earity is taken into aount. Suh deviations are foundto be minor.The desorption rates of moleules vs. surfae temper-ature during the TPD runs are shown in Figs. 2-7. InFig. 2 we present the desorption rate of HD moleulesafter irradiation by HD and H+D on LDI. In both asesthe TPD urves are broad. In the ase of HD irradi-ation, three peaks an be identi�ed in the TPD urve.For H+D irradiation there are only two peaks. Interest-ingly, they oinide on the temperature axis with two ofthe three peaks obtained for HD irradiation. In Fig. 3we show the desorption rate of HD moleules after ir-radiation by H+D on LDI for several irradiation timesbetween 2 minutes and 18 minutes. As in Fig. 2, allthese TPD urves exhibit two peaks. The position of thehigh temperature peak is found to be independent of theirradiation time, indiating that this peak exhibits �rstorder kinetis. The low temperature peak shifts to theright as the irradiation time dereases, thus, this peakexhibits seond order kinetis. Fig. 4 shows the desorp-tion rate of D2 moleules after D+D and D2 irradiationon LDI. These TPD urves are also broad, and are quali-tatively similar to those of HD desorption, shown in Fig.2. In Fig. 5 we show the desorption rate of HD moleulesafter irradiation by HD and H+D on HDI. Here the TPDurves are narrower and inlude only one peak. In Fig. 6we show the desorption rate of HD moleules after irra-diation by H+D on HDI for three irradiation times. Thepeak shifts to the right as the irradiation time dereases,namely, it exhibits seond order desorption. Fig. 7 showsthe desorption rate of D2 moleules after D2 irradiationon HDI. A single peak is observed, qualitatively similarto the one shown in Fig. 5 for HD.In the experiments in whih beams of H+D atoms wereirradiated on LDI and HDI samples, most of the HDmoleules deteted were formed during the heat pulse.Only a small fration of them were formed during theirradiation proess (Roser et al. 2002). This indiatesthat at least under our experimental onditions, prompt-reation mehanisms (Duley & Williams 1986) or fasttunneling (Hollenbah et al. 1971) do not play a majorrole in the formation of moleules.



4 4. THE RATE EQUATION MODELSIn the TPD urves studied here most of the adsorbedhydrogen is released well before a temperature of 40 K isreahed. We thus onlude that the hydrogen atoms onthe surfae are trapped in physisorption potential wellsand are only weakly adsorbed. The mehanism for theformation of H2 (as well as HD and D2) is assumed to bethe Langmuir-Hinshelwood (LH) sheme. In this sheme,the rate of formation of moleular hydrogen is di�usionlimited. This assumption is justi�ed by the Langmuir-like behavior observed in the desorption urves.The analysis of thermal programmed desorption exper-iments usually starts with the Polanyi-Wigner expressionfor the desorption rate R(t):
R(t) = νN(t)β exp(−Ed/kBT ), (4)where N is the overage of reatants on the surfae, βis the order of desorption, ν is the attempt frequeny,

Ed is the e�etive ativation energy for the dominant re-ombination and desorption proess and T = T (t) is thesample temperature. In the TPD experiment, �rst order(β = 1) desorption urves R(t) exhibit asymmetri peakswith a sharp drop-o� on the high temperature side. Theposition of the peak is insensitive to the initial overage,determined by the irradiation time. Seond order des-orption urves (β = 2) exhibit symmetri peak shapes.These peaks shift toward lower temperatures as the initialoverage is inreased (Chan et al. 1978). An importantassumption is that all ativation energy barriers are ov-erage independent. This assumption may not apply athigh overage. However, at the low overages obtained inthe experiments analyzed here (up to ∼ 1% of a layer),it is a reasonable assumption.We introdue two models for desribing the TPDurves: a simpli�ed model whih sueeds in desribingthe main harateristis of the TPD urves and a moreomplete model whih desribes them using a more gen-eral and aurate view.4.1. The Simple ModelConsider an experiment in whih a �ux of H atomsis irradiated on the surfae. H atoms that stik to thesurfae hop as random walkers. The hopping atoms mayeither enounter eah other and form H2 moleules, ordesorb from the surfae. As the sample temperature israised, both the hopping and desorption rates quiklyinrease. In the models used here, there is no distintionbetween the H and D atoms, namely the same di�usionand desorption barriers are used for both isotopes.In the models we assume a given density of adsorptionsites on the surfae. Eah site an adsorb either an Hatom or an H2 moleule. In terms of the adsorption of Hatoms, all the adsorption sites are assumed to be identi-al, where the energy barrier for H di�usion is Ediff
H andthe barrier for desorption is Edes

H . As for the adsorptionof H2 moleules, we assume that the adsorption sites maydi�er from eah other. In partiular, we assume that thepopulation of adsorption sites is divided into J types,where a fration µj of the sites belong to type j, where
j = 1, . . . , J , and ∑

j µj = 1. The energy barrier for des-orption of H2 moleules from an adsorption site of type
j is Edes

H2
(j).

This model is motivated by the TPD urves obtainedafter irradiation by HD and D2 moleules on LDI, shownin Figs. 2 and 4, respetively. These TPD urves arebroad and an be divided into three peaks. We interpretthis feature as an indiation that there are three typesof adsorption sites for moleules, whih di�er from eahother in the energy barriers for desorption.Let NH [in monolayers (ML)℄ be the overage of Hatoms on the surfae, namely the fration of adsorptionsites that are oupied by H atoms. Similarly, let NH2
(j)(also in ML) be the overage of H2 moleules that aretrapped in adsorption sites of type j, where j = 1, . . . , J .Clearly, this overage is limited by the number of sitesof type j and therefore NH2

(j) ≤ µj . Sine we assumethat eah site an host only one atom or one moleule,the overage annot exeed a monolayer, and thus NH +
∑

j NH2
(j) ≤ 1.Our analysis shows that for LDI one needs three typesof moleular adsorption sites, namely J = 3, while forHDI good �ts are obtained with J = 1. For the ase ofLDI we thus obtain the following set of rate equations

ṄH = F



1 − NH −

3
∑

j=1

N H2
(j)





− WHNH − 2αN2
H (5)

ṄH2
(1)= µ1αNH

2
− WH2

(1)NH2
(1) (6)

ṄH2
(2)= µ2αNH

2
− WH2

(2)NH2
(2) (7)

ṄH2
(3)= µ3αNH

2
− WH2

(3)NH2
(3) (8)The �rst term on the right hand side of Eq. (5) rep-resents the inoming �ux in the Langmuir kinetis. Inthis sheme H atoms deposited on top of H atoms or H2moleules already on the surfae are rejeted. F repre-sents an e�etive �ux (in units of ML/se), namely italready inludes the possibility of a temperature depen-dent stiking oe�ient. In pratie we �nd that for theonditions studied here the Langmuir rejetion term isnegligible and it is thus ignored in the simulations. Theseond term in Eq. (5) represents the desorption of Hatoms from the surfae. The desorption oe�ient is

WH = ν exp(−Edes
H /kBT ) (9)where ν is the attempt rate (standardly taken to be 1012

s−1), Edes
H is the ativation energy barrier for desorptionof an H atom and T is the temperature. The third termin Eq. (5) aounts for the depletion of the H populationon the surfae due to di�usion-mediated reombinationinto H2 moleules, where

α = ν exp(−Ediff
H /kBT ) (10)is the hopping rate of H atoms on the surfae and Ediff

His the ativation energy barrier for H di�usion. Here weassume that there is no barrier for reombination. If suha barrier is onsidered, it an be introdued as disussedin Pirronello et al. (1997b, 1999).Eqs. (6)-(8) desribe the population of moleules onthe surfae. The �rst term on the right hand side of eahof these three equations represents the formation of H2moleules that beome adsorbed in a site of type j = 1,



52 or 3. The seond term in Eqs. (6)-(8) desribes thedesorption of H2 moleules from sites of type j, where
WH2

(j) = ν exp(−Edes
H2

(j)/kBT ), (11)is the H2 desorption oe�ient and Edes
H2

(j) is the ativa-tion energy barrier for H2 desorption from an adsorptionsite of type j. The H2 prodution rate R is given by:
R =

3
∑

j=1

WH2
(j)NH2

(j). (12)This model an be onsidered as a generalization of thePolanyi-Wigner model [see Eq. (4)℄. It gives rise to awider range of appliability, ompared to Eq. (4). Inpartiular, it desribes both �rst order and seond or-der desorption kinetis (or a ombination) for di�erentregimes of temperature and �ux (Biham et al. 1998).Experiments that involve irradiation by moleules areuseful sine they enable an independent evaluation of theparameters of moleular adsorption on the surfae. Con-sider the ase where a �ux of H2 moleules is irradiatedon the surfae. In this ase Eq. (5) is no longer relevant.The H2 moleules on the surfae are distributed betweenthe di�erent types of adsorption sites, in proportion tothe population ratios µj . Eah one of Eqs. (6)-(8) annow be treated as independent and solved analytially.The TPD urve onsists of three �rst order peaks, at tem-peratures determined by the desorption barriers Edes
H2

(j),
j = 1, 2, 3. The sizes of these peaks are determined bythe population ratios µj . Given a TPD urve, the energybarriers Edes

H2
(j) an be obtained from the temperatures

Tmax(j) of the orresponding peaks. Solving for the max-imal desorption rate by taking its derivative with respetto the temperature we obtain
bEdes

H2
(j)

kBTmax(j)2
= ν exp

[

−Edes
H2

(j)

kBTmax(j)

]

. (13)In general, the parameters µj , j = 1, . . . , J an be ob-tained by �tting the TPD urve as a sum of J Gaussians.Eah of the µj 's is obtained as the ratio between the areabelow the orresponding Gaussian and the total area be-low the TPD urve. In the ase of HDI suh proedureis not needed beause the TPD urve an be �tted witha single type of moleular adsorption site.4.2. The Complete ModelThe simple model presented above provides good �tsto the results of the experiments in whih H+D, HD andD2 were irradiated on HDI (Figs. 5-7). In this ase it wasassumed that there is only a single type of moleular ad-sorption site. In experiments on LDI, where several typesof moleular adsorption sites are assumed, the �tting ofthe TPD urves an be improved by using a more om-plete model. In this model the H2 moleules are allowedto di�use between the di�erent types of adsorption sites.For the ase of LDI (J=3), the omplete model takes theform

ṄH = F
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(3) + µ3

3
∑

j=1

αH2
(j)NH2

(j)). (17)The �rst equation is idential to the orresponding onein the simple model, namely Eq. (5). The �rst and thirdterms on the right hand side of Eqs. (15)-(17) are thesame as those that appear in Eqs. (6)-(8) of the simplemodel. The seond and fourth terms desribe the di�u-sion of H2 moleules between adsorption sites of di�erenttypes, where αH2
(j) = ν exp (−Ediff

H2
/kBT ) and Ediff

H2
isthe ativation energy for hopping of an H2 moleule outof a site of type j. The seond terms aount for thehopping of moleules out of adsorption sites of type j,while the fourth terms aount for their re-distributionbetween adsorption sites of the three di�erent types.5. ANALYSIS OF EXPERIMENTAL RESULTSIn this Setion we use the rate equation models to �tthe experimental results, and thus obtain the parametersthat desribe the di�usion and desorption of hydrogenatoms and moleules on ie surfaes. We use a ombi-nation of analytial and numerial tools. In partiular,the numerial integration of the rate equation modelsis done using the Runge-Kutta stepper. The result ofthe integration is a set of TPD urves that are a fun-tion of the hosen set of parameters, some of whih anbe determined analytially from the experimental TPDurves. The data obtained from eah TPD run inludesthe time dependene of the �ux F (t) and temperature

T (t). The temperature T (t) is measured diretly viaa thermoouple. The �ux F (t) (ML/se) is estimatedas desribed elsewhere (Vidali et al. 1998). An approx-imate value for F (t), in the required units of ML/se,an be obtained by integrating the TPD spetra, gener-ating the total yield of the various experiments. The �uxis then obtained from the exponential �t indiated byLangmuir kinetis. It is important to stress that this is alower bound value for the �ux, and this value is reahedonly if there is no desorption of H atoms during the TPDruns. In the analysis we assume that eah of the energybarriers Edes
H2

(j), j = 1, 2, 3, represents a Gaussian distri-bution of energy barriers entered around it. Althoughthe Gaussian distribution provides muh better �ts, theimportant features of the urves depend only on the pa-rameters mentioned above. The Gaussian distribution isinserted into the equations by e�etively splitting eah



6of the Eqs. (15)-(17) into about ten equations, eah witha di�erent energy barrier for H2 desorption aording tothe Gaussian distribution around its entral value.5.1. Analysis of Experiments with Irradiation ofMoleulesThe TPD urves obtained after irradiation of HD andD2 on HDI are narrow and exhibit a single peak (Figs. 5and 7). In ontrast, the TPD urves obtained after ir-radiation of those moleules on LDI are broad and threedistint peaks an be identi�ed in them (Figs. 2 and4). Sine no surfae reations take plae in these experi-ments, these peaks are of �rst order kinetis. Thus, onean use Eq. (13) to obtain the ativation energy Edes
H2

(j)for the desorption of H2 atoms that are trapped in an ad-sorption site of type j from the surfae. This alulationis done in the ontext of the simple model.Using the omplete model in the ase of LDI, with
j = 1, 2, 3, does not hange the positions of the threepeaks. The omplete model allows di�usion of moleulesbetween di�erent types of adsorption sites. As a result,there is a �ow of moleules from the relatively shallow ad-sorption sites towards the deeper ones. Thus, the relativesizes of the three sub-populations of moleules adsorbedon LDI beome temperature dependent.The �tting urves for the HDI experiments with HDand D2 are shown in Figs. 5-7. Some unertainty ex-ists in the value of the energy barrier for HD desorptionfrom HDI. The value Edes

H2
(1) = 68.7 meV was obtainedfrom the experiments in whih the irradiation times wererelatively short (Fig. 5). The experiments in whih theirradiation time was long give rise to the somewhat lowervalue of Edes

H2
(1) = 65.5 meV (Fig 6). Additional uner-tainty arises due to the hoie of the hoie of the attemptfrequeny ν. A deviation by an order of magnitude in itsvalue would modify the resulting energy barriers by 3-4meV.In the ase of LDI, where three types of adsorptionsites an be identi�ed, the situation is more ompliated.The energy barriers for desorption of H2 moleules fromthese three types of adsorption sites are obtained fromEq. (13). The population ratios µj , j = 1, 2, 3 are ob-tained from �tting the TPD urves using the rate equa-tions. These TPD urves are �tted very well using theomplete rate equation model (Figs. 2 and 4). Withinthis paremetrization, a simplifying assumption used hereis that the hopping rate αH2

(j) out of an adsorption siteof type j is linearly proportional to the desorption rate
WH2

(j) from the same site. The experimental data isbest �tted when the ratio between these two barriers isaround 1, namely αH2
(j) = WH2

(j). Assuming the sameattempt frequeny for the two proesses this indiatesthat Ediff
H2

= Edes
H2

. This is an unusual result, sine typi-ally the barriers for desorption are higher than the bar-riers for di�usion. However, it may indiate that in theporous LDI the dominant di�usion proess is, in fat,desorption and re-adsorption on the surfae within thepores. Note that the energy barriers for desorption ofmoleules are obtained diretly using Eq. (13), thus the�tting proess is needed only for the di�usion barrier. Anadditional parameter is the width of the narrow Gaussiandistribution of the energy barriers for eah of the threetypes of adsorption sites. The energy barriers for desorp-tion of moleules from the di�erent types of adsorption

sites and the population ratios of these sites are presentedin Tables 2 and 3, respetively.5.2. Analysis of Experiments with Irradiation of AtomsIn the experiments with irradiation of H and D atoms(H+D for brevity) or of D atoms only (D+D), the ad-sorbed atoms di�use on the surfae and reombine. Theexperimental TPD urves for the HD and D2 moleulesan be �tted using either the simple or the omplete rateequation models. The parameters that haraterize thebehavior of hydrogen moleules on the surfae, namelythe desorption barriers Edes
H2

(j) and the population ratios
µj , are available from the experiments with moleular ir-radiation. Thus, the only �tting parameters that remainare the energy barriers for di�usion and desorption ofhydrogen atoms, namely Ediff

H and Edes
H . In Figs. 2 and3 one observes that the two peaks in the TPD urves ob-tained after irradiation with H+D on LDI oinide withthe two higher peaks obtained after irradiation with HDmoleules. Similarly, the peak obtained after irradiationof H+D on HDI oinides with the peak obtained af-ter irradiation of HD moleules (Fig. 5). The loationof this peak is determined by the desorption barriers ofHD moleules, no matter whether these moleules weredeposited or formed on the surfae.In Fig. 3 we present �ve TPD urves for H+D irra-diation on LDI, for di�erent irradiation times. In eahurve one an identify two peaks. The loation of thehigh temperature peak is independent of the irradiationtime. This is an indiation of �rst order kinetis, namelythat the moleules desorbed at this stage were formedat a lower temperature. They remained on the surfaeuntil the temperature beame su�iently high for themto desorb. The low temperature peak in eah urve inFig. 3 shifts slightly to the right as the irradiation timeis redued. This is a feature of seond order kinetis,indiating that within this peak the moleules were des-orbed upon formation. Our interpretation is that thesemoleules were formed in shallow adsorption sites andthus easily desorbed at the temperature in whih theyreombined. These shallow adsorption sites an be iden-ti�ed with those that orrespond to the leftmost amongthe three peaks in the moleular irradiation experimentshown in Fig. 2. The fat that the same set of parame-ters an �t all the urves in Fig. 3, obtained for di�erentirradiation times, as well as all the other experiments onLDI, provides very strong evidene in favor of our mod-els. Similarly, a single set of parameter provides verygood �ts to all the experiments on HDI. These parame-ters are presented in Tables 2 and 3.5.3. Impliations to Interstellar ChemistryUsing the parameters obtained from the experimentswe now alulate the reombination e�ieny of H2moleules on ie surfaes under interstellar onditions.The reombination e�ieny is de�ned as the fration ofhydrogen atoms adsorbed on the surfae whih ome outas moleules. In Fig. 8 we present the reombinatione�ieny of H2 moleules vs. surfae temperature forLDI under �ux of 0.73·10−8 ML s−1. This �ux is withinthe typial range for both di�use and dense interstellarlouds. This partiular value orresponds to a density ofH atoms in the gas phase of 10 (atoms m−2), gas tem-



7perature of 100 K and 5 × 1013 adsorption sites per m2on the surfae (Biham et al. 2001).A window of high e�ieny is found between 11-16K.At higher temperatures atoms desorb from the surfaebefore they have su�ient time to enounter eah other.At lower temperatures di�usion is suppressed while theLangmuir rejetion leads to saturation of the surfae withimmobile H atoms and reombination is suppressed. Atthese low temperatures, the steady-state overage is highand the rate equation model may not apply. As al-ready suggested in Pirronello et al. (1999), mehanismssuh as Eley-Rideal or di�usion by tunneling, whih arenot taken into aount in the model, may beome sig-ni�ant in this regime. Nevertheless, we an speulatethat if the Langmuir rejetion remains signi�ant evenat higher overage, the trend in reombination e�ienyshown should remain qualitatively orret. Lukily, suhlow temperatures are rarely of astrophysial interest. Athigh temperature atoms desorb from the surfae beforethey have su�ient time to reombine, thus inhibitinghydrogen reombination at high temperature. For bothhigh and low density ie the alulated asymptoti val-ues of overage are very low and well within the regimesof experimentation and subsequent numerial simulation.Consequently, the relevane of the model is justi�ed. Ourresults indiate that reombination e�ieny of hydrogenon both HDI and LDI is high in the temperature rangeof ≃14-20 K whih is relevant to the interstellar louds.Therefore these ie surfaes seem to be good andidatesfor interstellar grain omponents on whih hydrogen mayreombine with high e�ieny.6. DISCUSSIONOne of the important features demonstrated by theseexperiments is the relevane of the surfae morphologyto the reombination rate of H2 moleules. Surfaes ofamorphous ie are di�ult to model due to the pauityof morphologial information on either atual ISM ieoated grains or their laboratory analogues. This dif-�ulty gives rise to some unertainty about the role ofquantum e�ets. In priniple, quantum tunneling ofH atoms on the surfae should be onsidered. How-ever, these experiments, muh like earlier experimentson amorphous arbon and polyrystalline olivine sam-ples (Pirronello et al. 1997b), indiate that the mobilityof the hydrogen atoms is very low at low temperatures.Thus, the e�et of tunneling appears to be small. Cazauxand Tielens showed that quantum e�ets might be im-portant at high overage. However, at the low overagesof H atoms on interstellar grains, tunneling e�ets areexpeted to be very small as an be seen in Fig. 6b inRef. (Cazaux & Tielens 2004), obtained for low irradia-tion (exposure) times.The e�et of the ie morphology is best seen in thedi�erene between the types of adsorption sites andtheir depth. The more porous struture of the LDIis re�eted in the broad distribution of the ativa-tion energies for desorption from di�erent adsorptionsites whih spans the range between 40 to 60 meV(Jenniskens et al. 1995). In omparison, the energy bar-riers for desorption from HDI exhibit a narrow distri-bution around 68.7 meV. The energy barriers for dif-fusion of H atoms on the ie surfaes are found to behigher than those obtained earlier for more smooth sur-

faes suh as the polyrystalline olivine analyzed by Katzet al. (1999). Thus, the mobility of H atoms on the highlyamorphous ie is relatively low, in qualitative agreementwith the �ndings of Smoluhowski (1983). The energybarriers for di�usion and desorption of H atoms andmoleules on amorphous ie were alulated using a de-tailed model of the amorphous ie struture and the in-terations at the atomi sale (Buh & Czerminski 1991;Buh & Zhang 1991; Hixson et al. 1992). The energybarriers for H desorption were found to be distributedbetween 26 to 57 meV, while the barriers for di�usionwere found to be between 13 to 47 meV. Our results forLDI are in good agreement with these alulations, whilefor HDI our barriers are somewhat higher (see Tables 2and 3). For H2 moleules they �nd a distribution ofativation energy barriers for desorption in the range be-tween 400 and 1200 K, namely 33 meV - 133 meV. Ourthree barriers for the desorption of HD moleules are inthe range of 46 - 61 meV, namely around the enter of thealulated distribution. Thus, our model aptures the ef-fets of the amorphous ie struture and interations, inagreement with detailed alulations at the atomi sale.In the experiments we use a ombination of the H andD isotopes. In most ases the prodution rate of HD ismeasured, omplemented by some measurements of D2formation. Experiments measuring H2 formation are dif-�ult to arry out. This is due to the existene of bak-ground H2 whih is the most abundant residual gas in thewell baked ultra-high vauum hamber. Even the smallperentage of undissoiated moleules that are sent withthe atomi beam an in�uene the results. The use ofhydrogen isotopes enables us to perform measurementswith muh more auray, and obtain the importantphysial parameters. The extrapolation of our results toproesses that involve only H and H2 is non-trivial. How-ever, the experiments in whih the formation of HD andD2 were analyzed, enable us to examine the isotopi dif-ferenes. The analysis shows that variations between theenergy barriers involved in the HD and D2 produtionproesses do exist. Nonetheless, the two proesses arequalitatively similar and the only di�erene is in a smallinrement in the energy barriers of the D2-formation pro-ess in omparison to the HD. We thus onlude that theenergy barriers we obtain provide a good approximationto those involved in the prodution of H2 on ie surfaes.Previous rate equation models, used in analy-sis of hydrogen reombination on arbon andolivine (Katz et al. 1999; Cazaux & Tielens 2002;Cazaux & Tielens 2004), assumed that a signi�antfration (denoted by 1 − µ) of the hydrogen moleules,desorb from the surfae upon formation (note that µ inthese three papers had a di�erent meaning than in thepresent paper). The rest of the moleules (namely, afration µ of them) remain on the surfae and desorbthermally at a later stage. The origin of the parameter
µ remained unlear, but it was neessary in order to �tthe data.The model used in the present paper provides a phys-ial motivation for the parameter µ, based on a di�er-ent interpretation of the fat that part of the moleulesquikly desorb. It is based on the broad distribution ofthe energy barriers for desorption of hydrogen moleuleswhih exhibits three types of adsorption sites. Aordingto this model the reombined moleules equilibrate with



8the surfae and reside in adsorption sites until thermaldesorption takes plae. Moleules formed in the mostshallow adsorption sites desorb quikly beause by thetime they are formed, the surfae temperature is alreadyhigh enough to ativate their thermal desorption. Thefration, µ1 of the shallow adsorption sites among all themoleular adsorption sites is obtained from the experi-ments in whih moleules are irradiated.As mentioned above, in the models used here it is as-sumed that hydrogen moleules do not desorb immedi-ately upon formation. Instead, they stay trapped in theadsorption sites or di�use between them until thermaldesorption takes plae. Consequently, one needs to on-sider mehanisms for the dissipation of the exess en-ergy aquired from the reombination proess in orderto prevent prompt desorption. Although lassial mole-ular dynamis simulations for H2 formation on amor-phous ie performed by Takahashi et al. (1999) give alarge average kineti energy (≃530 meV) to the desorb-ing moleules, both Roser et. al. (2003) and indepen-dently Hornekaer et al. (2003) showed experimentallythat this kineti energy is muh smaller (≃3 meV), inagreement with our assumption that the exess energy isdissipated elsewhere. There are various mehanisms fore�ient heat transfer from the moleule to the surfae.One possible mehanism may be due to the very irregu-lar struture of the sample surfaes. Both LDI and HDIsurfaes are disordered. Even if moleules are promptlyreleased upon formation, they do not neessarily go di-retly into the vauum but they might undergo a mul-tiple series of ollisions in whih part of their energy isreleased to the solid. These multiple hits might lead toa subsequent re-adsorption of the moleule on the iesurfae. Suh a mehanism was already identi�ed for Hand D atoms impinging on an amorphous ie partile(Buh & Zhang 1991).The experiments done by our group as well as byHornekaer et al. have explored several types of ie mor-phology. The experiments analyzed here were done onamorphous ie of more than 1000 ML, where we haveused two di�erent ies, LDI and HDI (both amorphousand porous). The experiments by Hornekaer et. al.(Hornekaer et al.2003) were done on ie that was pre-pared using the same proedure used by our group toprodue the HDI, with 2000 ML thikness. Their atombeam �uxes were ∼ 1013 (atoms m−2 se−1), namelyabout one order of magnitude higher than the �uxesused in our experiments. The range of exposure timeswas omparable. Hornekaer et al. investigated the ki-netis of HD formation and measured the e�ieny ofreombination and the energetis of the moleules re-leased from the ie layer after formation. The e�ienyvalues they obtained are lose to those obtained by ourgroup on amorphous ie. The energy distribution ofmoleules formed showed that at least in porous amor-phous ie, moleules are thermalized by ollisions withthe walls of pores (where they are formed) before theyemerge into the gas phase. Hornekaer et al. performedTPD experiments in whih they irradiated H and Datoms either simultaneously or sequentially after wait-ing a delay time interval before dosing the other isotope.On porous ie the results they obtained are onsistentwith a reombination ourring quikly after atom dos-ing due to a high mobility of the adsorbed atoms even

at temperature as low as 8 K. This high mobility wasattributed either to quantum mehanial di�usion or tothe so alled hot atom mehanism, where thermal a-tivation is not likely to play a signi�ant role at thistemperature. This onlusion is sensible in light of thehigh overages of H and D atoms irradiated in their ex-periments, whih required the adsorbed atoms to di�useonly short distanes before enountering eah other. Asalready suggested by Pirronello et al. (2004a,b) andVidali et al. (2005), the hot atom mehanism maybe able to provide the required mobility. In this aseH and D atoms retain a good fration of their gasphase kineti energy during the aommodation proess(Buh & Zhang 1991; Takahashi & Uehara 2001). Thisenables them to travel on the ie surfae and inside itspores for several tens of Angstroms exploring severaladsorption sites and reombining upon enountering al-ready adsorbed atoms. However, in our experiments, be-ause of the low overage, the number of sites exploredby the hot atom is not large enough to enounter an ad-sorbed atom and reat with it with signi�ant probabil-ity (Vidali et al. 2005). Thus, there is no ontraditionbetween the interpretations that moleular hydrogen for-mation is dominated by the hot atom mehanism at highoverage and by thermally ativated mobility of the ad-sorbed H atoms at low overage.In addition, Hornekaer et al. studied non-porous iewith only 20 ML. In this paper we have not analyzedsuh non-porous samples and therefore annot provideany omparison in this ase. On the other hand, wehave used LDI for whih Hornekaer et al. (2003) do notprovide analogous results that enable a omparison. Ourresults and analysis show that on LDI the reombinationof H atoms is thermally ativated, and it is not e�ientat low temperatures.In their analysis, Cazaux and Tielens (2004) onsid-ered a rate equation model with a single energy barrierfor moleular desorption from arbon and olivine sur-faes. In their model hemisorption sites play a rolein the reombination proess of hydrogen moleules andeah hydrogen isotope is treated di�erently. Althoughhemisorption sites might play a role in the reombina-tion proess, these sites do not seem to play an importantrole, at least not at the onditions explored in our exper-iments (low temperatures and low overage as expetedfor interstellar dense loud environments). However, theanalysis of Cazaux and Tielens may provide a lue onH2 formation in photon dominated regions. We havenot treated eah atomi isotope di�erently but insteadwe used di�erent e�etive averaged values for the experi-ments involving H and D atoms and those involving onlyD atoms. Consequently obtained a model that requiresfewer �tting parameters.7. SUMMARYExperimental results on the formation of moleular hy-drogen on amorphous ie under onditions relevant to in-terstellar louds were analyzed using rate equation mod-els. By analyzing the results of TPD experiments and�tting them to rate equation models, the essential pa-rameters of the proess of moleular hydrogen formationon ie surfaes were obtained. These parameters inludethe ativation energy barriers for di�usion and desorp-tion of hydrogen atoms and moleules on the ie sur-



9fae. While we identify only one type of adsorption sitefor hydrogen atoms, three types of adsorption sites arefound for moleules on LDI, with di�erent ativation en-ergies. The parameters that determine what fration ofthe moleular adsorption sites belong to eah type arealso found. Our model enables a uni�ed desription ofseveral �rst and seond order proesses that involve irra-diation by either hydrogen atoms or moleules, all withinthe framework of a single model.The rate equation model allows us to extrapolate theprodution rate of hydrogen moleules from laboratoryonditions to astrophysial onditions. It thus providesa quantitative evaluation of the e�ieny of variousie surfaes as atalysts in the prodution of hydrogen
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10 Table 1List of the TPD experiments on low and high density amorphous ie analyzed in this paper.Ie Atoms/Moleules Irradiation Time IrradiationType Type (minutes) Temperature (K)LDI H + D atoms 2 ≃9.5LDI H + D atoms 4 ≃9.5LDI H + D atoms 8 ≃9.5LDI H + D atoms 12 ≃9.5LDI H + D atoms 18 ≃9.5HDI H + D atoms 4 ≃14.5HDI H + D atoms 6 ≃14.5HDI H + D atoms 8 ≃14.5HDI H + D atoms 18 ≃14.5LDI D atoms 4 ≃10LDI HD moleules 4 ≃9HDI HD moleules 4 ≃15LDI D2 moleules 4 ≃10HDI D2 moleules 4 ≃15



11Table 2The energy barriers obtained by the fitting of the TPD urves for low and high density ie surfaes. Ediff

His the barrier for atomi diffusion, Edes

H is the barrier for atomi desorption and Edes

H2
(j), j = 1, 2, 3 are thebarriers for moleular desorption from sites of type j.Material Moleule Ediff

H
(meV) Edes

H
(meV) Edes

H2
(1)(meV) Edes

H2
(2)(meV) Edes

H2
(3)(meV)TypeLow Density HD 44.5 52.3 46.5 52.8 61.2Ie D2 41.0 45.5 40.7 53.3 65.5High Density HD 55 62 68.7Ie D2 72.0

Table 3The parameters of the population ratio obtained by the fitting of the TPD urves for low and highdensity ie surfaes. µ1, µ2 and µ3 are the population ratios of the different adsorption sites of themoleules and σ is the standard deviation parameter for the energy barriers's Gaussian distributionaround the harateristis energy barriers for moleules desorption.Material Moleule µ1 µ2 µ3 σ (meV)TypeLow Density HD 0.2 0.47 ± 0.075 0.33 ± 0.075 0.0045Ie D2 0.23 ± 0.05 0.51 ± 0.05 0.26 0.0057High Density HD 1 0.006Ie D2 1 0.006
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Fig. 1Fig. 1.� The time dependene of the surfae temperature during typial temperature ramps in TPD experiments on LDI (steeper line)and HDI (less steep line). The symbols show the experimental measurements and the lines are pieewise linear �ts. The irradiation phaseis not shown.
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Fig. 2Fig. 2.� TPD urves of HD desorption after irradiation with HD moleules (◦) and H+D atoms (+) on low density ie. The irradiationtime is 4 minutes. The solid lines are �ts obtained by the omplete rate equations model.
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Fig. 3Fig. 3.� TPD urves of HD desorption after irradiation with H+D atoms on LDI. The irradiation times are 2 (∗), 4 (◦), 6 (2) 12 (+)and 18 (×) minutes. The solid lines are �ts obtained by the omplete rate equation model.
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Fig. 4Fig. 4.� TPD urves of D2 desorption after irradiation with D2 moleules (◦) and D+D atoms (+) on LDI, �tted by the ompleterate equation model (solid lines). The irradiation time is 4 minutes.
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Fig. 5Fig. 5.� TPD urves of HD desorption after irradiation with HD moleules (◦) and H+D atoms (+) on high density ie, �tted by theomplete rate equations model (solid lines). Irradiation time is 4 minutes.
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Fig. 6Fig. 6.� TPD urves of HD desorption after irradiation with H+D atoms on HDI, �tted by the omplete rate equations model (solidlines). The irradiation times are 6 (△), 8 (2) and 18 (◦).
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Fig. 7Fig. 7.� TPD urves of D2 desorption after irradiation with D2 moleules on HDI (◦), �tted by the omplete rate equations model(solid line). The irradiation time is 4 minutes.
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Fig. 8.� Reombination e�ieny of moleular hydrogen at steady state on LDI as a funtion of the temperature T (K), using theparameters obtained from experimental measurements of HD desorption urves. The �uxes of hydrogen atoms is 0.73·10−8 ML s−1.
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Fig. 9.� Reombination e�ieny of moleular hydrogen at steady state on LDI vs. the temperature T (K), using the parametersobtained from experimental measurements of D2 desorption urves. The �ux is the same as in Fig. 8.
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Fig. 10.� Reombination e�ieny of moleular hydrogen at steady state on HDI vs. the temperature T (K), using the parametersobtained from experimental measurements of HD desorption urves. The �ux is the same as in Fig. 8.
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