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An analysis of the experiments to date on photonuclear reactions in heavy nuclei leads to the following
results. There is a correlation between the energy at which the (y,%) cross section is a maximum and the
(v,2n) threshold. The shape of the total photon absorption cross sections in Sb and Ta can be estimated up
to 22 Mev, and there is an indication that the cross section drops off strongly above that energy. Using the
estimate of the shape of the total cross section in Ta, one can calculate the neutron yield to be expected in
experiments wjth 330-Mev bremsstrahlung. The calculated value is only about 60 percent of the experi-
mental value. Evidence is presented that the discrepancy is due to neutrons produced by high energy
photons, presumably due to mesonic effects. The integrated cross sections for Zn®%, Sb, and Tal®! can be
evaluated and by comparison with the Levinger-Bethe formula lead to values of 0.56, >0.44, and 0.50,
respectively, for the fraction of exchange force in the neutron-proton interaction, assuming that all of the

photoeffect is due to electric dipole transition.

HERE have been many experiments on the photo-
nuclear effect.!=3% Some of these have been inter-
preted as agreeing with Bohr’s model of the compound
nucleus, whereas others have seemed to disagree. Thus,
Hirzel and Wiffler? measured the ratio of emitted
protons to neutrons from nuclei irradiated by 17.5-Mev
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y-rays and found that this ratio was much higher than
that predicted by compound nucleus theory. Another
apparent discrepancy arose when it was established that
the (v,n) cross section in medium weight elements had
a maximum around 20 Mev and dropped off sharply for
higher energies. According to compound nucleus theory,
this drop-off should be due to the competition to the
(ym) reaction afforded by the (v,2n). But experi-
mentally, it appeared that the (v,2n) cross section was.
much too small to furnish appreciable competition. It
was this discrepancy, among others, that led Goldhaber
and Teller® to propose their special model of nuclear
dipole vibrations. Finally, various observers have found
that the angular distribution of high energy protons
from (v,p) reactions is not spherically symmetrical, in
contradiction to the predictions of the compound
nucleus.

On the other hand, there were experiments which
were in good agreement with compound nucleus theory.
Thus, the angular distribution of the low energy neu-
trons and protons produced in the nuclear photoeffect
was measured by various workers and found tobe
spherically symmetrical .13 Also, the energy distribu-
tion of the neutrons and protons was in good agreement
with the compound nucleus model.* Moreover, Byerly
and Stephens!® measured the ratio of neutrons to
protons emitted from Cu when irradiated with 24-Mev
bremsstrahlung and found excellent agreement with the
predictions of Weisskopf and Ewing,* which were based
on the compound nucleus model.

These apparently contradictory results are, we think,
resolved in part by the suggestion of Courant® that
there may be a direct photoeffect on protons, in which
they are ejected from the nucleus without a compound
nucleus being formed. The cross section for this process
can be quite small and still explain the anomalously
large number of protons in Hirzel and Wiiffler’s experi-
ment. Also, this hypothesis explains naturally the
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TaBLE I. Summary of data on photonuclear reactions.

Thresh- Half- SadW Refer-
Isotope old Wnax width (Mev-barns) ence
(y,n) reactions
cr 18.7 224 e 0.047 24
Ci 0.086 35
Cre 0.107 21
Al 14 19.6 v . PN
pa 124 19.0 7.5 0.120 18
Feb 18.3 e 5.7 0.42 25
Nise 18.5 . 4.6 0.33 25
Cu® 10.9 17.5 6.0 0.70 15
Cu8 10.9 e cee 0.7740.15 35
Cu® 10.9 17.5 e 0.60 11
Cufs 10.2 19.0 6.0 1.40 15
Cut cee 19.0 0.89 218
Zn® 19.0 e oo 0.61 212
Zn® 18.5 vee 71 0.83 25
Znt 0.77 35
Agloe e 16.5 . 1.65 11
Sh1z 9.3 14.5 55 >1.2 15
Shi2 9.3 14.5 5.5 2.0 15
Taldt 8.0 13.5 45 >0.39 15
(v,p) reactions
cr 21.5+0.5 1.7 0.063+0.016 38
Mg 21 se 0.0560.03 28
A 21.240.5 54 0.1220.03 38
Ni 67%, Nis® 18.7 5.4 0.32:+0.08 38
279, Niso
21Co%2 21.5 5.7 0.144-0.04 38
307,68 o e 0.068 21
4ACh" 21.3 6.6 0.1240.03 38
Higher order reactions
Reaction
S%(y,np+d) 0.004 18
Zn%(y,pn)Cu® 0.26 21°
Zn®(y,pn)Cu® 0.13 21»
Zn®(v,2n)Zn® 0.047 212
Cu®(y,2n)Cu® 0.035 340

a In this reference the measurements of integrated cross sections are
relative to that of Cu®. To convert these relative values to the absolute
ones given in this table we have taken as the integrated cross-section for
Cu#3 the mean of the three values given above, i.e., 0.69-Mev barn.

angular asymmetry of high energy protons mentioned
above. Moreover, it does not destroy the agreement
with the compound nucleus theory that Byerly and
Stephens found. The directly-ejected protons are
important only when the proton binding energy is so
high that the number of evaporated protons is small.
This is the case in the experiments of Hirzel and Wiffler
but is not so for Cu®, the element measured by Byerly
and Stephens.

There is also no contradiction between compound
nucleus theory and the fact mentioned above, that the
(7v,2n) cross section in Cu® is much too small to provide
competition for the (y,n) reaction. It appears experi-
mentally that the (y,np) cross section is much larger
than the (v,2#) cross section and, indeed, is sufficiently
large to afford competition.

There is some other evidence that has not been
presented before for the validity of the statistical model.
For heavy nuclei, the emission of a proton is strongly
inhibited by the Coulomb barrier. The only important
processes appear to be the emission of neutrons. If the
statistical theory and the idea of competition is correct,

L. EYGES

we would expect to find a correlation between the energy
at which the (y,n) cross section is maximum and the
threshold of the (v,2n) reaction. Evidence for such a
correlation is presented in Sec. III.

The statistical model predicts what happens after the
nucleus absorbs a photon. There are also theories which
say something about the absorption of the photon in
the first place. In particular, we shall consider the work
of Levinger and Bethe.#® Using so-called “sum rules”
these authors calculate the integrated cross section for
dipole absorption of a photon. ‘They get the formula

f " o)W =0.060(NZ/4)(14+08%). (1)

Here x is the fraction of exchange force in the neutron-
proton potential (assumed to be due to central forces
only). oiota1(W) is the sum of all processes in which a
photon is absorbed, i.e., it is the sum of the cross sections
for all such processes as (v,n), (v,p), (v,2n), etc. If we
have an experimental value for this sum, we have a
means of deducing the fraction of exchange force in the
neutron-proton potential, always remembering the as-
sumption of dipole transition. The integral in Eq. (1)
can be evaluated from the available data in some cases.
This is discussed in Sec. VI.

The experiments that we have analyzed to obtain the
results stated above have been of two major kinds. The
first kind is that in which the integrated cross section
and sometimes the detailed shape of a particular reac-
tion is measured, detecting the reaction by the method
of induced radioactivity. The second kind is that in
which the total neutron yield is measured from a target
irradiated by bremsstrahlung or some other source of
photons. The latter method has the advantage that one
gets information about all reactions in which a neutron
is emitted, but it has the corresponding disadvantage
that one cannot immediately isolate the contribution to
the total cross section from particular reactions. This
disadvantage can be overcome to some extent by com-
paring the results of experiments done at different
maximum bremsstrahlung energies. Among the experi-
ments which we shall use, are those of McDaniel ef al.!*
on neutron yields using photons from the Li(p,y) reac-
tion, that of Price and Kerst® using bremsstrahlung at
18- and 22-Mev maximum energy and those of Terwil-
liger et al.*® and of Kerst!® using bremsstrahlung at
about 330-Mev maximum energy. By comparing the
difference between the 18- and 22-Mev yields, one gets
information about the cross section for neutron emission
between these energies; this is mainly information
about the (v,2n) cross section for heavy elements. By
further comparing the 22-Mev results with the 330-Mev
results, we can find something about the contribution
of the cross section between 22 and 330 Mev.

In the next section, we present a compilation of the

% J. S. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950).
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data on individual reactions and in the following section,
show that for heavy elements there is a strong correla-
tion between the (vy,2n) threshold and the peak of the
(y,m) cross section. In Sec. IV, we try to estimate the
magnitude of the (v,2n) cross section in some elements
by comparing the 18- and 22-Mev data of Kerst and
Price and by using the results of McDaniel mentioned
above. We can then use this estimate and the 330-Mev
bremsstrahlung data to try to find something about the
cross section between 22 and 330 Mev. This work, plus
other evidence presented in Sec. V, indicates that the
total cross section drops off quite sharply above 22 Mev
and begins to rise again at energies of the order of 200
Mev. This rise may be due to mesonic effects. In Sec.
VI, we use our deductions from the experimental data
to calculate the integrated cross section and hence the
fraction of exchange force in the n-p interaction.

II. SUMMARY OF DATA

In Table I'we present a summary of the data available
on photonuclear reactions. There are some interesting
features to note in this table. The first is the rather
regular rise of the integrated cross section for (vy,n) reac-
tions. Also, there is a slight indication that for elements
heavier than Cu, the (v,n) half-width decreases slowly
with Z. As opposed to the (v,7) reactions, the integrated
cross section for (v,p) reactions rises with Z up to about
Z=28 and then begins to drop off. This trend is con-
firmed by the work of Mann and Halpern* who
measure the yields of (v,p) reactions as a function of Z.
These yields are roughly proportional to the integrated
cross section. Mann and Halpern also find a maximum
yield at around Z=30. At this point the yields are of
the same order of magnitude as for the (y,n) reaction.
Beyond Z=30, however, the proton yield drops off
rapidly and at Z=50 is about one-hundredth the neu-
tron yield. This is easily understandable as due to the
effect of the Coulomb barrier. It suggests that in heavy
elements one can confine attention to processes in which
a neutron is emitted. The last point to be noted in
Table I is that the integrated cross section for the
(y,pn) reaction in a medium weight element can be
much larger than that for the (y,2n) reaction. For
wZn®, e.g., the integrated (v,pn) cross section is about
0.4 of the integrated (vy,n) cross section. This suggests
that, if the statistical model holds, competition in
medium weight elements may be provided by (v,pn)
rather than (v,2#) reactions.

III. CORRELATION BETWEEN ENERGY AT WHICH
(y,n) CROSS SECTION IS MAXIMUM AND
THRESHOLD OF THE (v,2n) REACTION

According to the Bohr concept of the compound
nucleus, the cross section o, (W) for a reaction in which
a particle % is emitted when a photon of energy W is
incident on a nucleus, is ¢4, o(W)=0ws(W)XPo(W).

4 We shall let the subscript ¢ signify several particles if the
excitation energy W is high enough that they can be emitted.
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Here oas(W) is the cross section for absorption of a
photon of energy W, and P,(W) is the probability that
at excitation energy W, the nucleus emits a particle
type a. Now, as is well known, the cross section of the
(v,m) reaction, o4, »(W), has a maximum around 19 Mev
for medium weight elements and at somewhat smaller
values for heavier elements. In all measured cases, the
cross section is small or zero near threshold and rises
sharply to the maximum. We will say nothing about
this initial rise here. A maximum in the (v,n) absorption
cross section could be caused by a maximum in ouws(W),
or, if we assume that o.ps(IW) is more or less flat near
W, the maximum could be caused by a dropping off
of P,(W). The last assumption seems to us to be much
less restrictive.

If we make it, we would expect to find a correlation
in heavy elements between the energy W, at which the
(v,m) cross section is maximum and the (v,2#%) threshold.
We have restricted this statement to heavy elements
because, as we have discussed in the introduction, it is
only for these that one can be reasonably certain a priori,
that essentially only neutrons are emitted. For medium
weight elements, we would expect a correlation if the
(v,2n) process dominated the (v,pn). We are reasonably
sure that this is the case for Cu%, for which Byerly and
Stephens have found that proton emission is small com-
pared with neutron emission. Thus, we include Cu%
along with four other heavy elements in Table IT, which
seems to show that there is a real correlation between
W and the (v,2n) threshold.

A word about the method of calculating the (y,2n)
thresholds given in the third column of Table IT may
be useful here. That for Ag!® is obtained by adding the
value given by Sher et al.% for the photoneutron thresh-
old in Ag'® to Harvey’s® value for the photoneutron
threshold in Ag!®. Similarly, for Sb'* we have used
Sher’s value for the threshold in Sb'?* and Harvey’s for
the threshold in Sb2.. For the other elements, we have
had to‘add the measured values of the (y,n) threshold
(from Harvey and/or Sher) in the original nucleus and
the value calculated from the semi-empirical mass
formula for the final nucleus, or vice versa. The
measured values have probable errors of about 0.2 Mev.
A comparison of Harvey’s data on some neighboring

TasrE II. Comparison of the (y,2#) threshold and energy W at
which the (v,n) cross section is maximum.

‘Flement Wmn (,2n) threshold
Cuss 19.0 18.1

o Ago 16.5 16.054:0.28

siSbizt 145 15.6:00.3

uShs 145 154

2iTalst 14.00 141

a This value is a later one than that presented in Table I and is taken
from a preprint of a paper by R. N. H. Haslam, L. A. Smith, and J. G. V.
Taylor.

45 Sher, Halpern, and Mann, Phys. Rev. 84, 387 (1951).
4 J. A. Harvey, Phys. Rev. 81, 353 (1951).
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elements with the calculated values for those elements,
indicates that the calculated values that enter here
should be good to within 0.3 or 0.4 Mev. Therefore, we
expect the (v,2n) thresholds given in Table II for Cu,
Sb23 and. Ta to be accurate to perhaps 0.5 Mev.
Probably, this is the magnitude of error in the position
in the maximum of the cross section. Thus, our values
seem to be sufficiently accurate as not to destroy the
correlation, if there is one.

IV. ESTIMATE OF (y,n) AND (y,2n) CROSS SECTION
FOR Sb AND Ta

In this section, we attempt to estimate the (y,7) and
(v,2n) cross sections as a function of photon energy ahd
hence, the total cross section below the (v,3%) threshold,
for Sb and Ta. The reason for limiting ourselves to these
two elements will appear shortly.

The shape of the (v,n) cross section for Ta!® (the
only isotope of Ta) is known from the work of Johns
et al..’® but the absolute magnitude is not. Naturally
occurring Sb consists of two isotopes, Sb*?! (56 percent)
and Sb'?¢ (44 percent). The (v,n) cross section for Sbi2®
has been measured by Johns et al.* The shape of the
(v,m) cross section in Sb*, for those reactions in which
the nucleus is left in the 16.4-minute isomeric state, has
also been measured. The shape of this cross section
curve is, within experimental error, the same as that
for Sb?. We will assume here that the shape of the
(v,n) reaction in which Sb is left in the ground state is
the same as that measured for the reaction in which Sb
is left in the isomeric state.*” Thus, both isotopes of Sb
will be assumed to have the same total cross section
shape. It would be very natural, both a priori and in
view of the assumed similarity in shape between the
cross sections in Sh'?! and Sb'?3, to assume further that
the magnitudes are the same. We shall not do this here,
but instead shall estimate independently the magnitude
of the cross section in Sb'; we shall find that it does
come out to be very close to that for Sb?3.

We already know something about the total cross
section in Sb and Ta, since we know the shape of the
(v,m) cross section and up to the (y,2n) threshold this
is the total cross section. In the last section, we found
that the (v,n) cross section had a maximum, i.e., was
flat just at and below the (v,2%) threshold. In view of
the correlation we have found between the energy at
which the (v,n) reaction is maximum and the (v,2%)
threshold, it seems very reasonable to assume that the
total cross section is fairly flat just beyond the maxi-
mum. Starting from this, we can estimate the total

47 Evidence for the correctness of this assumption is had from
the work of R. Montalbetti and L. Katz, Phys. Rev. 83, 892
(1951). These authors have measured the cross-section curves for
Mo%(v,n)Mo” when Mo is left both in the ground state and in
a 15.5-min isomeric state. They find a peak for both reactions at
18.7 Mev and also find that above 15.5 Mev the shape of the
cross-section curves are the same. The cross sections begin to differ
below 15.5 Mev, but they are small compared to their peak values
in that region. Similar results have been found by R. Sagane
(private communication).
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cross section above the (v,2#) threshold in more detail
using the data of Price and Kerst® on neutron yields
with 18- and 22-Mev bremsstrahlung and the data of
McDaniel ef al.'* on neutron yields with y-rays from the
Li’(p,v) reaction.

Price and Kerst have made measurements of the
neutron yields from a large number of elements, using
18- and 22-Mev bremsstrahlung. The ratio of these
yields is a smoothly varying function of Z for Z greater
than about 30. The difference in yields between the
18- and 22-Mev experiments is due to the difference in
the bremsstrahlung spectra at these energies, weighted
by the cross section [mainly (y,2%)]. We know what
the difference between the 18- and 22-Mev spectra
looks like from the work of Schiff.4® Thus, we can
estimate roughly what the (v,2#) cross section must be
between these energies to agree with Kerst and Price’s
experiment. This first estimate is rather ambiguous,
since there is, of course, more than one shape which will
give agreement, but it is a starting point, and we shall
see later how it can be made more accurate.

Now, using our guess of the shape of the (v,2%) cross
section we can estimate the absolute cross sections in a
way which is insensitive to errors in the (y,2n) cross
section. Price and Kerst have also measured the relative
neutron yields of various elements at 18 Mev, among
them Cu. Now, the (vy,n) cross sections for Cu® and
Cu% are quite well known. The integrated cross section
for Cu® has been measured by three different ob-
servers'»14 3 with fairly good agreement among the
three measurements. The measurements of the Cu®
cross section by Diven and Almy" and by Johns et al.'®
agree quite well with each other. The cross section
curve for Cu® has been measured only by Johns et al.,
but it agrees very well with the Cu%: Cu® cross-section
ratio measurements at 17.5 Mev of Hirzel and Wiffler.
Thus, there is reason to have considerable confidence in
an average of the different sets of measurements on Cu®
and of Johns’ measurements of Cu®. Then, using the
18-Mev bremsstrahlung spectrum due to Schiff, we can
calculate the absolute neutron yield to be expected
from natural copper. Using the relative cross-section
shapes as estimated above for the element considered,
we can also calculate what the absolute magnitude must
be to agree with Kerst’s 18-Mev data on the yield
relative to Cu.

To successfully carry out the analysis outlined above,
we must know the shape of the (v,%) cross section. This
is known for all the isotopes in Table II. But now we
see why the only elements we can use are Sb and Ta
and not Ag and Cu. This is because Kerst and Price
use natural isotopic mixtures of the elements, and Ag!®®
and Cu® represent only 48.1 percent and 29.9 percent
of the natural isotopic mixture, respectively. On the
other hand Ta!® and Sb* and Sb'®* together, account

48 L. I. Schiff, Phys. Rev. 83, 252 (1951).
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_for approximately 100 percent of the isotopic abundances
of Ta and Sb.

Our estimate of the absolute magnitude of the (y,n)
cross section is insensitive to the estimated shape of the
(v,2n) cross sections, since most of the neutron yield
with 18-Mev bremsstrahlung from Sb and Ta comes
from the (y,n) reaction.

We can check and refine the above rough estimates
using other experimental data. McDaniel et al.* have
measured the neutron yield relative to Cu from various
elements irradiated with the y-rays from the Li’(p,y)
reaction. These y-rays comprise a sharp line at 17.6 Mev
and another component of about half the intensity
with a half-width of about 2 Mev centered at 14.8 Mev.
Since we know the cross sections for Cu and have an
estimate of the cross sections for other elements, we can
calculate the relative yields to be expected in the
experiment of McDaniel and if necessary, correct our
previous estimates. The relative yields in McDaniel’s
experiment are particularly sensitive to the absolute
value of the (v,2n) cross section at 17.6 Mev. Our
results are given in Fig. 1.

The curves in this figure are such as to agree within

a few percent with the experimental data we have used
to check them, namely the ratio of neutrons yields to
that of Cu in the experiments of Kerst and Price, and
of McDaniel and the ratio of the 18- and 22-Mev yields
‘in the Kerst and Price experiment. We estimate that
they are not in error by more than 15 percent. Although
we have drawn in the total cross section up to 22 Mev,
the data does not really tell much about the cross
sections above 20 Mev. Thus, as far as this data goes,
it is quite possible that above 20 Mev the cross-section
curve for Sb does not drop off as sharply as indicated,
i.e., that there may be a long flat tail which contributes
appreciably to the integrated cross sections. For Ta, the
situation is quite different. Here the cross section has
dropped to less than one-fifth of its maximum value by
20 Mev; hence it seems very unlikely that there is
appreciable contribution to the integrated cross section
from energies above 22 Mev.

The integrated cross section for the (v,n) reaction up
to 22 Mev in Sbis given by our estimates as 1.82-Mev
barns, which is very close to the value of 2.0 Mev-barns
found by Katz for Sb'?. This is very reasonable, as we
have discussed earlier, in the light of the similarity in
cross-section shape between Sb?' and Sb',

V. YIELDS WITH 330-MEV BREMSSTRAHLUNG.
EVIDENCE FOR AN INCREASE IN THE TOTAL
CROSS SECTION AT HIGH ENERGIES

Terwilliger ¢/ al.?° and Kerst’ have measured the
absolute yields of neutrons using bremsstrahlung with
a 330-Mev maximum energy. We can calculate the
yields to be expected in Sb and Ta from the (v,#) and
(v,2n) reactions by photons of energy up to 22 Mev by
using the results given in Fig. 1 for the shape and ab-
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Fic. 1. Estimate of the (y,n) and (y,2#) cross sections in Sb:
(56 percent Sb12444 percent Sb*) and 7Ta!®. The shape of
the (y,n) cross section is assumed known from the work of Johns
et al. The shape of the total cross section (and hence of the (v,21)
cross section) is estimated roughly from Price and Kerst’s data
on the ratio of neutron yields with 18- and 22-Mev bremsstrahlung.
The absolute magnitude of the cross sections can then be found
by using the known cross sections in Cu and comparing Price and
Kerst’s yield at 18 Mev for the element concerned with that for
Cu. This estimate is insensitive to errors in the shape of the (v,2n)
cross section. Finally, the procedure is checked and refined by
using the data of McDaniel ef al. on the yields relative to Cu using
y-rays from the Li(p,v) reaction. This data is particularly sensitive
to the absolute value of the (y,2#) cross section at 17.6 Mev.

solute magnitude of the cross-section curves. The for-
mula for the yields with 330-Mev bremsstrahlung is

neutrons
Yield (————~———)
erg X mole/cm?

aw
—1.77% 108 f [ (W )20 a0 Vo

for cross sections in barns. Computing from this for-
mula, one gets for the yields up to 22 Mev of Ta'® and
the natural isotopic mixture of Sb, 526 and 320 neu-
trons/(ergXmole/cm?), respectively. The measured
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Fic. 2. Decomposition of the transition curve for neutron yield
due to 330-Mev bremsstrahlung in Pb. Curve I is the original
transition curve as measured by Terwilliger ef al. Curve II is
the transition curve for a spectrum of photons with peak energy
at 14 Mev. Curve II7 is the difference between curves I and 17

and is presumably the transition curve due to neutrons produced
by mesons. It corresponds to an energy of the order 200 Mev.

yields* are 940 and 552 neutrons/(ergX mole/cm?), and
are thus higher than the calculated yields by almost a
factor two. Thus, there is evidence that a considerable
fraction of the neutron yield in experiments with 330-
Mev bremsstrahlung comes from photons with energy
greater than 22 Mev. 4 priori, there is no way to decide
whether the photon absorption cross section drops off
fairly quickly beyond the maximum or whether there
is an appreciable tail.

For Sb, as we have seen, one cannot say with any
certainty whether such a tail exists or not. For Ta the
situation is different. Here, our reconstruction of the
cross-section curves indicates that the total cross section
is small at 22 Mev and that there is no evidence for an
appreciable tail. Moreover, for Pb there is other
evidence that shows much more strongly that the extra
neutrons which are needed above 22 Mev to give agree-
ment with the 330-Mev data come not from a long tail
to the photon absorption cross-section, but rather from
an increase in the neutron yield for photon energies of
the order of 200 Mev.

This evidence is as follows: Terwilliger e al. have

measured the transition curve for the neutron yield in
Pb due to 330-Mev photons, i.e., the curve of yield per
unit thickness vs thickness in Pb. This curve is repro-
duced in Fig. 2. Now, we would expect the photon ab-
sorption cross section for Pb to be quite similar to that
for Ta, except that the maximum should be shifted to
a somewhat lower energy, say 14 Mev. But we have a
good idea of what a transition curve resulting from a
spectrum of photons with maximum energy around 14
Mev should look like. Such a transition curve is essen-
tially determined by the energy in the photon absorp-

% The values of Kerst are 27 percent lower than those of Ter-
williger. We have taken as the measured value the arithmetic
mean of Terwilliger’s and Kerst’s values.

EYGES

tion cross section for which the cross section is a maxi-
mum. Its main features do not depend on whether the
cross section has a tail or not, provided it is not very
large.. Strauch® has measured transition curves for
photon spectra with peaks at.16 and 19 Mev (the (v,n)
cross sections in Ag'® and Cu®, respectively). These
curves, normalized to unity at the origin, do not differ
by more than 30 percent at most and usually by much
less than that. One can then quite reliably extrapolate
them to find the transition curve due to a photon spec-
trum with 14-Mev maximum energy. This extrapolated
curve is shown in Fig. 2, as curve I, normalized to
Terwilliger’s curve at radiative units. We see that for
thicknesses greater than a radiation length, this curve
has the same shape within the experimental error as the
transition curve in Pb measured by Terwilliger ef al.
If we subtract the twe, we get the transition curve for
neutron yield from those photons which are not con-
tained in the spectrum around 14 Mev. The subtracted
curve is given by curve IIT of Fig. 2. We see that it falls
off very sharply and thus corresponds to a very high

TasLe III. Evaluation of [foiotidW and x, the fraction of
exchange force in the neutron-proton interaction, for 3Zn®.

Reaction  SodW (Mev-barns) Source
(v,m) 0.730 Arithmetic mean of the-values in
references 21, 25, and 36.

(v,p) 0.14 Estimated from evaporation model.

(v,2n) 0.047 Reference 21.

(v,2p) ~0 Reference 4.

(v,pn) 0.260 Reference 21.

(v,p2n) ~0.12 From values in reference 21 for

(v,p3n) ~0.066 30Zn%, multiplied by two to take

(y,p4n) ~0.028 account of the fact that /o, pudW
for 30Zn% is twice that for sZn®.

S oot dW =139; x=0.56.

energy. We estimate this energy to be of the order of
200 Mev. The obvious explanation of the source of this
high energy yield of neutrons is from the stars produced
by mesons, either real or virtual.

The relative contribution to the neutron yield due to
the high energy photons as compared with those around
14 Mev in the Terwilliger ef al. experiments is given
approximately by the relative height of the two transi-
tion curves at £=0, since in these experiments the thick-
ness of the targets was small compared with a radiation
length. From the relative heights at {=0, we conclude
that for Pb the high energy photon component con-
tributes about 40 percent of the neutron yield and the
low energy component about 60 percent. This is in
excellent agreement with our results for Ta, where we
concluded that the high energy component contributed
44 percent of the neutron yield.

If we make the guess indicated by the dotted line in
Fig. 1 for the cross section of Sh above 22 Mev, we find
that this cross section gives an absolute yield of 328
neutrons/ (ergX mole/cm?). This is 59 percent of the
yield found by Terwilliger e al. Thus for this estimate
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of the Sb cross section, 41 percent of the yield comes
from high energy photons.

Finally, our hypothesis that the photon absorption
cross section for heavy elements drops off quite sharply
beyond the maximum is supported by direct experi-
mental evidence. Anderson and Duffield®® have meas-
ured the total absorption cross section of U2® and find
that at 23 Mev, the cross section is a small fraction of
its value at 15 Mev, the energy at which the maximum
cross section occurs.

VI. EVALUATION OF S 0iad W. COMPARISON
WITH LEVINGER-BETHE FORMULA

In this section, we try to evaluate the total integrated
cross section for photon absorption from experimental
data. When this is done we can use this value in Eq. (1)
to try to find the fraction of exchange force x in the n-p
interaction. The total cross section for photon absorp-
tion is the sum of the cross sections for all processes in
which a photon is absorbed and a particle (or photon)
is emitted. There is sufficient data for the elements
30Zn®* and 73 Ta!®! to evaluate the total cross section with
reasonable accuracy. Also, one can get a lower limit
from the data on Sb. First, we present our data in

TaBLe IV. Evaluation of S gwwidW and «, the fraction of
exchange force in the neutron-proton interaction, for Sb.

Reaction SodW (Mev-barns) Source
(yym) 1.82 Secs. IT and IIX
(v,2n) 0.59 Secs. IT and IIT
(y,n>2) ?

_/‘022 Utom\dW>2.41 M x>044

Tables III, IV, and V, and then we discuss the data
briefly.

We consider first, the data for 3Zn% given in Table
III. There are several reactions listed, the source of
which is the work of Strauch.? Strauch has measured
only values of the integrated cross sections relative to
that of Cu®®. To obtain absolute values from his data,
we have combined his relative measurements with three
measurements of the integrated cross sections for the

(y,n) reaction on Cu®® by Johns et al., Marshall, and

Diven and Almy. These authors give this integrated
cross section as 0.70, 0.7720.15 and 0.60 Mev-barns,
respectively. We have used the mean of these three
values, 0.69 Mev-barns, to get-absolute values from
Strauch’s relative measurements.

The integrated cross section for the (v,p) reaction is
obtained from the known (y,n) cross section combined
with the calculations of Weisskopf and Ewing on the
relative - probability of evaporation of a proton or
neutron. This should give a fairly reliable estimate, since
the proton is bound much less tighly than the neutron.
As we have discussed in the introduction, in such a case

5 R, E. Anderson and R. B. Duffield, Bull. Am. Phys. Soc. 26,
No. 6, 32 (1951).
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TaBLE V. Evaluation of [ ot dW and x, the fraction of exchange
force in the neutron-proton interaction, for 73Tal8!,

Reaction SadW (Mev-barns) Source

(v,m) 2.96 Secs. I and IIT
(7y,2m) 0.81 Secs. IT and III
(yn>2) ~0 Secs. IT and III

SotodW =3.77; x=0.56.

the evaporation theory probably predicts the relative
numbers of neutrons and protons fairly accurately. Our
calculation neglects the protons which are emitted
below the threshold for neutron production, but it is
very likely that the number of such protons is small.
We would expect the integrated (vy,2p) cross section to
be very small, since the integrated (v,p) cross section
is small. There is also evidence for this from the data
of Perlman? on the neighboring element Cu®. Perlman
finds that the relative yields for the Cu®¥(y,n) and
Cu®(vy,2p) reactions from 50-Mev bremsstrahlung are
35 and 0.16, respectively. Assuming that the energy at
which the (v,2p) cross section is a maximum is about
twice that for the (v,n) gives the result that the inte-
grated (v,2p) cross section is about 1 percent of the
integrated (v,m) cross section. We would expect a
similar result from Zn. Also, we would expect that the
cross sections for higher order reactions involving two
protons as (v,2pn), (v,2p2n), etc., are small, as well as
the (v,v) and (v,) reaction. Thus, it is likely that the
data listed in Table II includes all reactions whose
integrated cross sections are appreciable and that the
value for [fowtdW is fairly accurate. Putting this
value into the formula (1) gives a value x=0.56 for the
fraction of the exchange force in the n-p interaction.
This is in good agreement with the ratio postulated by
Serber to explain the high energy #-p scattering. In
Tables IV and V, we present data for the evaluation of
S otota1dW for Sb and 73Ta'8l, As we have noted before,
the cross section for Sb is not known above 22 Mev.
Hence, the integrated cross section given must be con-
sidered to be a lower limit. For Ta, on the other hand,
we expect the integrated cross to be, to a good approxi-
mation, the sum of the (y,n) and (v,2n) integrated
cross sections. Comparing the total integrated cross
sections with formula, (1), one gets the values of x shown.
Considering the errors involved in their calculation, the
three values of x deduced here must be considered to
be in good agreement with one another. In these cal-
culations we have had to neglect contributions to the
electric-dipole photoeffect from photons with energy
greater than 330 Mev, but we expect this to be a very
small contribution.

Katz and Penfold!® have made similar calculations
to that of this section for S and conclude that the
integrated cross section is much less, about § of that
expected from the Levinger-Bethe formula. We think
the reason for this disagreement is that among other
things, they neglect to include the cross sections for
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higher order reactions in which two or more neutrons
are produced. The evidence for this is as follows. We
have taken their estimate for the (y,#) cross section and
their measurements of the (v,pn) cross section and
calculated the yield of neutrons to be expected in
Jarmie, Jones, and Terwilliger’s experiments. The yield
comes out to be too low by a factor five. Thus, there
seems to be an appreciable cross section from reactions
which Katz and Penfold have not taken into account.
Of course, this yield might come from neutrons produced
by high energy photons in a similar process to the one
we have to postulate above to explain the Terwilliger
transition curve. In this case the high energy process

L. EYGES

would have to account for 80 percent of the neutrons
observed with 330-Mev bremsstrahlung. This seems
rather high. If we assume arbitrarily, that as for heavy
elements the high energy process accounts for about
40 percent of the neutron yield, then the (v,#) cross
section alone is too small by a factor three to secure
agreement with Terwilliger’s results. Thus, the estimate
of the (vy,n) cross section is either much too low or else
there are higher order reactions with integrated cross
sections comparable to that for the (v,n) process. At
any rate, it seems that it would be premature to claim
disagreement with the Levinger-Bethe formula until
more measurements are made.
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The case of pseudoscalar coupling between nucleons and p-field is considered within the framework of
u-pair theory. Besides the usual perturbation treatment, the strong coupling approximation for this case
is developed. Both methods are applied to the problems of scattering of u-mesons by nucleons and the
nucleon-nucleon interaction. Interpolation between the extremes of weak and strong coupling suggests
that this u-pair theory may be promising with an intermediate coupling strength, a condition also required

by the u-pair theory of the r-meson.

1. INTRODUCTION

ESIDES the Yukawa theory of nuclear forces,
some attention has in the past been devoted to
- the so-called pair theories according to which the
interaction between nucleons may be pictured as being
transmitted by a pair of particles instead of a single
particle (r-meson). The quanta of a pair may be either
bosons! or fermions.? The latter were first taken to be
electron-neutrino or electron-positron pairs and later
p-meson pairs.?

One recommending feature of pair theories is the
saturation characteristics of the nuclear forces.246 A
second is the possibility of interpreting the w-meson as
a pair of u-mesons bound together due to a small
admixture of a virtual nucleon-pair state,” and the
possible explanation of the V-particles® as excited

* This paper was written as a Ph.D. thesis in the Department
of Physics, University of Chicago, Chicago, Illinois.
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nuclear states resulting from the binding of u-mesons,
say, by a bare nucleon. The fact that the spin of such
excited states may be integral or half-integral, depend-
ing on whether an odd or even number of fermions has
been bound, may be helpful in understanding the long
lifetime of the neutral V-particle (101 sec), in par-
ticular its stability against vy-decay into the neutron
ground state.

The most serious objection against pair theories may
well be the role played by the momentum cutoff which
must be introduced to achieve convergence and which
dominantly affects the predictions of the theory in the
high energy region. Since it turns out that the cutoff
also determines the range of the nuclear forces and the
density of nucleons in heavy nuclei,® its order of
magnitude is roughly that of the meson mass (times c).
Therefore, if one takes the cut-off prescription seriously
to the extent of applying it, for example, to the scatter-
ing of u-mesons by nucleons, then one would expect at
kinetic energies much greater than 100 Mev a very
small cross section, while a substantially larger value
for energies of the order 100 Mev or somewhat less.
According to the measurements of Amaldi and Fidecaro?
the cross section is at most 4.5X 1072 cm? per nucleon
for w-energies between 200 and 320 Mev, and above
320 Mev it is at most 2.3)X1073° cm? per nucleon. The
cutoff therefore offers an explanation for the presently

® E. Amaldi and G. Fidecaro, Phys. Rev. 81, 339 (1951).



