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The relation between proton pulse height and channel number was
found to be correct within 2 percent by ascertaining the positions
of the photoproton peaks produced by the 2.618-Mev p-line of
RdTh and the 2.758-Mev y-line of Na~4.

Three measurements were made in consecutive weeks with
sources of Na~CO3 and NaF irradiated to about 100 mC in the pile
at AERE Harwell. First, with the source far away from the
counter the 2.76-Mev line was recorded; then the source was
brought close to measure the high energy y-line. Known attenua-
tion was introduced to bring the pulse height into the kicksorter
range. Bringing the source close to the counter increases the
average ionization current due to p-rays, and it was necessary to
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probability of the 4.14-Mev (2)4-pole relative to the 2.76-Mev
(2)~-pole becomes 10 6.

As to the new line (the energy of which as stated, lies between
3.6 and 3.8 Mev) it has to be decided whether it is due to a
transition from the 4.14 Mev level to a new level at {400&100)kev
or to a transition from a new (3.7~0.1)-Mev level to the ground
state. The first alternative can be excluded by considering the
various transition probabilities concerned in such a scheme (again
using the calculations of Blatt and Weisskopf). The only possible
transition probability would need an assignment of 7+ to the
(400&100)-kev level. Similarly, for the second alternative we can
exclude all spin and parity assignments for the 3.7-Mev level other
than 2+ or 2, or values above 7 for the spin.

We are indebted to Lord Cherwell for his interest in this work
and for extending to us the facilities of this laboratory.
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~ Bishop, Halban, and Wilson, Phys. Rev. VV, 416 (1950).
s P. Cavanagh and J. F. Turner, Cambridge Phil. Soc., to be published.

We are indebted to the authors for communicating their manuscript to us
and for a stimulating discussion.

s Wilson, Beghian, Collie, Halban, and Bishop, Rev. Sci. Instr. 21, 699
(1950).

4 J. M. Blatt and V. F. Weisskopf, privately circulated notes to appear
as part of a book on nuclear physics. The authors believe the formula to
be correct to a factor of 10~s.
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Fic. 1. Photoproton distribution from Nas4 y-rays disintegrating deuterium
in ion chamber; and deuterium recoils from RdTh-y-Be neutrons.

check the validity of extrapolating the energy calibration from the
low energy region to the expected photoproton energy. This was
done by examination of the deuteron recoil spectrum produced by
a RdTh-p-Be source with successive increases of the p-ray back-
ground. No signi6cant shift with &-ray intensity was observed, and
the position of the end point of the recoil spectrum agreed with the
expected maximum energy {848kev) to within 3 percent.

It is difFicult to reconcile the correct position of the recoil
spectrum end point with an instrumental shift of the photoproton
peak. The possibility of positive ion effects in the chamber has been
considered carefully, and calculation showed that the worst
possible case of reduction of pulse height would produce a loss of
10 percent. Taking the extreme case of 10 percent and adding the
calibration errors, etc., the photoproton energy might be as high
as 790 kev and the energy of the p-ray accordingly 3.81 Mev.

It is unlikely that the line is due to impurities in the irradiated
material, since the same results were obtained with Na~COg and
NaF, and the counting at the peak decreased with the period
of Na'4.

It is interesting to compare the upper limit for the 4.14-Mev
cross-over line (2/10 ') with the theoretical predictions by Blatt
and Weisskopf. 4 Assuming the well-known 4+, 2+, 0+ assignment
for the 4.14-Mev, 1.37-Mev, and ground-state level of Mg~4, the
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'T has long been known that a weak continuous y-radiation is
~ - emitted in the P-decay of nuclei. ' The theory of the effect was
first given by Knipp and Uhlenbeck' and Bloch, ' and later ex-
tended to include forbidden P-transitions and diferent kinds of
P-interactions by Chang and Falkoff. 4

The increased efhciency of detection of p-radiation allowed by
the use of scintillation counters suggested a new and more quanti-
tative investigation of the phenomenon. Sources of P" and RaE
of the order of 0.1 millicurie were used. The y-radiation was meas-
ured by means of NaI{T1) crystals (about 1X1)&0.5 crn), a 5819
phototube, a linear amplifier, and a one-channel discriminator.
The y-continuum to be investigated and p-ray lines for energy
calibration were also observed and photographed on an oscillo-
scope screen. Both the total intensity and the spectral distribution
of the continuum were studied.

To avoid admixture of ordinary bremsstrahlung produced in the
stopping of the P-rays, the following arrangement was used. The
sources were deposited on relatively thin supports (3 mg/cm~
Cellophane for P~ and 3 mg/cm' Ni for RaE} and placed at about
15 cm from the lead-shielded detector. A beam from the source
was allowed through a q-inch hole placed at half the distance be-
tween source and detector. This diaphragm was covered with a
—,'-inch Lucite plate to absorb the P-rays completely. Various tests
have satisfied us that with this geometry ordinary bremsstrahlung
produced in the support and other materials near the source did
not exceed a few percent of the total measured p-intensity.

Energy calibration of the pulse size was obtained by measuring
the position of the peaks due to the 87-kev line of Cd"', the 47-kev
line of RaD, and the annihilation radiation. In the low energy
region investigated (30—300 kev) it was assumed that the pulse
represented the energy dissipated in the crystal by photoelectric
absorption, as the photoelectric cross section in NaI at these
energies is much larger than the scattering cross section. Correc-
tions were applied to the measured pulse-size distribution to allow
for the f'ollowing factors: (1) absorption in the Lucite plate,
(2) efficiency of the crystal (this was calculated by means of the
known absorption coefFicients in I and Na}; and (3) lack of resolu-
tion of the detecting system. For the last purpose, the shape of the
peaks due to monochromatic lines was measured and found to be
approximately represented by gaussian curves with a width at half-
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maximum 2m(ln2)&=38 kev. For the purpose of comparing the
experimental spectra with the theory, the theoretical spectral
distribution S(k), (k =hv/mc'}, corrected for absorption and
crystal efEciency, was transformed by numerical integration into
the distribution

F(k) f=s(k') expL —(k —k')~/Hgk',

which should directly correspond to the measured one.
Figure 1 shows the theoretical curves of F{k) and the experi-

mental points for both P~ and RaE. In the latter case, the use of
the function S{k) for allowed transitions is questionable, since
RaE is a heavy nucleus and exhibits a forbidden P-spectrum. The
agreement of the low energy continuum with the theory seems to
indicate lack of sensitivity of the y-spectrum to the forbiddenness
of the P-transition in this energy region.

Within the measured energy range, the theoretical and experi-
mental spectra agree closely (Fig. 1), and we shall assume that
they also agree in the higher and lower energy regions. The
theoretical curve of S(k) and a curve corrected for absorption and
crystal efficiency are shown in Fig. 2. To determine the absolute
intensity of the continuum of P",all pulses above 90 kev (0.175 m@2)

were counted, and referred to the number of P-decays from the
same source. The number of P-rays was measured with a Geiger
counter and corrected for absorption in air and counter window.
We found 2.4X 10 ' p-quanta above 90 kev per P. The ordinates of
the S(k) curves in I'ig. 2 are normahzed according to this figure.
From the normalized curve of S(k) we plotted a curve of kS(k) and
by graphical integration from zero to the upper energy limit, we
found that the energy emitted by P~ in the form of p-radiation is
3,2X10 ' mc' per P. For RaE, the number of p-quanta above 90
kev was 1.6X10 'per P.

The theoretical value for the total intensity in P~ can be found
by integrating the exact expression for kS{k) neglecting Z-de-
pendence and assuming an allowed P-transition. This number is
2.4X10 2 mc2 per P.

We conclude that both the total intensity and the spect. ral
distribution show no significant discrepancy with the theory. The
total intensity in P32 had been measured by Wu' with essentially
the same result. No evidence was obtained for the emission of
characteristic x-radiation from RaE reported by Bramson. s

Preliminary experiments on P—p angular correlation by dis-
criminating the energies of both radiations, show a strong forward-
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FIG. 2. Continuous y-ray spectra. Upper curve represents the theoretical
function $(k) normalized according to the experimental value of the
integrated intensity. Lower curve corrected for absorption and crystal
efficiency.

backward asymmetry for high energy P-rays. This effect and the
shape of continua emitted in highly forbidden P-transitions are
being investigated.

+ Research carried out under contract with the AEC.
~ C. S. Wu, Phys. Rev. 59, 481 (1941), also includes references to earlier

work.
~ J. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936).
3 F. Bloch, Phys. Rev. 50, 272 (1936).
4 C. S. Wang Chang and D. L. Falko8, Phys. Rev. 7'6, 365 (1949).
k S. Bramson, Z. Physik 66, 721 (1930).
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'HE following equivalence theorem may be of interest; it arose
during a discussion with Dr. N. Kemmer.

It is well known that the lagrangian for the charged scalar meson
field, for example, interacting with the electromagnetic field, may
be written in either of the two equivalent forms

2,= x(x'UtU —U; tU')
—iex(A; Ut U' —A'U; t U) —e'XA;A'Ut U, (1)

RaE

g, =$z(p*P'a; —(a,p*)P'P)+ &p*P+~P*P'A

where
O'=O'U, U;t=8;Ut,

and

FI *8+=tyggIU, &*PI'Ig,= —iygI, IUt,

rj*p= UI —ieA pU, y*'II ——Ukt+I'eA I Ut.

(2)

(3)
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FIG. 1. Continuous y-ray spectra. Curves represent the theoretical function
F(A), circles experimental points. Ordinate scale is arbitrary.

(The notation of Harish-Chandra' is used throughout. )
The different types of vertex which can occur in a Feynman-

Dyson graph are known2 to correspond to the different terms in the
interaction lagrangian 2'. It is therefore remarkable that the two
interaction lagrangians, 2,'and ZI, ', are not the same, so that while
only 3-vertices occur in case (b), both 3-vertices and 4-vertices
occur in case (a}.The purpose of this note is to show that this


