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Abstract: New comprehensive model of nucleation in the presence of external radiation as applied to the atmospheres of planets and comets is reported. The approach is based on the advantage of the microscopic nucleation theory (MNT) earlier put forward by the author [1]. We consider i) UV radiation which excites the ground electronic state of condensable molecules (photonucleation) giving rise to a dramatic acceleration of the nucleation rate and ii) IR radiation which excites rotational degrees of freedom of condensable molecules (rotationally-selected nucleation). Such processes take place, for instance, in the Earth atmosphere and in the atmospheres of active comets under the influence of the Solar light.


1. Introduction


In this paper we discuss possible ways to influence the condensation rate and properties of forming clusters by radiation. The first one is photonucleation that has been observed in many experiments (for instance, see [2] where the rate of water vapor, some aldehydes and carbon dioxide condensation is dramatically accelerated in the presence of the resonance UV radiation. However, hitherto there has not been an agreed-upon viewpoint or an adequate theory of such processes. The available semiphenomenological models provide a qualitative description of some experimental results. One of them considers the ``radical'' mechanism involving photodissociation of the initial compound and formation of complexes in chemical reactions with participation of radicals. Another model implies the formation of heterogeneous complexes which contain the electron-excited molecules of the initiating substance and molecules of the condensed vapor. Thus, some additional problems are introduced into these models which are inherent to modern theories of binary nucleation. The absence of more consistent models can be apparently explained by the necessity to consider within the scope of such a model the internal structure of clusters, and then to analyze and solve related kinetic equations which as it is known brings some mathematical problems. In addition, the lack of data on rate constants of formation, decomposition and relaxation of excited cluster does not allow one to close these kinetic equations.


In [3] to make clear the main features of photonucleation we elaborated a generalization of MNT [1] under certain suppositions made of the mechanism of this process. In addition, in [4] transfer processes in a thermal diffusion chamber under photostimulated nucleation were examined. To eliminate difficulties encountered when treating the binary nucleation, we consider simple systems such as CS2 - He and H2O - Ar for which the absence of radicals and heterogeneous complexes during photonucleation has been proved [2,5].


Our quasisteady method being adopted to this model allows one to obtain analytical expressions for time-dependent cluster concentrations of any size. We have managed to treat the available experimental data for thermal diffusion chambers within the scope of the theory proposed at the assumptions made on correlation between the specific rates of photoexcitation, relaxation, quenching, a collisional exchange by excitation and condensation. Besides the proposed theory is generalized in a natural way for flows in nozzles and jets accompanied by photonucleation where an experimental study of photonucleation have not been performed yet. Thus, for these devices conclusions of our theory can be considered as a hypothesis admitting the experimental verification.


As critical supersaturation strongly depends on the intensity of the UV radiation another problem raises whether it is possible to control the condensation process in such a way. For example, for modern technologies it is very important to produce clusters of the determined size and properties for many substances. In particular, a well known source of the clusters are gas streams in nozzles and jets. So far there was a complexity to measure experimentally the cluster size distribution function (CSDF) especially for large clusters. However, the possibility to predict the CSDF form theoretically is also very limited within the frame of both the classical nucleation theory (because of some rather doubt physical assumptions made) and the quasichemical one (numerical simulation of time-dependent CSDF for a multidimensional flow requires very powerful computers). In contrast the advantage of our model in doing such a prediction is i) more physically justified assumptions made and ii) analytical expressions derived to calculate the cluster concentrations. However, in the latter case one should expect the large errors in concentrations with high j (see [1]).


Another way to influence nucleation which is discussed here in more detail is rotationally-selective nucleation. This problem arises when studying the influence of nonequilibrium processes in a cometary coma on the coma structure. A detailed review of important processes in the cometary comae is given in [6], some aspects as applied to the condensation processes are discussed in [7]. In our previous publications [8-10] we already considered i) a radiative excitation of the water vapor molecules evaporating from the surface of the cometary nucleus and ii) special methods for constructing various physical and mathematical models which describe flows of a dusty gas in the coma. Here we continue the research of this complex task and bring into consideration condensation of water vapor which realizes against a background of radiative excitation of water molecules.


2. Physical model


Radiative processes. Radiative processes play an important role at forming the structure of the inner cometary comae. As a rule, the inner coma is characterized by the low temperature of vapor evaporating from the nucleus surface and representing itself in large part molecules of water and dusty particles. For the water molecules a maximum of absorption and emission in the presence of the solar radiation lays in the IR region, therefore their vibrational degrees of freedom usually are not excited, as against to the rotational and rovibrational ones. The physical analysis of the kinetic mechanism of the water molecule exciting by the solar light has been done in [11]. Based on this model recently we explored the dynamics of the water vapor expiration from the nucleus surface with allowance for the radiative processes using a one-dimensional unsteady approach [9].


Note, that so far in the existing literature on cometary physics the following problem has not been arisen at all that from the physical point of view a rotationally excited molecule should be less capable to condense against non-excited. Thus condensation and radiative excitation become the coupled processes and a proper theory should take this effect into account. Therefore, the main goal of this work is to present such a theory developed on the basis of our microscopic condensation theory.


Kinetic equations. We treat water vapor as a mixture of ideal gases, each of that consists of the water molecules being in a certain internal state. In accordance with [11] further we consider only the processes of nonequilibrium excitation of rotational sublevels belong to the ground vibrational state of the water molecule, while excitation of the vibrational states of the water molecule assumes to be inefficient at specific temperatures on the surface of nucleus T=100-200 K. We also assume this temperature equal to the common translational-rotational temperature of clusters [1]. As far as the vibrational energy of the clusters is concerned its rate of relaxation can be of order of the rate of the formation and decay of the clusters. Hence, the vibrational levels could be nonequilibrium populated but it is possible to introduce the total vibrational energy of the cluster Ej(k),  j  is the number of molecules in the cluster, k is the number of the energetic level [1].


To analyze kinetics of the radiative transitions of the H2O molecule model [11] is used. Within the frameworks of this model as the main processes affecting the energy redistribution among the mixture constituents and the external radiation we take into account infrared rovibrational pumping by the solar radiation flux, thermal excitation by collisions and radiation trapping in the rotational and rovibrational lines.


We also assume that the rotationally excited molecule has a smaller cross-section to be attached to the cluster than non-excited. This problem was theoretically investigated in [12] with the purpose to explain experiments on rotational-selective condensation of water and heavy water molecules [13]. A multistep mechanism of the resonant capture of molecules through the formation of an intermediate complex was considered which was illustrated by system He-H2O. It was found in these works that the ratio h of the rate constant of capture of the water molecule being in the ground para state to the same rate constant of the water molecule being in the ground ortho state is 8.4 Ј h Ј 12.3 as the temperature is ranged within the limit 30 K Ј T Ј 50 K. Thus these data testify to an opportunity of the rotational selectivity of condensation already at the stage of capture. It is clear that as the rotational energy of the molecule increases its rate constant of capture decreases. Therefore in this work we use a model where the only molecules being in a ground para state (i.e. rotationally nonexcited) are most capable to condense while the probability of the formation of molecular complexes by attaching the water molecule being in another rotational state is neglected.


Further for the sake of simplicity we consider a spatially uniform system which parameters vary with time. Generalization of this method for a spatially-nonuniform system will be given elsewhere. With allowance for the assumptions made the above kinetic equations describing an evolution of populations of rovibrational levels which belong to the ground vibrational state of the water molecule x1(k), k=0,...,M1 and populations of the energetic levels corresponding to intermolecular vibrations in the cluster xj(k),  k=0,...,Mj,  j=2,...,N can be written in the form
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Here the fluxes Ij describe the formation and decay of the clusters, Jj - relaxation of intermolecular vibrations in the clusters, Wic and Wir - collisional and radiative fluxes for the water molecule being in the i-th rotational state. The other notation is as follows: m is the monomer's mass, Cj-1(l,i|k) is the rate of formation of j-cluster with energy Ej(k) from the j-1 one with energy Ej-1(l) by attaching the monomer being in the ground rotational para state; Ej(k| l,i) is the rate of decay of j-cluster with energy Ej(k) into the j-1 one with energy Ej-1(l) and the monomer being in the ground rotational para state; Rj(l,i| k,n) is the rate of relaxation of j-cluster from the state with energy Ej(l) to the state with energy Ej(k) accompanied by the simultaneous relaxation of the monomer (RT relaxation) from the state with energy E1(i) into the state with energy E1(n); Mj is the number of the topmost energetic level (see [1]) of j-cluster, sj(k) is the statistical weight (degeneracy) of j-cluster, dij - the Kronecker delta, Aij and Bij are the Einstein coefficients for spontaneous and induced radiation, lij is the wavelength of the transition, ( is the intensity of the radiative flux averaged over all the directions and integrated over the whole line, Cc is the total collision rate for rotational transitions, xie is the equilibrium populations at the given temperature.


When writing eq. (1) a model of strong collisions is used allowing to write the collisional term in the BGK form. Coefficients Aij vanish if Ei< Ej. Furthermore, in eq. (1) deriving the possibility that the cluster could be formed (decayed) by gaining (losing) a dimer, trimer etc. was neglected as well as the triple collisions of the molecules and clusters. Besides, in eq. (1) the conservation law preserving the total number of molecules in the system is already taken into account.


System eq. (1) is too complicated to be solved directly by virtue of i) its infinite dimension (in a real system N ® Ґ) and ii) the absence of data on the majority of rate constants of the elementary processes considered in (1). Therefore at first we discuss asymptotic solutions obtained by using a special quasisteady state method like in [14] and in more detail given in [7]. Then we use another asymptotic method to obtain an explicit analytical solution for the cluster concentrations. Explicit expressions for equilibrium concentrations and populations of the clusters presented in these equations were given in [1] as well as the rate constants of the attachment and detachment of a single molecule to the cluster. The final reduced equations (details see in [7]) are the following. At x > r+1 where x » j* one gets
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where j* approximately is a classical critical size, r(T,S0) is the main parameter of MNT, nje is an equilibrium cluster concentration, parameters z1(0), b, q, a are functions of T, K- is an equilibrium rate constant of the cluster decay. All the other steady-state concentrations except that for very large clusters with j > 106 could be found by analytical formulae based on the already known S0 and T.


At x Ј r+1 the first equation in eq. (2) changes the form
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where a is also a known function of T. At S0 which obey the condition ln S0 > b(r+1)-1/3 R.H.S. of eq. (2) becomes of the order of O(1) or in other words S stops to be a slow variable. Since that S0 we can not more use the quasisteady equations for Wc0 + Wr0  and nj,  j > 2. Thus, in this case it is necessary to solve the full system of coupled differential equations and the further simplifications are impossible by virtue of the absence of small parameters in the system.


3. Discussion


The proposed theory of nucleation in the presence of radiation exciting the rotational degrees of freedom of the condensable molecules and methods of the asymptotic integration being applied to the studied problem allow one i) from the very beginning to formulate the original problem at the microscopic level and ii) to avoid some physical assumptions which are inherent to usual macroscopic approaches. Finally, our approach results in a radical simplification of the kinetic equations and reduces them to the kinetic equations only for populations of the rotational levels of monomers. The other cluster concentrations with j і 2 and populations of the intracluster vibrational states are determined by the explicit analytical formulae through already known S and T.


Further we leave the main assumptions and problems of our theory to be discussed in [7] and consider the influence of radiation on the condensation kinetics analyzing eqs.(2)-(3).


First for weak comets with a small production rate of the water vapor from the cometary nucleus the numerical density of the vapor is small enough that results in a low value of the relaxation rate Cc. Under these conditions the radiative processes dominate the collisional relaxation (Wck << Wrk), and the steady distribution of populations is mostly determined by the external radiation, i.e. by the interaction of water molecules with the radiative flux from the Sun. As the result the populations of the rotational levels of monomer are nonequilibrium. They can be expressed through n1 or S by solving the system which follows from eq. (2)


Wrk  = 0,    k=0,...,M-1;    x1(M) є n1 - Sk x1(k)                                            (4)


Then substituting these solutions into the first equation of eq. (2) we get the closed equation for S, where S0 depends upon S in a certain way and, in principal, this dependence may have a rather unusual and complex form.


Another situation takes place for active comets with a high production rate. Here the increase of the initial vapor density results in more frequent collisions, which reduce the rate of the collisional relaxation Cc so, that it becomes more than the rate of the radiative processes (Wck >> Wrk ). As a result, the equilibrium distribution of the energy of rotational sublevels is established, i.e. x1(k) = s1(k)n1ez1(k). Hence, S = S0 and the equation for S in eq. (2) becomes closed. The difference with the previous situation is that the R.H.S. of the equation for S in the last case depends on S rather than in the first case (generally speaking, more simply).


At the intermediate distances both terms Wck and Wrk could be of the same order of magnitude therefore quasisteady populations x1(k), k=0,...,M are nonequilibrium and should be found by solving the full system (2). Note that the correlation between Wck and Wrk can vary from one rotational sublevel to another in accordance with the value of the Einstein coefficients.


The gas production rate of the comet increases as the distance between the comet and the Sun decreases. On the other hand the decrease of this distance results also in the increase of the radiation intensity (see [9], therefore these two processes are competitive. For concrete estimations simulation is needed.


It is also feasible to compare our theory with the classical nucleation theory. Such a comparison is completely given in [1] and here we emphasize only one point. In the classical nucleation theory a special role is ascribed to the critical nucleus which is determined as a droplet being in equilibrium with the surrounded supersaturated vapor. It is assumed that drops with j > j* are capable to the further growth while drops with j < j* tend to decrease their size. Accordingly, the rate of nucleation is determined as the number of critical nucleus formed per unit of time and volume. 


In contrast the analysis of our results brings an unusual conclusion that all clusters with size j < x are in quasi-equilibrium, i.e. dj/dt = 0 for all those clusters. If x ( j* this result still correlates in a certain way with the prediction of the classical theory. However, if j* < x = r+1 than within our theory all clusters with j < r+1 are in quasi-equilibrium while within the classical theory it is not the case. In particular, it is known from the literature that for condensation of water vapor in the air at low temperatures T < 270 K (such low temperatures are also inherent to the cometary conditions) the size of the critical nucleus determined by the classical theory turns out to be less than the water molecule itself that shows the internal contradictions of the theory.  However, these contradictions are out off MCT because i) MCT does not use the concept of a certain special droplet like the critical nucleus and ii) even if we account for the classical concept of the droplet being in the equilibrium with the surrounded vapor, at x = r+1 this is not the critical nucleus in our theory but all clusters with j ( r+1. Moreover, our direct calculations of the condensible flow of the pure water vapor and the moist air show that MCT predicts rather well the experimentally observed dependencies. The results are discussed in detail in [1].


This statement is valid even for homogeneous condensation of pure vapor without radiation. In the case of radiation affecting the condensation kinetics, this influence becomes apparent to i) the form of the cluster distribution function; ii) the form of the dependence of S upon t; iii) the dependence of S upon I at the intermediate gas production rates when Wck ( Wrk.


In conclusion we note that the method proposed being generalized for spatially-nonuniform systems - flows of the condensable vapor - gives an opportunity to simulate condensation in the inner coma with allowance for the influence of the external radiation on the condensation kinetics. Indeed, it allows one to solve hydrodynamic equations in conjunction with the differential equation for supersaturation S and a finite system of algebraic equations for populations x1(k), k=0,...,M-1 while the original system contains the infinite number of equation and one should cut it in a certain way in order to solve numerically. The other cluster concentrations and populations of their energetic levels are analytically expressed through S0 and T. The results of such simulation and a convenient and economic algorithm which combines analytical and numerical approaches and gives the possibility to restore the cluster size distribution function will be given elsewhere.
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