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FIG. 3. Individual showers. Event 8 is the largest event observed. In
13, a curve compounded from two showers indicates the effect of super-
position; this event is believed to be a close hit because of its size, the fact
cr is nearly twice (¹i)&,and the systematic character of the "Buctuations. "

The Neutron-Electron interaction*
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PTER it was pointed out by Foldy' that approximately
4000 ev (well depth for e'/mcs range) of the neutron-electron

interaction could be attributed to the neutron moment, it was
clear that more accurate measurements were necessary in order
to isolate the electrostatic dissociation e6'ect arising from the
meson charge distribution. At this time an experiment was al-.
ready under way at Brookhaven designed to increase the experi-
mental accuracy by means of mirror reflection of neutrons. Previ-
ous measurements had utilized the variation of scattering cross
section with angle or with wavelength' to detect the form factor
behavior of the electron scattering. The observed eGects in each
case were small and of the same order of magnitude as various
corrections. Since the form factor is exactly unity for mirror re-

3 and 4 were the largest of their type and con6rm (at least in the
case of distant events) the prediction' that the fluctuations in

¹

expected in this experiment are 1.15+¹(the 1.15 arises from the
transition eGect).

An event such as 13 is particularly difBcult to interpret except
in terms of separated cores generated by different ~' mesons.

+ Supported in part by the joint program of the U. S. Once of Naval
Research and the U. S. Atomic Energy Commission.

R. E. Heineman, thesis, University of Michigan, 1952 (unpublished).
G. Moliere, Cosmic Radiation (Dover Publications, New York, 1946).
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FIG. 1. Intensity of neutrons reQected from oxygen-bismuth
interface as a function of incident angle.

flection, however, the neutron-electron scattering is'observed at
its maximum value. Fortunately, the use of a balancing technique
makes the critical angle for total reflection a sensitive measure of
the neutron-electron interaction.

The experimental arrangement used was one in which the
critical angle is measured for total reflection of long wavelength.
neutrons at the interface of bismuth and liquid oxygen. As the
nuclear scattering (per unit volume) of oxygen and bismuth diGer

by only two percent while the electron scattering is much stronger
in bismuth, the index of oxygen relative to bismuth is to a large
extent determined by the electron scattering amplitude. A highly
collimated neutron beam, Fig. 1, 6ltered through graphite, was
incident on the interface at an adjustable angle of the order of a
few minutes of arc. The critical angle was measured by techniques
developed for other mirror experiments. 4 The measurement con-
sists essentially of an observation of the incident angle at which
the re6ected intensity drops suddenly, this angle being the critical
angle for the cut-off wavelength (6.7A) of the incident filtered
neutrons. In order to determine the critical angle accurately, the
experimental points (Fig. 1) are compared to a calculated curve
that takes into account the 6nite reQectivity beyond the critical
angle and the resolution of the incident neutron beam (about
0.25 minutes of arc). The 6nal value, based on several measure-
ments similar to that illustrated in Fig. 1, is 3.64+0.04 minutes.

The equation relating the critical angle to the coherent bound
scattering amplitude u is

%pop—8, =KB;uB; —1 + gB;ZB;—EPZP g, ) (1gg.ag.

where g is the number of nuclei per cm', ) the neutron wave-
length, and the subscripts 0, Bi, and, e refer to oxygen, bismuth,
and the electron. This equation consists of three parts: the 6rst
involving the measured critical angle, the second the coherent
amplitudes, and the last the neutron-electron interaction. Since
the nuclear amplitudes of oxygen and bismuth are nearly equal,
the two terms on the right-hand side of the equation are of the
same order of magnitude. In order to reach reasonable accuracy
in the electron amplitude, the coherent nuclear amplitudes must
be measured with much higher accuracy. These amplitudes are
obtained from the free atom cross sections by application of the
reduced mass factor and subtraction of incoherent scattering.

It is not necessary to measure the absolute values of the free
atom cross sections of oxygen and bismuth, for it is only the ratio
that enters into the result in a sensitive way. This ratio was
measured by transmission for neutrons of average energy 8 ev:
these neutrons being produced by a boron difference measure-
ment for a pile neutron beam. Two nearly identical beams were
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used, and the intensit was
'

y as measured after passage through
samp eso oxygenandbismuth, oneineachbeam. Th ' t
were a ain me

earn. e intensities

g measured after the samples were alternated. In this
method the cross-section ratio wa t d fs correc e for several tenth-

energy o ev: the cr stal
interference, paramagnetic scatterin residual n

dD 1, an opp er e ects. A small correction was also made

, measure y transmis-or t e incoherent scattering of bismuth d b
sion for long wavelength neutrons. 6

minutes and ilioso/The numerical results, 0,=3.64&0.04
B;ag-=1.0204&0.0008, when substituted into E . '1',e ino q. (), givea,

cm, corresponding to a well depth of 3860~370
The errors incl delude statistics as well as uncertaint in th

ev.

constants in E . (1)
in y in e various

q. ( ).Assuming the legitimacy of the Fold ff t
we conclude that t 1

o ye ect,

beno m
e electrostatic meson dissociatio ff t

more than a few hundred volts. There have been several
recent discussions' of ossiblep

'
e explanations fox the magnitude of

~ ~

the observed
sati

e ect, but none of these seems bl ta e o account
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delayed coincidences found by Na et ali 1 dg, e a. resu te from a weak
an previously unidentified gamma-ray in Ti46 followin -deca

A conventional ~e&ayed coincidence arrangement with a, re-
solving time of 1.3&(10 8 sec emsec, employing stilbene phosphors with

mu tiplier tubes, was used. Integral discriminators were
employed in slow channels for energy selection. The so
obtained from Oak Rid e with

ion. e source was
i ge wit further chemical purification at

s a oratory.
The procedure involved the use f C ' d N ~o o an a as "prom t"

standards. The delayed coincidence f hce curve o t e prompt events
was obtained and the effective resolvin time of th

1 1 tdfo throm e acci"ental coincidence rate (i.e., the "tail"
of the prompt standard curve). The Sc4' dela ede c e aye coincidence curve

ared i
was en obtained and the coincidence rat f th " '1"

p with that calculated as the accident 1 t '
hi

e o e tai" com-
ci en a ra e using this meas-

es. s in icate inreso ving time and the single counting rat A d
g. , the coincidence rate on the "ta'1" f th S "i o e c curve is the

same as the calculated accidental r t 'thi ha e wi n t e statistical errors.
Fu

'
wi e iscriminators on theFurt er, this result was obtained with the d'

am
'

ers set to accept pulses which correspond to events with at

Re186
east as low an energy as 130 kev. Th 137-ke - ev gamma-ray ofe, ere ore, no evidence forRe was used for calibration. We Qnd th f

a s ate in Ti following the P=decay of Sc46 with a lif
than 1.5)&10 ' sec. Thsec. e results of Nag et al.' remain unexplained.
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4 F. Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950).
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i ~HE re ortb Np y Nag et al. that a 12-@sec state exists in Ti'1

and their assignment of this lifetime to the first
levelin Ti4'seemin i

'me o e rst excited

correlation~4 re
m in isagreement with other reports on th 1e angu ar

reported for the well-known cascade in Ti" following
the negatron decay of Sc".We have re- t' t
o y —7 clay in Ti46 with the particular idea that perhaps the

Allowed Final States for Annihilation into
Three Photons*
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ANDAU' and Yang~ have discu d thusse e consequences of
ro ational invariance for annihilations into two photons

~ '~ ~ ~

ve poin e out selection rules for
annihilations into two and three boson H
detail the

e osons. ere we study in more

Qe
' '

ree
e ai t e consequences of invariance unde t t'
ections for annihilations into three h t

er ro a ions an re-

to the s
ree p o ons, 'miting ourselves

o e symmetrical case in which three ph t f
quency are emitted in a plane at 120' from one another

p o ons o equal fre-
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TABLE I. Transformation properties of RRR ~ .- LI.L under Dsa.

O.I—

Iss
CP
K
Isl
CI
CD
Z
0
O

~:

Cs RRR LRR RRL RLR LRL
RRR RRL RLR LRR RLL LRL

-LLL —LLR —LRL —RLLI. —LRR —RLR —RRL -RRR
RLL LRR RRL RLR RRR

a Z=i"entity. C& ——rotation by 120o about axis nor
the photons. og =reaction in plane of the hoto
containing the normal to the plane of
vector.

o e p ane of the photons and the first momentum
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FIG. 1. Del ayed coincidence curves for Co«an
curve on the left is used to deter ' th
apparatus from the accidental coincidec c ence ate on the tail of the Co o

delayed coincidences. Th d t d 1'

for the calculated accidental coincidence rate ex e
of the Sc46 single counting rates and the m
li it 6 tth t i tain y in the measured resolving time.

The boson nature of the photons allows the use of RRR RRL,
RL, LLR, and LLL as a complete set of final

)

states, where a right (R) or a left (L) circularcircu ar polatization is
wi eac o the three momentum vectors: since the

creation operators for bosons commute the de or er in w ic the

p otons are created is not significant Th '
h 6ese eig t nal states are

used to construct a complete set f t t hi ho s a es w c are irreducible
representations of the symmetry group Daz of the annihilation ~


