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TABLE I ~ List of isomers. For comparison with shell structure the odd
mass number isotopes (odd A) are separated into odd proton and odd
neutron.

Odd
Odd P
8 hloa
Agl07
Agl09

Au»7

Odd N

Se77
Se81
Kr79
Kra'
Kraa
Sr85
Cd»1
Xe127
Dy185
EIf»9

Even or
unknown A

Sc48
Co58
Co80

Br80
Nb94
Tc94
Rh»
In»'
Sb»2

Sb124
b124

Cs134

Ta182
Ir192
Er
Yb
Yb

l=5
Odd A

Odd P Odd N

Y91
Nb»
Nb95

Tc97
Inl 13

In 116

Zn89
Sr»
Sn117

Sn»9
Te121
Telaa
Te125
Te127
Te»9

Te131
Xe131
Xe136

Balaa

Ba137
Pt19
Hg199

Even or
unknown A

Sc44
In»4
Pb204

Pt

energy levels of odd A nuclei. A comparison of these predictions
with the lifetime-energy l value assignments demonstrates some
major inconsistencies. The presently accepted isomers are arranged
in Table I according to l value.

The odd nucleon shells of interest are those from 29 to 50, 51 to
82, and 83 to 126. In agreement with theory, none of these isomers
are found below nucleon number 39. From 39 to 50, shell structure
predicts both the PI/2 and g9/2 levels. A mixture of magnetic 24 and
electric 2' pole radiation (/=5) is therefore possible. The nearby
p3/2 level would give electric 2' pole radiation (l=3). Thus, while
the 8/=5 isomers in this region are consistent with shell theory,
the 9l =4 isomers are not. The f7/I subshell, which could combine
with PI/2 to give /=4, is in the shell below 28 and shell binding
energies are much greater than the excitation energy of these l =4
isomers (&200 kev}.

Prom 51 to 82 nucleons the available subshells are: g7/. , d5/,
t/3/2, sl/2, and h»/2. At 63 neutrons, the g7/2sI/2 combination could
give an /=4 transition, However, the ground-state spin of Cd"'
is ~ and the isomeric transition occurs between two excited states.
In the upper part of the shell, hII/2 can combine with either da/2

or sl/2 to give l =5; no /= 4 is predicted. Therefore, Xe"' and Au'"
are inexplicable. The 13 /=5 isomers in this region do fit shell
theory. However, in 4 cases (Sn'" Te"' Te33, and Te"'), the
isomeric transition is followed by a gamma-ray. In each case the
cross-over transition is absent in contradiction to predictions based
on shell theory.

In the final shell, there is consistency for both /=4 and /=5.
At 99 and 107 neutrons, l=4 is consistent with the h9/2P3/9 or
h9/2P I/q combinations. At 119 neutrons, both l = 5 transitions can
be explained by the i13/2p3/2 or iI3/2f5/2 combinations.

To summarize, the simple spin-orbit coupling shell model would
predict no /=4 transitions below nucleon number 50 and none in
the upper parts of higher shells. Of the 14 odd A nuclei only the
2 with nucleon number above 82 are consistent with this pre-
diction. On the other hand, the 23 odd A isomers in the l = 5 group
would fit nicely into this shell model if the absence of cross-over
transitions could be explained. Internal conversion measurements
can provide valuable additional tests of both isomeric classification
and shell structure models.

8' This work was assisted by the joint program of the ONR and AEC.
1 P. Axel and S. Dancoff, Phys. Rev. V6, 892 (1949).'-M. G. Mayer, Phys. Rev. 'V8, 16 (1950).
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t y(0) =0, y(~) sin{)+71); u is the regular Coulomb wave
function, determined by u(0) =0, u( 0o )~sing, where g= kr
—cx ln2kr+argI'{ia+1)g. Replacing y by u we can solve for V

2, p~ y(cx, p) singV= ——/~'g da.
Ql 3

Here
2'.=k//~, sr= P; kr= p,.

~(~, p) = t(d/tE~) Eu(~, u) v(~, I )j I p=p/2

is the irregular Coulomb wave function, determined by
v( ~ ) cosg.

Since we know practically nothing of sing for small values of a
(i.e., for high energies), it is natural to use a cut-o6 convention.
Choosing the lower limit in the integral (3) proportional to p,
which seems to be reasonable, we find that V can be represented
very nicely by Yukawa functions, and we obtain the following
values of the range r p and the strength J using the cut-oB radius a:

p/2
p

rp(cm}

1.21 ~ 10 "
1.00 10 "

X(Mev}
18.2
22.0

A fuller account of the investigation will be published elsewhere
(Arkiv. f. Fysik) together with a table of irregular Coulomb wave
functions.

1L. Rosenfeld, Nuclear Forces (Interscience Publishers, Inc. , New York,
1948).

2 J. D. Jackson and J. M. Blatt, Rev. Mod. Phys. 22, 77 (1950).' Jauho, Ann. Acad. Sci. Fenn. (to be published).
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ECENT measurements of cross sections of (a,n), (n, 2n), and
(o.,3n} reactions' 3 give excitation functions which, when

compared with Weisskopf's calculation of alpha-capture cross
sections, ' require that the parameter rp in the expression for the
nuclear radius

r=rpA~X10 "cm
be taken as 1.5 in the calculation of the Coulomb barrier pene-
tration factor. s Using this in the expression for the decay constant,

determines the potential function uniquely. Thus it seems to be
of some interest to make a direct attempt at a calculation of the
P—P interaction from available experiments.

Starting from the radial equation

2cxky"+ 1——y= —V(r)yr

we can easily prove the relation

) =I' /It. =l p P(rp)/k (2)
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A S is well known'2 low energy P—P scattering can be ac-
counted for by several different potential functions. On the

other hand, it has recently been proved by Jauho' that the nuclear
P—P phase shift under certain physically reasonable conditions

(where F is the width for alpha-emission, I'p is the alpha-width
without barrier, and P(rp) is the Coulomb barrier penetration
factor which is a very sensitive function of the assumed value of
rp}, requires, in order to obtain the observed values for X,

I'p 105 ev, (3)
Condition (3) is in considerable disagreement with the value given
by Bethe in his many-body theory of alpha-decays

I'p~ 1 ev. (4)

This discrepancy may perhaps be explained as follows. Bethe
assumed that neutron widths and alpha-particle widths without
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barrier are roughly equal, and calculated the neutron widths from

r /E& 4)&10 4(ev)&. (5)
Which was empirically determined from the available data on
neutron capture cross sections. Relation {5) is furthermore in
agreement with the expected relation that, all other things being
equal,

r ccE& (6)

which can be derived from considerations of the momentum space
degeneracy of the outgoing particles.

In line with the suggestions of Weisskopf, Feshbach, and
Peaslee, ' Wigners has shown that widths are also proportional to
level spacing, D, whence (6} becomes

r ~E&D. (7)

Relation (5}must then be considered valid only in cases of neutron
capture. Since level spacings in neutron capture are about 10 ev,
in general, (5) must be replaced by

r/E~D-4X 10-s(ev)-~. (8)

Applying (8) to the case of alpha-decay,

E& 2,5)&10'(ev) &, D 1.0' ev
whence

r~104 ev.

The value of D was obtained from the measured energy dif-
ferences between various energy groups in natural alpha-decay. '
Comparison of (9) with (3) indicates that the ratio of neutron
width to alpha-width without barrier is about 0.1; and com-
parison of (3}with the width from the one-body theory (0.8 Mev)
indicates that the "probability of formation of an alpha-particle"
in a nucleus {i.e., the correction for the many-body theory over the
one-body theory} is about one-eighth. Either of these last two
values may be in error by a factor of 10 or more.

*Present address: Oak Ridge National Laboratory, Oak Ridge, Ten-
nessee.
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s INCE the energy loss of a slow heavy particle is predominantly
to recoiling gas atoms, ionization by secondary heavy par-

ticles contributes a large fraction of the total ionization resulting
from a slow heavy particle that is stopped in a gas.

Let g be the ionization efFiciency ro'I/E of a primary particle
of energy E which gives rise to the number of ion pairs I, where
au' is the energy loss per ion pair of a particle the energy of which
is very high. The ionization efIIciency satisfies an equation of the
form

d—(Eg) =p+Xf dE'k(E, 8')g'(8'), g(0) =0, (1)

in which rt'=co'I'/E' is the ionization efFIciency of a gas atom of
energy E' in its own gas. The functions p, and 'A are given by

p =co'o'/(b'+b"), X=b'/(b'+b"),

where a' is the cross section for the production of an ion pair in a
collision between the primary particle and an atom of the gas
including ionization by ejected electrons, and b' and b" are the

stopping cross sections per atom for the loss of energy by the
primary particle to excitation and ionization and to atomic recoil,
respectively. The kernel k(E, E') is

g I

a(E, E')Z' f dE'a(E, Z')E',

where cr(E, E') is the cross section per unit energy range for the
production of a recoil atom of energy E'; the maximum energy
transferred to an atom is E '= 4.VM'E/(&+M')2. The ionization
efKiciency g' of a gas atom satis6es the differential-integral equation
obtained from (1) by regarding the initial particle as identical in
nature with the recoil atom; the corresponding functions are
designated y', X', etc.

We consider a heavy particle {Z=82, M =208 proton masses) in
argon. For velocities less than about 0.4I)0, where I)o=e'/It, the
primary scattering is very nearly spherically symmetrical in the
center of gravity system and therefore k(E, E') =2E'/E '2. Devi-
ations from spherically symmetrical secondary scattering are
unimportant until velocities of the primary particle considerably
greater than 0.12I)0 are attained (E&&78 kev). Up to these velocities
b" and b"' are practically constant, ' except for negligible linear
decrease at very small velocities.

There is evidence' to indicate that o-" increases very roughly
as the square root of the energy in the kev range. Assuming p, '= u'v'

and X'=1, we obtain y'=10m'I)'/7. Since primary ionization alone
gives (2/3}a'o', it is seen that on this basis 53 percent of the
ionization due to a gas atom in its own gas is secondary heavy
par ticle ionization.

Assuming, likewise, p=aI) and )I =1, (1) gives

g =
t -,'a+(16a'P/21) jI, u/o, (&1, {2}

where y =2M/(M+M') = 1.68.
The ionization in argon by single recoil particles from Po, ThC,

and ThC' has been measured by Madsen. ' His data are well re-
presented by (2) with the proportionality factor

-',a+16''y/21 =co'/(15.4 ev) I)0.

In order to estimate o", we put a equal to u' and obtain
c'=(d'/(30ev)I)0. Withi b" =3p~apeo, this gives o"=30nao'(a/I)o)
which at 1 kev is about 10 "cm', in satisfactory agreement with
the measurements of Berry, ' who found 0.7 10 "cm' at 1 kev,
and of Rostagni, 4 who found 0.8 10 '6 cm' at 600 ev. It is found
from (2) that about 66 percent of the ionization by a recoil particle
from natural alpha-decay is heavy-particle secondary ionization.

i N. Bohr, Kgl. Danske Vid. Sels. Math. -fys. Medd. 15, nr. 8 {1948).
i H, W. Berry, Phys. Rev. 62, 378 (1942). Neutral Ni, He, and Hi, each

in its own gas, showed increasing ionization cross sections at 8 kev. How-
ever, A in A showed a decreasing cross section, which effect may be due to
the increase with energy in the number of secondaries used to measure the
beam although it is difficult to see why it should be so large with A.

3 B, S. Madsen, Kgl. Danske Vid. Sels. Math. -fys Medd. 21, nr. 8 (1945).' A. Rostagni, Nuovo Cimento ll, 24 (1934).

The Meson Spectrum and Meteorological
Variations in Cosmic-Ray Intensity
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'HE production spectrum of mesons has been derived by
Sands' from calculations based on the sea-level spectrum

and the known behavior of mesons produced in the atmosphere.
His results indicate approximately an inverse power law spectrum
of the form dE/E" over a wide range of energies. Calculations
of a similar nature have been made in Ottawa in an attempt to
present a physical picture of the meteorological variations in
cosmic-ray intensity at sea level. These calculations when com-
pared with measured values of the "barometer effect" give a sur-
prising amount of information about the meson spectrum in the
higher momentum range (above about 1.8 Bev/t, ).


