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Our value for the electron-neutron scattering length has been corrected on the basis of
new measurements of some neutron scattering lengths and now is (-1.30+ 0.03) x 10 ~~ cm,
which is 3% lower than our original result. (The equivalent figure in the Fermi convention
is —3630+ 70 eV and at q =0, de„/dq =0,0189+ 0.0004 fm .) A check on the worrisome
possibility of an H2 impurity in the scattering gases showed that this is quite unlikely to be
a significant source of error. The difference between our result and the Munich measure-
ment and also the Foldy calculation thus continues unexplained.

I. INTRODUCTION II. CORRECTIONS FOR NEW VALUES
OF SCATTERING LENGTHS

The nonmagnetic, electron-neutron scattering
length has been measured with comparable pre-
cision by two groups, but the results are in signif-
icant disagreement. A group from Munich (Nuck-
er, ' Dilg and Vonach, ' and Koester') measured
the index of refraction of bismuth (which gives the
combined nuclear and electronic scattering lengths)
and the free cross section of bismuth (which gives
the nuclear length alone). Their result for the
electron-neutron scattering length is (-1.427
+0.023)x10 '6 cm (-3965+ 70 eV in the Fermi
convention). The other is our measurement, com-
pleted in 1966,4 which uses the Fermi and Mar-
shall' method of measuring the angular distribu-
tion of the neutrons scattered by noble gases and
finding the electron-neutron scattering length by
its effect on the angular distribution via the atomic
scattering factor. The result was' (-1.34' 0.03)
x10 "cm (-3720+90 eV). This disagreement is
made more interesting by the existence of the
Foldy' term which comes from a very direct cal-
culation, assuming only that the interaction is rel-
ativistically invariant and that the neutron has its
observed mass, magnetic moment, and charge.
This calculation gives a scattering length of -1.47
x10 "cm (-4080 eV), in near agreement with the
scattering length measured by the Munich group.
Qn the other hand, our measurements suggest that
there may be an additional contribution to the elec-
tron-neutron interaction and this might have theo-
retical significance. Accordingly, we have cor-
rected our 1966 result on the basis of recent mea-
surerMnts of scattering lengths, and have ex-
amined our experiment more critically for pos-
sible sources of systematic error.

New measurements of the coherent scattering
lengths of deuterium' and fluorine' require recon-
sideration of the values of the scattering lengths
of krypton' and xenon. ' First, the Qak Ridge re-
sult' for xenon (from Bragg reflection on Xe F4)
must be modified to take account of the new fluo-
rine value' (5.679+ 0.014 fm). The xenon scatter-
ing length becomes 4.96+0.03 fm. Our orginal re-
sult from a. liquid xenon mirror" (5.10+0.17 fm)
is consistent with this, but when the mirror re-
sults are modified to take account of a number of
changes' plus the new result for the deuteron
(6.673 +0.007 fm), they become 5.29+0.11 fm for
xenon and 7.96+0.15 fm for krypton. This revised
xenon result differs from the revised Qak Ridge
result by about three standard deviations. We are
unable to account for the discrepancy but will use
the modified Oak Ridge result (4.96 +0.03 fm) be-
cause it is of substantially higher precision than
the mirror result, and it seems to come from a
very straightforward experiment.

The aforementioned discrepancy indicates that
the mirror result for xenon may be too high by
about 6%, and this suggests that the mirror result
for krypton might be too high by a comparable
amount. Th~s idea is reinforced by the fact that
the total scattering cross section of krypton4 lim-
its the maximum value of the coherent scattering
length to 7.90+0.02 fm, which is 0.06 fm smaller
than the mirror result. For the purpose of revis-
ing our results' for the electron-neutron interac-
tion, we have used 7.7+ 0.2 fm for the coherent
scattering length of krypton.

It should be noted that the coherent scattering
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lengths we have given are all for bound nuclei
(electron-neutron effects removed).

Our revised result for the electron-neutron in-
teraction is -3630+ 70 eV. Table I summarizes
the revised results for the various scattering
gases. It should be noted that, except for the
somewhat arbitrary uncertainty given with the
rather arbitrary value of the krypton scattering
length, we quote standard deviations without any
anowance for a possible systematic error.

III. INVESTIGATION OF THE HYDROGEN
CONTAMINATION OF THE

SCATTERING GASES

Since our value disagrees with that of the Munich
group by about 4-,' standard deviations (and is even
further from the Foldy vaiue), we thought a reap-
praisal of our experiment would be desirabl. In
this reappraisal, the principal doubt raised in our
minds was the possibility that the scattering gases
might be contaminated with small amounts of H, .
Because of the large cross section and the great
asymmetry of scattering by H» a concentration
as small as one part in 100 000 might have been
significant. The heavier hydrocarbons that might
have been even more serious would certainly be
destroyed by the 925' C titanium in our cleaning
system, but it was not clear that H, itself was re-
tained well enough by the hot titanium, and we had
made no direct measurement of this. While there
is literature that suggests the Ti is adequate under
ideal conditions, "we felt that the purity could be
affected by the details of the cleanup —in particu-
lar, by the amount of impurity removed from the
gas, by the treatment of the Ti between uses, by
its physical state, etc.—and ndeed some of our
fears were borne out. We accordingly decided to
test the efficiency of our cleaning process at quite
low levels of impurity by sending a test gas (a
noble gas with an impurity of H, containing tritium
as a tracer) through the same cleaning system,
following the same procedure as was used for
cleaning the gases in the scattering experiment.

In our cleaning system, Ti powder, with an aver-
age grain diameter of -1 mm, was packed in ap-

proximately a 20-cm length of a stainless steel
tube 2 cm in diameter. In the current tests, the
Ti was at a temperature of 925 C, and the few
liters of the test gas were passed through the tube
at a pressure of about 1—,

' atmospheres and at a
rate of roughly 1 liter per min. Between passages,
the hot Ti was usually kept in a vacuum system
with a pressure (10 ' Torr for a length of time in-
dicated in Table II. In the scattering experiment,
this time was usually several days.

The tritium concentration was measured by put-
ting the gas under study in a proportional counter
with a few percent CO, added to improve the coun-
ter performance. The counter efficiency was mon-
itored by use of a "Co y-ray source. The results
of these tests are shown in Table II. It is clear
that under these conditions, hot titanium is a very
efficient getter and the H, left in the noble gases
is far below levels significant for our e-n mea-
surement.

IV. CONCLUSIONS

The discrepancy between our result and that of
the Munich group is thus unexplained and the pos-
sibility that the interaction is not equal to the
Foldy term seems still alive. As always there is
a possibility that our unrecognized systematic er-
ror is substantially larger than the quoted error.
Perhaps the strongest result to come out of this
reconsideration is the recommendation that, if the
experimental disagreement persists, measure-
ments by methods independent of the two under
discussion wouM be very desirable. At least pre-
liminary data have become available for two of
these, '-" "but we are not sure the work is continu-
ing. We would like to emphasize tl|e desirability
of pushing such measurements to higher accuracy.
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TABLE II. The removal of H2 containing tritium
tracer from noble gases by Ti powder at 925'C.

TABLE I. Summary of results for the electron-neu-
tron interaction.

Test gas and
tr eatment

Concentration of Hq

Initial Final
(ppm) (ppm)

Gas
tdG~„/dq ]

(fm~)
b

(10 ~g cm)
Vo

{eV)
Statistical

weight

Ar, 5 passes, 30 min total;
Ti not pumped
between passes. &0.02

Neon

Argon
Krypton
Xenon

Weighted
mean

0.025 + 0.007
0.0196+ 0.0013
0.0190+ 0.0007
0.0186 + 0.0004

—1.7 + 0.5
—1.36 + 0.09
—1,32 + 0.05
—1.29 ~ 0.03

—4800 + 1300
-3780 + 250
—3670+ 140
—3600 + 80

0.0188+ 0.0004 —1.30 + 0.03 —3630+ 70

0
0.07
0.21
0,72

Xe, 3 passes, 10 min total;
Ti pumped 3 h between
2nd and 3rd passes.

Xe, 1 pass, 3 min total;
Ti pumped 3 days
before pass.

30 000

0.5

0.5+ 0.2

&0.01
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Six rare stopped-K decays have been studied in the 40-inch heavy-liquid bubble chamber
at Argonne National Laboratory. The chamber was filled with CF3Br. Twenty-two radiative

K~) events with three converted y rays were analyzed. The experiment was sensitive to
positive pions with kinetic energy 55 to 102 MeV. The strengths (y and P) of the direct pro-
cesses in the decay were determined to be y= —0.02'0'43, P =0.0+ 0.3, and the branching ratio
is (1.5+0 8) x 10 for 55 &T + & 80 MeV, These results are consistent with assuming the decay
is dominated by internal bremsstrahlung. No events were found in the search for X+ p+7roay,

and the upper limit on the branching ratio is reported as 6.1&& 10 5 for y energies greater
than 30 MeV. No examples of the K+ x+yy decay mode were found. The experiment was
sensitive to pions with kinetic energy 6 to 102 and 114 to 127 MeV. The null result allowed
us to discard several theoretical models which made branching-ratio predictions for this de-
cay. Assuming a phase-space model for the pion spectrum, the upper limit is 3.5& 10
The upper limit on the neutral current decay K x vr is reported as 5.7X 10 5 assuming a
vector interaction. The decay K+ m 7t e+ v was observed for the first time. Two events
were found in which all four converted y's were seen. These two events give a branching
ratio of (1.8+t048}&& 10 5 for this decay. The form factor ft for the decay is

~ f&~ =0.97+0 ts.
These results are in good agreement with b.I =2 rule predictions. Seventeen K e'7t vy

events were observed. The branching ratio is reported as I"(h. e+z vy)/I'g e x v)
= (0.48+ 0.20) && 10 2 for Ey & 30 MeV and cos8, y

& 0.9.

I. INTRODUCTION

This paper presents the final results and details
of a bubble-chamber study of six of the rare decay
modes of the E+ meson. Preliminary results have
been published previously. ' The decays studied
(listed in order reported on in this paper) were

K+- s's e'v(K, 4, ), and K'-e's'vy. The experi-
ment was done in a heavy-liquid bubble chamber
in which the y conversion efficiency was high.
Thus, rare E' decays that had w" s or y's as
final-state products were chosen to be studied

(or, as in the case of K+- s+vv, those decays in
which the absence of y's was important).

The physics involved was the study of basic
weak-interaction assumptions, the determination
of form factors, and the testing of theoretical
models. Thus, for example, the search for
K' m'vv tested the validity of the no-neutral-cur
rent rule, the radiative K„study determined the
form factors y and P, and the search for It "-w+yy

was able to test and discard several theoretical
models.

The experiment has had several significant re-
sults. The decay K'- m'm'e'v was observed for


