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We have measured the activation curve for the combined reac-
tions up to 2/ Mev, making no attempt to separate the two half-
lives. Thin lead and copper disks of identical shape mere irradiated
together in the betatron beam and counted alternately with an
end-window counter. The known Cu~(y, n) Cu activation curve'
thus served as a monitor for the lead reactions. The energy thresh-
olds for the (y, p) reactions in Philo' and Pb 7 are 7.7 and 7.8 Mev,
respectively, ' but due to the high potential barrier for protons the
yields below 15 Mev mere too small to be counted.

Although the counting geometries were the same for both types
of sample, the corrections for self-absorption in lead and copper
were quite different. Because of the changing angular distribution
of beta-particles from circular disks as a function of sample thick-
ness, it is necessary to measure specific activities in extremely thin
samples in order to make this correction. This was not possible in
the case of the lead samples, so a curve of specific activity versus
sample thickness was measured using saturation backscattering,
and a correction given by YaGe and Justus' was applied.

The resulting activation curve was analyzed by the photon
difference method' to determine the sum of the contributing photo-
nuclear cross sections. This is plotted as the solid curve (a) in
Fig. 1.A cross section maximum of 5.3 millibarns occurs at 26 Mev.
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part of the distribution, which would leave the residual nucleus
su5ciently excited to emit a neutron, would result in a (y, pn)
reaction (this fraction was negligible below 20 Mev). The ob-
served cross-section curve (a) of Fig. 1 is the sum of (y, p) cross
sections in two lead isotopes and a (y, Pn) cross section in Pb'Os.

Thus, assuming equal cross sections in the di6'erent lead isotopes
at a given photon energy, it was possible to find what fraction of
curve (a} represented the Pro'(p, pn)T120' reaction at any photon
energy. Curve {b) is the computed sum of (y, p) and (y, pn}
cross sections in lead, and curve {c)is the (y, p) cross section alone.
These two curves are insensitive to the nuclear radius assumed in
the computations.

The above value of a from Eq. (1} for the description of Tl
level densities is a smooth extrapolation of Weisskopf and Slatt's
values. ' From the work of Stelson and Goodman' and of Whit-
more' on the inelastic scattering of 14-Mev neutrons from lead,
a value a =22 (Mev} ' may be obtained for the "magic number"
lead nuclei. This larger value would decrease the peak position of
curve (c) by less than one Mev. On the other hand, if many of
these photoprotons are directly excited in the nucleus and escape
before a compound nucleus can be formed, '" the (y, p) cross
sections will comprise a much larger fraction of curve (a). To
settle such questions it is necessary to determine the energy dis-
tribution of the photoprotons from lead.
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Frc. 1. Cross-section curves for (y, p) and (y, pn) reactions in lead. (a)
Observed cross-section curve assuming that only the reactions Pb"'(y, P)
Tice and Pb2«(y, P)T12o' produced the measured activities. (b) Sum of
(y, p) and (y, pn) cross sections computed from (a) and statistical theory.
(c) The (y. p) cross section computed from (a) and statistical theory. The
difference in ordinates between curves (b) and (c) represents the (y, Pn)
cross section.

It is possible to draw some theoretical conclusions regarding the
contribution of the various possible reactions to this cross-section
curve. In the following considerations we assume the (y, d) re-
action cross section to be small compared to those for the (y, p)
and (y, pn) reactions.

If the absorption of high energy photons results in the formation
of a compound nucleus, then, according to the statistical theory of
Weisskopf, protons mill be emitted with an energy distribution.

where E„is the proton energy, o(E~) is the capture cross section
for protons of energy E~ by the residual nucleus, and the exponen-
tial factor represents the level density of the residual nucleus at the
excitation in which it is left after the proton emission. This residual
nucleus mill decay by p-ray emission, or, if the energy is sufBcient,
by neutron emission (thus resulting in a (y, pn) reaction). Since
proton emission becomes easier as the nuclear excitation is raised,
it is probable that the majority of the (y, pn) events observed
here invo1ved the prior emission of a proton in the above manner,

With the value a=10 (Mev) ' for A 207, proton energy dis-
tributions corresponding to photon energies between 15 and 27
Mev were computed. It was then assumed that the fractional
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~HE Cl(p, y)A reaction was first studied by Curran and
Strothers' who found indications of three broad resonances

at 650, 800, and 1000 kev. Tangen et al.&3 found four sharp reso-
nances at 427, 447, 500, and 532 kev.

Weimer, Kurbatom, and Pool4 s found that bombardment of
chlorine with fast protons resulted in a radioactive gas with a
half-life of 34 days. They ascribed the activity to A" formed
in the process CP'(p, n)A". Richards et al."detected the neutrons
from this process and studied the excitation function. They found
the threshold energy of the protons to be 1639 kev.

Using targets of unseparated chlorine (PbC12) and mith the
technique of proton bombardment and p-detection previously
described, ' we have found 86 y-resonances in the voltage region
from 500 to 2150 kev. (See Fig. 1.}A few of the strongest of these
peaks have also been detected with targets of separated chlorine
prepared by Dr. J. Koch and Mr. K. O. Nielsen by the methods
previously used for neon and argon. ''0 These peaks are: CPs:
858, 888, 1102, 1258, 1484, and 1510 kev; CP': 1090 kev.

Neutrons have been searched for with boron-filled proportional
counters surrounded by parafBn max. In the voltage region from
1600 to 2300 kev, 47 neutron-emitting levels have been found,
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the lowest situated at 1637 kev in fair agreement with the threshold
found by Richards et al.

Six of these resonances, i.e., 1928, 1974, 2014, 2028, 2079, and
2108 kev, have been detected in Cp' targets, whereas none was
found in Cl". This is in accordance with the highly negative
Q-value calculated from accepted mass values for the CP'{p, m)A"
process.

a-particles have been looked for {at a right angle to the proton
beam) with a proportional counter, magnetic deQection being
used to separate a-particles from scattered protons. In the interval
from 1450 to 2040 kev, 10 resonances giving rise to a-emission
have been found. The energy of the a-particles has been estimated
from pulse size and gives a Q-value of 3.2 Mev. As the Q-value for
the process S~(a, p) Cp' is known to be -2.1 Mev ""the a-parti-
cles are ascribed to the process CP'(p, a)S~.

small peaks which are concealed by the background rises markedly
with voltage. This is not the case with the neutron curve, where the
background is much smaller. A more detailed account of the ex-
periments and a closer discussion of the results will shortly appear
in the Communications of the Copenhagen Academy (Kgl.
Danske Videnskab. Selskab. Mat. -fys. Medd. ).

The investigation has been carried out in the Institute for
Theoretical Physics, University of Copenhagen, Copenhagen,
Denmark. The authors wish to express their thanks to Professor
Niels Bohr for his continued interest in the work and to Dr. J.
Koch and Mr. K. O. Nielsen for their kind help in preparing the
targets with separated isotopes.
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Frc. 1. Section of e-, 2I-, and y-yield curves of a PbC12-target
of about 4-kev stopping power.

At most resonance voltages more than one sort of radiation has
been observed, e.g., at 1838 kev, 1928 kev, and at 1974 kev we
have found conspicuous peaks in both the a-, y- and e-curves,
but a few strong peaks (e.g., the e-peak at 1693, the y-peak at
1707, and the a-peak at 1699kev) show up only in one of the yield
cur ves.

In order to decrease the efFect of voltage uncertainties, measure-
ments were always made either of the e- and y-yields simul-
taneously or of the e- and a-yields simultaneously.

In the whole voltage region the resonance widths are smaller
than the experimental widths, which are for y- and neutron peak
0-8 kev and for a-peaks 1S kev.

The average distance between the observed neutron peaks is
about 14 kev. For the y-peaks the distance is the same in the
interval from 800 to 1500 kev whereas it is 2S kev from 1500 to
2150 kev. From this, however, it cannot be inferred that the den-
sity of y-levels decreases with increasing energy, as the number of
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A S a general formula for the correlation of 2 successive emis-
sions of any nuclear particles, Falko8 and Uhlenbeck' found

~'(&) =&~a~b~cPMaMb(0) P~ur. (&)
=Q+R cos'0+ 5 cos46+, (1)

where N„3fb, .M, are the magnetic quantum numbers of the 3
energy levels 3, 8, C. P~ ~b is the relative probability for the
transition N -+Mb in the notation of F.U. In a more natural way
IV(c9) can be expanded in Legendre polynomials:

W(e) =Za~k(cosa). (2)

Here aq is a product of 2 factors Iq and IIq, which are dependent
only upon the Grst and upon the second of the two transitions,
respectively,

aI = IkIIa

~k=IaIM~, (~)

where Gq is an attenuation factor, given by

(ZF+1)(2F'+1) i
W(IsIkFIF'Is) i'

PF' 1+(vPP j 2y)'

Following Goertzel, 4 J denotes the electronic angular momentum,
F the total angular momentum, vs the hyperGne splitting, and
4'& the total transition probability of the intermediate nuclear
state B.Gz is completely independent of multipole order and of the
spins of initial and Gnal state. Gq can be split up into a part P=F'
and into interference terms Ii gF'. The latter are negligible when
the interaction is strong vjg &)2y. We are left then with a mini-
mum correlation.

'(Ga)mta=ZE(2F+1) [W(I+kF(FIg) ('.

The case J=$ can be easily discussed. The sum of the Racah

(3)
For pure transitions

jp= IZ„Cg g „,"'(—1)"FgM(0))W(lslzkL~Llg), (4)

and the same formula holds for IIq with Ig replacing I~.
W(IgIgkLjLIg) is the Racah coef5cientp Cl. l, ~0 the Clebsch-
Gordon coef5cient as used, for example, in the paper of Gardner. '
If the inhuence of the magnetic Geld of the electronic shells on the
angular correlation has to be taken into account, the general
formula is


