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whether this variation of width is due to diferent
natural widths of the resonances or to the fact that
not all the resonances were resolved will have to
await a repetition oi the measurements using
better resolving power.

The total cross section of sodium has previously
been measured at some energies by Fields et cl.,7

using photo-neutron sources. A comparison of
these measurements with the present data is some-
what difficult because of the uncertainty in the
energy of the photo-neutrons. If this uncertainty
is taken into account, the agreement between the
results is very good.

CALCIUM

Evidence for the existence of closed shells in
nuclei was recently summarized by M. G. Mayer. "
According to this theory, twenty neutrons or
protons form a closed shell, and Ca" is the best
example of a closed shell nucleus. A nucleus of this
type might be expected to behave in many respects
like a light nucleus; in particular, the levels should
be wide and show considerably greater separation
than those of other nuclei of comparable weight.
Since Ca4' has an isotopic abundance of 97 percent,
measurements of the total cross section of calcium
will give almost entirely the behavior of the Ca"
nucleus.

The calcium sample used in the experiments was
machined out of Ca metal and painted with glyptal
to retard oxidation. Because of the lom density of
Ca metal it was necessary to make the sample 3.5"
thick, since preliminary experiments indicated that
the Ca cross section was unusually small. The sample

~ M. G. Mayer, Phys. Rev. V4, 235 {1948).

contained 0.187X10" atoms/cm'. The use of a
scatterer of thickness comparable to the separation
of source and detector introduces an uncertainty
in the determination of the absolute cross section,
since the correction for scattering into the detector
cannot be determined accurately.

The variation of the total cross section of cal-
cium with energy is shown in Fig. 5. Maxima are
indicated at energies of 150, 220, 255, 335, 440, and
505 kev. A less clearly pronounced maximum
appears at 185 kev. The frequency of occurrence
of these maxima and their sharpness do not appear
to be in agreement with the idea that Ca" should
exhibit a behavior similar to light nuclei.

An interesting feature of the results is the small
value of the calcium cross section over wide energy
intervals. The cross section is 1.5 barns or less from
30 to 120 kev and drops again to a similarly low
value between resonances at higher energies. The
cross sections of other elements of comparable or
smaller mass for similar energies are usually two or
three times greater. According to the measurements
of Fields et 0/. ,

7 potassium also shows an abnormally
small cross section. K", which has an isotopic
abundance of 93 percent, contains the same number
of neutrons as Ca". It is not clear, however, why a
closed neutron shell would result in a particularly
small neutron cross section.
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The decay scheme of a 4.2-second neutron emitter has been investigated in detail. Chemical and
physical evidence shows that it is N'~, which emits beta-rays to a broad excited state of 0", which
then breaks up into a neutron plus 0".The energy spectrum of the neutrons is determined by mea-
suring the energies of the 0" recoils in a proportional counter. The neutrons have a most probable
energy of 0.9 Mev, a "half-width" of less than 0.5 Mev, and an upper limit of about 2 Mev. P-recoil
coincidences are observed, as predicted by the Bohr-Wheeler theory, and the P-ray energy is measured
by absorption. The beta-rays in coincidence with neutrons have an upper limit of 3.7&0.2 Mev.
Beta-rays directly to the ground state of 0'~ are not observed because of high background eSects, but
should have an energy of 8.7 Mev. Some evidence is presented to show that energy is conserved in
the P-n transition through the broad excited state in 0".

INTRODUCTION

sHORTLY after the discovery of fission, Roberts,
Meyer, and Wang' reported that neutrons were

~ R. B. Roberts, R. C. Meyer, and P. Wang, Phys. Rev.
SS, 510 (1939).

emitted from neutron-bombarded uranium, with a
period of approximately 12 seconds. Later work'
showed that 6 separate half-lives could be identified

' D. J. Hughes, J. Dalbs, A. Cahn, and D. Hall. Phys. Rev.
V3, 111 (1948).
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CHEMICAL IDENTIFICATION

The 4.2-second period was found to be produced
in greatest intensity by the reaction of' deuterons
on fluorine. Deuteron bombardment of elements
beyond Huorine gave the same activity with smaller
intensities. (The dependence of the yield on the
isotopic properties of the bombarded element has
been investigated in detail by Chupp and McMil-
lan. ' lt seemed reasonable to assume that the
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FiG. 1. Experimental arrangement for chemical work.

' N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).
4 A. H. Snell, J.S. Levinger, E. P. Meiners, M. B.Sampson,

and R. G. Wilkinson, Phys. Rev. 72, 545 (1947).N. Sugarman,
J. Chem. Phys. 15, 544 (1947).

~ K. Knable, E. 0. Lawrence, C. E. Leith, B. J. Moyer,
and R. L. Thornton, Phys. Rev. 74, 1217 (A) (1948).

'W. W. Chupp and E. M. McMillan, Phys. Rev. 74, 1217
(A) (1948).

among the delayed neutron emitters. The accepted
values of these periods in seconds are 55.6, 22.0,
4.51, 1.52, 0.43, and 0.05. Bohr and Wheeler'
postulated the generally accepted theory that the
neutron-active substances were actually exceedingly
short-lived daughters in equilibrium with their
beta-active parents. The measured periods then
should be those of the parents.

In the three cases where chemical identification
of the neutron activity has been made, 4 a beta-
active 6ssion product of the same period was already
known in the same element. This lent strong
support to the Bohr-Wheeler hypothesis, but the
experimental demonstration of P-e coincidences
was lacking.

E. O. Lawrence and co-workers' recently found a
4.2-second neutron period among the light ele-
ments, the 6rst such activity reported outside the
6eld of 6ssion physics. The work described below
was started as an attempt to identify the element
responsible for the delay. The techniques developed
for that purpose, however, led to the possibility of
studying the decay scheme of the radioactive
transformation in some detail.

activity could be swept out of a Ruoride solution by
a gas stream, as it was probably C, 0, or N.

In the first test, NH4F in water solution was
bombarded with 190-Mev deuterons. The external
beam of the 184" cyclotron was used for this pur-
pose. Helium was used as the carrier gas, and the
neutron activity could be detected in a re-entrant
BF3 chamber ten meters from the bombarded
solution. The activity was carried by the He
stream, through a rubber tube, to the counter. The
cyclotron was turned o6 after a twenty-second
bombardment, and the number of neutron counts
in a twenty-second interval was recorded as the
"intensity. "

To investigate the possibility that the 4.2-second
period was carried as CO, or CO2, the apparatus
shown in Fig. 1 was used. Helium gas carrying the
activity was passed through two tubes containing
Ascarite, a commercially available CO2 absorber.
After passing through hot Cu0, to convert CO to
C02, the gas stream entered two more Ascarite
tubes before reaching the BF3chamber. The neutron
intensity was the same as that recorded in the
absence of the Ascarite. This gave a strong indica-
tion that the activity was not carbon.

To prove that tracer quantities of CO2 were
stopped in Ascarite, and tracer quantities of CO
were oxidized to CO2 on hot CuO, the activities in
the four Ascarite tubes were measured. Strong
samples of C" were found in Ascarite tubes I and
I II, and negligible C" was observed in tubes II and
IV. This proves the efficacy of the system for
stopping tracer amounts of carbon, and eliminates
the possibility that the neutron delay could be
attributable to a carbon isotope.

A similar test was made for oxygen. The gas was
passed over hot copper before entering the BF3
chamber. No change in activity was observed,
indicating that oxygen was not responsible for the
delay. 0", a radioactive isotope with 125-second
half-life was used to check the efficiency of this
system. The 0" activity could be detected at the
entrance end of the tube containing the hot copper,
but not at the exit end. In addition to the radio-
active evidence, a black deposit of CuO could be
seen at the entrance end, but not at the exit. The
tank helium, used as the sweeping gas, contained
enough oxygen impurity to give a macroscopic
chemical check on the performance of the system.

By the time these tests had been completed,
others in the laboratory had shown by cross-
bombardment that the active isotope responsible
for the delay had 10 neutrons in its nucleus. The
experimental evidence was that the 4.2-second
period was found in F+p, but not in 0+d, except
a trace due to 0".This eliminated the necessity of
checking fluorine or neon as possible elements, sinceF" and Ne" are stable. But neon had already been
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ruled out when it was noted that the activity was
held up in charcoal cooled to liquid air temperature,
even though the 20-second Ne" passed through.
The only gaseous substance which could carry the
neutron activity was, therefore, nitrogen. The fact
that it passed through active charcoal at room tem-
perature, but not at 90'K lent strong support to
this deduction. The conclusion, therefore, comes
largely from a process of elimination, but it seems
quite conclusive. The nuclear evidence supports it
strongly and there is little question that even with-
out any chemical work at all, the activity would
have been assigned to N". (Dr. K.-H. Sun and
associates at the University of Pittsburgh have
recently observed the reaction C"(n,p)N". )

DIRECTION OF O" RECOILS

On the basis of the Bohr-Wheeler theory, N" is a
beta-emitter of 4.2-second half-life, which decays
to 0" in an excited state. The excited state has a
mass greater than the sum of 0"plus a neutron, so
the neutron is emitted before the excited 0' can
radiate a gamma-ray to the ground state of 0".
Presumably some of the beta-transitions are to the
ground state of 0", and so are not followed by
neutron emission. If this picture is correct, the
neutron and 0" nucleus should carry equal and
opposite momenta when the 0"* splits apart.
Preliminary and unpublished absorption measure-
ments of the delayed neutrons, by Nag and Thorn-
ton, had shown that the energies were of the order
of 1 Mev. The 0" recoils should therefore carry
away —,'6 Mev, or about 60 kev. These recoil nuclei
would have enough energy to be observed in a
proportional counter. If their energies could be
measured, the energy distribution of the neutrons
would be known. Such a method of neutron energy
measurement has a great advantage over the usual
proton recoil method, where a neutron "line"
produces proton recoils with energies from zero to
the neutron line energy. The proton energy spec-
trum is flat between these limits. Therefore to
deduce an original neutron spectrum, one has to
differentiate the proton energy spectrum. (Cloud-
chamber techniques eliminate this difFiculty, but
introduce others. ) But in the case of the 0"recoils,
the neutron energy is always 16 times the recoil
energy, since the angle between the two particles
is always 180'. Therefore, no diA'erentiation of the
recoil spectrum is necessary. Unfortunately. , the
method seems applicable only to delayed neutron
emitters of high energy and low mass, the only
known case of which is N'~.

In the first experiments, a conventional copper-
in-glass type Geiger counter was used. Two glass
tubes were fitted to the glass cylinder, as inlet and
outlet for the helium stream. The counter operated
in the proportional region with a gas ampli6cation
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of from 50 to 200, when the applied potential was
in the neighborhood of 1000 volts. Pulses were
amplified in a conventional linear ampliher, and fed
through a discriminator to a scaling circuit. When
the NH4F solution was bombarded with 190-Mev
deuterons, large pulses were observed in the pro-
portional counter. They had a four-second period,
as measured by a "delay line" technique involving
rubber tubes of different lengths, and were presum-
ably the 0" recoils. Since these pulses were larger
than any due to beta- or gamma-rays, it was pos-
sible to observe them while the cyclotron was
operating. All the work described in the remainder
of this report was performed with the continuous
How method, during actual bombardment of the
NH4F solution. Helium acted as both the sweeping
and counting gas.

A preliminary investigation of the pulse height
distribution, using a diAerential discriminator,
showed that neutrons of energy up to about 2 Mev
were emitted by 0"*.The number of pulses per
unit energy interval was observed to increase con-
tinuously as the energy under investigation was
lowered. This last result was reported at the 1948
Washington meeting of the A.P.S. But it was soon
found that at the lower discriminator settings, the
proportional counter was also sensitive to electrons
which lost a large amount of energy in traversing
the length of the counter. When counters of smaller
size were substituted for the original one, the pulse-
size distribution was found to have a maximum in
the neighborhood of 60 kev, indicating a maximum
in the neutron distribution at about 1 Mev. The
effect of electron pulses was also minimized by the
coincidence technique described below. The most
reliable neutron distributions were measured in
coincidence with the P-rays, and will be described
in the next section. (See Fig. 3.)

It is interesting to note that the recoil counting
rate through the differential discriminator was so
high that the presence of the peak in the neutron
distribution could be demonstrated aurally. A
mechanical register connected to the terminals of a
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FK'. 3. Neutron spectrum uncorrected for resolving power
of analyzer. (Recent cloud-chamber work by Dr. Evans
Hayward shows the peak and upper limit at the same neutron
energies, but indicates that the peak has a full width at half
maximum of the order of only 0.2 Mev. )

scale of 64 would produce "clicks" at a rather
uniform rate of several per second when the difFer-
ential discriminator was set to count recoils from
1-Mev neutrons. As the bias control knob was
turned to give either higher or lower voltage
settings, the decrease in the rate of clicks was im-
mediately apparent. One could "tune across the
line, "and set on the peak merely by listening to the
frequency of the mechanical register.

RECOIL BETA-COI NCIDENCE MEASUREMENTS

Several attempts to detect the N" beta-rays
were made in this laboratory, but no 4.2-second
period was observed with ordinary counting tech-
niques. So much N", of 8-second half-life is pro-
duced at the same time as the N", that the 4.2-
second period was always masked. Since no chemical
separation would help, it was felt for some time
that the N" beta-rays, as predicted by the Bohr-
Wheeler theory„were unobservable. But the ob-
servation of the 0" recoils made it possible to
identify the N" beta-rays, in the strong back-
ground, by coincidence techniques. The equipment
shown in Fig. 2 was used for this purpose. A ring
of six thin-walled, silvered-glass Geiger counters
was placed around the thin copper-walled pro-
portional counter which detected the O" recoils.
Coincident discharges of the two types of counter
were observed. Absorption measurements on the
beta-rays could be made by placing cylinders of
aluminum around the proportional counter. (Figure
5; ignore the dotted lines for the moment. )

The system was calibrated in terms of the P"
beta-rays, and a Feather analysis of the data gave
an upper limit of the N'~ beta-rays equal to 3.7~0.2
Mev. The Feather plot was horizontal, giving the
same value of the end point at all values of the
absorber thickness, so the extrapolation may be

considered reliable. It should be pointed out that
the beta-rays observed are only those from N"
to the excited state of 0'~. Those to the ground
state of 0" are not accompanied by an 0" recoil,
and so are not detectable by this technique. How-
ever, their energy may be computed from other data.

When the solid angle of beta-ray counters was
computed, and the recoil beta-ray counting rate
was corrected for this factor, it was found that
within an uncertainty of about 10 percent, every
recoil was accompanied by a beta-ray. This seems
a rather convincing confirmation of the Bohr-
Wheeler theory.

The neutron distribution was remeasured in the
coincidence technique, and the results are shown in
Fig. 3. In order to make a large ionization pulse in
the proportional counter, an electron must be
directed axially. But in this case, it cannot be
counted in one of the Geiger counters. It is for this
reason that the neutron distribution curve can be
carried to somewhat lower energies than without
the coincidence technique.

The proportional counter was calibrated in two
ways, and the energy scale of the neutron dis-
tribution was not significantly difFerent in the two
cases. In the first method, alpha-particles from a
thick source were directed across the diameter of
the counter from an external position. There is a
maximum energy which an alpha-particle can lose
in crossing the counter, which corresponds to a
point on the range-energy curve with minimum
slope (maximum dZ/dx). This energy loss is about
ten times greater than the average recoil energy.
Calibrated attenuators and a signal generator were
used in a straightforward manner to give the
energy corresponding to various pulse heights in the
case of the recoils. The linearity of the amplifier
was checked before and after each neutron dis-
tribution run. Experiments were made with various
gas multiplications, and some measurements were
made using He from which the oxygen had been
removed by passage through active charcoal at
90'K. In the latter case, the counting voltage was
dropped from the normal 1000 volts to 600 volts.
The measured neutron spectrum was the same in all
cases. Finally argon was used as the sweeping and
counting gas, and the end point of the neutron
spectrum was checked. The higher stopping power
of argon made the electron counts larger, so nothing
but the high energy portion of the curve could be
measured.

A number of workers have shown that under more
conventional circumstances, very reliable energy
distributions are obtainable, but there might be
some doubt that a proportional counter operated
under such unusual conditions would give reliable
data. The calibration experiments with the present
helium-filled counter show that it would be quite
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impossible for the spectrum shown in Fig. 3 to
have been observed if there were a sharp neutron
line at 1 Mev. The alpha-particle experiment
gave a sharp upper-limit energy-loss cut-off. That
this cut-off was not in error by a factor of two
could be shown by a comparison with the other
method of calibration of the counter. This latter
method was used in most of the work and was very
convenient.

A thin layer of Pu"' was deposited on the central
wire of the counter, through the courtesy of Dr.
B. B. Cunningham. The strength was such as to
give several hundred counts per minute. Since the
layer was thin compared to the alpha-particle
range, there was a certain minimum energy loss in
the counter, which an o.-particle could suffer. No
alpha-particle could lose less energy than one which
was directed radially away from the wire. This
energy loss is easily calculable, and is fortunately
just higher than the maximum 0" recoil energy.
The energy scale of the recoil pulses could then be
established by a calibration point involving a
minimum size alpha-particle pulse. Since the neu-
tron spectra obtained with both methods of calibra-
tion (maximum and minimum n-pulse size) agreed
within 10 percent, it is safe to conclude that the
proportional counter was giving pulses proportional
to the energy released in the gas, in the usual
manner. A further check on this point comes from
recent cloud-chamber measurements of Dr. Evans
Hayward, in this laboratory, who finds a neutron
spectrum in general agreement with that reported
here. Her work was done in a hydrogen-filled cloud
chamber, and only those tracks within ~30' of the
forward direction were measured. The resulting
neutron spectrum has a peak at 1 Mev, and extends
up to 2 Mev. However, the width of the peak at
half maximum is only about 0.2 Mev. This is
sharper than the line observed with the propor-
tional counter, even when reasonable corrections for
resolving power are made. The observed width in
these experiments is 0.6 Mev, and from the energy
width of the differential discriminator, one would
correct that to approximately 0.4 Mev. I t is
apparent from Mrs. Hayward's work, that the
atmospheric helium counter is not as satisfactory
as the Argon-Methane counter usually used for
precision energy measurements.

DISINTEGRATION SCHEME

Figure 4 shows the proposed scheme for the disin-
tegration of N". The rest energies of 0" 0'~, and
the neutron are known. The energies of the excited
level in 0", and the ground state of N" are deter-
mined by the neutron and beta-energies measured.
The energy of the unobserved beta-ray from N"
to the ground state of 0'~ is computed from the
known data. This transition must be at least twice

forbidden (third Sargent curve) since its energy is
8.7 Mev. If it were once forbidden, it would have a
half-life of only about 3 seconds. A second for-
bidden p-transition of 8.7 Mev has a half-life of
about 80 seconds. The branching ratio of the
high energy P-rays would be 0.05 in this case, and
gives a logical explanation for the failure to observe
the N" p-rays in the large background of N"
P-rays. Of course, it is quite possible that the
branching ratio is smaller; 0.05 is merely an upper
limit, if allowance is made for the scatter of experi-
mental points on the Sargent diagram. An addi-
tional check on the fact that the branching ratio is
small comes from a comparison of the observed
4.2-second half-life with the observed p-ray energy
of 3.7 Mev. The first Sargent curve indicates that
a 4.5-second half-life corresponds to an energy
release of 3.7 Mev. The uncertainties in the end-
point measurement, and the scatter in the points
on the Sargent curve are enough to explain the
discrepancy between 4.5 and 4.2 seconds. But if the
branching ratio were 50 percent, the effective half-
life of the 3.7-Mev transition would have to be 8.4
seconds, which is outside the limits of error.

No gamma-rays were found in coincidence with
the recoils, but accidental coincidence limited the
search to the case of one gamma-ray accompanying
each recoil. It is also highly unlikely on theoretical
grounds that a gamma-ray could be emitted in this
process, as the neutron width is of the order of a
hundred kilovolts. Gamma-ray widths are always
very much narrower, so gamma-ray emission could
not compete effectively with neutron emission.

(8.T MEV)
N DE|'AY SCHEME

0 (5.0 MKV)

P + n (4.lt MEV)

0 to MEV)

Frr. 4. N~~ disintegration scheme.

CORRELATION OF BETA- AND NEUTRON ENERGIES

Since the energy available in the transition from
N' to 0'6+n is fixed, higher than average energy
neutrons shouM be accompanied by a lower-than-
average energy beta-ray distribution. An attempt
was made to detect this effect, but no really con-
clusive evidence was found, due to background
effects at large p-ray absorber thicknesses. The
absorption curve of p-rays in coincidence with
neutrons of any energy above 0.5 Mev is shown as a
solid line in Fig. 5. Three additional curves were
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FIG. 5. Absorption of N~~ beta-rays in aluminum (solid
line}. For explanation of dotted lines and points at 0.85 g/cm',
see text.

determined for p-rays in coincidence with three
groups of neutrons, whose energies are shown in
Fig. 3, as shaded blocks. Within the statistical
fluctuations, these curves were identical. Therefore,
it was decided to concentrate on a single point at
about 0.8 g/cm', and determine the number of
p-rays per recoil through that thickness, for the
three neutron groups. The choice of 0.8 g/cm' was
a compromise between p-ray energy resolutions,
which requires data to be obtained close to the end
point, and background eAects, which require a
counting rate somewhat above the accidental
background. It was possible to carry the over-a11
P-ray absorption curve to 1.15 g/cm2 for two
reasons: (1) the real counting rate was greater
because all recoils contributed to the eftect, and
(2) the accuracy required was considerably less
than that needed to establish the differential eSect
under consideration in this section.

The results of several hours of counting are
shown by the three points at about 0.8 g/cm'. The
results are not conclusive, but if taken at face
value, are consistent with the principle that energy
is conserved in the over-all transition. The highest
energy neutrons are accompanied by the softest

p-rays. But the lowest energy neutrons also appear
to be in coincidence with p-rays somewhat softer
than those accompanying the peak of the neutron
distribution. But for these last two groups, the
expected effect is smaller, and the points are closer
together. If one considers the neutrons to have two
average energies in the neighborhood of 1.6 Mev,
and 0.8 Mev (the average of Z~ and Zm), then there
would be only two points on the p-ray absorption
diagram at 0.8 g/cm'. These two points would be
spaced apart by 4.5 times the probable error of the
low point and 7 times the probable error of the
higher point, and would be displaced in the proper
direction, but by a distance somewhat less than
that calculated.

It is unfortunate that this interesting correlation
could not have been established in a more clear cut
manner, but since the background was due almost
entirely to N", no method of eliminating it ap-
peared possible. An attempt was made to use CVF~6

plus deuterons as a source of N", in the hope that
the elimination of 0" (present in the water solution
of NH4F) would lower the N" background. Uery
intense sources of N" were prepared by circulating
CVF ~6 through the internal target of the 184"
cyclotron. A centrifugal pump drove the liquid
from the target to a counter-current scrubber
outside the concrete shielding. Helium bubbled
through the circulating liquid and carried the N"
to the usual proportional counter. The operation of
the counter was rather erratic and depended
critically on the partial pressure of the CTF&6 vapor
in the streaming helium. After a number of attempts
to take reliable data with this system had failed, the
method was abandoned. It is mentioned here
because the technique of "pumping neutrons" from
one point to another without high backgrounds of
y-rays might be of interest in other applications.
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