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part and several side branches. Group q is
mixed with the bands of the main sequence
around )4140; it seems to have a quite compli-
cated structure. All the bands given in Table X
are either too weak or insufficiently resolved or
hopelessly overlapped by other bands and require
reinvestigation with a much more powerful and
purer spectral light source and at least equally
high dispersion. It can be expected that a suc-
cessful analysis of all the weaker band systems
described in Part IV, and of the more compli-
cated bands, will lead to a deeper understanding
of the electronic spectrum of a triatomic molecule.

In conclusion I should like to express my

sincere thanks to Professor R. S. Mulliken for his
continued interest in this work and to Professor
H. D. Smyth fear putting kindly at my disposal
unpublished data and photographs of the spec-
trum of CO2+ obtained by him some time ago
with a 21-foot grating spectrograph. The careful
study of these photographs revealed very good
agreement with my results; the higher purity
of the spectrum obtained by Professor H. D.
Smyth was an important factor in strengthening
my confidence in the correctness of the results
reported in this and the preceding. paper. I am
also very much indebted to Mr. T. J. Kinyon for
assistance in computations,
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Apparatus for the introduction of radioactive materials into a cloud chamber has been
employed to investigate the conservation of momentum in the P-decay of Li to Be, which
subsequently breaks up into two n-particles. The projection on the plane of measurement of
the angle between the two n-particles is a measure of one component of the recoil momentum
of the Be'. Additional information is obtainable from the momentum of the electron but
relatively few cases occur where both n-particles and the electron are in the plane of the cloud
chamber. The Li8 is produced by bombarding with deuterons a thin deposit of LiOH on beryl-
lium or gold foils. The mean squares of the observed momenta relative to the maximum possible
momenta were 0.247 (Be foil) and 0.349 (Au foil). Corrected for scattering and other errors
these become 0.197&0.025 and 0.207~0.034, respectively, the probable errors quoted being
statistical in origin. The weighted mean, rounded off to two figures, is 0.20&0.02. This value
is roughly twice that obtained taking into account oddly the emitted electrons, and approxi-
mately equal to that calculated for an electron and neutrino emitted with no preferred angle
of ejection between them.

1. INTRODUCTION

HE conservation of momentum in the disin-
tegration of radioactive nuclei by electron

and positron emission and by the capture of
electrons from extra-nuclear levels has been the
subject of numerous experimental investiga-
tions. ' ' These investigations have generally

' A. I. Leipunski, Proc. Camb. Phil. Soc. 32, 301 (1936).
~ H. R. Crane and J.Halpern, Phys. Rev. 56, 232 {1939).
3I.. W. Alvarez, A. C. Helmholtz, and B. T. Wright, .

Phys. Rev. 60, 160 (1941); B. T. Wright, ibid. 71, 839
(1947).

4 J. S. Allen, Phys. Rev. 61, 692 (1942).
~ J. C. Jacobsen and O. Kofoed-Hansen, D. Kgl.

Dansks Vidsnsk. Selsksb Mst. -fys. Medd 23, 12 (1945),

consisted in measuring the energy of the recoiling
daughter nucleus either by counting the number
of ions formed as the nucleus is brought to rest
in a gas or by determining the retarding potential
necessary to bring the nucleus to rest in vacuum.
As the atomic weight of the daughter nucleus is
usually known, its momentum can be calculated
and compared with that to be expected theo-
retically. These experiments have shown that the
maximum momentum of the recoiling nucleus is

equal to that to be expected from the maximum

observed energy of the emitted electron or
positron but that the momentum of recoil is
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greater, on the average, than that of the electron
or positron. Furthermore, nuclear recoil has even
been observed in the capture of extra-nuclear
electrons, Allen4 havirig observed and measured
such a recoil in the disintegration of Be .

The results are consistent with the suggestion
made by Pauli that a neutrino is emitted in these
disintegrations. If the neutrino be assumed to
have an energy given by the amount available
in the transition between the mother and
daughter nucleus. minus that of the electron and
the small energy of the recoiling nucleus, and if
it is also assumed to have very small rest mass,
its momentum can be computed. This suggestion,
coupled v ith Fermi's' assumptions concerning
the distribution in momentum between electron
and neutrino, is sufficient to account for the
observed distributions in momenta of the recoil-

ing nuclei although the quantitative agreement
has not been nearly as exact as in the deter-
mination of the maximum momentum. Perhaps
the most critical tests are those of Jacobsen and
Kofoed-Hansen' who found by means of re-
tarding potentials a distribution in the momenta
of daughter nuclei from the decay of Kr" which
was not consistent with the recoil from the decay
electrons alone, and which even indicated quali-
tatively that the neutrino is emitted in this par-
ticular disintegration mainly in the same direc-
tion as the electron.

The disintegration of Li by electron emission
is unique in that it is followed by the breakup
of the daughter nucleus, * Be,' into two alpha-
particles. ™The initial' electron decay has a
half-life of 0.88 second" and is followed by the
alpha-particle decay in a time of the order of
10 "second as indicated by the spread (uncer-

E. Fermi, Zeits. f. Physik 88, 161 (1934).
7 H. R. Crane, L. A. Delsasso, W. A. Fowler, and C. C.

Lauritsen, Phys. Rev. 47, 971 (1935); L. H. Rumbaugh
and L. R. Hafstad, Phys. Rev. 50, 681 (1936).* Throughout this paper the formation of Be' as an
intermediate stage in the ultimate decay of Li' into two

. alpha-particles will be assumed. This has been done
primarily for convenience in discussing the disintegration.
Considerations regarding the conservation of energy and
momentum in the over-all process are independent of any
assumptions concerning intermediate stages.' P. I. Dee and C. W. Gilbert, Proc. Roy. Soc. A154, 279
(1936).' W. A. Fowler and C. C. Lauritsen, Phys. Rev. 51, 1103
(1937)."E.Wigner and G. Breit, Phys. Rev. 50, 1191 (1936);
G. Breit and E. Wigner, Phys. Rev. 51, 593 (1937).

"W. B. Lewis, W. E. Burcham, and W. Y. Chang,
Nature 139, 24 (1937).

vp v~ 1
8 2—sin y & 2—&—radian or 6',

v v 10
(2)

where y is the angle. between the recoil of the Be'
and its line of breakup in the center of mass
system. For a given amount of recoil the maxi-
mum deviation from 180' occurs when the Be'

"L.H. Rumbaugh, R. B. Roberts, and L. R. Hafstad,
Phys. Rev. 51, 1106 (1937) and 54, 657 (1938)."C. Smith and W. Y. Chang, Proc. Roy. Soc. A166, 415
(1938}.

'4 T. W. Bonner, Phys. Rev. /2, 163 (1947)."D. S., Bayley and H. R. Crane, Phys. Rev. 52, 604
(1937).

Charles Kittel, Phys. Rev. 55, 515 (1939).

tainty) in the alpha-particle energies. ' " "The
Be' nucleus is probably formed in one of several
broad excited states extending up to 12 Mcv in

excitation. The observed energy spectrum of the
emitted electrons extends at least to 12.0~0.6
Mev and has been shown to be consistent""
with the energy spectrum of the alpha-particles
and with the fact that approximately 16.0 Mev
is available in the complete transition from Li'
to two alpha-particles. The mass of Li' is deter-
mined from the threshold bombarding energy"

( 0.2 Mev) in the reaction Li'+H'~Li'+H'.
In'a coordinate system moving with the center

'of mass of the two alpha-particles the momenta
of the alpha-particles are equal and oppositely
directed. In laboratory coordinates the motion
of this mass center will be observable in that'
there will be, in general, a small deviation from
1.80' in the angle between the two alpha-par-
ticles and in that the momenta, and hence
energies and ranges of the two particles, will not,
in general, be identical. These eKects will be
discussed quantitatively below but at this point
it will sufhce to note their order's of magnitude.
The recoil momentum of the Be' will be at most
the maximum electron energy divided by the
velocity of light:

P„&E. /c,

giving 5 X 10' cm/sec. for the maximum value of
the recoil velocity, v, . The velocity of the alpha-
particles, v, in the center of mass system is
approximately 10' cm per sec. for the decay of
the 3.0-Mev excited state in Be', so that the
angular deviation from 180' in the angle between
the two alpha-particles in laboratory coordinates
1s
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breaks up in a plane normal to its direction of
recoil. %hen the Be' breaks up parallel to its
direction of recoil the maximum difference in
velocity and range of the two alpha-particles
occurs. For the velocity difference we have:

Av„~2v~ cosy42v, .

For low energy alpha-particles the range varies
approximately as the square of the velocity so
that

AR Av v„ Vr

2— 4—cosy &4—& 20 percent. (4)
R~ Vrr Vrr V~

.Hence range differences of as much as 20 percent
and angular deviations from 180' of as much as
6' are to be expected.

It is the purpose of this paper to describe
experiments in which cloud-chamber photo-
graphs of the beta-decay of Li' and the sub-
sequent alpha-particle breakup of Be' have been
obtained. ** In a few cases photographs in which
all three particles lie in the plane of the cloud
chamber have been obtained and some analysis
of these photographs has been attempted. In the
main, however, emphasis has been placed on
those more numerous photographs in which only
the two alpha-particles occurred in such loca-
tions as to make measurements possible. At-
tempts were made to determine in general the
deviation of the angle between the two alphas
from 180' and the difference in their ranges.
Scattering and loss of energy of the alpha-par-
ticles in the target in which the Li' was produced
and in the gas of the cloud chamber introduced
errors into these determinations. Uncertainty in
the energy losses was such as to preclude the
possibility of accurate determinations from the
observed range differences, while the scattering
corrections were found to introduce mean errors
of the order of 25 percent in the determination
of the angle. The most reliable information is
believed to be that determined from the angular
deviations measured on tracks in which the range
differences were at most that to be expected

**It has come to our attention that numerous inves-
tigators have proposed the study of the conservation of
momentum in the decay of Lis and we are grateful in par-
ticular to Doctor E. R. Gaerttner, Professor H. R. Crane,
and Professor Nicholas Feather for correspondence on the
subject.

from Eq. (4). Measurements of the projection of
this angle on a vertical plane were not attempted
for reasons described below, and so these measure-
ments in principle are concerned with the deter-
mination of one component in a Cartesian coor-
dinate system of the recoil momentum of the
Be'. In most cases this component lay in a
horizontal plane. In those cases where measure-
ments on the electron as well as on the alpha-
particles could be obtained it was possible to
specify one component of the resultant momen-
tum of the three observable particles. Any com-
ponent should of course be zero if momentum is
conserved among these particles. However, all
other cases could be treated only on a statistical
basis by employing Fermi's equation for the dis-
tribution in momenta of the electrons.

Attempts to obtain cloud-chamber photo-
graphs of both the beta- and alpha-disintegra-
tions of Li' were first made in this laboratory in
1937at about the same time that the alpha-radio-
activity was under investigation. ' In a method
devised by H. R, Crane, a small pump was
utilized to transfer into a cloud chamber a
sample of gas which contained recoils from a
lithium target bombarded by deuterons. In a
second method a lithium target was mounted on
a stopcock in such a way that it could be rapidly
rotated into a cloud chamber after bombardment
in vacuum. Neither of these attempts was suc-
cessful, the reason for the most part being that
the cloud chamber was usually fogged by small
amounts of impurities or by ionized gases
introduced into it during the operations. No
experiments on this problem were carried out
during the war years and it was not until late
in 1945 that a new attack was started. It was
believed that the most promising line of attack
would be to produce Li' directly in the cloud
chamber by neutron irradiation, and the reaction
first chosen was

B"+e'~Li'+ He4,

as it has been shown" that Li' is produced by
fast neutrons in this way. Boron was introduced
into the chamber in the form of methyl borate~*~
and it was found possible to obtain a large
"A. M. Lawrance, Proc. Camb. Phil, Soc.35, 304 (1939).
~**We are grateful to Professor H. J. Lucas and Mr. C.

N. Scully who prepared the methyl borate used in these
experiments.
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Li&+H2~J js+H&, (7)

and to attempt again to transfer the Li' into the
chamber. This was done successfully in the
manner described below. Preliminary results" of
these experiments were first reported at the
Stanford meeting of the American Physical
Society in July, 1947.

2. EXPERIMENTAL ARRANGEMENT

The Li' was produced by bombardment of a
LiOH target by 1-Mev deuterons from the
electrostatic generator, previously described. "
After bombardment of the target for about 0.5
second, the target was introduced into the cloud
chamber by the automatic mechanism shown in

Fig. 1.The target is mounted at the end of a —,'6"
diameter stainless-steel rod which, with an inter-

number of tracks in the chamber gas which cor-
responded to the disintegration" of 8" by slow
neutrons to form Li' and He'. No evidence for
the formation of Li' was found, however, and it
was concluded that the cross section for this
reaction must be very small. A second reaction
was also tried, namely,

Li'+n' —+Li'+ y,

but again no activity could be detected in agree-
ment with the small cross section (10 "cm') for
this reaction which has been recently measured. "
lt was finally decided to produce the Li' by
bombardment of Li' by deuterons according to
the reaction

locking extension rod, passes through a series of
locks connecting the bombardment position and
the cloud chamber. Immediately after bombard-
ment of the target, an air cylinder advances the
target rod, pushing the target into a socket in the
end of the extension rod and passing the assembly
successively through a rough vacuum region, a.

region at cloud-chamber pressure, and into the
cloud chamber. Once the target is in the cloud
chamber, a second air cylinder retracts the
extension rod, exposing the target. A rotation of
one and one-quarter turns is provided by a helix
in the advancing air cylinder to facilitate passage
through the seals and to present the target in
the proper orientation in the cloud chamber.
When the target is in the center of the chamber,
the chamber is expanded and a photograph
taken. The sheath is then advanced to cover the
target and the assembly is passed back through
the locks and opened in the bombarding position.
Seals between the locks are provided by Koroseal
sleeves lubricated with stopcock grease. The
elapsed time for a 10" motion of the target into
the cloud chamber is about 1.5 seconds with a
somewhat longer interval allowed on the return
stroke to permit pumping out in the rough
vacuum lock. The entire cycle is repeated every
45 seconds.

The target material was sprayed from a LiOH
solution to a just visible thickness (usually in the
form of partially coalesced droplets) on a backing
of gold leaf (0.176 mg/cm' or 10 ' cm) or of
beryllium foil"***(0.092 mg/cm' or 5 X 10 'cm)

~TARGET TUBE
NIGH VACUUM

FIG. 1. Apparatus for the in-
troduction of short-lived radio-
activity into a cloud chamber.
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' J. K. Begild, D. Kgl. Danske Vidensk. Selskab Mat. -fys. Medd 23, 4 (1945).' M. J. Poole and E. B. Paul, Nature 158, 482 {1946).
'0 W. A. Fowler, C. C. Lauritsen, and T.Lauritsen, Phys. Rev. /2, 738(A) (1947)."T.Lauritsen, C. C. Lauritsen, and W. A. Fowler, Phys. Rev. 59, 241 (1941).
***~We are indebted to Dr. Hugh Bradner of the Radiation Laboratory of the University nf California for the

beryllium foils.
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which was mounted over a 2.5-mm hole in a
light phosphor bronze strip attached to the
sliding rod. Quite frequent replacement of

targets was necessitated by the deposition of oil

films from the lubricant. The stopping power of
the foil and target is estimated to be equivalent
to approximately 1 mm of standard air or 2 to 3

mm of the gas vapor mixture used in the
chamber.

The cloud chamber was filled with helium gas.
In the gold-foil measurements the chamber also

contained vapor in equilibrium with a liquid

mixture of 65 percent ethyl alcohol and 35
percent water. The total pressure was 0.9
atmospheres in the expanded position so that the
calculated stopping power" for 2-Mev alpha-

particles was 0.267. In the 'beryllium-foil meas-

urements the vapor was in equilibrium with a
liquid mixture of equal parts of ethyl and

methyl alcohol. The total pressure was 1.5 at-
mospheres so that the stopping. power was 0.447.
The variation of stopping power with energy was
taken into account. " The stopping-power cal-
culations were checked satisfactorily by meas-

uring on the photographs the range of alpha-

particles from a polonium source located at one

side of the chamber. An aluminum foil of 1.8-cm

air equivalence reduced the lengths of the tracks
from the polonium so that they terminated in

the chamber. The ranges were measured to the
nearest half-millimeter and were thus known to
approximately 0.2 mm in standard range. Errors
in energy measurement from this source were

less than 2 percent.
Turbulence near the target and loss of pressure

was largely avoided by holding the final lock at
the same pressure as the chamber, allowing the

cavity in the sheath rod to fill before passing into
the chamber, The best tracks were obtained by
using a fast expansion and by. providing ample

time (45 seconds) to clear between expansions.

The sweep field was intensified by two fine wires

strung across the top glass. A magnetic field of
2300 gauss was used in the beryllium-foil

measurements and fields of 1700 and 2300 gauss
were used at different times in the gold-foil

measurements.

~ M. S. Livingston and H, A. Bethe, Rev. Mod. Phys.
9, 27& (&937).

. MEASUREMENTS

Photography was accomplished by two Sept
cameras, one located directly above the chamber

and one set off at 18' from the vertical. The off-

vertical camera was used solely in the pre-

liminary observations for determining stereo--

scopically the orientation of the various tracks
in space. In reprojection through the original

negatives, with the same cameras and mounts, it
was possible to locate points in a vertical plane

to within one or two millimeters. However, in

most cases the angle between the alpha-particles
differed so little from 180' that their actual
plane could not be determined. Hence photo-

graphs of usable tracks were printed on a tilting

stage adjusted to lie in a plane containing the
mean line of the alpha-particle pair and a hori-

zontal line at right angles to this mean line.

Photographs in which electron tracks could be

associated with an alpha-particle pair were

printed in the plane containing the initial direc-

tion of the electron (tangent to the curved path
arising from the magnetic field) and the mean

line of the alphas. Prints were made in this way

only of the negative obtained by the camera

mounted directly above the chamber.
The angle between the alpha-pairs was meas-

ured on the pririts by means of a vernier pro-

tractor and it is believed that the limit of error

was ~0.5'. For the most part the tracks were

not visible within 7.5 mm (3-mm standard range)

of the target support. In the angle measurements

the portions of the tracks nearest the support
were bisected by fine lines drawn on the prints

and the angle between the extension of these

lines measured. In this way the effect of large

angle scatterings near the end of the tracks was

eliminated.
It will be noted that angle measurements as

described here do not yield the actual angle

between the two alpha-particles since only the

projection of this angle on the print is obtained

and the projection on a vertical plane is com-

pletely neglected. In the photographic method

employed in which one camera was directly above

the cloud chamber and the other nearly so, prac-

tically no information about the projection on a
vertical plane is obtained for small angles. It was

felt that more' elaborate photographic techniques

employed to measure this projection would not
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have yielded useful results. The reason for this
is the fact that the motion of the gas in the
chamber during the expansion is largely vertical,
and so some distortion in the vertical plane arises
from the presence of the target support. A down-
ward displacement of the end of tracks relative
to the portion near the target is to be expected
except for tracks of particles entering after
completion of the expansion. Measurements were
confined to tracks showing little diffusion of
droplets in order to minimize this and other dis-
tortions, but it was not felt that measurements
of the vertical projection could be made in a
trustworthy manner.

Approximately 10,000 cloud-chamber photo-
graphs were taken during these experiments and
photographs of about 500 pairs were printed
after preliminary inspection of the projected
images. In further selection after the prints were
available about 200 pairs were rejected for one
or more of the following reasons:

(&) The tracks were diffused, distorted, or exhibited
large scatterings.

(2) The tracks passed out of the light beam near the end
of their range.

(3) One of the tracks lay within 30' of the axis of the
metal rod supporting the target and thus had possibly
been subject to distortions arising from the How of gas
around this rod.

(4) The mean line through the pair made an angle
greater than 30' with the horizontal.

(5) More than two pairs appeared on the photograph
mg, king association of the proper pair members somewhat
uncertain. There was little doubt in most cases as to which
tracks were to be associated in pairs, but it was felt wise
not to employ photographs on which the existence of more
than two pairs made association in principle uncertain.

Among the remaining 300 pairs it was found
that about 30 percent showed range differences
which were too large to be ascribed to the
maximum possible recoil of the Be', while only
about 10 percent showed angles too large to be
ascribed to this recoil. The appearance on some
photographs of single alpha-particle tracks indi-
cated there were two possible explanations for
the large range differences. In the first place, the
single tracks indicated that pair members could
be stopped in the LioH target or in the sup-
porting foils. Hence some large energy differences
were to be expected where one pair member
suffered a considerable energy loss but not
enough to be completely stopped. This was felt
to be the main explanation of the observed range
differences. In the second place, apparent pairing
of two tracks, each of which had lost its true pair
member, could occur accidently although this
was clearly rather improbable. In any case it was
not felt that the range differences gave a reliable

~
!

C

II

!
L
(

FIG. 2. Film No. 95062. The sharp alpha tracks and the electron track are assumed to arise from the
decay of a single Li' nucleus produced in the target. A line extending roughly from the upper left hand
corner to the lower right can be drawn in such a wa, y that the momentum vectors of all three particles
lie to the right of it. The resultant momentum of the three particles is 9.8&3.1 in Mev units where the
the uncertainty arises from the possibility of scattering of the alpha-particles. A neutrino with the
remaining available energy of 7.0 Mev (16.0 Mev minus the alpha and electron energies) could have this
momentum within the probable error. The magnetic field was directed upward. The electron and
neutrino momenta are designated by p, and p„,respectively. The momentum of the alpha-particles
normal to their mean line of break-up in the plane of the print is pg. The resultant momentum of the
alpha-particles and the electron is P~ (shown in opposite direction in the figure).
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FiG. 3. Film No. 97952, This photograph is illustrative of the dif6culty arising in cases where more than
one alpha-pair occurred on the same 61m. In this instance the members of one pair pass out of the illuminated
portion of the chamber and thus cannot be used for quantitative measurements. The assumption that the
electron is associated with the other pair leads to a resultant momentum of the observable particles greater
than that which can be had by a neutrino with the remaining energy. The magnetic held was directed
downwar d.

measurement of the recoil, and it did not seem
that the measurement of angles between tracks
showing large differences in range was acceptable.
For this reason the 6nal analysis of results was
conhned to the angular measurements on those
pairs which did not diA'er in range by an amount
more than that to be expected from the maximum
possible recoil of the Be'. This criterion resulted
in the final acceptance of 1.30 pairs in the photo-
graphs obtained using the beryllium foils and 87
pairs on photographs obtained using goM foils.

In 28 cases it was found possible to associate
measurable electron tracks with the alpha-
particle pairs. This number is considered reason-
able in view of the small probability of an
electron track lying close enough to the hori-
zontal plane to remain in the illuminated portion
of the chamber for a distance comparable to its
radius of curvature. On these photographs the
orientation of the tangent to the electron track
with one member of the alpha-pair was measured.
The radii of curvature of the electron tracks were
measured in projection on a horizontal plane
(normal to the magnetic field). The momentum
of the electron is proportional to the product of
this radius with the known value of the held and
hence it and the energy can be simply computed.

4. ANALYSIS OF THE MEASUREMENTS

(a) Alpha-Particle Pairs with Electrons

Reproductions of photographs showing elec-
trons and pairs of alpha-particles are shown in

Figs. 2—4. It will be recalled that these photo-
graphs were printed in a plane containing the
initial direction of the electron and the mean line

of the alpha-particles. Photographs were only
made in those cases in which this plane did not
make 'an angle of more than 35' with the hori-
zontal plane and in which the plane of the elec-
tron track itself did not make an angle of more
than 10' with the horizontal. A graphical analysis
of each case is shown with each reproduction. In
each analysis we have computed the component
of the momentum of the electron normal to the
mean line of the alpha-particles and lying in the
plane of the print. The electron path is not
exactly a circle in these prints and so the radii of
curvature were measured in separate projections
on the horizontal plane. In addition we have
computed the recoil momentum of the Be' as
indicated by the angle between the alpha-par-
ticks as measured on the print. This momentum
is also the component normal to the mean line
of the alpha-particles lying in the plane of the
print. It is obtained from the angle and ob-
served range of the alpha-particles by erst
determining the mean velocity 0 of the two
alphas, using the range-velocity relation for the
gas-vapor mixture as calibrated with alphas from
the polonium source. In part (h) of this section
it is shown that the momentum is given by

where 0 is the deviation from 180' of the angle
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between the two alpha-particles. By adding this
algebraically to the corresponding component of
the momentum of the e1ectron, p (e), we obtain
I'~, the resultant momentum of the three ob-
servable particles normal to the mean line of the
alpha-particles and lying in the plane of the
alphas and electron. We have compared this with
the possible total momentum of a neutrino of
zero rest mass which has an energy given by 16
Mev minus the observed energy of the two
alpha-particles and the electron. This total
momentum of the neutrino should not be less
than any one component of the resultant mo-
mentum of the observed particles. We have
indicated the probable error of this resultant
momentum because it is the least accurately
determined quantity due primarily to the large
probabilities of scattering of the alpha-particles
(see final section). Twenty-eight cases in all have
been analyzed and are tabulated in Table I. The
association of electron tracks with alpha-
particles is in some cases doubtful because of the
appearance of other alpha-particles on the same
picture. In addition the selection criteria in
these cases were considerably relaxed compared
to those used in. the statistical study of alpha-
particle pairs in Section (b) below. In Fig. 2, for
example, these are many diffuse alpha-particle
tracks which apparently entered the cloud
chamber some time before the photograph was

Film P& 8 J7 &

number Mev degrees Mev Mev
P~(~)
Mev

&v=Pv
Mev

97338
97688
97952
97959
97995
98001
98002
98041
98092
98145
98244
98312
98490
98588
98623
98634

5.0 0,5
3.5 0.0
3.1 1.5
4,1 1.5
2.3 2.9
4.8 1.7
4.2 2.0
3.2 2.6
6.1 6.0
3.5 2.7
4.5 5.0
3.1 1.1
5.3 2.0
6.6 1.3
5.9 2.6
2.8 2.9

Beryllium

5.1 —1.2
5.2 0.0
7.0 2.8
5.5 3.2
7.1 4.7
4.8 —3,9
6.3 4.4
8.2 4.9
0.8 15.8
6.3 5.4
6.3 11.3
7.8 2.0
7.1 4.9
3.7 3.6
5.9 6,9
5.6 —5.2

foil

2.8
0.0
6.7
6.0
7.6
4, 1
0.5
0.0—1.2—1.5—5.9
8.1
1.8—2 9—6.4
6.0

1.6+1.3
0.0&1.6
9.5 &1.7
9.2& 1.5

12.3+2.0
0.2 +1;4
4.9&1.5
4.9+1.7

14.6&1.2
3.9+1.6
5.4&1.5

10.1~1.7
. 6.7~ 1,3

0,7 +1.2
0.5 &1.2
0.8&1.8

5.9
7.3
5.9
6.4
6.6
6.4
5.5
46
9.1
6.2
5.2
5.1
3.6
5.7
4.2
7.6

91551 2.8
91603 4.5
91644 5.1
91811 2.7
94734 1.9
94899 5.2
95046 4.3
95060 2.7
95062 4.2
95063 1.9
95282 1.5
95478 * 4.6

0.9 6.3
2.8 9.2
3.3 4.1
7.1 8.6
1.3 7.1
1,5 3.7
2.0 3.3
6.3 5.9
4.0 4.8
1.6 3.7
8.5 3.7
2,0 6.3

Gold foil

1.7
6.3
8.1

12.4—2.0—3.7

1. 1.1
8.7
2.1

11.6
4.6

—0.3—2.6—6.4
7.6
4.2—2.6—5.4
1.1
3.7
4.0
5.0

0.6&3.8
6.0+3.0
5.5&2.8
6.0a3,9
5.6+4.6
0.5 +2,8
1.8+3.1
5.7&3.9
9.8&3.1
5.8&4.6

15.6a5.2
9.6%3.1

6.9
2.3
6.8
4 7
7.0
7.1

8.4
7.4
7.0

10.4
10.8
5,1

taken. It is argued that electrons associated with
these tracks would also be diffuse and thus not

TABLE I. Analysis of photographs showing electrons
and alpha-particle pairs. Components of momentum normal
to Bes bleakup.

C

tI

P„(9,I MEVj

FIG. 4. Film No. 98092. In this photograph the angle between the two alpha-particles deviates by 6'
from 180'. This cannot be caused by recoil from the low energy electron also appearing. On the other hand,
the expected scattering is only about —,".Recoil from a neutrino with the available energy will account
for an angle of about 4' and the remainder can be attributed to a scattering several times that to be
expected on the average. The difference in range of the two alphas indicates that the right-hand particle
has suffered a large energy loss, probably in an unusually thick part of the target. The magnetic field
was directed downward.
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Lin
Break-ttp

Ma vt

Recoil Of Bee

momentum such as would be given by a neutrino,
the data are not su%.cient for a meaningful
numerical comparison with any defj.nite assump-
tion concerning the angular distribution of elec-
tron and neutrino.

Mo, vz

Frc. 5. Analysis of the resultant momentum of the two
alpha-particles. The angle 0=el+02 is in general much
smaller than the angle I/o. CM indicates the center of mass
system.

in general visible and that the electron is most
probably the one associated with the sharp pair.
At one time in the experiments, shutters were
mounted on either side of the target position in

the chamber and were opened by the piston
motion only at the end of the expansion. These
were found to introduce considerable turbulence
and to scatter considerable light into the camera
and so were eventually discarded. In Fig. 3 the
situation is even worse since a sharp pair which
passed almost vertically through the chamber,
each member leaving the illuminated region,
occurs on the photograph in addition to the pair
used in the measurements. The analysis was made
in this case solely to determine if the neutrino
hypothesis was consistent with the assumption
that the electron was associated with the pair
used in the measurements. In Fig. 4 these dif-
ficulties do not occur. In this photograph the
angle between the alpha-particles is more than
twelve times that to be expected from scattering
or from recoil from the observed low energy
electron.

An examination of the data on these 28 pic-
tures shows that in the majority of cases the
observed resultant momentum of alpha-particles
and electron is much larger than can be accounted
for by scattering alone. In many of these cases
the momentum can be understood on the neu-
trino hypothesis although in some the resultant
momentum is larger than can be explained on
the assumption that the electron and neutrino
have no preferred angle of emission. As a result;
although there is observed an unbalanced

(b) Alpha-particle Pairs without Electrons

In cases where it is not possible to associate
electrons with the alpha-particle pairs it is still
useful to make an analysis of the resultant
momentum of the two alpha-particles in labora-
tory coordinates. This resultant momentum can
be resolved into components parallel and per-
pendicular to the line of breakup of the alphas
in a system moving with their center of mass.
From Fig. 5 we have

p = M Vl sin0y+M 82 Sin0o, (9)

Ibii = M~vl cosei —M~vg cos09p (10)

AVERAGE DEVIATION OF ANGLE BETMIEEN gf-PARTICLES FROM l80
/0 2 3 4 5 6 7 8 9

4o-

r &

30-
u/

I

4.
O

20-

DISTRIBUTION IN MOMENTUM (ONE COMPONENT

NORMAL To OL-PARTICLE BREAK "UP) IN THE RECOIL

OF Be S FROM THE i3
—DECAY OF Li B

Data obtained with Beryllium foil
as target support

Number of oC-Pairs =/30

bp—' j=0.24T + O.OZ5
pmar j

7- Electron ond neutrino emitted with
isotopic angular distribution

22-Recoil from electron only

Root-mean- s rtuare
Momentum

r obs

iu

.4 .6

l
L ~T~

I.O /. 2 /. 4

p/p. ..
I t I

/. 6 /. 8

Fro. 6. Distribution in p~jp, for 130 alpha-pairs
obtained with a beryllium foil for target support.

where 0~ and 02 are the angles between the
velocity of the alpha-particles in the center of
mass coordinates and their velocity in laboratory
coordinates. The velocities in laboratory coor-
dinates are v~ and v2. The velocities of alpha-
disintegration are in all observable cases large
compared to the recoil velocities. Hence v~ and
v2 are approximately equal as are 0& and 0&. Then,
in terms of the average velocity 8 =2(v~+v2)
and the velocity difference Av =vj —v2, we have
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Eq. (8) which was employed above:
DISTRIBuTION iN ENERGr OF

CX- PAIRSp~=3II 8 0, 20-

O

.O
4.

4s

oj

I

where
0= or+02.

O'
4

O l5-

O
C5

We also have

In terms of the energy of the two alpha-particles
B =E~+E2 and the energy difference AE =E~
—E2 we have

C/)

I

& IO-

O

Cl

~20 O

I5 ~
2

p~=0(cV E )'=1.07E '0 (13) Gold Foil Dalo
I
I
I

r--"
I
I
I
I
I
I
I
I

r
I
I ~

I
I
I
I
I
I

2

P&~I.O Atm. He.

pn=hE (IVf /E )l=61E 'fsE, (14) 5-
-IO

where in the numerical expressions, energies and
momentat are in Mev and angles in degrees. The
maximum resultant momentum of the two
~alpha-particles can be computed from the maxi-
mum energy available in the electron-neutrino
decay. This will be the total energy Q available
in the disintegration of Li' minus the disin-
tegration energy of the alpha-particles. We have

5 T ' 8
FNERGY OF (X."PAIR (MEV)

FIG. 8. Distribution in energy of the alpha-pairs ern-
ployed in these measurements with the distribution in
energy of. all pairs from Li' shown for comparison.

components of momentum to this value so that

p .„=(Q-E.)/c, pi cV c' II (1(I c'E ) I—0=' 0
p-- Q

—E- ~ Q —E-where Q is 16.0 Mev. We normalize the two

AVERAGE DEVIATION OF ANGLE BETWEEN CX-PARTICLES FROhl IBO
I 2 5 4 5o 6o To 8o 9 IO liI I I I I (16)= 1.07 — |t,

16—E
and

M c' 5,v, (3.I c'/Eo)I—AE
Q —EDISTRIBUTION IN MOMENTUM (ONE COMPONENI

pmd~ Q Ea c
NORMAL TO R-PARTICLE BREAK-UP) IN THE RECOIL

OF Be 8 FROM THE p - DECAY OF LI8
20-

Data obt ained with Gold foil
os target support. (17)=61

.E I(16—E )
l5-

O

ber of Iz-Pairs =87—) =0.549 ' 0.054
I

nI

lO-

ron and neutrino emitted with
OlOPi'd angular distribution

il fram eteetrOn Only

Root- meo
Mom

0.4 0.6 0.8 I.O I.2 I 4 l.6 I.8
P. P .,

Frt-. '7. Distribution in p~/p, for 87 alpha-pairs
obtained with a gold foil for target support.

f The convenient energy unit, the Mev, can be used for
momenta if the momenta are always considered to be
multiplied by the velocity of light.

These expressions were employed in analyzing
about 300 alpha-particle pairs. As discussed
above, all those cases for which p«/p, )1 were

excluded from the final analysis. These final

results are shown in Figs. 6 and 7 in which are
plotted the number of alpha-par'ticle pairs
having specified values of p~/p, . The dis-
tribution in energy of the pairs included in these
measurements is shown in Fig. 8. The distribu-
tion in energy of all the alpha-pairs from- Li as
originally measured by Fowler and Lauritsen' is
also shown for comparison. Since the projection
on a vertical plane of the angle between the two
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Tsar.E II. Calculated momentum distribution and mean-square momenta.

Neutrino distribution

Neutrino anti-parallel to electron

Recoil-from electron only

Distribution of J. component of
recoil momentum p~

15 1—l ——-(1—P ')(~ —P ')
p~

-(1—P~)'(1+3P~)
5
2

1

21

2
21

&P'&Am

O(8) =1+m cos8

Neutrino parallel to electron

5—(1—P ') (5—) —(1—5 )p '
16

4+a
21

7
21

alpha-partides was not determined in these
measurements the p~ actually calculated for each
pair is only one component of the resultant
momentum normal to the line of breakup. The
relation between this component and the angle
as measured on the photographs is the same as
given in Eq. (16) above.

5. CALCULATIONS

(a) Recoil Momentum Distributions

The distribution of recoil momentum of the
excited Be' nucleus will depend on the momen-
tum (or energy) distribution of the electrons and
if the existence of the Pauli neutrino is supposed,
on the relative angular distribution of electron
and neutrino. The over-all electron energy dis-
tribution was measured directly" and was found
to be consistent with the supposition that, asso-
ciated with each observed alpha-particle pair
there is an electron-neutrino pair with total
energy equal to 16 Mev —B and distributed in
energy according to the simple Fermi distribu-
tion. The existence of a copious gamma-ray
following the beta-decay is ruled out by the
above energy considerations. Furthermore, de-
layed gamma-rays have been looked for" '
without success. Consequently, in what follows
we shall suppose that all the energy not appear-
ing in the alpha-pair is distributed between
electron and neutrino with a Fermi distribution.
Since this energy is usually large compared to
mc', we shall equate E for the electron to pc. We
also assume that all beta-transitions have the
same characteristics, i.e., they correspond to
transitions to the same type of excited state of

O(8)d8=2(1+a cos8) sin8d8, (20)

where, with p.c=E., a may take on values from
—1 to 1 and in particular" takes the values —1,
1, —'„—3, —1, respectively, for the simple scalar,
polar vector, tensor, axial vector, and pseudo-
scalar allowed interactions. With the above and
p„=1—p„weobtain the probability distribution
of Be' momentum recoil

P(p)dp = (5/4) p'$3(1 —) —(1—5 )p']dp. (21)

In addition we consider two limiting angular dis-
tributions: p. parallel to p, or 8=0.

P(p)dp =8(1-P)dp (22)

'3 D. R. Hamilton, Phys. Rev. 71, 456 (1947).

Be'. This is made plausible by the apparent
absence of irregularities in the final alpha-spec-
trum but is particularly justified in this experi-
ment where almost all the alpha-pairs have an
energy corresponding to the disintegration of a
single broad excited state of Be' at about 3 Mev.
Kith the above assumptions we are able to
normalize the recoil momentum of. Bes in each
disintegration to the maximum recoil available
from parallel electron and neutrino. Writing all
momenta in these units we have the momentum
of Be' given by

p =pg +pp +2pgpy cosH,

where 8 is the angle between' y, and y„.The
probability distribution of p„p„is given by

li'(P.)dP. =3oP'(1 P)'dP' —(19)

For the angular distribution of electron and
neutrino we take



0 I SI NTEGRATION . OF LI' 7O9

where 5 is the delta-function of the argument
(1 —p) and p„antiparallel to p, or e= 180'.

P(p)dp = (15/8) (1—p')'dp. (23)

Finally we consider the case p.=0 (recoil due to
electron only) but retain (19) as an observed fact

As already indicated, the observations of the
Be' momentum are restricted to a single com-

ponent normal to the direction of its disintegra-
tion into two alpha-particles. We must then
know the disintegration probability of the Be'
as a function of the angle between p and the
direction of the alphas. This can only be known

by knowing the initial state of Li', the beta-decay
coupling, and the final state of Be', none of
which is known for sure. According to the most
probable description of these transitions, how-

ever, the disintegration probability of Be' will

be independent of the relative directions of
alpha-particles and recoil. We have used this
"symmetry of breakup of Be"' assumption in

calculating the distribution of component mo-

mentum.
According to Wheeler, '4 the excited state of

Be' involved here is not the J=O state found in

n —n scattering at 3 Mev, which would, of course,
lead to symmetry in the breakup of the Be'. On

the contrary, it is probably described as 'D2 and

the ground state of Li' as 'P2."As Konopinski"
points out, the beta-transition to the 'D2 state
is then of the allowed type but unfavored since it
proceeds by means of the non-conservation of
orbital angular momentum. The symmetry of
breakup of Be' then follows from the fact that
the electron and neutrino are emitted in an S
state since the first term in the expansion of

exp[(i/h) (p,+p.) rj is responsible for the transi-
tion. The transition to the ground state of Be'
is doubly forbidden by the parity-angular
momentum-selection rules.

It is to be noted that the formation of Li' by.
deuteron bombardment on Li' presumably in-

volves a change in parity, and since it is a
threshold reaction, this probably means that it
is only the p-wave deuterons that are e8'ective,

'4 J. A. Wheeler, Phys. Rev. 59, 27 {1941).
~ E. Feenberg and E. Wigner, Phys. Rev. 51, 95 (1937).
.
26 E. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943).

the low energy emitted protons being s wave.
This should show up in any careful analysis of
the excitation function for the reaction which has
not, however, been attempted here.

The assumption of sp'herical breakup thus
appears more probable than any other definite
assumption we could make. The probability dis-
tributions of a single component of the recoil
momentum of Be' is then easily made giving the
distributions and average squares of p~, the com-
ponent of p in Table II and Fig. 9. It is to be
noted that (p~')Ay ls 3ust 3(p )Ay for obvious
reasons.

where E is the energy of the alpha-particle and

Z, N the atomic number and number of par-
ticles/cc, respectively, of the scatterer. The

AVERAGE ANGLE BETINEEN 0 PARTICLES

6
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FIG. 9. Theoretical distributions of one component of
the recoil momentum of Be8 for various angular orienta-

.tions of electron and neutrino.

(b) Corrections

In order to evaluate the correction to (p~')A„
arising from scattering, we need only (0')A„ the
mean-square projected angle of Rutherford scat-
tering. This is given, .for small angles, by
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thickness, t, was taken to be the average foil
path traversed by the alpha-particles which was
0.215 mg/cm' for the gold foil and 0.102 mg/cm'
for the beryllium focal. 8,

„
is the maximum ob-

served angle between two alpha-particles associ-
ated as a pair. This was 10' to 15' in this
experiment. 0;„is a minimum angle of scattering
determined by the electronic screening of the
nuclear field. For 1.-Mev alpha-particles in
beryllium this may be taken to be 0;„=X/a
whereas in gold, the Born approximation is
invalid and

8;„=Ze'/Ea (26)

TABLE III. Mean-square momenta.

from the classical scattering calculation. a is the
atomic radius given approximately by apZ —'.
The scattering angle (ll')A„ is related to the equiv-
alent h(p~')A„and is averaged over the energy
distribution of the observed alpha-pairs to give
the correction for scattering in the foil. The result
is uncertain by about 20 percent for the gold foil
because of approximations in the logarithm.

The correction for scattering in the cloud-
chamber gas is handled similarly. In this case t

was taken to be 1.3 cm—a measure of distance
near the foil where the track was unobservable
plus one-half the track length used to determine
its direction.

A suitably averaged correction in (p~')&, was
also introduced corresponding to an error of
angular measurement of 0.5'.

The correction of the momentum distribution
for scattering, etc. , is in principle more difficult
since it requires the use of a distribution in scat-
tering angle. This could roughly be represented
by a Gaussian distribution for small angles, with
a width determined by (0)A„with 0,„

the limit

of multiple scattering, and a single scattering
tail. This calculation was performed however
with a simple Gaussian distribution function of
suitable width, so that the tail of the corrected
distribution for p~)1 may be somewhat under-
estimated.

It had been intended to obtain the component
of momentum parallel to the alpha-particle
direction from the difference in ran'ge of the two
members of a pair. From the equality of the two
components of p~ in the average, this would give
(p')Ay ——(pI, ')A„+2(p~')Aq independent of the as-
sumption of spherical breakup of Be'. The dif-

. ference between (p„)All and (p~')A, would measure
any asymmetry in this break up. The difference
in range of the alphas would arise from pene-
tration of the foil by one of them (known = 2 mm
of the chamber mixture), from straggling ( 0.4
mm of chamber mixture), and from the actual
difference in energy of the alphas. There resulted
(p„')A,=0.8 after subtracting the straggling cor-
rection of 1 percent. This led to (p')A, )1 which
is impossible. The cause of this result is uncertain
but it might be due to accumulation of oil on the
target or to thick spots of LiOH on the target.
f f it is explained in this manner it should be noted
that the scattering corrections should be in-

creased. However„ if due to an element of atomic
number about equal to that of carbon, the thick-
ness represented by the observed range diA'erence

of about (4 mm) would only add 0.03 to the
scattering correction. These data were actually
used however to exclude certain tracks from
measurement aN discussed before. The resulting
eA'ect on (p~')A„was comparable to the estimate
above. Furthermore if the observed p„were
real, the large p„should mean small p~ and the
exclusion should increase (p~')A, .

Foil
Number of pairs

Observed ((pg/p «}'}A,

Corrections
Scattering in foil
Scattering in gas
Errors in measurement

Total

Corrected ((p~/p «} )Ay

Weighted mean

Beryllium
130

0.247

Gold
8/

0.349

0.006
0.032
0.012

0.050

0.197&0.025

0.20+0.02

0.110
0.020
0.012

0.142

0.207&0.034

6. CONCLUSIONS

The theoretical distributions to be expected on
the basis of various angular correlations of the
electron and neutrino in the decay of the Li' are
calculated -in the preceding section. The dis-
tortion of the distributions due to scattering and
errors in measurement is also calcu1ated there.
In Figs. 6 and 7 we include the results of these
calculations giving corrections for two cases: I,
recoil from the electron and neutrino emitted
with no preferred orientation and II, recoil from
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the electron only. It will be noted that the experi-
mental points fit curve I slightly better than
curve I I but that the difference is by no means
conclusive.

The best comparison with theory is made by
comparing the observed mean-square values of
p~/p, „with the theoretical values. In Table III
are given the experimental values of ((p~/p, )')A„
and the corrections as calculated in the previous
section. The corrected experimental values are
given with the probable errors listed being purely
statistical in origin. It will be noted that the
final result, ((p~/p, . )')A, =0.20&0.02, is slightly
more than twice that to be expected from the
recoil from the electron alone (2/21 =.095). The
theoretical considerations assume no correlation
in the angle between the line of breakup of the
Be' and the line of its recoil. Even if the Be' is
assumed, as is unlikely, to breakup always in
a direction normal to its recoil, the theoretical
value is only three-quarters of the observed
value. The result is not very selective with re-
spect to the type of interaction in the Fermi
theory, favoring, perhaps, the Tensor interac-
tion, foi which 0.'= 3.

It will be noted that the corrections reduce the
observed values by 20 percent and 40 percent in
the beryllium-foil data and gold-foil data, respec-
tively. Furthermore, the result of the exclusion
of all pairs having p», p greater than unity
reduced the observed values of ((P~/P~~~)')A~ by
about 25 percent. These corrections are of course
much larger than the statistical probable errors
which have been quoted, and certainly make these

experiments a much less critical test of the
neutrino hypothesis than is to be desired. On the
other hand, the anal result quoted contains all the
corrections which we consider reasonable and we
conclude that momentum is not conserved among
the observable particles, alphas and electrons.
On the other hand, the results seem not to
violate the conservation of momentum if the
emission of a neutrino is postulated arid in par-
ticular if the neutrino emission shows no very
preferred orientation with that of the electron.
The experimental evidence supports this last
point but by no means constitutes a conclusive
proof of its validity. A more precise experimental
determination and a more complete investigation
of sources of error will be necessary before ques-
tions concerning the angular distribution in the
electron-neutrino decay can be answered. The
theoretical calculations given in Section 5 show
that the recoils expected in the most extreme
cases of forward or backward correlations, which
are theoretically reasonable, differ only by 25
percent from the recoil expected in the case of
no correlation. We have reduced our probable
statistical errors to less than one-half of this
difference but the scattering and selection cor-
rections are of just this order of magnitude.
Further data should be obtained from cloud-
chamber photographs in which the Li is pro-
duced directly in the chamber gas and the scat-
tering and loss of energy in target foils are
avoided.

This work was carried on under contract with
the Office of Naval Research.








