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the behavior of the long-life component found some
years ago by Bell and Graham for annihilation in
quartz and various other substances. 4 Perhaps the
narrow component of the two photons may stem from
a simple positron-electron system with e/c sensibly
less than 1/137. If the narrow component should be
formed only "in parallel" with the long-half-life compo-
nent, one might expect the narrow fraction to be one-
third of the long-half-life fraction of Bell and Graham,
which was 0.29.4 Perhaps a portion of the two-quantum
events supposed to arise from the triplet state appear
in the narrow component.

The present experiment is being extended to include
other materials under various conditions. Preliminary
work on teflon, at room temperature, indicates an
angular correlation similar to that for fused quartz.

*Work done in the Sarah Mellon Scaife Radiation Laboratory
and supported by the Once of Ordnance Research.' DeBenedetti, Cowan, Konneker, and Primakoff, Phys. Rev.
77, 205 (1950).

s University of Pittsburgh (unpublished).
3 We are indebted to Dr. A. J. Allen for the preparation of the

source.
'R. E. Bell and R. L. Graham, Phys. Rev. 87, 236 (1952);

90, 644 (1953).
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'HE angular distribution of the sharp energy group
of deuterons observed in this reaction has been

analyzed by Born-approximation pickup theory, to
give the internal momentum distribution of the picked-
up neutrons. The momentum distribution shows rela-
tively strong high-momentum components, and these
in turn indicate the presence of a strong short-range
interaction in carbon.

A previous brief report' described the sharp energy
distribution of deuterons observed in this reaction. The
sharply dined group has been studied for laboratory
angles between 6' and 60'. At the largest angles, the
group still is clearly recognizable, although because of
the increasing relative intensity of a continuum distri-
bution of deuterons, the absolute cross section to be
attributed to the "line" is uncertain to a factor of
perhaps two. An energy distribution at 42 is shown in
Fig. 1, and Fig. 2 shows the angular distribution of the
sharp group.

Following Chew and Goldberger, ' a Born-approxi-
mation calculation of the reaction yields from the
angular distribution the internal momentum distribu-
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tion of the picked-up neutron. CG show that the differ-
ential cross section a. (8) is proportional to E(n)F(q),
where cV(n) is the momentum distribution density of
neutrons of momentum n and F(q) is a factor which is
a function of the internal momentum of the formed
deuteron; if one uses a Hulthen wave function for the
deuteron then F(q) has a relatively weak angular
dependence. In the present case it falls by a factor of
about 2—,

' while the center-of-mass differential cross
section is falling by 40, over the angular range covered.

Some discussion is in order with regard to the inter-
pretation of the deuteron pickup results in terms of
internal momentum distributions, in view of the fact
that in the same type of theory applied by Butler' at
low energies with very good success, the results do not
seem to depend on the internal wave function N(r) of
the picked-up nucleon. In fact the effect of Butler' s
procedure is that the internal contribution to the
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Fro. 2. Angular distribution (plotted ss lab angle) of the sharp
energy group in the Cn(p, d) reaction. The statistical uncertainty
for the individual points is about 10 percent. There is additional
systematic uncertainty in the separation of the "line" from the
continuum —this uncertainty is negligible at small angles, but
becomes a factor of about 2 at the largest angles.
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Fro. 1. Energy distribution of deuterons from the C"(p,d)
reaction at 95 Mev. Statistical uncertainty is shown for two
representative points.
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overlap integral J' exp(in r)u(r)dr is omitted entirely.
This omission does not have a dominating eGect on the
magnitude of the integral, 4 since at low energies the
wavelength 2~/rs is not small compared to the nuclear
radius, so that a considerable contribution to the in-
tegral comes from the region outside the nucleus. Indeed,
at low energies it has been pointed out' that a variety
of diferent approximations can lead to angular distri-
butions resembling Butler' s. At higher energies, on the
other hand, the dominant contribution to the integral
comes from the region inside the nucleus. It is just for
this reason that one may hope the high-energy data
can give information on the momentum distribution
inside the target nucleus. An incidental characteristic
accompanying this dominance of the inner contribution
is that minima and secondary maxima become less
pronounced, in the angular distribution.

The momentum density obtained from the data of
Fig. 2 refers to a single state. If the independent-
particle model is valid, this momentum distribution is
that of a single-particle orbit, and the corresponding
wave function u(r) can be obtained by Fourier inver-
sion. For this, the orbital angular momentum number l
must be known. One could identify this l-value as 0 or
1 (the only probable values) if information were avail-
able on the behavior of E(n) for e—+0. The kinematics
of the reaction are such that at 95 Mev the value of e
even for the forward angles has a minimum corre-
sponding to about 8 Mev kinetic energy, and this does
not permit the determination of the behavior of E for
m—+0. Such a determination could be made by using
protons of energy about twice the Q of the reaction,
so about 30 to 35 Mev; at that low an energy, however,
the theory is probably less accurate.

Direct Fourier inversion of the momentum "wave
function" L1V(n))* to get the configuration-space wave
function u(r) is thus not possible unambiguously
because of lack of information on the behavior of E
outside the range for e of 0.65 to 2.3)&10" cm ',
covering equivalent kinetic energies of about 9 to 120
Mev. However, calculations have been made using
various reasonable extrapolations at low and high e,
and the region covered by the data serves to determine
the dominant characteristics of u(r). Namely, the fact
that the momentum spectrum falls off as slowly as it
does at high u can be accounted for only by a u(r)
which has high curvature near the origin. The potential
V(r) which is required to produce this u can be obtained
by applying the Schrodinger operator to N. The result
is that to account for the momentum spectrum in this
way requires a V(r) which for r) 1.0&(10 " cm is not
well determined but may be of the order of —20 to
—30 Mev up to r 3 or 4&&10 " cm, but which for
r&1.0)&10 "cm drops to a narrow hole of the order of
200 Mev deep. Present analysis indicates that the
behavior of V(r) for small r is similar for either of the
assumptions E=O or /=1; the behavior at large r

appears to be given more reasonably on the assumption
l= 1.

These results suggest the interpretation that the
potential felt by a nucleon in carbon includes a short-
range strong interaction, presumably to be associated
with local fluctuations occurring when two nucleons
are near each other. It is not clear whether local
Quctuations of the strength indicated here can be
reconciled with the high degree of success of the
independent-particle model. ' At the same time, evidence
of strong correlation e8ects inside the nucleus has
recently appeared in the coincidences observed in high-
energy photonuclear reactions. '

Some comments are appropriate on the relation of
the present results to other information concerning the
momentum distribution, and on the validity of the
theory. As to the first: the momentum distribution
obtained here is substantially in agreement with that
obtained by York; the present measurements give
more specific information because of the better energy
resolution available with a proton beam, and give
information out to higher momenta. Relatively strong
high-momentum components in carbon have also been
inferred by Temmer. The "Chew-Goldberger" (CG)
distribution introduced' to describe York's results its
the present data but clearly is not to be considered
correct at very much higher energies. The CG distri-
bution corresponds to a Hulthen wave function with
P= m —i.e., with infinite curvature at the origin. The
results of the present note indicate that for internal
nucleon kinetic energies above 150 Mev or so the
momentum distribution 1V(n) will fall off more rapidly
than the m 4 behavior of the CG function. A Hulthen
wave function with a finite value of P would give
asymptotically an n behavior at high e. The falsely
high E given by the CG distribution for extremely high
momenta does not affect the results of some calculations
involving the eGect of the momentum distribution,
but may affect others, depending on the specific way
in which 1V(n) enters. Thus Lax and Feshbach' have
obtained good agreement in photomeson production
using the CG distribution, but Henley" found it to be
too strong at high e to agree with the proton-produced
meson distribution, and empirically introduced a modi-
fied momentum distribution having a stronger cutog.
Cladis, " WoK," and Wilcox" have studied the mo-
mentum distribution by quasi-elastic scattering of
high-energy protons, and have concluded that the CG
distribution is unsatisfactory. However, it can be shown
that the disagreement they obtain is due to the arti-
ficially high value of the CG distribution at high e.
From the results of the quasi-elastic experiments the
behavior of E(n) can be inferred for internal nucleon
kinetic energies up to 30 Mev or so—in this range the
results are essentially in agreement with the present
results; it is difBcult to extract from these experiments
information on higher momenta.
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As to the validity of the theory, there is unfortunately
good reason to believe that just for the high momenta,
which are of special interest, the simple theory may
become inadequate. The theory is essentially based on
the idea that the incoming proton interacts with only
one target nucleon at a time. If, however, the high
internal momenta occur only when two target nucleons
are near each other, then the single-interaction model
is inappropriate. Nevertheless, perhaps the qualitative
conclusions drawn by the use of this theory have enough
validity to be of interest.

*Assisted by the joint program of the OfBce of Naval Research
and the U. S. Atomic Energy Commission.

' W. Selove, Phys. Rev. 92, 1328 (1953).
s G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 470 (1950);

hereafter referred to as CG.' S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951).
Several authors have discussed the relation of a Born approxi-
mation calculation to the apparently different technique used by
Butler. For a thorough discussion, see E. Gerjuoy, Phys. Rev.
91, 645 (1953).

4 Except for a certain large effect at one minimum. See P. B.
Daitch and J. B. French, Phys. Rev. 87, 900 (1952).' In recent work of Brueckner, Eden, and Francis, they answer
this question afBrmatively.' M. Q. Barton and J. H. Smith, Phys. Rev. 95, 573 (1954);H.
Myers et ot. , Phys. Rev. 95, 576 (1954).' J. Hadley and H. York, Phys. Rev. 80, 345 (1950).' G. M. Temmer, Phys. Rev. 83, 1067 (1951).' M. Lax and H. Feshbach, Phys. Rev. 81, 189 (1951).

'o E. M. Henley, Phys. Rev. 85, 204 (1952).
"Cladis et al , Phys. Re.v. 87, 425 (1952)."P.A. Wolif, Phys. Rev. 87, 434 (1952).
'3 J. M. Wilcox, University of California Radiation Laboratory

report UCRL-2540, April, 1954 (unpublished).
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OTAL cross sections for the photoproduction of
neutral pions from threshold to 240 Mev have

been measured with the use of a liquid hydrogen target.
One of the z' decay photons was detected in a scintil-
lation counter telescope composed of an anticoincidence
counter, a ~-in. Pb converter, and two counters in
coincidence separated by a ~ in. thick Al absorber.

The product of eKciency times solid angle for the
p-ray telescope was calculated by a Monte Carlo
method with the Illinois digital computer. This calcu-
lation included the following: (1) geometry effects
arising from the finite size of source and detector,
(2) pair production and depth distribution of pair
production in the Pb converter, (3) radiation loss and
straggling of the pair electrons, (4) ionization loss and
straggling of the pair electrons, (5) multiple scattering
of the pair electrons, and (6) preabsorption of the
photons in material preceding the telescope. Results
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of this calculation are in satisfactory agreement with
Ineasured efficiencies of a similar counter at Cornell. '

Counting rates at an angle of 85' to the x-ray beam
were measured as the betatron energy was increased in
10-Mev steps from 120 to 250 Mev. The photon
difference method yielded the counting rate per incident
photon as a function of incident photon energy.

This counting rate per photon, I85', is related to the
photomeson cross section by integrating the spectrum
of decay photons over the detector efficiency. ' The
photomeson cross section is assumed to be

o'(e) =As+A-i cos8+As cos'8.

Then the total cross section is

o'~ot, ai=4srLAo+ sAs].

In the resulting expression' for I85, the term involving
A& is negligibly small, while the ratio of the coeKcient
of A& to that of Ao is approximately -', . Thus the data
are essentially a measure of a'&,&,&. Because this ratio
is not exactly 3 at all energies, a value must be assumed
for the ratio As/As, but the results are very insensitive
to this value. ' Cross sections presented in Fig. 1 are
based on the assumption that As/Ao= —0.6.

The logarithmic plot in Fig. 1 shows that between 170
and 240 Mev, cror,,~,~ is proportional to (E~ Er)",where-
'~ is the incident photon energy and E& the threshold
energy. This large exponent is not surprising because
0 t,t, ~ arises almost entirely from the "enhanced"
P-state (isotopic spin=as, J=—,') of the meson-nucleon
system and is extremely sensitive to the corresponding
phase shift 833. When the theoretical connection
between o'&,t, l and 5 is established, these measure-
ments may be used to determine 6».
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FIG. 1. Values of 0. t,t, l as a function of the difference between
incident photon energy in the laboratory system and the threshold
energy.


