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The exothermic reaction between a molecular ion and a molecule A* + B— C* + D proceeds
by formation of a long-lived complex (AB)* = (CD)* if the kinetic energy of A* and B is
less than 0.1 eV. The cross section for formation of (AB)*, due to polarization interaction,
is of the order of 10"15%—10"14 ¢m? The probability of dissociation of (AB)* into C* and D
is close to unity provided the state of the complex is independent of the initial particles (A*

and B or C* and D); this assumption is justified. A detailed calculation of the H; + H,

— H3 + H cross section is given.

].. For the reaction
A*+B—->C*+D 1)

to occur a close approach of the molecules A* and
B is necessary so that the distance between their
centers of inertia r is of the order of their di-
mensions, i.e., on the order of 2b, where b
=h%/mee? is the Bohr radius.

The necessary condition can be found by means
of classical mechanics if it is assumed that at
large distances (r >4b) the interaction of the
ion with the molecule is given by the potential

U = — a;b%/2r, @)

where oj is the polarizability of the molecule in
atomic units. The impact parameter of the colli-
sion (a) should satisfy the condition of impact of
particles at the center of inertia:

a} < Vaa e ma?; ,
where m is the reduced mass and vj is the veloc-
ity of relative motion of the molecules A* and B
(i =1) or of the molecules C* and D (i = 2).
Thus the cross section for collisions producing
close interaction between A* and B or between
C*and D is

o, = na? = n}/ 4ab% m,u2. 3)

In the kinetics of the reaction we are concerned
directly with the product

60 =0V dab%m; = V aidps - 0,92-10° cm3/sec, (4)

where py; is the reduced mass in units of the mass
of the hydrogen atom.

The condition that classical mechanics be ap-
plicable, mjvjaj/h > 1, and that the interaction

be represented by potential of Eq. (2) (for r > 4b)
sets limits on the kinetic energy of relative mo-
tion given by Eqs. (2)—(4):

m;

e? me 2~ 1 1 —8 012' aie? ~ . -2
8“7(”1,) NG.—‘TLTIO ev<—‘2—‘<'—m = «; 5 10 eV.

Since usually o ~ 2—10 and the molecular
ions exist at a temperature lower than 0.1 eV, the
above kinetic energy limits are not important.

For r =3b and oj =6 we have U= ~1 eV from
Eq. (2), and therefore we can take the binding en-
ergy of (AB)* to be of the order of 1—2 eV. Thus
the energy of the system (AB)* = (CD)*, produced
by a collision of A* and B, reckoned from its min-
imum value, is equal to the binding energy of A*
and B together with a thermal energy, i.e.,it is
given by Uy + T(k—3)/2, where Uy~ 1-2 eV,

the temperature is T < 0.1 eV and k is the num-
ber of the degrees of freedom of the molecules A*
and B. It is natural to assume that upon collision
this energy is distributed among all the degrees
of freedom of the (AB)* molecule. It is unlikely
that immediately after the collision, which takes

a time T ~ 2b/vj ~ 107! sec, all the energy U,

+ 6T (k—-3)/2 is concentrated in the form of the
energy of relative motion of A* and B; here

6T (k—3)/2 is the kinetic energy, U, is the en-
ergy necessary to dissociate (AB)* into A* + B,
and (1-6)T(k—3)/2 is the energy retained by
the internal degrees of freedom of A* and B. We
can also assume that after a time on the order of
T the coordinates and momenta of (AB)* can be
found with equal probability at any point in their
phase space for a given total energy and angular
momentum of (AB)*.
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The assumption that the whole phase volume
of the composite system is completely filled, in-
dependently of all the collisions of the type A + B*
or C + D", gives the maximum probability of the
reaction (1) for a given total energy of the system.
This assumption is incorrect if, for example, the
phase volumes of (AB)* and (CD)* are sepa-
rated by a potential barrier considerably greater
than Uy/(k—-3). Like the ergodic hypothesis for
large closed systems, this assumption cannot be
justified theoretically without solving the equation
of motion, but it should be confirmed or rejected
by experiment. Support for the assumption is
given by the following:

1) all degrees of freedom are excited on colli-
sion, since r is no longer a separable variable
when r = b;

2) the vibration and rotation frequencies of
(AB)* = (CD)* are incommensurate;

3) nonlinear coupling produces continuous ex-
change of energy between various degrees of free-
dom which are separable in the linear approxima-
tion.

It follows that, on the average, a time which is
long compared with 7 should pass before there is
a combination of amplitudes and phases corre-
sponding to the decay (AB)* — A + B* or C + D*.
This is because for a limited volume of (AB)*
= (CD)* the decay into A + B* corresponds to a
relatively very small phase volume. The energy
of relative motion of A + B* should become
greater than U, i.e., it should be of the order of
90% of the energy at the moment of collision. Even
in the case of the decay (AB)* — C + D* one de-
gree of freedom should contain ~50% of the energy
of the system.

An estimate of the lifetime of the composite
system can be obtained only by making the as-
sumption indicated above. The delay time for
the process (AB)* — C + D* is roughly of the
order of

texp{(U,— Q) (k—3)/U,},

and the delay time for (AB)* — A + B* is 1/
times greater [Eq. (7)].

On the hypothesis of equal distribution, the
probability of the decay of (AB)* into A* + B
or C* + D depends only on the total energy of
the system and the absolute value of the angular
momentum and is unaffected by whether the sys-
tem is in the state A* + B or C* + D before for-
mation of the (AB)* = (CD)* complex.

This ‘‘ergodic hypothesis’’ is assumed below
for the case when the reaction (1) is not connected

907

with an electronic transition, i.e., when the elec-
tron states change adiabatically. The same hy-
pothesis can also be used when the reaction is
connected with an electronic transition A* + B
— A + B* if the mean time of the decay (AB)*
— A" + B exceeds the mean delay of the elec-
tronic transition.

From the above hypothesis and the principle
of detailed balancing we obtain

6150, ATy =°_1U; &AIH = Es-20—2(1 —w)Al', = G3102AT ;. (5)

Here w is the probability of the decay (AB)* — C*
+ D averaged over the total angular momentum.
The products ojvj are averaged over the momenta
of the molecules B or D (if a molecule has a di-
pole moment then this contributes in practice to «
only when the angular momentum of the molecule
is zero).

From Eq. (5) it follows that the kinetics of the
reaction (1) is governed by the quantity

51715:@71/(1+B)z6101- (6)
Since w = 1/(1+p), where, from Egs. (5) and (6),
B= V°‘1m2/°‘2m1 AT,/AT s, (7)

and the phase volume AT for an energy T(k—-3)/2
is usually much smaller than the phase volume AT,
corresponding to an energy T(k—3)/2 +Q (Q is
the energy of the reaction), g is very small and
can be neglected.

2. Let us consider

H; - Hy—>Hs +H - 1.1eV. (8)

In the ground state we have for Hy a = oy =5.4
and for H we obtain o = oy = 4.5, py =1, py = 9,.
The H, molecule has no dipole moment. The vi-
brational degrees of freedom of H, and Hj at the
temperature ~ 0.05 eV are not excited, so that the
total energy is €; =~ T(k—3)/2 =3.5T. Here

T, = ngvmzvuw+ dM, p dp,/2nh7,

M?2J + M3/2], + p¥2my < ey = 3,5T,

Ty, = 8V 2/105n%) (VJJ, m)* e*/h7).

AT, = (4V'2/155%) (VJJ, m]*e" Ae/k?), (9)

where M, M,, J, and J, are the angular mo-
menta and the moments of inertia of Hy and Hj.
In the Hj molecule both rotational and vibra-
tional degrees of freedom have to be taken into
account. Since hvy, hivy, and hvz are of the order
of several tenths of an electron volt and the total
energy is Q + €; = 1.3 eV, we cannot replace sum-
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mation over the quantum numbers nj =0, 1, 2, . . .

by integration:

L=V 2
Ny, Mg, Ny

M; M, MDA

W, T W, T, T

SdedMyszpg dp,/8*he,

SAQ + & — nyhivy — nyfivy — nghvy) >0,
Vv
Ar2 = 8n2hsz (Q + & — nlhvl —_— nzhvz

— nghve2 VI d 1, myAe, (10
where My y ; and Jyy , are the angular-momen-
tum projections and the moments of inertia along
the principal axes of inertia of Hj.

From Egs. (6), (9), and (10) it is found that

— l/‘
a m J"+£1 2

32Y2
- G m T
O M2 BY Tyl

B= 15n

- —1
x [ 2 (Q + &y — myhiv; — nzhvz-—nahv3)2] .

Ny, N, Ny

If the protons in H3 lie at the vertices of an equi-
lateral triangle, then

O. B. FIRSOV

VidJd.=Vak.

Assuming that €¢; =3.5T = 0.2 eV and taking only
the first term in the sum over ny, ny, n; (nj = 0)
we obtain B = 0.046 for Q + ¢; =1.3 eV, JJ,/

v Ixdydz =~ 3 % 1072 g!2_cm. When all the terms
of the sum are included, the quantity g is about
10 times smaller. Thus obviously we can neglect
B in Eq. (6) and we obtain for the reaction (8):

Jx=Jy=Jo, Jz=2J()y

01612 = 0,0, = Vog/u; -0,92-10"° cm?¥/sec
= 2.1-10"° cm3/sec.

This value agrees in order of magnitude with the
current of H; ions in an Hj ion source. [1]
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