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3% resolution folded in. It is clear that the tail
of the p, spectrum follows very closely, and the
probability for finding an event in the n-e region
is very small. This is further demonstrated in
Fig. 3. Figure 3 exhibits the spectrum of 3000
events measured for the purpose of a p-value
determination. They are events with the normal
w-p-e se|Iuence (see Fig. 3), and therefore, no
m-e decays are expected. The fact that no high-
energy events are found in this larger sample
demonstrates that the p-e contamination in the
high-energy region is negligible.

We have also considered the possibility that
the events are decays in flight of p. mesons, or
perhaps w-p decays in flight. These possibili-
ties can be ruled out on kinematic grounds for
each of the 6 events. We conclude that each
event is a clear example of w-e decay.

The average energy for the 6 events is 72.9+1.5
Mev. This is higher than the expected energy of
69.8 Mev. We have taken great care in the sys-
tematics of the energy measurement and are
quite certain that this cannot be the cause. We
are perplexed by the discrepancy and tentatively
ascribe it to a statistical fluctuation in the
measurement errors.

The relative rate of w-e decay is 6/65000 or
1/10 800 + 40%. This is unfortunately statistically
poor, but serves to indicate that the decay is at
least roughly as expected theoretically.

The method does not yield a precise measure-
ment of the branchiag ratio and cannot reason-
ably be extended to do so. However, the re-
sults here offer a very convincing proof of the
existence of this decay mode, and show that the
relative rate is close to that expected theoreti-
cally.
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As part of the program to test the operating
characteristics of the first Tandem Van de Graaff
accelerator, ' a number of neutron threshold
measurements were made in the proton energy
range from 1.8 to 10.5 Mev. Three of these,
P"(P, n), ¹'0(P,n), and Ni"(P, n), all above 6.4
Mev, had not been measured previously. Over
the complete energy range proton beams of 0.5
microampere or greater were available and the
accelerator operated in a stable and reproducible
fashion.

A momentum calibration of the 90' energy
analyzing magnet was obtained by measuring a
number of well known neutron thresholds using
the conventional counter ratio technique. ' The
two neutron detectors were enriched B' loaded
scintillators' optically coupled by Lucite light
pipes to 3 in. diameter photomultipliers. A
cylinder of paraffin of suitable geometry sur-
rounded the second detector to ensure uniform
response to fast neutrons.

In a series of measurements carried out prior
to final accelerator adjustments, the Li'(p, n),
Cue'(p, n), B"(p,n), and Al'~(p, n) thresholds
were used to calibrate the magnet momentum
scale. With this calibration, thresholds for the
P"(p, n) and Ni'0(p, n) reactions were measured.

The first three lines of Table I list the (P, n)
reactions used to calibrate the magnet in a
second series of measurements carried out
under improved operating conditions. To cali-
brate the magnet for particle momenta equiva-
lent to higher proton energies, oxygen gas was
supplied to the ion source. The threshold for
the reaction H'(0", n)E" was observed by bom-
barding a deuterated zirconium target with 0'6
ions of charge +4 and +5. This threshold was
computed to be 14.750+0.024 Mev using the
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Table I. Threshold measurements for Ni (p, n) and ¹ (p, n) using the relationship
given below between particle energy and proton resonance frequency of the 90' ana-
lyzing magnet field. In the equation q is the number of electrons the neutral particle
has lost and M is the ion mass in amu.

Reaction

8 (p, n)

Na (p, n)

Al (P, n)

P(0~, n)

Hs(0+ ~s, n)

Threshold energy
E (Mev)

3.015 + 0. 003

5. 061 + 0. 007

5. 798 + 0. 005

14.570 + 0. 024

14.570 + 0. 024

Proton resonance
frequency f (Mc/sec)

12.322 + 0. 003

15.950 + 0. 020

17.080 + 0. 010

21.555 + 0. 020

26. 940 + 0. 020

kx 105

2004 + 2

2010 + 4

2009 + 4

2008 + 5

2008 + 6

¹s(p, n)

Ni (P, n)

7.028 + 0. 020

9.459 + 0.070

Average 2008 + 2

18.814 + 0. 010 kx 105
= 2008 +2

21.840 ~ 0. 080 ~ (assumed)

E(1+E/2M'') = kf'q' /M

value of 1.836+0.003 Mev for the 0"(d, n) thresh-
old~ and the masses of Mattauch et al. ' The
equation relating ion kinetic energy and the fre-
quency of a proton resonance probe used to
measure the field of the 90' magnet is given in
Table I. The charge-four and -five 0"beams
provided magnet calibrations near 14.47- and
9.33-Mev equivalent proton energies, respec-
tively, and the experimental results are shown
in Fig. 1.

Because of the large center- of -mass energy,
neutrons in this reaction are emitted at thresh-
old with an energy of about 700 kev in a narrow
forward cone whose half angle is only 7' at 100
kev above threshold. The fast-neutron detector
alone was used at 0' at two different distances.
Near threshold the counting rates are nearly
equal at the two distances. As the energy above
threshold increases, the counts detected at the
larger distance diminish because the counter no

longer includes the whole cone. It has been
suggested that the background below threshold
could possibly be due to the H (d, n) He' reaction
initiated by knock-on deuterons produced by the
incident 0" iona. '

As can be seen from Table I, the magnet con-
stant k shows no indication of a variation with
proton energy between 3 and 14 Mev. The listed
errors for each value of 0 arise from the com-
bined uncertainty in the threshold energy and
the uncertainty in estimating the frequency at
which the threshold occurs.

A typical run for the AisT(p, n) reaction using
a thin aluminum target evaporated on a bismuth
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FIG. 1. Thick-target threshold measurements for
the H (O, n)F reaction using 0 atoms with 5 elec-
trons removed (left-hand curves) and 4 electrons re-
moved (right-hand curve). The fast-neutron yield for
a detector at 0 is plotted both against the frequency
of the proton resonance used to measure the field of
the 90 analyzer magnet and against 0 ion energy.
In both cases the measurements were made with the
detector at two distances from the target.

backing is shown in Fig. 2. The aluminum target
thickness was 6.5 kev for 6-Mev protons. The
structure observed is due to resonances in Si"
since, in analogy to Al", it is unlikely that there
are any excited states in Si" below 0.5 Mev
which could give rise to additional neutron
thresholds. Four of the observed resonances
have widths of approximately 25 kev. They
correspond to levels in Si" 17.5 Mev above the
ground state and are unstable to proton, neu-
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FIG. 2. A typical thin-target threshold measure-
ment for AI (P, n) Th. e target was 6. 6 kev thick for
6-Mev protons. The lower curve through the crosses
represents background using a bismuth backing alone.
Both proton energy and proton resonance frequency
label the abscissa. The ordinate shows counts in the
slow-neutron detector.

tron, and alpha particle emission. Background
runs on a similar bismuth backing were taken
and the results are also shown in Fig. 2. Com-
parison of this excitation curve with previous
cyclotron measurements" shows the fine struc-
ture which can be resolved using the lower beam-
energy spread available from the tandem accel-
erator.

Thick-target neutron yields for sintered NiO
targets are shown in Fig. 3. Here both the
counts in the slow-neutron detector and the ratio
of these to the counts in the fast-neutron detec-
tor are plotted as functions of proton energy. In
both cases a large neutron background is ob-
served below threshold, probably from beam
striking the magnet slits and perhaps the frame
holding the small sintered target. Careful fo-
cussing of the beam was required as the energy
was varied, particularly for the Ni"(p, n) meas-
urement to minimize such background. The
threshold energies obtained in this second series
of experiments are given in Table I. In the
first series of measurements, the threshold
energies obtained for the Ps'(P, n) and the Nice(P, n)
reactions were 6.417 +0.020 Mev and 7.012
+0.030, respectively. The two results for
Ni"(p, n) agree to within the quoted errors. The
higher value was determined under better ex-
perimental conditions and is probably the more
reliable.

Measurements' of the positron decay of Cu~

give a threshold for the Niso(p, n) reaction in the

IO-

1-
2-
0

60
IOOO- N ~ (P

800-

600-

R-
5 ~

~~ COUNTS FROM SLOW NEUTRON COUNTER
COUNTS FROM FAST NEUTRON COUNTER

0

Ni

- Moo

100- aO
o

- ROOO

200-

I I I I I I I

6.6 6.9 70 7.I 8 5 9.0 9.5
PROTON ENERG Y IN M@5

I I

IaO IO.S

FIG. 3. Thick-target threshold measurements for
Niso(P, n) and Niss(P, n). Both the yield of slow neu-
trons and the ratio of counts in the slow-neutron de-
tector to those in the fast neutron detector (both at

0
0 to the beam) are plotted against proton energy and
the frequency of the proton resonance.
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range from 7.04 to 7.17 Mev. The higher energy
positron decay of Cu" is much less accurately
knownsc and the threshold for the Ni' (p, n) re-
action derived from the measurement is in the
vicinity of 9.2 Mev. Positron decay measure-
ments~' of S" yield a value for the threshold of
the P '(p, n) reaction of 6.50 +0.10 Mev.


