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Experiments on the recoil of the nucleus in the disintegration of CI38 have been continued.
The fact (which has been reported in earlier publications) that momentum is not conserved in
the system consisting only of the nucleus and the emitted electron has been confirmed. By
measuring the momenta of the electron and nucleus it has been possible to ascertain the
direction of emission of the neutrino with respect to the direction of the electron in each case.
Theoretical predictions according to both the Fermi and the K-U theory are plotted for com-
parison. The experimental data agree slightly better with the Fermi than with the K-U theory,
but it is not safe to attach much significance to the results obtained on this aspect of the
problem, because of the possibilities for rather large experimental errors. An investigation into
the manner in which droplets in the cloud chamber are produced by the recoil atom has been
carried out. Evidence is offered which indicates that the products resulting from dissociation of
the gas molecules act as centers for condensation. This effect, in addition to ionization, accounts
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for the droplets observed.

INTRODUCTION

BOUT a year ago''? we reported our first

results on the observation of the recoil of
the atom resulting from the emission of a beta-
particle by radiochlorine. In many of the cases
observed the momentum of the atom was found
to be much greater than the momentum of the
emitted beta-particle, and this was considered
as evidence that a third particle participates in
the event; that is, evidence in the same sense
that the apparent failure of the law of the con-
servation of energy is evidence for the participa-
tion of a third particle in the beta-disintegration.
Since our last report we have repeated the ex-
periment® with some improvements in technique
and have obtained good confirmation of the im-
portant features of the results. It was our hope
that with improved accuracy and a larger num-
ber of tracks we miight be able to draw some con-
clusions about the direction of emission of the
neutrino with respect to that of the electron.
We have found that if the results indicate any-
thing at all in this respect they favor slightly the
predictions of the Fermi theory. The principal
new fact which has appeared is that the pro-
duction of droplets in the cloud chamber by the
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recoil atom is not due only to ionization, but is
due in part to dissociation of molecules. The
assumption that the atom makes a pair of
droplets for each 30 ev energy is therefore not
justified, and the calibration of the scale of
energies has to be made in a different way,
which will be described.

EXPERIMENTAL METHOD

The method used in the experiment may be
reviewed briefly as follows. Radiochlorine, CI%,
is produced by bombarding MgCl, with deu-
terons in the cyclotron, and is converted into
ethyl chloride, C,H;Cl, which is a gas at ordi-
nary temperatures. This is more satisfactory
than ethylene dichloride, which we used in the
earlier experiments, because of its greater volatil-
ity. Ten to 20 cc of ethyl chloride gas, made up
partly of a nonradioactive and partly of the
radioactive sample is introduced into the cloud
chamber, which already contains air saturated
with ethyl alcohol vapor at atmospheric pres-
sure. The ClI*® atoms then disintegrate in the gas.
The electric clearing field of the cloud chamber
is short-circuited for a fraction of a second before
each expansion, so as to allow the ions (and

~molecules) along the paths of the beta-rays to

diffuse out into paths a few millimeters wide
before the condensation occurs. It is by this
means possible to count the individual droplets
along the beta-ray path, and also to count the

232



RECOIL OF THE NUCLEUS

droplets in the spherical cluster at the point of
origin of the track, which is presumably due to
the recoil nucleus. The arrangement of the
stereoscopic camera and the method of analyzing
the photographs is the same as that described
in our previous paper.

REsuLTSs

The tracks obtained with the ethyl chloride
vapor mixture are plotted in Fig. 1. Because the
assumption that the energy of the recoil atom
is 30 ev per droplet pair produced is no longer
believed to be valid, we have been forced to
adopt another method of normalizing the ordi-
nate scale in terms of energy of the recoil atom.
Fortunately we obtained one track of good
quality in which the electron carried away
nearly the entire energy of the disintegration.
In this case we know the energy of the recoil
atom, because the neutrino has nearly zero
energy, and therefore its direction is unim-
portant. In other parts of the diagram (lower
electron momentum) the highest of the points
ought to correspond to cases in which the neu-
trino and electron were emitted in nearly the
same direction, provided all directions are per-
mitted, and provided there is a large number of
points in the diagram. As a result of this reason-
ing, we have drawn the solid curves in Fig. 1
in the following way: We make the assumption
that the energy of the neutrino is in all cases
Wo—E, where W, is the upper limit of energy
of the beta-ray spectrum of CI3% and E, is the
energy of the particular beta-ray. The mo-
mentum of the neutrino will then be (W, —E,)/C
on the assumption that it has zero rest mass.
This will not be altered appreciably, however,
by assuming a rest mass as large as that of the
electron. We calculate the energy of the recoil
atom as a function of the momentum of the
beta-particle for the two limiting cases: (1)
that the electron and neutrino are emitted in the
same direction and (2) that they are emitted in
opposite directions. These limits are shown as
curves (1) and (2) in Fig. 1, the ordinate scale
being adjusted to fit the point at 11 mc, in
which case the momentum of the electron alone
determines the energy of the recoil atom.
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Evidence that momentum is not conserved in the
two-particle system

Without going any further in the experiment,
we can see in Fig. 1 strong indications that
momentum is not conserved in the system con-
sisting only of the emitted beta-particle and the
nucleus. This is best shown by those cases in
which the beta-particle had a small momentum
and in which the recoil atom produced a large
number of droplets. Fortunately it is not neces-
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Fi1c. 1. Plot of the number of droplets in the cluster
against the momentum of the emitted beta-particle. Each
point in the diagram represents an individual disintegra-
tion, and the number of droplets in each cluster has been
corrected for the number of droplets which is due to the
escaping beta-particle, so that the number plotted repre-
sents only those due to the recoil atom. The curves shown
have been calculated for the two limiting cases, (1) that
in which the electron and neutrino escape in the same
direction and (2) that in which they escape in opposite
directions. Curve (3) shows what we should expect if
momerntum were conserved between the beta-particle and
the nucleus (no neutrino).

sary here to know the absolute relation between
the number of droplets and the energy of the
recoil atom. The mere fact that as large a cluster
is often associated with a beta-particle of 3 or 4
mc momentum as with a beta-particle of nine or
ten mc momentum irdicates that conservation
of momentum in the two-particle system is not
possible, and the simplest assumption to make
is that a third particle participates in the event

Direction of emission of the neutrino

On the assumption that a neutrino partici-
pates in the disintegration, and that the above
formulae for its energy and momentum are cor-
rect, we should be able to calculate the angle, ¢,
between the directions of emission of the neu-
trino and the electron for any one of the points
in the diagram, Fig. 1. This would also have to be
based upon some assumption as to the relation
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between the number of droplets and the energy
of the recoil atom. We have calculated the angle
¢ for all the cases in the diagram, on the simple
assumption that the energy of the recoil atom
is proportional to the number of droplets pro-
duced. We are aware that the relation is more
complicated than this, but since it is not possible
to determine it, the assumption that was made
will have to suffice for a first approximation.
Fig. 2 shows the distribution of the cases with
respect to ¢. On the same diagram theoretical
curves for the distribution according to the
K-U and Fermi theories are shown. Formulae
for these have been given by Bloch and Moller*
and by Hebb.5 According to Bloch and Moller’s
formula, which is given in a convenient form for
our purpose, the probability that the neutrino
will be emitted within the solid angle dQ at an
angle ¢ with respect to the direction of the elec-
tron is

1 ]
K-U: —(1 ——cos ¢)dQ
4r c

1 ]
Fermi: ~—( 1+4-cos ¢)dQ
4r c

for a given velocity, v, of the electron. In plotting
these we have transformed them into terms of
the probability of emission within the angular
interval d¢ at an angle ¢, in order to place the
curves in the same diagram as our experimental
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F1c. 2. Distribution of the angle between the directions
of emission of the neutrino and the electron. The theoreti-
cal predictions based upon the K-U and the Fermi theories
are given for comparison.
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values. The formulae become

v
K-U: 3sin ¢(1 ——cos ¢)d¢
<

v
Fermi: 1 sin ¢>(1+~ cos ¢)d¢.
c

In the experimental data with which we are con-
cerned, v/c ranges from 0.94 to 0.995. Rather
than subdivide the data according to v/c, we
have taken an arbitrary value, 0.98, to serve for
all the data. The choice of this value is of little
importance in determining the important fea-
tures of the curves. It is seen in Fig. 2 that the
experimental distribution is in slightly better
agreement with the Fermi than with the K-U
theory. Very little weight can be placed in this
evidence, however, in view of the many possi-
bilities for systematic error, and in view of the
small number of points in the diagram. It is
unsafe to draw any conclusions from this part
of the experiment.

THE RoLL oF MOLECULAR DISSOCIATION IN THE
PRrRODUCTION OF DROPLETS

In the course of our recent experiments two
facts become apparent: (1) The number of
droplets in a cluster was often more than could
be accounted for by ionization by the recoil
atom® 7 and (2) the number of droplets in the
clusters (ordinate scale in Fig. 1) was influenced
by the composition of the gas present in the
chamber. We now believe that we have good
evidence showing that droplets are caused by
certain neutral molecules which are formed as a
result of the dissociation of Oj, Ns, etc. by the
recoil atom, and that this effect accounts for the
two facts mentioned above. The existence of this
effect is fortunate, because it increases the
sensitivity of the experimental method.

It is well known that a heavy, slowly moving
particle can be very efficient in bringing about
dissociation of the molecules of a gas through
which it passes. The amount of dissociation will
be large compared to the amount of ionization
when (to say it in simple language) the time of
interaction with the gas molecule is short com-

6 L. Wertenstein, Phys. Rev. 54, 306 (1938).
7H. R. Crane and J. Halpern, Phys. Rev. 54, 306 (1938).
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F1a. 3. Series of three consecutive photographs showing
the effect of introducing a minute quantity of NO, into
the cloud chamber. (1) (Top photograph.) The small
capillary containing NO, turned into position ready to be
broken by the cutter which is attached to the piston of
the chamber. (2) Gas issuing from the broken capillary at
the time of the first expansion of the chamber. The sinu-
soidal form of the main gas stream is due to vibration of
the wire which holds the capillary. (3) The next expansion,
showing that the cloud is spreading to the entire chamber.

pared to the periods of oscillation of the nuclei
in the molecule and long compared to the classical
periods of rotation of the electrons in the atomic
orbits. The perturbation of the electrons will
then be predominately adiabatic, while molecular
excitation will occur, frequently to the dissocia-
tion level. In air, practically all of the atoms O
and N thus set free will combine with other
molecules to form NO., N0, O; etc. The combi-
nation will have to occur in triple collisions, to
satisfy momentum and energy conservation,
but at atmospheric pressure triple collisions are
so frequent that the chemical reaction will be
completed in a time which is short compared to
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F1c. 4. Photograph of cloud chamber expansion which
was made a few seconds after a narrow pencil of ultra-
violet light was projected across the chamber. Before the
expansion all the ions were drawn out of the space, so the
effect shown here is due to neutral molecules. The small
streak which appears at the side is an alpha-particle track.

the sensitive time of the cloud chamber. In
our experiment there is also alcohol wvapor,
(C:H;OH) and ethyl chloride (C.H;Cl) in the
cloud chamber, which increase the number of
possible reactions. It is our belief that some,
at least, of the molecules formed as a result of the
dissociation, act as centers for the condensation
of droplets in the cloud chamber.

TABLE 1. Resumé of results obtained upon the introduction
into the cloud chamber of minute quantities
of various gases.

SUBSTANCE ESsTIMATED CONCENTRA-
INTRODUCED TION IN CHAMBER RESULT
NO, 10-8 dense cloud
N.O 107 medium cloud
CO, 107 no cloud
H.0 no cloud
air no cloud
HNO; 1010 very dense cloud
NH; 108 very little cloud
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FiG. 5. Spherical cluster of droplets due to the recoil
atom. In this case the ions have been drawn away, and
the droplets which appear must therefore have condensed
upon neutral molecules.

Experiments with NO,, CO,, N,O, HNO;, H,O
and air

The following experiments were tried to test
the possibility mentioned above. A piece of
drawn-out glass tubing about 1/10 mm inside
diameter was filled with NO, gas at atmospheric
pressure and a piece about 1 cm long was sealed
off. This was placed in a clamp in the center of
the cloud chamber. After the chamber had
cleared and had become sensitive to electron
tracks, the end of the capillary was clipped off
just at the time of an expansion, by means of a
cutter which was moved by the piston of the
chamber. The stream of gas issuing from the
capillary produced a dense cloud, and on the
next expansion the cloud filled the entire cham-
ber. A typical series of three photographs is
shown in Fig. 3.

The release of like quantities of CO,, H.0
vapor, and air, caused no appreciable cloud.
N2O caused a cloud, but not such a dense one as
that caused by NO,. The most potent agent for
producing condensation which we found was
nitric acid vapor. For testing this we cut a small
round hole in the glass top-plate of the chamber
and closed it with a rubber cork. The chamber
was then cleared and adjusted so that good
electron tracks were obtained. A fine glass fila-
ment (less than 0.1 mm diameter) was then wet
with nitric acid. The cork was removed, and the
filament quickly lowered into the chamber and
out again without touching any part, and the
cork replaced. Upon the next expansion an
exceedingly dense cloud appeared, which soon
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filled the entire chamber. This was due to the
nitric acid, and not to anything else which might
have entered the chamber when the cork was
removed, because the same motions were carried
out without dipping the glass in the acid, and no
cloud was produced. In each case in which a
cloud was produced, it was not found possible
to clear the chamber by repeated expansions
(up to about 20 were tried). The chamber was
opened, dried thoroughly with a stream of air
and put together with fresh alcohol after each
experiment.

A resumé of the substances tried, and the
results are given in Table I. The question arose
as to whether the.cloud was caused by a fairly
high concentration of the substance in a local
region near the point where it was introduced.
We therefore repeated the experiments, allowing
time for the substance to diffuse throughout the
chamber before bringing about the expansion.
The results were the same.

Experiments with ultraviolet light

The question of concentration of the sub-
stance introduced in the air in the chamber has
to be considered rather carefully. We must be
sure that a droplet can grow around a single
molecule of the substance. If the concentration
were high, the condensation of a droplet might be
initiated by the accidental grouping together of
several molecules of the substance. If this were
so, the result would have no bearing upon the
case in which the substance is produced by the
recoil atom in the beta-disintegration, because
there the concentration is so small that two
molecules of the substance would almost never
come together in the same incipient droplet.

In order to liberate an extremely small amount
of atomic oxygen in the chamber we resorted to
the use of ultraviolet light. A quartz window 2
mm in diameter was cemented to the side wall of
the chamber. A few seconds before the expansion
a small arc was made just outside the window
by touching a pair of copper wires together. The
arc carried about two amperes for about a
quarter of a second. The result was very strik-
ing, and is shown in Fig. 4. Photographs were
taken with various intervals of time, from one
to ten seconds, between the spark and the ex-
pansion, and at all times the electrical clearing
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field was left on the chamber, so we are sure that
none of the effects observed are due to ions. The
only effect of varying the time interval was a
variation in the width of the clouded strip in the
chamber, due to diffusion. The extremely small
amounts of the compounds synthesized by the
weak ultraviolet light make it seem reasonably
certain that the effect observed is not an effect

of the concentration of the subétances, but is due .

to the action of individual molecules in initiating
the formation of droplets.

Isolation of droplet clusters produced by un-
charged molecules

With this encouragement we proceeded to a
more direct test. We repeated the experiment
on the recoil of the atom resulting from the
decay of CI2%, with all conditions the same as be-
fore except that the electrical clearing field was
not removed from the chamber at the time of
expansion. The expectation was that if a CI?8
atom should disintegrate a short time (fraction
of a second) before the expansion, the zons
would be drawn out of the chamber by the elec-
tric field, while uncharged molecules would re-
main, and would move about only by diffusion.
Many isolated clusters like the one shown in
Fig. 5 were observed. In this case the ions com-
prising the electron track have been drawn away.
The ions produced by the recoil atom have also
been drawn away, and what remains is pre-
sumably due to neutral molecules, which have
had time enough to diffuse into a cluster a few
millimeters in diameter. A plot of the number of
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FiG. 6. Plot of the number of droplets in the clusters which
were due to neutral molecules.
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droplets in the clusters of this type which we
obtained is shown in Fig. 6. The shape of this is
complicated by the existence of the lower energy
component? in the chlorine beta-ray spectrum.
The clusters due to the lower component cannot
be sorted out as they could in the other data,
because of the absence of the electron track.
The plot does show, however, that in some cases
as many as 40 droplets are due to neutral
molecules, whereas the total number of droplets
(due to ions and molecules) extends up to only
about 60. This indicates the great importance of
the effects of dissociation.

CONCLUDING REMARKS

A few remarks about the possibilities for ex-
tension of this experiment may be set down at
this point. Since the number of droplets pro-
duced for a given energy of the recoil atom is
dependent upon the chemical composition of the
gas in the cloud chamber, it might be possible
to find a gas mixture which would give many
more droplets than we obtained in this experi-
ment. Besides increasing the accuracy of the
measurements on CI®8, this might allow us to
work with other radioactive elements, in which
the energy of recoil is smaller.

The principal unknown in the method is, and
always has been, the relation between the num-
ber of droplets and the energy of the recoil atom.
Because of the complexity of the chemical
reactions which can give rise to droplets, it is
difficult to think of an auxiliary experiment in
which this relation could be measured.

It may be pointed out that the fact that indi-
vidual molecules of certain polar compounds can
make their presence known in a cloud chamber,
may have interesting applications in other kinds
of research, such as physical chemistry.

The authors are grateful for the financial
support of this work which was made available
from the Rackham Endowment Fund. Professor
J. M. Cork and the other members of the staff
of the University of Michigan cyclotron have
been very generous in supplying the radio-
chlorine for this experiment.



F1G. 3. Series of three consecutive photographs showing
the effect of introducing a minute quantity of NO; into
the cloud chamber. (1) (Top photograph.) The small
capillary containing NO, turned into position ready to be
broken by the cutter which is attached to the piston of
the chamber. (2) Gas issuing from the broken capillary at
the time of the first expansion of the chamber. The sinu-
soidal form of the main gas stream is due to vibration of
the wire which holds the capillary. (3) The next expansion,
showing that the cloud is spreading to the entire chamber.
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I16. 4. Photograph of cloud chamber expansion which
was made a few seconds after a narrow pencil of ultra-
violet light was projected across the chamber. Before the
expansion all the ions were drawn out of the space, so the
cffect shown here is due to neutral molecules. The small
streak which appears at the side is an alpha-particle track.



FiG. 5. Spherical cluster of droplets due to the recoil
atom. In this case the ions have been drawn away, and
the droplets which appear must therefore have condensed
upon neutral molecules.



