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It is not likely that the effect is due to the impurities rejected by the growing
crystal. These might accumulate at a constriction, so lowering the temperature
of crystallization, but the amount would vary with the rate of cooling which
does not happen in the special case described.

In conclusion, I should particularly like to thank Dr. J. K. Roberts for many
discussions and criticisms of this work, and for undertaking the proof-reading
of this paper; and also Professor Kapitza for his interest and encouragement
throughout.

Dissociation of Excited Diatomic Molecules by External Perturbations.
By Crarence Zengr, H. H. Wills Physics Laboratory, Bristol.
(Communicated by R. H. Fowler, F.R.8.—Received December 27, 1932.)

1. Introduction.—An excited attractive state of a diatomic molecule, in
the absence of an external field, is not affected by the crossing of a repulsive
state with different symmetry.* An appropriate external field will, however,
induce perturbations between the two states.

It is generally recognized that the probability of transition from an attractive
to a repulsive state, during one oscillation, will
be very small, except when the molecule is in an
energy level, E, which is very close to the value
of the potential energy at the point of crossing,
V, However, even a very small transition
probability, per oscillation, may give a high
probability that the molecule will dissociate
before returning, by radiation, to the normal

R, state. Hence the calculation of these small
R— o probabilities is of interest.

Fio. 1.—Potential energy curves  In section 2 these calculations are made for
of attractive and repulsive @, y ' ang in section 3 for E < V,. The
states. E > V,. : ; ]

calculations are applied to electric and mag-

netic fields in section 4, and to collisions in section 5.

2. A simplification will be made by considering the internuclear separation
R as the only nuclear variable. This neglect of the angular co-ordinates is

* R. Kronig, ‘ Z. Physik,” vol. 50, p. 357 (1928).
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justified since the transition occurs only in the immediate vicinity of the
point of crossing, R;, and because the rotation of the molecule, while R is
in this vicinity, must be quite small. The effect of rotation will be taken into
account sufficiently by considering the potential energy curves of the attractive
and repulsive states, V,(R) and V,(R), as functions of the rotational quantum
numbers,

With this simplification, the standard perturbation theory gives the tran-
sition probability proportional to the square of the integral

T = | Uy (R) (1]EL[2) Uy (R) dE. 1)

Here (1|H, |2) is the matrix element of the perturbation H,, introduced by the
external field, with respect to the attractive and repulsive electronic states ;
U,(R), Ug(R) are the vibrational wave functions, with energy E, which belong
to the attractive and repulsive states, respectively. When E > V, the
oscillatory portions of U; and U, overlap. The integrand of (1) is then an
oscillating function, and a small error in the wave functions will thus introduce
a large error in J.

Landau* has shown how this difficulty may be avoided. His method
consists essentially in using the Wentzel-Brillouin-Kramers approximate wave
functions for U; and U, The oscillatory factor in the integrand of (1) is
then given by

cos {j:pl dR — i"‘} cos {J‘:,Pz dR — i"} .

Here R,, R, are the points of intersection of V, (R), V, (R) with E; and

P (R) = 2 /3B — ¥, (R)). (2)

Rewriting this factor in the form

f R, -1 | [-u,._ R ]
} 008 j pldl{——} padR |+ beos 1| pydR+ | pydR —ir
U Ry J (R R, J

we see that by discarding the second term the rapid oscillations in the region
of R, may be eliminated. The argument of the first cosine has a minimum at
Ry Expanding this argument about its minimum, neglecting powers of
(R — R,) higher than the second, neglecting the variation of the other factors
(1|H, [2), .}, py!, and extending the intergal to + *, we obtain an approxi-

* ¢ Phys, Z. Sowjetunion,” vol. 1, p. 88 (1932).
2x2
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mate value to the integral. This approximation is better the higher E is
above V.

Applied to our one dimensional problem, Landau’s method gives

.. T
Pre hv |sg — sg| 3)

as the probability that the change from attractive to repulsive state occurs
when R passes once through R,. Here e, is the value of (1|H, |2) at R = R, ;

v=v2(E —V,)/m 1

— Vi (Ry) (4)
= el J

Since this result has been obtained by a perturbation method, (3) is valid
v, only when P, <1. In the other extreme
case, when P,, is nearly unity, the proba-
bility P =1 — P;, may be calculated by a
similar perturbation method, with U, (R),
Uy (R) being the wave functions associated
T with the adiabatic electronic states. Laudau*

VIR) has carried out this calculation, finding

V2 (
R— P =exp l
F1a. 2. — Adiabatic potential

energy curves with external — The guthor has treated the same problem
PETUSEN 1300 U from another standpoint.f By introducing the
same approximations, constant (1|H,|2) and velocity in the vicinity of R,
not at the end of the calculation, but at the beginning, I was able to reduce
the problem to one for which the transition probabilities could be found

exactly. I obtained .
By =1—emp |~ s, )

h |8y — s3]

et 4

ho |8y — 8|

while P proved to be identical with (5). The expression (3') is valid, subject
to the approximations, for all values of P;,. It agrees with (3) in the range of
validity of the latter.

* ¢ Phys. Z. Sowjetunion,” vol. 2, p. 46 (1932).

1 C. Zener, ‘ Proc. Roy. Soe.,” A, vol. 137, p. 696 (1932). The apparent discrepancy,
mentioned in this reference, between the P derived by Landau and that derived by the
author arose through confusing the ordinary kA with the Dirac h, which was used by
Landau.
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The transition probability per oscillation, vy, is equal to twice P,4, provided
Pjy < 1. For then the two methods of dissociation indicated in fig. 3 are
independent, and therefore their probabilities are cumulative,

Thus, for small v,

PO, ul Tl
L hols; — sg| ©)

3. When the vibrational energy of the molecule is less than V,, the usual
perturbation methods may be applied, since the integrand of (1) is not oscil-
latory, as when E > V, in the region between R, and R,.

R—
F1c. 3.—Two methods of dissociation. The Fre. 4.—Potential energy curves of attrac-
broken lines indicate the two paths tive and repulsive states, E < V.
V (R) may follow in dissociation.

The perturbation theory gives the probability of dissociation during one
oscillation to be

’

Y =1 [ U @) (U [2) Uy (R) R )

< | =

Here v is the frequency of oscillation ; U,(R) is the normalized wave function
of the attractive state, with eigenwerte K ; and Uyg(R), the wave function of
the repulsive state, with energy K, is so normalized that

008 {2_;: V2m (B — Vg (= )]} + 8|

CIE =V, (@} %

R—a>m

Except when E is nearly equal to V,, the product U;(R) U, (R) is much
smaller at R, and R, than at its maximum value between R, and R,. We
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may thus, except when E ~ V,, calculate v’ directly by means of the Wentzel-
Brillouin-Kramers approximate wave functions. In the region between
R’} and R,, exclusive of the immediate vicinity of R’; and R, the appropriate
approximate function for U, (R) is

29 cos Jl J': prdR — in}}

b e Y 7

with p, given by (2). Associated with this function is a flux of magnitude v
in each direction. Hence it is properly normalized. To the right of R,

~R
vi exp .{—J&|plldR}~

R e YA Sy

The approximation of U, (R) which satisfies (8) becomes, to the left of R,,

%eXP{—K'IszdR}

UiB)> 5w, — Byjmp

Substituting these approximate functions in (7), we observe that, in the
region for which the functions are valid, the factor

Q®) =exp{ [ |pa] R — [ "|palaR ]

varies rapidly in comparison with the other factors. Slight error will thus be
introduced by giving these other factors their values at the maximum of Q (R),
namely, at R,. Since Q (R) has the general shape of a Gauss error curve,
we shall expand the exponent of Q(R) about R, and neglect powers of
(R — R,) higher than the second.

The region of integration is then extended to 4 . This procedure gives

= Q(R)dR'»T*\/ hv

lsx — 8|

o =

Ry
[“amar ~
where :
T = Q(R,),
and v, s, are defined by (4).
Substitution of this result in (7) gives finally

) dnte?

3 =h"’|81 — 8| ¢
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On comparing this probability with (3), we see that v’ is the product of two
probabilities, an electronic transition probability and an atomic transmission
probability. For the coefficient of T would be the probability, per crossing,
of the electronic transition if E lay above V, by the amount it lies below ;
while T would be the probability of dissociation per oscillation if the molecule
had the potential energy

Vi(R), R <R,
V(R)=
Va(R), R> R,

This well-known interpretation® of T may be most readily derived from the
relations given by Kramers and by Kramers and Ittman.t That particular
solution of the wave equation which becomes approximately

(E — V)~ cos (\lp R — 7:/4>

to the right of R, becomes
R,
— §T (B — V)~ sin <J pdR — 7:/4)
R

to the left of R,. Further, that particular solution which becomes approxi-
mately

(E — V)t sin (j: pdR — 1:/4)
to the right of Ry becomes = .
— T4 (B — V)~ cos (‘: pillt— 7:/4>
to the left of R,. Hence corresponding to the approximate solution
(E — V)~texpi ( j: pdR — 71:/4)

to the right R,, we have a solution to the left of R, whose dextro-flux is T™2
times as great.]

* (1. Gamow, * Constitution of Atomic Nuclei and Radioactivity,” Oxford University
Press (1932), equation (26), p. 42. Here the factor 4 has arisen through an incorrect
joining of the solutions at R, and R,.

t «Z. Physik,’ vol. 39, p. 828 (1926) ; vol. 58, p. 222 (1929). These relations have
been written in detail by Rice, ibid., vol. 35, p. 1542 (1930).

t [Note added in proof, February, 13, 1933.—The calculation of transition pro-
babilities by the above approximate methods is not valid if |E — V| is too small.
A caleulation with exact wave functions shows the results of sections 2 and 3 to be
valid provided 2mmv|R, — Rg|/k > 1. This condition is satisfied by the applications
in the following sections.]
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4. The above theoretical considerations will now be applied to various
external perturbations. It is of particular interest to know the width, AE,
of the band of energy levels which are dissociated by a given perturbation.

With an external perturbation which is constant in time, dissociation is

~ probable if the probability of dissociation per oscillation, as given by (6),

multiplied by the number of oscillations in the left time of the excited state is
comparable to unity.

Let 7 and v be the normal lifetime and the frequency of the excited molecule.
We may then define AE by the equation

vy (AE) =1,
where y (AE) is given by (6), with
v = V2AE/m,
m being the reduced mass of the molecule. Solving for AE gives

AR — 32ni72vime, 5! 1
R (s; — 84)°

In order to see how large £;, must be for AE to have the order of magnitude
of 1 electron volt, put
i = P Ra).
where R,, is that value of R which makes V,; (R) a minimum. We then see
that (2rv)*m/(s; — s5)® has the magnitude of (electron volt)™. If 7= 1078
seconds, we find that e, must be about 3-4 X 107 ergs for AE torthe 1
electron volt.

An electric field will induce optically allowed transitions between two crossing
states. If E is the magnitude of the electric field in volts em. ™, g5 ~ ¢ AE /300
ergs. Thus E must be about 20,000 if AE ~ 1 electron volt.

The component of a magnetic field parallel to the molecular axis will induce
transitions between crossing O, (0O*,) and O~ (0~ ,) states. However, unless
the lifetime of the excited state is much longer than 107 seconds, or unless
|8y — 8g| < electron volt/A, the strength of the magnetic field necessary to
give appreciable effects will be larger than can be obtained experimentally
with convenience. A magnetic field has been found to have a dissociative
effect upon the excited O, state of I,,* which is probably crossed by a repulsive

_* Turner, * Z. Physik,’ vol. 65, p. 464 (1930).
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0~ state.* It is thus likely that this crossing lies to the left of the mini-
mum of the excited state, as such a crossing allows [8; — 84| to be much
smaller.

5. Transitions induced by collisions are forbidden by no general selection rule.
All collisions may induce even > odd transitions.
Changes in multiplicity may occur by an exchange Vi
of electrons having opposite spins, provided the
perturbing molecule is in a doublet state. Positive
< negative transitions may occur if the perturbing T
molecule undergoes a similar transition.

Since we cannot in general assume the collision
to last for more than one vibration, we are here

VIR)

interested in the maximum value of B — V,, say V,
AE, for which the transition probability per
oscillation is large. Defining AE by R :

Ham =1, .
with y given by (6), we obtain repulsive states. Pointz ‘?i

crossing is to left of mini-
AR = 32ntme, ot : mum,
B (s; — s9)

Giving |s; — s,| the reasonable value of 1 electron volt/A, we finally get

Kmerpig il 305 o I dlestzon volts:
my ' electron volt/
In a direct collision, ¢, will be comparable to the relative kinetic energy of the
two colliding molecules. Since this is about 0-1 electron volts in a discharge
tube, every excited molecule with E > V, is likely to be dissociated upon its
first direct collision, provided it is crossed by an appropriate repulsive state.

Optically allowed transitions between crossing states will be induced by
molecules having permanent dipoles. Taking the permanent dipole moment
to be e A/5 (as in HCl), in order that AE > 0-1 electron volt the radius of the
collision must not be greater than 5 x 107% cm.

6. Summary.—The theory of inducing transitions by external perturbations
between crossing attractive and repulsive states of different symmetry has
been discussed. The theoretical results are of particular interest when the
vibrational energy of the molecule is less than the potential energy at the

* Mulliken, ¢ Rev. Mod. Phys.,” vol. 4, p. 17 (1932).
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point of crossing. The transition probability is then equal to the product
of an electronic transition probability and the probability that the nuclei
pass through a potential barrier.

Applications have been discussed. It has been found that electric fields
of 20,000 volts cm.” have a marked dissociative effect upon excited states
which are crossed by appropriate repulsive states. All types of transitions
have been found to be readily induced by collisions.

A Contribution to the Theory of Film Lubrication.
By A. M. Ross.
(Communicated by J. Proudman, F.R.S.—Received January 13, 1932.)

The fundamental equation of the Reynolds’ theory of film lubrication is

2223 M
where
p is the pressure.
A 18 the coefficient of viscosity.
w is the velocity of the lubricant at any point between the surfaces.
x is measured in the direction of motion.
y is measured perpendicular to the direction of motion.
This equation can be transformed into
% =0y AT ;,""), (2)
where
u i8 the velocity of the moving surface.
h is the distance between the surfaces at any point other than that corre-
sponding to
1, which is the distance between the surfaces at the section where the
pressure is maximum or minimum. The case of minimum pressure
is, however, rejected from the immediate consideration.

For the particular case of the journal bearing, in which the distance between
fixed and moving surfaces depends on the mean * play,” or clearance, between



