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1. An analysis of the pellicles exposed in the experiments
performed at the Betatron Laboratory of the University
of Illinois, by A. O. Hanson, E. Goldwasser, R. Reitz and
G. Bernardini and already described V) has been continued
and finally completed. Few previous reports already
published ? presenting the early results are up-to-date.
A more extensive account including a discussion of the
errors, a detailed description of some of the procedures
followed in the pellicle analysis, etc., will appear in two
forthcoming papers in Nuovo Cimento. The first of
them is expected to be published already when these reports
on the Cern Symposium are made available.

" Hence the present report concerns mostly a summary
of the now completed set of experimental investigations.
An attempt at a coherent interpretation of the results is
also presented here; but again for the details of the rather
lengthy and tedious discussion, the reader may refer to
the above mentioned forthcoming papers. The data
not yet published are those mostly concerning the labor-
atory angles: 45° 105° and 150°. In hydrogen they
correspond to the c.m. angles: ~ 60°, ~ 120°, ~ 160°.
The pellicles which were exposed at 75° (c.m. angle
~90°) and already partially analysed by Goldwasser
and Bernardini have again been analysed for a comparison
and also for appreciably increasing the statistic.

In what follows, for the sake of brevity, most of the
notations will be the same as those used by Bernardini 3),
and their meaning will be repeated from time to time only
for the sake of clarity.

2. We first consider the results concerning the reaction

v+ p—>nt+n (1a)

The final values of the differential cross-sections at several
energies are given in Table 1.

The energy-intervals were actually 165-175 corresponding
to the average 170; 175-185 corresponding to 180 and so

on. These were the 10 Mev (Laboratory) channels used
in analysing the pellicles. To visualize better the energy
dependence of the corresponding differential cross-section
dot/dQ, we consider (see ) the expression :
1 sdot
TP = - (35) 5 wenolll + @M @
w \dQ/cm,

As can easily be seen T = (w/2w) H, where H is the usual
matrix element. | T+ |2 is a function of v (photon energy,
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Fig. 1. Angular distribution of charged photo-pions at several
energies (see ?)).
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¢=1) and 9 (c.m. angle of projected pion with respect
to the incident photon direction). As has already been
pointed out ®), in the photon energy interval considered
here (170-230 Mev) one may write

| T+ 2 = aj(v) + a,*(v) cos & + a,*(v) cos*® 3)
Fig. 1 where the results of previous experiments are

combined with those of Table I, shows the validity of this
statement.

TABLE 1

c.m. differential cross-sections in units 10-3° cm?/ster

Ey
(Mev., 59° 93° 123° 159°
lab.)
170 5244 5444 — —
180 6.5+.5 7.5+.4 7.6+.5 6.6+.9
190 724+.5 9.1+.5 8.7+.6 7.5+.6
200 8.04+.6 9.84+.6 | 10.5+.6 9.5+.7
210 10.0+.7 12.2+.7 10.7+.7 10.74.8
220 9.7+9 | 13.44+.7 | 12.1+.8 | 12.14+.8
230 — — 154+9 13.04+1.0

Table II gives the corresponding values of the a* coef-
ficients. The interval of energy 175-195 has been split
to make better use of other experiments.

As already mentioned #, when terms higher than cos® &
are neglected the relationships between the coefficients

of the a’s of (3) and the angular momenta possibly involved
are the following :

ay = [S* P+ - saw
af = —2K+S+ C))
ay = I K+ F‘a-SLp + agp

It should be remembered that St is the amplitude of the
S wave, K+ is the amplitude of the spin-flip P wave, a},
is the remainder of the P wave, and ag;, the SD interference
term.

The form in which the Eq. (4) are written implies that
the different amplitudes are real; this is a good approxi-
mation because the complex parts of such amplitudes are
of the type el where « is the corresponding phase shift
of the pion nucleon scattering. Up to ~ 230 Mev all «'s
are lower than 10°.

It must be pointed out that, within the limits of experi-
mental errors, aj, as a function of energy, can very well
be represented by a constant. Precisely

al = (1.484.02) x 1072 cm?.
This must also be ths value of | S*|* at the threshold,

because at the threshold a,, and ag, must vanish.

As has been already mentioned, a discussion of set (4)
has been done by the authors and may be found in the
above mentioned forthcoming paper.

The conclusions of this discussion are the following :

Taking into account the two experimental facts :

i) af is constant between rather small error limits;

ii) the value of a, is quite small and hence K+ is
very small; one is compelled to abandon the presumption
of giving a consistent interpretation of the experimental

TABLE II

(units 10-3° cm?/ster)

Ey (Mev, lab.) W a a, a, xc ltgfaa.i c>:<m2

170 . . ... 372 14.64+1.1

175 . . . . ... .428 15.040.9 -0.742.1 -1.14+54 78 +7
1825 . . . . . . .. .. .509 14.44-0.6 -2.0+£0.9 -2441.6 87+3
1925 . . . . ..o L. .609 14.84+0.5 -2.7+0.9 -4.54+1.5 101+-4
2000 ... ... .679 14.84-0.6 -3.0+£0.8 -3.6+1.6 116+3
210 . . .. L. 770 15.340.7 -22+41.2 -4.042.1 1365
220 ... .861 14.64+-0.6 -3.64+1.2 —4.3+1.7 1424-6
235 .. .995 14.94-0.8 -3.41+0.6 -5.14+1.3 16745
265 . . ... 1.255 14.84+0.7 -5.440.6 -7.3+1.1 19546
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results based on the idea that ag, is negligible and af
is simply the gauge-invariance term Gs/vo already discussed
in 3. But in the same discussion it was also stated that
we are forced to give up the idea that an appreciable ag,
amplitude can be used to re-establish the consistency of
the equations (4). Actually the most plausible introduc-
tion of higher order waves into (4) can be obtained by
using the direct interaction of the photon with the pion
current i.e. (see®) the term

> > > > >
H o« c-(n-v)eq
v2 (1-v cos 9)

which includes all orbital angular momenta. But in
conclusion one finds that (still on the assumption that
aos = Gog/ve® ) up to terms in v? (v = pion velocity) the
introduction of H does not affect the magnitude and
energy dependence of the coefficients K+ and a*,, to
such an extent as to explain the above-mentioned lack
of consistency.

3. As an alternative (and probably as the more plau-
sible one) way of interpreting the experimental data the
introduction of nucleon recoils, fairly large also at very
low energies, has been considered. To do this one takes
into account also the reaction

v+ N—>P -+ n~
Then considering both pion-signs the set (4) can be written
ast = (VFR)* + a-opi:
atf=-2(VFR)K* )

ast = | K* [P - ag*

. . (lim R = 0)
Here R is the part of the nucleon recoil M —> 00 due

to the term in the Hamiltonian which is invariant (sca-
lar) with respect to rotations in isospin-space. V is the S
amplitude which transforms as a third component in
isospin-space, and

im. V. ]/Ges
oo = |/ 52 ®
Let us write :
Zos
V=—+p¢
e ©)

where p is the part of the nucleon recoil which changes
sign with gos *.

Obviously V and R could be experimentally determined
if also the cross-section o~ (and hence the amplitude

S- = V + R) for photoproduction of =~ from free neu-
trons at several photon energies, were known. But o~
is up to now known only through the experiments in
deuterium. Precisely (because of the competing process
v+ D—> N + P and of the indefiniteness of the Kkine-
matics due to the internal nucleon motion) only the ratio
n—/nt between the rates of production for negative and
b/ PP+

N (NN) + =

positive pions in the v+ reactions

are fairly well known.

At low energies the results obtained with a target of
liquid D, are those given in Table III.

TABLE III

The n~/=* ratio as function of E, and ¢

N 59° 93° 123° 159°
(In Mev)

170 1.674+.19 | 1.504.15 — —

180 1.354+.12 | 1.414-.10 | 1.474.11 —

190 1.194.10 | 1.414.09 | 1.234-.16 | 1.38+.13
200 1.254+.12 | 1.284-.09 | 1.14+.15 | 1.46+.12
210 1.164+.12 | 1.054-.08 | 1.624+.21 | 1.37£.12
220 1.10£.12 | 1.264.09 | 1.344-.16 | 1.31+.10
230 964.21 | 1.01+£.08 | 1.324.10 | 1.674+.13

As has been pointed out many times, this =—/=x* ratio
in D, deviates from that of free nucleons mainly because
of the influence of the Coulomb interaction of the final
states. The amount of this deviation depends upon the
photon energy, or more properly from the relative velo-
cities of the two final nucleons and from the velocity of
the outgoing pion.

The value of this deviation has been theoretically
estimated many times but the results depend very much
upon the several possible assumptions and seem to be
rather vague and contradictory.

Considering the uncertainties of the evaluations mention-
ed above it was considered more correct and safe to
neglect completely at these energies any correction for the
influence of the final states.

We are supported in this attitude by the conclusions
of Baldin’s work '), (kindly communicated by Prof.
Veksler and by the author) which seems to be the most
detailed discussion on this matter. Fortunately at the
photon-energies considered here (from~ 170 up to
~ 230 Mev) the expected corrections are always less than
~ 109%;; while the experimental errors are of the same
magnitude or even larger. Further, the work of

* Frequently and more properly the 4 sign instead of being applied to R is displaced to V, but for what follows, it was found
more convenient to apply the sign to the scalar part R because it is directly correlated with the pion-sign.
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Adamovich and others!?), shows directly that within our
limits of error significant deviations from the scheme of
free-nucleons are not expected for photon energies >
170 Mev.

Consequently the product ot X (=~/=*) is supposed to
be a fairly good value of o™, i.e. of the cross-section of the
reaction (8) v+ n—n"+ p. The values of o for
several energy intervals have been evaluated and the
corresponding a- coefficients have been estimated as in
the case of the a*s, but of course with appreciable errors.
For instance averaging in the energy interval 180-220 Mev
one finds

a,;"/a;t = 2.1 £ 02 a/a*, =09 +04

and for a—, the following values

Ey 170-190 200-220

a,” 2.12 £ 0.12 1.76 4 0.10

In the same energy interval, i.e. around 200 Mev one
finds

R = 1(S—S%) ~ (0.340.1) x 10-** and
W6 (S +5Y) =+/vo V = (4.21 + 0.18) x 107%°

Now as a direct consequence of the Kroll and Ruderman
theorem 18 it is found that ar the threshold, p in (7) has
to be of an order in (w/M) smaller than R. If one con-
siders this fact as a good argument for supporting the
assumption that near the threshold p is always much
smaller than R and practically (within our limits of error)
negligible, then

8os ~1/ve V ~ constant = (4.21 +0.18) x 102,

It is worth mentioning that this has been found to be
correct within the limits of error, also considering
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Fig. 2. Plot of the coefficient a, (see text) showing in which
error limits it has to be considered constant with respect to the
photon-energy.

separately the several energy intervals of Tables I and
I1I.

Simultaneously the value of R at the threshold (o = 1,
v = v, = 0.935) would turn out to be

Rw=1)=V(o=1-42,~07+02 (10

In (10) the value of a, is the extrapolated value
a, = (14.8 + .02) X 10730 ¥*

As was seen in Table II the lowest energy reached in our
measurement is ~ 170 Mev. OGur measurements do not
exclude an increase of a, in the last 20 Mev over threshold.
However, the experiment performed by Leiss, Penner and
Robinson 1® in the energy interval 150-170 Mev gave a
value of a, at the threshold in excellent agreement with
the value mentioned above. The situation is well repre-
sented in fig. 2 where the results of the two experiments
are plotted. The straight line corresponds to the least
square-fit of the data of Table IT only. Hence at present *
it seems quite reasonable to consider (and certainly within
the limits of error) a, = 14.8 x 10-3° over the entire range
between the threshold and 250 Mev.

If this is correct, and actually p< R then the value of
R (o = 1) with respect to the average value of R found
for Ey ~200 Mev seems to deviate from the expected
energy dependence.

With a slightly different approach one may reach some
more definite conclusion in the same direction. The
assumptions, certainly correct within the limits of error
are :

i) Kt K- butstill | K- *< |a," | and then
i) —a," ~ag™ ~ ag” ~-a,”

This is equivalent to including any nucleon recoil effect
of the p-wave in its flipping part. Hence from (5) inde-
pendently of any structure of S and considering only the
a-coefficients corresponding to the hydrogen experiment
one has:

R =3/ [ Vi-awf - VI8, | (D

where r = a,/a,* i.e. the ratio o=(0)/c*(6) at 90° c.m.
In Table IV are listed some values of R corresponding to
four different energies.

From (11), R turns out to be a definitely decreasing
function of the energy because experimentally 1 is just
decreasing while ao, is increasing. It should be noted
that this conclusion is based on two experimental results,
i.e. the constancy of a,, and the behaviour of o-/o" at
90° where better data are available, and where Cal Tech
results are in good agreement with ours.

* One may consider the Leiss, Penner and Robinson experiment to be somewhat indirect. In fig. 2 are also plotted the expected
energy dependence of a, for the extreme values of the ==/r+ ratio at the threshold. See later.

**% NOTE ADDED IN PROOF. In this extrapolation the influence of the direct interaction term at low energies has not been taken into

account. In accordance with Chew and Low [Phys. Rev. 101, 1579 (1956)] this term introduces a minimum at 10-15 Mev

above the threshold in the square of the matrix element.
experimental results is 2 ~ 0.073.

With this term the value of the coupling constant needed to fit the
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On the other hand

V = (2os/V/v0) + p = (1/20/2) {\/T = aop/ag + /T —aop/ag }
(12)

At present the accuracy in the measurements of a,, a,
and r consents only a very crude treatment of the data.
Accordingly, we assume consistently with the constancy

of \/TEV that ¢ is negligible with respect to R. With
this approximation the o/c* ratio at 90° c.m. can be
expressed as follows :

r= (1/ag) [Va/ve (1 + 4/1) =2, + ax—as/a,  (13)
where r, is the value of 6=/o* at threshold.

This formula is merely an empirical formula from which
the influence of the pure P-wave term a, is properly sub-
tracted. No particular assumptions are given as to the
dependence of r or R on o except the oversimplifica-
tions indicated previously. The purpose of using (13)
is merely to find the upper energy limits for which the data
can be used for the evaluation of R(w = 1). In this sense,
a first check of (13) is to find out up to what energy it gives,

within the limits of error, a constant value of ro. The r
TABLE 1V
(Units 107*° cm.)
E (Meyv, lab.) R A% gOS/\/—vZ)
170 46412 | 4.07+.15 | 4.104-.15
185 .394+.06 | 3.864-.14 | 3.824-.14
205 16-+£.06 | 3.464-.19 | 3.514-.19
225 14+£.06 | 3.31+£.23 | 3.254.23
TABLE V
Ey 170 185 205 225
(Mev,lab.)
r 1.50+.15 | 1.41+.07 | 1.154-.06 | 1.124-.06
Iy 1.824.22 | 1.93+.22 | 1.784-.33 | 2.004-.47

values obtained by the deuterium experiment * are given
in Table V together with the corresponding values of r,.

From this Table one has r, = 1.87 + .13.

Knowing r, one is able to estimate R and g,s. With

ro = 1.87 + .13 'we find

R(o = 1) = 3 v/aow (v/1,~1) = (.68 + .09) x 10-15 cm.
Zos = ¥/ aow (/1o + 1) = (4.394-.09) x 1015 cm.

In Table IV, column 4, are given the values of V obtained
directly from the g,s calculated above. It is seen that
the V values of the third and fourth columns are practi-
cally coincident. This means that within the limits of
error p is negligible. This means also that the curious
energy dependence indicated by (11) is explained not by
o but by the neglected higher order terms of R.

From the above value of g.s the interaction constant
in the (PS, PV) coupling turns out to be

f2 = g2(u/2M)? = .067 + .003

where g, is the renormalized PSPS interaction constant.

The net result of the preceding analysis is merely the
following : the observed angular distributions for photo-
pions produced by protons can be explained by the use of
an appropriate value of ro. This value was not picked up
ad hoc but is the result of measurements on deuterium at
energies where the influence of binding and Coulomb forces
is supposed to be within the limits of the experimental errors
small and properly estimated. Further, the extrapolation
to zero energy was based on the hydrogen experiment only.

This value of r, is very high. Particularly it is much
higher than that predicted by the perturbation theory.
However, a large value of r, has the great advantage of
making the analysis of the s-wave phase shifts more con-
sistent. In fact, one may apply again the Anderson-
Fermi argument. The difference lies now in the fact
that (as indicated by fig. 2) one may consider the extra-
polated value of (1/W) oy (py|n*) for n—0 which is
now quite well determined.

The most recent value of the s-wave phase shifts is

(g — ag) /1 = 0.27 + .03.

The value of the Panofsky branching ratio suggested

by recent experiments is **
— 0 2

i LTS

<p~|nY>?

The corresponding value of ry could be ry = 2.11 with
an estimated error of about 209,. It is then consistent
with the high value of r, previously mentioned.

* The values given here are averages in the intervals 170-190 Mev, 200-210 Mev, and 220-230 Mev.

** We took here the average of the following values :

95 + .20 Panofsky et al.
1.46 + .20 Cassels et al.
1.38 + .20 Merrison et al.
1.10 & .50 Lederman et al.
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It may be worthwhile to notice that independently of the
value of r,, whether large or not, the approximation
R = const.* seems to be almost excluded by the fact
that a, is constant up to 265 Mev. This is shown in fig. 2
where curve II represents the expected trend of a, when
it is assumed r, = 1.40, while curve I is calculated taking
r, = 2.00. Obviously, the introduction of p-wave recoils
does not change this conclusion because, as long as | K |2
is negligible or small, the p-wave included in a, is given
directly by a,.

Beside this point, one should admit that the quite large
value of o=/ct seems rather unusual. At present it seems
very difficult to find any plausible explanation of this
fact.

However, it may be pointed out that several determina-
tions of the interaction constant based on pion-nucleon
scattering systematically give a value of f2 around 0.08 or
larger. Instead, by using the value of r, required by the
perturbation theory, ie., r, = 1.35 the value of f* deter-
mined from the threshold cross-section of charged photo-
pions drops to the very low value f2 = 0.056 + 0.005.

LIST OF REFERENCES

1. Bernardini, G. and Goldwasser, E. L. Photoproduction of m+ mesons from hydrogen near threshold. Phys. Rev., 94, p. 729,

1954.

2. Beneventano, M. et al. Pisa International conference on elementary particles.

(in the press).

1955. Proceedings. In Nuov. Cim. Suppl.

3. Bernardini, G. Survey on photopion production by nucleons. See p. 251.
4. Steinberger, J. and Bishop, A. S. The production of positive mesons by photons. Phys. Rev., 86, p. 171-9, 1952.
5. White, R. S., Jacobson, M. J. and Schulz, A. G. The production of charged photomesons from deuterium and hydrogen.

Phys. Rev., 88, p. 836-50, 1952.

6. Jarmie, N., Repp, G. W. and White, R. S. Positive photomesons from hydrogen at 0°. Phys. Rev., 91, p. 1023-4, 1953.
7. Walker, R. L., Teasdale, J. G., Peterson, V. Z. and Vette, J. I.  Photoproduction of positive pions in hydrogen-magnetic spectro-

meter method. Phys. Rev., 99, p. 210-9, 1955.

8. Tollestrup, A. V., Keck, J. C. and Worlock, R. M. Photoproduction of positive pions in hydrogen-counter telescope method-

Phys. Rev., 99, p. 220-8, 1955.

9. Jenkins, T. L., Luckey, D., Palfrey, T. R. and Wilson, R. R. Photoproduction of charged pi mesons from hydrogen and deu-

terium. Phys. Rev., 95, p. 179-84, 1954.

10. Feld, B. T. et al. Photomeson production in carbon and hydrogen. Phys. Rev., 85, p. 680-1, 1952.
11. Janes, G. S. and Kraushaar, W. L. Photoproduction of w+ mesons from hydrogen and carbon. Phys. Rev., 93, p. 900-1, 1954.
12. Bernardini, G. and Goldwasser, E. L. Photopion S wave near threshold and the pion nucleon couplying constant. Phys. Rev.,

95, p. 857-8, 1954.

13. Leiss, J. E. and Robinson, C. S. Photoproduction of =+ mesons from hydrogen. Phys. Rev., 95, p. 638, 1954.
14. Leiss, J. E., Robinson, C. S. and Penner, S. Photoproduction of m+ mesons from hydrogen near threshold. Phys. Rev., 98,

p. 201-2, 1955.

15. Penner, S. and Robinson, C. S. Photoproduction of m+ mesons from hydrogen and deuterium near threshold. Bull. Amer.

phys. Soc., 1, p. 173, 1956.

16. Baldin, A. M. Physical Institute. USSR Academy of Sciences. Thesis : 1953.
17. Adamovich, M. L et al. Photoproduction of negative 7 mesons on deuterium. See p. 265.

18. Kroll, N. M. and Ruderman, M. A. A theorem on photomeson production near threshold and the suppression of pairs in
pseudoscalar meson theory. Phys. Rev., 93, p. 233-8, 1954.

DISCUSSION

V. I Veksler : 1In this report there are no remarks about
taking into account nuclear interaction of the nucleons
in the final state, but this interaction, as was pointed out
by our investigation concerning the photodisintegration
of deuteron, is very important.

M. Beneventano : In the hypothesis of “impulse approxi-
mation” the =—/=* ratio on D, is :

= J{|K P+ |L P )L Nydv +..

[ | KPP+ | L P L Nydv +..

* Such an assumption was also followed recently by Klein.

where N, is the differential spectrum of the vy-rays,
| K| and | L |? are the contributions of the spin-flipping
and not spin-flipping part of the interaction and I, is the
same integral quoted by M. Lax and H. Feshbach. The
pure nuclear interaction contributes with the same factor
in the numerator and denominator.

The Coulomb interaction is present only in the numerator
and has been roughly evaluated. In the energy region of
our experiment, this contribution seems to be not more
than 7% with a sign which was not well known. Now
this sign seems to be well established by A. M. Baldin.



