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Rotational cross sections for transitions in the Hz-Ha system have heen calcalated~for energies up to = 2.0 eV and for 
rotor levels up toi = 11 in the effective potential approximation. The cases of para Hz-para HT. ortho H2-ortho HZ and 
ortho Hz-para Hz are considered. Correlations and trends in the cross sections have been examined, and it is shown that 
the high-energy collisions are dominated by coupling effects. The results of this analysis also suggest that the collisiori pro- 
cess may be profitably vie-wed as a diffusion of probability among the levels. 

1. [ntroduction 

Since the rotational energy spacing for most mole- 
cules is small compared with thermal energies, rotation- 
al reiaxation typically involves many quantum levels. 
Expeiimental mea&rements of relaxation times, there- 
fore, give only some average of the many state-to-stare 
rates which contribute to the overall process [l]. At- 
temps to obtain information about individual rates 
from such measurements require some prior assump- 
tions about.the relative values of different rates. This 
can be -misleading since non-unique sets of rates can 
give &same average relaxation time, so the assump- 
tions tend to be self-fulfilling. Alternatively, measure- 
ments can be made at low temperatures where only one 
rate (between thk ground and first excited state) is im- 
portant; of course this provides information about only 
this bne state-to-state rate. For these reasons relatively 
little hk been learned about the relative rates of differ- 
ent transitions in relaxation processes. It has not gen- 
erally been known which rates dominate a specific ex- 
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perimental situation. 
For some simple systems this problem has been re- 

medied somewhat with the availability of accurate 
quantum calculations. The theoretical approach auto- 
matic&y gives detailed information about stare-to-stare 
processes. By taking appropriate averages of this de- 
tailed information, it is possible to predict relaxation 
times, and generally very good agreement with experi- 
mental values has been obtained for the systems where 
this has now been done. More importantly, these stu- 
dies are beginning to provide insight into the nature of 
energy transfer in typical molecular collisions. Simple 
but accurate models and rules of thumb are beginning 
to emerge. 

Most of the calculations to date have considered ex- 
citation of linear rigid rotors by collision with atoms. 
A few studies have also considered vibration-rotation- 
excitation of diatomics hit by atoms and rotational ex- 
citation of polyatomic molecules by atoms. Because 
of additional computational complications and ex- 
pense, few studies of molecule-molecule collisions 
have been performed [24] _ We have previously stu- 
died in some detail one ofthe simplest molecule-mo- 
lecule systems: collisions of two H2 molecules [S] _ 
These earlier studies considered only the lowest few 



rotational levels and relatively low collision energies_ 
Because of astrophysical interest in these molecular 
rates, we have now exiended these calculations to in- 
clude twelve levels and collision energies up to a few 
electron volts (about 20000 K). Such a calculation 
produces several hundred state-to-state cross sections 
as a function of collision energy. In the present paper 
we attempt to extract the underlying trends from this 
body of data. 

2. Background details of the calculation 

The large number of “open” molecular levels at 
high collisional energies requires the solution of a large 
set of coupled equations. Even with this difficuhy the 
problem is quite manageable with the use of appropti- 
ate effective hamiltonian methods [6] _ Within this 
framework we have chosen to solve the scattering 
equations in the effective potential (EP) approxima- 
tion; the pertinent scattering equations in this formal- 
ism have been presented earlier [2,3,6] and will not 
be repeated here. A number of semi-empirical and ab 
initio potentials have been calculated for the H2-H, 
system. A comparison of the accuracy of some of these 
surfaces indicated that the ab initio surface of Merrifield 
and Ostlund [7] was the most satisfactory in describing 
the Hz-H, collisional system. This potential is em- 
ployed in the present work*- The scattering calcula- 
tions here treat the Hz moIecule as a rigid rotor. To 
gauge the effect of the vibrational “motion”, the aug- 
mented surface of Ostlund [8] that does contain vibra- 
tional coordinate dependence was averaged over the 
ground state 

=(4°1~(R,‘lr’2,ei,82,~1 -Y~7)loo)- (1) 

The vibrational coordinates of the two molecules are 
rl and r2; the angular variables are denoted 0 1, 6, and 
~1-~2 [see fig. 1 of ref. [s] for the coordinate system 
used]. The wavefunction tr1~2[00) is defined as 

“~~~ioO~=~~~~,)~~,(r,)- 

* Some parailel calculations were made using the Gallup CI 
potent&l [VI. The O&nd and Gallup potentials do not dii- 
fer significantly in the region under study here, and the over- 
all resuks do not differ much either. 

where y&-) is a ground stat@ Motie-&ciUat& WtiVefuric- 
tion. The separability of the vibrationTr~tatidn-_w~~e- 
function as a-prodtict.of the vibrational wavefunction 
tid spherical harmonics has been assumed. This.approi- 
imatibn.is cdnvenient b$ can be dro$pid if-necessary. 
Cross sections obtained by-u&g the averaged potential 
of eq. (1) are only slightly (< 5%) larger’than thdse 
from the rigid-rotor potential:[7]: .- 

Vibrakond transitions are indeed-possible at ener- 
gies greater than = 0.5 eV *, but the magnitude of vi- 
brationally inelastic cross sections is much smaller than 
the dominant rotation.al cross Se&ions [lo] _. Although 
the precise.value of some rotational cross sections 
could depend on the presence of open or closed vibra- 
tional states, the essential features of the rotational 
structure are probably not affected. From the compu- 
tational point of view, inclusion of vibrational states 
in the basis set would have drastically increased the 
complexity of the problem. This study is therefore 
restricted to pure rotational transitions in oHz-oH2, 
pH2--pH2 and oH2-pH2 collisions. 

The energy dependence of the principal cross sec- 
tions (i.e., those > 10e5 A2) was fit to a quadratic 
form in the initial kinetic energy, & 

%j @tot =~i+&)=aii+biiii++cij$‘, co 

where 4 is the rotational energy of the initial state. 
The coefficients a, b and c-are fitting parameters with- 
out any physical significance. The range of validity of 
these tits and the tables of the coefficients have been 
published elsewhere [ 111. 

The basis sets used in these EP calculations are 
shown in fig. 1; Limited basis set exact close coupled 
(CC) and coupled states (CS) [6] effective hamiltonian 
calculations were also made in the case of oH2-pH2 
collisions. These serve as a guide for judging the accu- 
racy of the EP results. The general behavior of the 
Hz-H2 system is examined in the following sections 
of this paper. The overall trends are discussed and var- 
ious.correlations are made to draw together the iarge 
amount of information generated in these calculations. 

.’ 

* All ener@es are measured from the ground rotation-vibra- 
tion state,nliln2i2 = 0000. 
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Fig. I. Energy spacing for the three systems studied. (a) Para 
H2-para H2; (b) ortho Hz-ortho HZ; Cc) para H2-ortho HZ. 

3. Results 

3.1. General features of the cross sections 

In identical molecule collisions the total cross sec- 
tion is a sum of direct (d) and exchange (e) terms 

utot(jlj2 + jij;; EJ 

=~‘“‘u,i, ~iii5;_. E) + U’“‘(jlj2 + j;ii ; E) . (3) 

Obtaining either of these contributions separately in- 
Volvos approximately twice the expense of obtaining 
atot aloqe; all cross sections reported here are otot. In 
oH2-pH2-collkions .the exchange term is identically 

zero since we are not considering reactive collisions_ 
The cross sections in this case consist of just the direct 
term and are therefore easier to interpret_ Fig. 2 shows 
the total cross sections at a fixed total energy for all 
possible transitions within the basis shown in fig. lc. 
The states are ordered energetically so that the upper 
right triangle depicts excitations and the lower part, 
deexcitation. The jTx& total energy eff&s larger cross 
sections (i.e., darker regions) in the upper left comer 
of the diagram. It ma:{ also be seen that along a row or 
column (i.e.;for a fixed initial or final state), the mag 
nitude of the cross section does not necessarily fall off 
in a monot&ic fashion from the diagonal. This indi- 
cates the importance of coupling factors over energetics. 
Lack of “reflection symmetry” with respect to the 
diagonal is mainly due to m-state statistical factors. 
The prominent feature emerging from the general 
structure of this diagram is that for any particular ini- 
tial state there are relatively few final states for which 
transitions are of significant magnitude. 

Figs. 3a and 3b dramatize the importance of COU- 
p!ing in these transitions. Cross sections from partic- 
ular initial states to all possible final states are shown 
at a fixed total ener,v. Each curve * of cross sections 
&jl j2 -+ j;ji; _E’) is labeled by the initial state jl j2. 
Fig. 3a includes the initial states jl 1, jl = 0,2, . . . . 10 
and fig_ 3b the states 0j2, j2 = 1,3, ___, ll_ The total 
energy, Etot, in both cases is 16000 cm-l. The diagrams 
share the prominent oscillatory behavior, wherein the 
cross section curves vary in a regular fashion over 
many orders of magnitude regardless of the initial state. 
The differences in the initial kinetic energies for the 
various curves contribute to the spread of the envelopes 
of each set of initial states. The oscillations in the two 
figures are out of phase in the sense that the local min- 
ima of fig. 3a correspond to final states yielding local 
maxima in fig. 3b and vice versa. 

The generally rather complicated behavior in these 
figures can be understood if we choose a parameter 
based on angular momentum differences rather than 
energy differences_ An appropriate parameter that is 
more discriminating f than the absolute change in an- 

* The word “curve” here denotes the line segments connecting 
the consecutive points a(jlj2 -jiji;l$. 

l The appropriateness of this parameter can be seen by com- 
paring the transitions 23 + 69 and 01 + 011, for example. 
While both transitions have Aj = 10, the R2 values are 52 
and 100. respectively. It may be added that R2 is just one 
of many possible such parameters generally defmed by 
R” = ljl -jil” + Ijz - j$ln,rz # 0,l. 
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fig. 2. Cross sections from all initial states to alI fmal states in the basis of fig. Ic in oH2-pH2 collisions. The total energy is fLved 
at 14000 cm-i. 

gular momentum 

A~-=I~~-_j;lfi~~-j;l. (3) 

is R’, defmed as 

R* = ii1 - j; I* + lj2 - $I* _ (4) 
In fig. 3c the cross sections shown in figs. 3a and 3b 
are plotted as a function of R*, again keeping the to- 
tal energy fmed at 1600 cm-l. While it can be seen 

that the cross sections are a function of this parameter, 
there is, however, a spread in the cross sections for 
each value of R*. Since this spread probably arises 
from both energetic and other coupling effects, it is 
not possible to precisely parameterize the crosssec- 
tions in terms ofR*. 

Now consider the.o(Ol +j;ji;E) curve in tigs:3a 
and 3b, which seems to differ in behavior from the 
other curves. The state 01 has both moIecules in the 
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Fig. 3. (a) Cross section curves, ~0‘1, 1 +jiji; Etot = 16000 cm-’ _ - 
= 16000 cm-‘)& = 1,3.5, . . . . 

)]I - 0.2.4, .._, 10. (b) Cross section curves, a(Oj2 +ji j~;Et,t 
11. (c) Cross sections versus R2 [defined in eq. (411 at a fmed total energy of 16000 cm-‘. 
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&round rotational levels; herice every transition from 
this state-is an excitation. If the final states-are ordered 
energetically [cf_ figs.‘3a and 3b], the energy difference, 
A& 5 &&a.< goL, increases monotonically, as does. 
the R2 value associated with each transition. The final 
statesjij; can be divided into subsets, states of which 
have the same R’ value for the transition 01 +jiji, 
i.e. 
R”= 4 i;j; =03,21, 

increases:It:is.quite appa&t .&that the~cross sections 
aie well correlated with R2, &ce~~n~entire collkction~ 
of initial and final states is irichrded in fig. 4(0-o, 
p-p and a-p),&is kindofcorreiatiori ii helpful in-es- 
timating the magnitudes qf all feievant cross sections. 

3.2. i7re rotatiohally ieiastic ~olliskkas a #@sion 
process 

Inelastic collisions have been considered as a diffu- 
sion of probability between quantum states [12;-13]_ 
In this treatment a master equation or.Fokker-Planck 
equation is formulated to describe the time evolution 
of a collisional system. The effect of the collision is 
then to induce the diffusion of probability among the 
molecular levels. The H2-H2 system has-not yet been 
studied in the stochastic formalism; however, the dis- 
cussion below will show that these rotational processes 
are suggestive of diffusion-like behavior. 

It is convenient to dcfiie a matrix of cross sections, 
EE(jlj2), which is parametrically a function ofjlj2. 
The elements of this matrix are given by 

[zEQli2)]j;i; E r~(ilj2 +jij;;Etot =E+ girls) 9 

R2= 8 jiji=23, 

R2 = 16 j;j; = 41,05, 

R2 = 20 ji j; =25,43 _ 

Itirhin each subset the cross sections decrease as the 
energy transfer increases: c701_+21 >ool_+03; 

ctol_41 > oo~+,05 etc., thus showing the piimaiy de- 
pendence of the cross sections on coupling effects. 
Therefore, the distinctive appearance of o(O1 + j;j;;E) 
is fully consistent with the other curves when it is un- 
derstood how these curves are correlated. 

When cross sections at the same kinetic energy are 
correlated with R2, the band structure of fig. 3c is re- 
tained (cf. fig. 4). The bands narrow at larger values of 
the fmed total energy which is to be expected, since 
the spread in the bands is due mainly to energetic ef- 
fects that diminish in importance as the kinetic energy 

I I 
Eki. = 1000 cm-’ 

9 I 

Fig. 4. Cross sections vems R* [defined in eq. (4)] at the same 
initial kinetic enerB for three values of the kinetic energy. 

-’ 

where *he rows and columns are labeled j; and j;, re- 
spectively. Considering OH, -pH2 collisions, we ob- 
serve that j; has six possible values in this study, j{ = 
0,2,4 ,..., 10, andj; also has six possible values,& = 
1,3,5 ,..., 11_ Hence the dimensionality of each 
C”(j, j2) matrix is 6 X 6. At a giverrvalue of E there 
are also thirty-six possible initial states jl j2 for 
oH2-pHr (i.e., thirty-six different ZEO_, j2) matrices). 

We can now construct surfaces that are pictorial re- 
presentations of.these matrices by first setting the 
elastic cross sections o(j1j2 + jl j2; E) arbitrariIy equal 
to 100 AZ. Cross sections less than lob5 A2 are con- 
sidered negligible and are therefore truncated to 10-G 
A2 for convenience. This procedure is expedient for 
the comparison of the surfaces shown in fig_ 5, as the 
highest and lowest points in every surface [figs.. Sb-5f] 
are 100 J%? and 10M6 A2, respectively..Contours of 
constant cross section magnitude are drawn alongside 
each ZE(jIj2) surface to better illustrate the shape of 
the surfaces. These contours were obtained by linear 
interpolation along the rows and columns of the 
ZE(jlj2) matrices. 

The diagrams in fig. 5 can be examined in two ways. 
First, the elements of the ZE(jlj2) matrices increase 
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Fig. 5. (a) Scale used in (bl-(f).E) irections of increasing and decreasing rotational quanta are denoted f and -, respectively. 
(b)-(t) Cross section surfacesE vrjs) represented pictorialIy;j& is the initial state and E is the initial kinetic energy. The ac- 
companying contours of equal cross sections are obtained by interpolation. 

with increasing E. The surfaces are sharply peaked (i.e., an increase in the separation) between the con- 
around the elastic cross section at low energies when tour lines. Now defme the +j; and +j; directions cor- 
not many final states are energetically accessible (cf. responding to increases in the para- and ortho-states, 
fig. 1). It is useful to compare.figs. 5c and 5d which respectively (cf. fig. 5a)]. With this definition the + j; 
have the same initial state 45 but differ in the kinetic 
energy E. Fig. 5d has a broadei peak, and this change is 

and +I> directions represent excitation while the - j; 
and -j; directions correspond to deexcitations. We 

reflected in the corresponding contour plot by a spread see that lines of equal cross sections are not circular 
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about the initial state but are closer togther in the 
+j’l f j; direction and further apart in the - j;-ji di- 
rection_ This structure is to be expected since’the 
energy difference, A&, increases along the + ji+ j; di- 
rection. This leads to a rapid falloff in the cross sec- 
tions and thereby decreases the separation between the 
lines of equal cross section. Along the -j’r - j; direc- 
tion, on the other hand, A& increases less rapidly for 
the deexcitations and tie consequent fail-off in the 
cross sections is more gradual. This then leads to larger 
separations between the contours. 

Three different types of molecular statesjIj2 can 
be characterized as follows: 

Comer state: jr end jZ are ground states: 01, 
Edge states: eitherjI orj2 is a ground state, 
Inner states: neitheri nor j2 are ground states. 
It is clear that comer, edge and inner states have, 

respectiveIy, 2,3 and 4 nearest neighbors (i.e., those 
involving Aj = 2). The strongest coupling is between 
immediate neighbors, and this results in an ‘edge ef- 
fect” [ 141, producing a slight increase in cross sections 
for edge and corner states_ 

An important observation is that all the XE(jIj2) 
surfaces at a given energy are largely displacements of 
one another. The general shape of the surface is re- 
tained (compare figs. 56 and Sd or figs. SC, .5e and Sf) 
with only a transferral of the peak to a new j1 j2 loca- 
tion in the grid. Energetic and coupling effects are re- 
sponsibie for the minor differences apparent in the con- 
tours. 

The in-phase oscillatory nature of the cross sections 
in tigs_ 3a and 3b is consistent with the observation 
that the surfaces of figs. 5b-5f are approximate dis- 
placements of one another. It is therefore profitable 
to view the collisional process in terms of such surfaces, 
which is strongly suggestive of diffusion-like behavior 
in a nearly isotropic jlj2 space. Similar behavior has 
been observed in model one-dimensional diffusion cal- 
culations [12] _ It rerirains for further research to show 
that a stochastic approach can be applied to this system_ 

The above discussion was exclusively based on 
oH2-pH2 collisions. For identical moIecub collisions, 
oH2--oH2 or pH2-pHZ, the XE(jlj2) matrices are, in 
general, not easy to interpret since each matrix is ac- 
tually a superposition of a direct and exchange matrix 
[see eq. (311. In the event that jr = j2, however, the 
matrix becomes symmetric since the direct and ex- 
change terms are equal. Exarmnation of the surfaces .’ 

ZE(55) andCc(44) reveals that they are almost coin- 
cident in shape tid.magmtude withZE(45) over the 
range 10~2~~u~102 ~andr&E=1OOOOcm-I. 
Hence the cases of oI&oH2 or pII*-pH2 collision 
processes are similar to the OH*-pH2 case, and in fact, 
-this sirniIarity is indicative of a redundancy in the m- 
formation content of these surfaces. It should there- 
fore be possible to reasonably estimate some of the 
0-p surfaces given the relevant corresponding o--o 
and p-p ZE surfaces. 

3.3. Cross section behavior 

‘Ihe large basis sets needed in this calculation put 
comparable close coupled calculations *well out of the 
question. A bench mark is, however, essential in 
judging the quality of the computed cross sections. 
Since rotational cross sections converge rather rapidly, 
limited basis CC and coupled states (CS) [6] calcula- 
tions were performed at the same energies to obtain 
comparative cross sections for transitions between the 
lowest levels. While there have been many studies of 
the accuracy of the v&ious approximate methods, the 
peculiarities of the system, the intermolecular poten- 
tial and the energy range of the calculation make it 
difficult to arbitrarily extend the observations on one 
system to another. These limited exact calculations 
couId, in addition, provide a means for scaling the ex- 
tensive but approximate results. 

Table 1 presents these tests at a few selected ener- 
gies. The almost exact agreement between CC and CS 
cross sections is remarkable. Unfortunately, even with 
the CS effective hamiltonian method, calculations of 
the size reported in this paper would be prohibitively 
expensive_ It must be pointed out that the peculiarity 
of edge and comer states leads to some misleading re- 
sults. For example, at 12000 cm-l, ucc (0 1 --* 03) < 
oEP(01~03)whileoCC(21-,23)>oEP(21-t23). 
This then leads to the ordering oEp(21.+ 23) < 
uEP (0 I--, 03) when in fact, the ordering is om (2 I * 
23).> ucc (01+ 03). However;it should be under-. 
stood that these tine differences arc hardly sig&icant 
on the scale of variations in figs. 2-9. Such differences 
wilI Show up on cl& examination as in fig. 6: Studies 
that would be sensitive to these fine details should use 
appropriate caution. Figs: 6a,-6bBnd 6c depict the 
cross sections for three classes of transitions &a.func- 
tion of energy above thresholdIn fig. 6a at a given -- 
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Table 1 
Comparison of CC a), CS b) and EP c) methods forpHz-oH2 cross sections d) 

jt jz -f ji jb 4l?OO cm-’ 8000 cm-’ 

cc cs EP cc CS EP 

12000 cm-’ 

cc cs EP. 

Ol-rOl 45.1 
21 1.42 
03 0.59 
23 0.14 
41 0.022 
05 0.004 

44.9 46.0 
1.47 

41.3 
0.96 2.11 

0.62 0.88 0.97 
0.13 0.09 0.48 
0.021 0.009 0.10 
0.0037 0.0044 0.034 

41.2 42.8 
2.20 1.84 
1.01 1.63 
0.47 0.44 
0.11 0.06 
0.035 0.047 

21 --t 21 46.1 46.2 46.4 42.4 42.3 42.6 
03 0.054 0.065 0.077 0.10 0.12 0.13 
23 0.64 0.63 0.51 1.27 1.30 1.11 
41 0.36 0.34 0.29 0.94 0.94 0.85 
05 0.0012 0.0010 0.0008 0.0066 0.007 1 0.0054 

03-03 40.0 45.7 46.1 41.7 41.0 42.2 
23 -1.34 1.40 1.04 2.27 2.38 2.07 
41 0.0064 0.0081 0.0054 0.20 0.25 0.18 
05 0.15 0.14 0.17 0.62 0.61 6.80 

23-+23 47.3 47.3 47.0 
41 0.076 0.091 0.098 
OS 0.024 0.016 0.015 

44.3 
0.094 
o.osg 

44.9 
0.29(-3) 

44.3 43.2 
0.126 0.127 
0.052 0.048 

41+41 
0.5 

48.0 
0.95 (-4) 

48.0 
0.13(-3) 

48.0 
0.56 (-4) 

44.9 
O-4(-3) 

44.7 
0.18(-3) 

38.8 38.7 
2.40 2.50 
1.12 1.15 
0.82 0.85 
0.22 0.22 
0.077 0.077 

40.0 39.9 
0.15 0.17 
1.67 1.73 
1.76 1.36 
0.014 0.017 

39.3 39.0 
2.77 2.92 
0.04 0.049 
0.94 0.96 

42.3 42.3 
0.13 0.16 
0.075 0.082 

43.2 43.1 
0.6(-3) 0.9 (-3) 

40.0 
2.45 
2.07 
097 
0.16 
0.122 

40.2 
0.22 
1.50 
1.30 
0.013 

39.7 
2.73 
0.037 
1.32 

41.0 
0.15 
0.078 

43.7 
O-38(-3) 

4 close coupling. b) Coupled states. c) Effective potential. 
d) The O-C1 interaction potential was used. The cross sections out j2 -ii ji; E total, are in units of A*. All calculations included 

the six basis states,j, j2: 01.21 03,23 41,OS. 

energy the ordering in the class jll +jl3 is in terms 
of increasingjl save for the exception mentioned above. 
While the collision is in effect elastic for the para mol- 
ecule, the fact that the “perturber” molecule possesses 
angular momentum does affect the processes [2,15]. 
The contrasting family 0j2 -t 2j2 in fig. 6b shows a 
similar ordering in terms of increasing j2 at lower ener- 
gies, white some alteration in this behavior occurs at 
higher energies where the curves level off. Fig. 6c 
shows the family of cross sections Oi, + 0j2 f 2 along 
the edge jl = 0. Since the energy defect for each tran- 
sition increases asj2 increases, the ordering is accord- 
ing to decreasing j2_ Them is also apparently a residual 
cccomer” effect that enhances the 01 4 03 cross sec- 
tions. 

4.. Conclusion 

The general behavior of high-energy rotationally 
inelastic collisions in H, -Hz has been examined in 
this paper. The large number of possible processes 
gives rise to considerable complexity. Nevertheless, it 
is shown that the cross sectional behavior can be cor- 
related with a parameter based on the change in angu- 
lar momentum associated with each transition. ‘The 
regular dependence of the magnitude of the cross sec- 
tions on this parameter makes possible the estimation 
of cross sections for processes not considered here. 

Cross sections from any given initial state at a 
fmed initial kinetic energy in oH2-pH2 collisions 
were analyzed in terms of a matrix. The three-dimen- 
sional representations of these matrices (viz. cross sec- 
tion surfaces) Here seen to be largely similar regardless 
of the initial state and in spite of widely different 
energy gaps. As the dominant correlation was with the 
angular momentum parameter, the main factor in the 
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collisions is coupling rather than energetics. This 
would suggest that the sudden approximation [ 161 
may also be valid iu this system at such high energies. 

The shape of the cross section &f&es indi&tes dif- 
fusion-like behavior in a &arIy isotropiC ;otationaI 
space. This $ew.of the collisional pro&s can be treated 
inthe stochastic approach, a n&hod wea suited-to the 

Fig. 6. Effective potential cross sections forvarious transitions 
in OH2-pH2 collisions versus.the energy above threshold. (a) 
jr 1+ jr 3, jr = 0,2.4. __., 16; (b) Ojs --t 2js. j2 = 1,3,5, _._, i 1; 
(c)oj*-+Oj~+2,j*=l,3 ,... 19. ; : - . 
handling of large n$mb&of mol&ular levels. It may 
well be possible to exam&e the influence of.the vibra- 
tional levels & this system using.& latter methdd. 
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