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The energy distribution of the initial photons given by the
integrand of Eq. (1) is strongly peaked at low photon energies.
Thus, at the end of several steps of a typical photon cascade,
neutron emission will be possible, removing such nuclei from
detectability in this experiment. We estimate that the decay of
the gold nucleus can proceed by initial photon emission in as
many as one-third of the photonuclear excitations.
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ECENT work by Straumanis and Dravnieks' and Hui-
bregtse, Barker, and Danielsons has shown that the cubic

sodium tungsten bronzes (Na %03, where x varies between 0.95
and 0.3) have high electrical conductivity. These workers found a
positive temperature coeScient of resistivity, but the conclusion
that the conductivity was metallic in nature was not justified by
their data, which did not show a linear dependence of resistivity
upon temperature. This linear temperature dependence would be
expected from the free electron model proposed by Stubbin and
Mellor' and Kupka and Sienko' on the basis of magnetic suscepti-
bility measurements. The magnitude of the conductivity reported
previously appeared too low to fit in with a free electron picture,
and gave a value for the mobility of electrons, as calculated by
Huibregtse, et a/. , which was smaller than that of metallic sodium
by a factor of twenty-four.
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FIG. 2. Resistivity isotherms for various sodium tungsten bronzes.

The measurements reported here were made by a potential
probe method (to eliminate contact eGects) over a temperature
range of —160' to +360'C, for single crystals of six diferent
compositions. The results, shown in Fig. 1, indicate a linear tem-
perature dependence of resistivity over the entire temperature
range studied. This is quantitative confirmation of the metallic
nature of conduction in these materials. Using our value for the
conductivity of Nao. &os%0&(3.0)(10' ohm '-cm ' at 25'C) and
the value obtained by Huibregtse, et al. for the Hall coefficient of
Nao, 6s5WO3( —5.3)&10 ' cm'/coulomb at 25'C}, we obtain an
electron mobility of 16 cm'/volt-sec as compared with 2c m'/volt-
sec calculated by Huibregtse, et al. and 48 cm'/volt-sec reported
for metallic sodium. It appears that the mobility of electrons in
these bronzes is approximately 35 percent of their mobility in
metallic sodium.

In Fig. 2 a series of resistivity isotherms is shown as a function
of bronze composition. The compositions were determined by x-ray
analysis of powdered bronzes heated in contact with a single
crystal until composition equilibrium was obtained. These com-
positions have lattice constants that fall on the linear portion of
a lattice constant —composition curve of a previously prepared
series of powdered bronzes. ' These isotherm curves show a mini-
murn in resistivity at approximately x=0.70. The temperature
coefBcients of resistivity behave in a similar manner (Table I).

We propose a tentative interpretation of this resistivity mini-
mum in terms of equilibrium between undissociated sodium atoms
and sodium ions plus free electrons. In the region below x=0.70
each sodium atom introduced contributes one free electron and
one random scattering center (Na+}; while above x=0.70 the
addition of undissociated sodium atoms contributes only addi-
tional scattering centers. These additional scattering centers are

TABLE I. Resistivity of sodium tungsten bronzes —Na&WO3.

Composition
Resistivity

Temp. ('C) p )(10s
Temp. coef. of resist.

ohm-cm per 'C
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FIG, 1. Plot of resistivity os temperature for six compositions of
sodium tungsten bronze, NqsWOs.

x =0.852
x =0.768
K =0.708
A =0.634
x =0.600
x =0.527

26.5
27.5
29.0
27.0
26.0
31.0

7.50 ~0.04
3.65 ~0.03
3.34 &0.02
3.67 &0.03
4.50 ~0.04
7.18 &0.02

16 33 +10-s
8.7S X10-s
8.40)&10 s

9 38 )(10-s
10.62 +10 s
15.66X10 s



LETTERS TO THE ED I TOR

Capture and Scattering of ~+ Mesons~
G. BERNARDINI

Columbia University, Nnu Fork, Nne York

AND

F. LE~
Palmer Physical Laboratory, Princeton University, Princeton, Nnv Jersey

(Received September 17, 1951)

&0 obtain a more complete survey on the nuclear interactions
induced by pions in complex nuclei, plates (Nord 65) were

exposed to the ~+ beams of the Nevis Cyclotron as was previously
done in the symmetric ~ beams. '

The spreads in energy values of the m+ beams are, respectively,
35—50 and 70-80 Mev. The relative occurrences of the two com-
peting processes (stars and scatterings) in a total of 150 inter-
actions found scanning "along the track" are indicated in Table I.
We did not find any "stops in Right. "'s In Table I, Zl' are total

TABLE I. Relative occurrence of stars and scattering.

Energy
(in Mev)

35-50
70-80

zP
{in cm)

3'I 20 +180
2250 +100

Stars

55
63

Elastic
scatt;er-

in g Inelastic X
&40' scattering (in cm)

25
16

2 38 &45
9 25.5 ~3

lengths of tracks and ) the evaluated mean free paths. ' The first
are corrected for the estimated electron and p meson impurities. '
The scatterings include some probable, but doubtful cases due to
very steep tracks.

As in the ~ case the capture process predominates over the
scatterings at both energies, but now the energy dependence of
catastrophic processes (stars and inelastic scatterings) is more
evident since the cross sections for star production by ~+ are re-
spectively 0.38 and 0.67 barn, and the corresponding figures for

are 0.62 and 0.76. The origin of this difference between m.+ and
is not clear, but taking into account the energy dependence of

the capture cross section a difference between Xm+ and X~ is
expected as a result of the coulomb barrier. Some evaluations are
in progress to estimate this effect.

The coulomb field could also explain the lack of strongly inelastic
scatterings (frequently found with m of 70-100 Mev') in which
the scattered sr+ meson has a very low energy (E~10 Mev).

In Table II the frequencies of stars eersus number of prongs are
indicated. Because the features of these stars do not change ap-
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presumed to be the cause of the increase of the resistivity as the
sodium content is increased above x=0.70.

We wish to express our thanks to Professor J. J. Dropkin for
numerous stimulating discussions.
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TABLE II. Frequencies of stars vs prongs.

No.
prongs 0 1 2 3 4 5 6 7 Total

x+ 0 11(6)32(20;6) 31(19;5)18(11;2)15(8;2) 6(3;2) 2(1;0) 115(68;17)
12 38(8) 27{8;0) 21(8;0) 4(0;0) 2(0;0) 0 0 104(24;0)

preciably between 50 and 100 Mev both energy ranges have been
included in the table. The first figure enclosed by the parentheses
are of those stars having one fast proton (8~30 Mev), the second
figure, those having two fast protons. In a total of ~350 stars
(including 150 stars found in "scanning per area") all induced by
m mesons, only one star with 2 fast proton prongs was observed.
On the contrary, stars with 2 fast proton prongs represent more
than 10 percent of 250 (155 found "scanning per area") x+
captures. Table II also gives a simple explanation of the "stops in
Qight. "They are captures associated with the emission of neutrons
only. Therefore, as was pointed out, ' they do not require the exist-
ence of a m.—+m scattering.

Considering the x capture as the mirror-image of the x+ cap-
ture it is also possible to conclude that the charge-exchange scatter-
ing competes, if at all, only in a few percent in all x interactions.
An energy-momentum balance of the ~+ stars allows as an upper
limit for the ~~x' scattering a cross section not larger than yp of
the total scattering cross section and —0.02o geom. Wilson and
Perry' in a direct search for the scattered ~' reach a similar con-
clusion in the light nuclei.

The frequencies of one and two fast proton stars give some
support to the two-nucleon model recently discussed. ' With this
model the probability of a ~ capture in nuclear matter can be
written

W.()=r (++d 2p).

Using the known value of a, ' r turns out to be of the order of 10.
A more definite estimate of r would involve a quite questionable
definition of the mean free path of pions in nuclear matter {we
find, for m+ of 50 Mev, 'A—3rD).

In some cases the two-nucleon absorption was evident because
the two fast proton prongs show almost all the energy and mo-
mentum of the incoming m+. Two of these cases could be easily
interpreted with the reaction scheme

~++7N'4 —+3m+ 2p.

The energy and angular distribution of fast protons emitted in
~ captures are given in I'ig. 1 and Table III. They are preliminary
results but they could possibly be of some use in the discussion of
further meson experiments.

TABLE III. Angular distribution. of fast protons in m.-captures.

(HmP) in degrees 0—30 30-60 60-90 90-120 120-150 150-180

No. of fast protons 7 23 23 15 11 3

We are indebted to Messrs. J.Spiro, H. Edwards, and G. Rosen-
baum for their assistance in the cyclotron operation and to
Mesdames N. Bernardini and D. Lee for their invaluable help in
scanning and measuring the nuclear events.

We owe very much to Dr. L Lederman for his important con-
tributions to this work, and Professor J. Steinberger for many
interesting discussions.
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