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Low-Energy Neutral Pion Photoproduction in H, and He
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(Received July 11, 1960)

The results of an experiment on the photoproduction of neutral pions from H2 and He in the very low-
energy region are compared with the dispersion relation calculations of Chew, Goldberger, Low, and Nambu
(C.G.L.N.). For H2 agreement was found for incident 7-ray energies above 155 Mev for E+—+0.065 and
disagreement below for all constant values of E+. The He results give support to the C.G.L.N. eRective-
range formulas for the small p-v ave phase shifts.

INTRODUCTION largest contributions to the F"' amplitude. The experi-
ments consisted in measuring excitation curves for the
processes

'HE Chew-Goldberger-Low-Nambu (C.G.L.N. )
dispersion relation calculations on photoproduc-

tion of pions have generally been in agreement with ex-
Periment. ' The Presence of the large (ss, ss) and direct
interaction terms, however, have made it rather difficult
to check the smaller terms which appear in the 8&')

amplitude. An experiment which has had some bearing
on those terms, is the angular and energy dependence
of the s /s.+ ratio from deuterium. These depend quite
critically on the 5")amplitude. There is some ambiguity
in the comparison, but the agreement is not very good. '
These small terms couM also possibly be the source of
the deviations which seem to exist in the comparison
with the experimental c.m. 90' diGerential cross sections
of positive pion photoproduction, ' even when the real
electric dipole term Ã( ' is properly evaluated. 4

In this paper the C.G.L.N. formulas are used as they
stand. Now it seems more and more evident that these
formulas should be modified to take into account the
high-energy contribution within the dispersive integrals
by using subtracted dispersion relations. Also the
C.G.L.N. formulas do not coritain the e6ect of the pion-
pion interaction which could be important and might
affect the F(" amplitude at all energies. Obviously, the
addition of the mentioned terms does not change the
main features of the C.G.L.N. predictions, but would
only improve the detailed understanding of photo-
mesonic processes. A possible experimental determi-
nation of these terms could give some important
theoretical indications.

The experiments discussed in this paper have been
analyzed with the aim of getting some information on
the S-wave term in the amplitude for the photoproduc-
tion of neutral pions in hydrogen. In the C.G.L.N.
framework, such a term at low energies gives one of the

y+p —+ s'+p,
y+He —+ s'+He, (2)

by a y —y coincidence method, and using the threshold
determination of the process

y+p —+ s.++a,
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as an x-ray beam energy calibration. The comparison
between processes (1) and (2) presents some interesting
features, mainly because of the absence in process (2) of
any contribution from S-wave pion production. In fact
such a transition is always associated with a spin Rip of
the parent nucleon. Such a spin Qip would break the
original He nucleus leading to an inelastic process. When
the incident x-ray energy is less than 160 Mev, all
neutral. pions produced from He must be elastically
produced as there is not enough energy to both break up
the o. particle and produce a neutral pion. The data
below reported refer to an x-ray energy interval from
threshold to 1.70 Mev.

In this same energy region, the angular distribution
of x"s from H2 deduced by the C.G.L.X. theoretical
formulas is quite sensitive to the unknown real electrical
dipole term E~+' and also depends on the choice of the
small p-wave scattering phase shifts. This could be a
serious difficulty because the actual experimental knowl-
edge of the small p-wave scattering phase shifts is quite
confused and, in practice, one then has several more
adjustable parameters besides the pion nucleon coupling
constant. Fortunately in the energy region of this ex-
periment, the largest terms for process (1) contain the
small p-wave phase shifts in the same combination as
that which appears in the terms for process (2), in which
Ã&+) does not appear. So, if the n33 phase shift is experi-
mentally known for c.m. pion momenta 0~&q&~0.55, it
is possible to derive from process (2) information on the
small p-wave phase shifts, reducing the unknowns for
the discussion of process (1). The term X&+' whose
evaluation seems to be quite troublesome still remains
unknown. The absolute value and energy dependence of
this term will be discussed on the basis of the experi-
mental results below reported.

1468



NEUTRAL PION PHOTOPRODUCTION IN H2 AND He 1469

A further result of the experiment is a measurement
of the neutral pion mass produced in processes (1) and
(2). Jn both cases the result is in agreement with the
measurements done by using the zero kinetic energy
charge exchange scattering of negative pions on protons.
This adds some evidence against the existence of
Baldin's +0' meson. '

Luckey et a/. ' have recently published the angular
distribution for process (1) at y-ray energies of 170 5~lev

and 190 Mev. The comparison with the C.G.I.N.
formulas shows good agreement if Ã(+'=0.04 is as-
sumed. Another measurement of the angular distribu-
tion for E~= 160 Mev and above has been published by
Vasilkov et a/'. ' An angular distribution as a function of
the energy is contained in a thesis by Modesitt. '

The total cross section for process (1) for energies
larger than 150 Mev is given by Koester and Mills and
also by Vasilkov et al."

~' Experiments

The counters for the w' experiments from hydrogen
and helium, consisted of two total absorption lead glass
Cerenkov counters which were used in coincidence to
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1. EXPERIMENTAL APPARATUS AND RESULTS

The experiments have been performed using the x-ray
beam of the 300-Mev betatron of the University of
Illinois. The appendix or liquid hydrogen container used
was cylindricaj in shape, and coaxial with the beam. The
length of the cylinder was 11.4 cm and its diameter mas
10.2 cm. The beam djameter at the position of the target
was 5 cm. The entrance and exit windows were made of
5 mil thick Mylar to reduce background. The walls of
the cylinder were made of 3 mil copper.

detect the two y rays from the decay of the m' meson.
As shown in Fig. 1 each of these Cerenkov counters was
placed at 90' to the x-ray beam and were 180' apart.
This arrangement has a definite advantage as a thresh-
old detector since the probability of the two decay
photons going into the two Cerenkov counters is the
largest for a m' at rest, and decreases rapidly at higher
energies. The cylindrical lead glass blocks had diameters
of 12 radiation lengths and thicknesses of 15 radiation
lengths. Heavy lead collimators were placed in the front
of the lead glass to reduce the entrance diameter to
prevent the escape of the shower. Before the experi-
ment, the counters were calibrated using monoenergetic
electrons of energies from 70 to 120 Mev, produced in a
lead target and magnetically analyzed. The full width
at half maximum of the pulse-height distributions in the
Cerenkov counters was about 60'%%uo at the lowest energy,
and the positions of the peaks of the distributions mere
linear mith the energy. The distance of the front of the
Cerenkov counters from the center of the appendix was
14 in. The lead glass was viewed from the rear by
twelve 6342 RCA phototubes. The summed outputs in
each of these counters were amplified, limited, and put
into coincidence with a resolving time 2r of 1.4)&10 '
sec. Before being limited, these pulses were split, with
one part going to the limiter and the other part to a
discriminator and then to a sealer. In this way the singles
counting rate was monitored in each of the counters to
insure against drift. Every hour during the cooling
break of the betatron, a pulser was connected at the
position of the Cerenkov counters and the pulse heights
at the input of the limiters checked to guard against
drifts in the gains of the distributed amplifiers. Every
several days a pulsed light source was attached to the
front of each of the Cerenkov counters to equalize the
outputs of the phototubes and standardize them. The
gains of the amplifiers were such that pulses corre-
sponding to 25 Mev photons were limited to insure
against losses in the counting rate due to the Doppler
shifting in the y-ray energy from the x' decay toward
lower energies.

The coincidence counting rate was observed as a
function of the maximum energy of the bremsstrahlung
for energies below the threshold to 170 Mev. The maxi-
mum energy of the betatron was moved in steps of 2.5
Mev up to 160 Mev, and then in 5 Mev steps to 170
Mev. The resulting curve of the counting rate vs the
maximum energy of the betatron is called a yield curve.
Runs were taken with the appendix empty and also by
delaying one of the inputs by 32 nanoseconds to deter-

'mine the accidental rate at all energies of the betatron.
The singles counting rates were only slightly dependent
on the energy setting of the betatron and hence the
accidental rate mas also about independent of the
energy. The accidental rate and the empty target rate
were equal within statistics. The subtraction of the
background was performed by taking as background the
average rate of the accidentals at the various betatron
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FIG. 2. Experimental yield from the process y+p —+ xo+p. FxG. 3. Experimental yield from the process p+He' —+ m'+He'.

energies. The real counting rate was very small when the
x-ray maximum energy was very close to threshold, so
that in order to prevent pickup from simulating good
events, both of the pulses which formed the coincidence
were also displayed on a 517 A Tektronix oscilloscope
and photographed.

The eSciency for the detection of y —y coincidences
in the sketched experimental situation depends on the
kinetic energy and laboratory angle of emission of the
w'. Such efficiency depends also strongly on the exten-
sion of the source and of the detectors. The yield of
double coincidences at each betatron energy is pro-
portional to the integral of the cross section from thresh-
old to E, properly weighted by the bremsstrahlung
spectrum and the detection e%ciency function. In Fig. 2
is shown the graph of the experimental yields as a
function of the maximum x-ray energy for process (1).
In Fig. 3 is shown the experimental yield curve obtained
with the appendix filled with liquid He.

~+ Experiment

The same target was used in the ~+ from H2 experi-
ment as in the x' experiments. The counters were
changed, however, to detect the decay positron of the
p+ meson resulting from the decay of the ~+ meson. At
low x-ray energies where the data have been collected,
most of the x+'s created also stop in the large liquid

hydrogen target. The p+'s also remain within the target.
Thus, by counting electrons in the backward direction
to the x-ray beam, the total cross section for m+ photo-
production can be measured with very little contribu-
tion from electron positron pair production. In any
case, this background can be subtracted out by running
at energies below the threshold. The method is the same
as the one used by Penner et a/. "in a similar experiment.

The decay positron counter consisted of a two counter
telescope whose counters are called A and 8 (Fig. 4).
Counter 8 was a Cerenkov counter which consisted of
a Lucite cylinder 12.5-cm diameter and 12.5 cm long,
viewed by a single 5 in. photomultiplier RCA 7046.
Two different counters 3 and A' were used in diferent
runs. One was a liquid scintillator cell 7.5 cm in diameter
and 5 cm thick. The other was a 5 cm thick block of
Lucite viewed on the edge by a single RCA 6810A
phototube. In two runs, the coincidence rate between
A and 8 were counted as a function of the maximum
betatron energy. The singles rate of 8 was found to be a
strong function of the x-ray maximum energy so that
these data were also taken into consideration. All the
data were collected with the telescope set at an angle of
100' with respect to the x-ray beam. In Fig. 5 is shown
a typical curve of the counting rate per —', standard
monitors as a function of the nominal maximum energy

"S. Penner, thesis, University of Illinois, 1956 (unpublished).
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peaked at 90' in the laboratory system. Thus

Y,(E„)=E,(E,)

XJ C(E,')FH. (F,')F,'(E,') y(E, ')dE, ',
&7th

Fne(Ep)=
I' F„.(Ep 8 ~') sll18 ~od8
0

FH, is shown in Fig. 9.
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e

0

W =13Ii Mev

3. m+ DETECTION EFFICIENCY CALCULATION

The method used for studying process (3) was to de-
tect the electron decay of the decay chain m+ —+ p+ —+ e+.
The detected fraction of the pions created by x-rays of
fixed energy E~ depends on the emission laboratory x+
angle 8 +. The excitation function for positron detection
1s dO+'
V, (E,)=E, (E,) F,(E,',8*:)

0 ~vthd"

X p(E&')dE~' sin8' +d8' +,

.01
00'
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I'IG. 9. The function FH, as a function of I ~.

Line .03 should read @so=135 Mev.
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where I'+(E„',8* +) represents the efficiency for the de-
tection of a positron when the m+ is created at a c,m,
angle 0* + by an x-ray of energy E~' From threshold to
170 Mev, the c.m. angular distribution can be repre-
sented by

do~/dQ*= W(ao+ai cos8* ++a2 cos'8* +),

where 8' is the phase space, 8* + is the c.m. emission
angle of the m.+ and ap, u~, and a2 are functions of E~'
Thus

g~

I'+(Ev) =EH''(E„) ~ FoaoWydE&~'
&qth

where

FgagWydE„'+
J xvth

F2u28'q dE~',

.01
j f1'

Fo ———
~ F+(E,',8*.+) sin8* +d8*.+,

2' p

0
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p1l

F,=— F+(E',8* +) sin8* + cos8* +d8* +,
7i p

Fxo. 8. The efficiency functions Fz, I'&, Fz as a function of the
y-ray energy. @so=135 Mev has been assumed. Only for F& is
shown the curve obtained by assuming Nip=136 Mev.

f 1P

F2= ~ F+(E„',8*+) sm8*+cos'8* 'd8* '
2m „p
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One then has

1 t' Q(x', y', s')
F+(R,g ) = ~—P„(r,g +,R,x,a) dx'dy'ds',

X-&Ay BEA/1

FIG, 10. Target geometry.

where x', y', s' are the coordinates of the end point of the
u+. Finally using the kinematics for process (3) one can
transform F+(R,g +) into F~(E~,8* +).

In Fig. 11 are plotted three functions proportional to
It p, F~, F2 computed by using the values of ap, a~, and a2
published in reference 3. In the calculation, the 3-mil
Cu longitudinal walls of the target have been trans-
formed in an equivalent liquid H& thickness.

If m+'s are uniformly produced in the region of the
intersection of the x-ray beam with the hydrogen target
(Fig. 10), a pion of range R produced from a point a
distance r from the axis of the beam, a distance x along
the axis, and at an angle 0 + with respect to the beam,
has a probability of staying within the hydrogen target
of P (r,R,8 +,x). By symmetry

P (r,R,8 +,x) =P (r,R sing +)P (x,R cosg +),

where

P.(r,R sing +)

if R sin0„+ ~( Rp —r,

=' 1 (R'sin'8 ++r' —R(P)- cos if R sing +)Ro—r,
2rR sing. .

4. ANALYSIS OF THE DATA

(a) Absolute energy calibratiom of the x ray beam-
If one assumes that there exists an energy shift be-

tween the nominal maximum energy E~ of the brems-
strahlung spectrum and its absolute value E~' ', one can
write

~+ (Ev)
Z(E,) = =nF(E, ' '),

K'H2 (E,)

and

P (r,Rcosg +)

1 for —l/2 —R cosg +&~x&~l/2
cosO~+ (0)0 outside

1 for —l/2 & x & l/2 Rcosg..—
cos0„+&0.

0 outside

The probability that the decay muon which has a range
a= 9 cm in H2 remains within the target can be written
in the form

P„(r,R 8 +,x,a) =P„(a,r,R sing +)P„(a,x,R cosg +),

where

P„(a,r,R sing +)

and

P (r+a sing', R sing +) sing'dg'dy',
4x ~

Pp(a, x)R cosg~+)

1
fP (x+a cosg', R cos8 +) sing'dg'dq'.

150 $70
gEV Eg

FIG. 11. The functions Fp, F1, F2 as a function of E~.
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where Z(E~) is the observed yield (corrected for the
monitor) at the nominal maximum x-ray energy E„and
F(E„&~&) is the theoretical yield function calculated on
the basis of the previous considerations at an absolute
x-ray energy E~' ' =E~+e; n represents a normalization
constant. In order to evaluate the function Ii an
hypothesis is needed at least on the energy dependence,
of the three coefficients ao, a~, a2 of the angular distribu-
tion of process (3). Because of the predominance, in our
energy region, of the large 5-wave term, the energy
dependence of F is not strongly affected by the choice
of ai and a2. So the values of ai and a2 reported in (3)
have been chosen. For ao we chose two cases:

Case I.
ao ——const. according to (3).

Case II.
const

according to the dispersion relations calculation as
quoted by Cini et al."In order to determine the absolute
energy calibration of the x-ray beam, one has to evaluate
the energy shift e necessary to match the experimental
values of Z(E~) with the evaluated F(E7&'i). If one
presumes to know the last function, then by assuming
the energy shift to be small, one can write

Z(E~) = nF (E,)+no(8F/8E, )x„
and by a least squares fit, deduce the value of e. This
procedure is justi6ed, from one side by having an
estimate of the shift by a calibration based on a betatron
magnetic field calibration, from another side by a check
a posteriori.

By following such a procedure it was found that

e= (—1.38&0.17) Mev for case 1,

e= (—1.63+0.17) Mev for case 2.

These two values are equal within the errors. Thus by
this comparison, one cannot decide between the two
cases. The decision would have been possible if the con-
stant n was known, i.e., if we could reliably evaluate the
absolute ef6ciency of our detection system.

(b) ir"s from He

Up to energies of 160 Mev, the photoproduction of
neutral pions from He is elastic. Because the total
angular momentum of the o. particle is zero, the matrix
element for the process will not be dependent on the
Pauli spin operator and its general form will be

T= (kXe) qf(k, cos8* o),

where f is an unknown function of k and 8 0*. The

'2 M. Cini, R. Gatto, E. L. Goldwasser, and M. Rudermann,
Nuovo cimento 10, 243 (1958).

angular distribution will be, in general, proportional to

sin'8*~o
~ f(k, cos8*~o)

~

'

corresponding to the fact that the m' must be in a, p state
so that the cross section must be proportional to
q' sin'8* 0. To make explicit the function f(k, cos8* 0),

use can be made of the impulse approximation in order
to use the production amplitude on single nucleons.
Under this hypothesis,

where
~
i) and

~ f) are the initial and final wave functions
of the n particle. In general,

T;=e@"-&&'iL(k ir,+L)+(M s,+&V)r,'j
while for the specific case of the process under con-
sideration because the o, particle has T=O, J=O

T= 4LF„(q'),

where F(q') is the He charge form factor (q is the 3-
dimensional momentum transfer to the n particle).

The dispersion relations calculation gives

L= (kX e) q(Xh&++'+ (4/9) ie' "sinn33F ~j.
So that the differential cross section, by assuming
f'=0.88 turns out as

da/dan*=45. 6X10 30(uii+2&i3

+Gai+4833) kq Slil 8 ~OFp (q ),

where a2~, 2J represent the scattering lengths for the
corresponding phase shif ts.

~' Mass from He

To obtain the mass of the m' from He a theoretical
yield curve was calculated. The threshold of the ex-
perimental yield curve was obtained from the energy
dependence of the theoretical yield curve. Since F„'(q')
is a slow function of E~, in our energy region, the
cross section was written as

do/dQ*~Akq' sin'8" 0 with A constant.

A yield curve was obtained by multiplying do/dQ* by
Fn, (E~') and integrating over the bremsstrahlung spec-
trum. If this curve is plotted on log-log paper it is found
to be a straight line from threshold to 150 Mev.

From the slope, it is determined that

I'H. (E,—E,ti,)"'.
After substracting the background, the 1/2. 22 power of
the experimental points was plotted against E~. These
experimental points also lie in a straight line for energies
under 150 Mev. The extrapolation of the experimental
points to zero yield gives the threshold value of the
reaction. Using the 7l-+ experiment as an energy calibra-
tion of the betatron gives as the value of the mass of the
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FIG. 12. Threshold determination for process y+He4 —+ ql- +He'.

~' meson from He 136&1 Mev. Figure 12 shows the
1/2. 22 power of the experimental yield points and also
of the theoretical yield curve normalized to fit the ex-
perimental points under 150 Mev. This curve also seems
to fit the points at higher energies. The mass value ob-
tained is in agreement with the value obtained in the
zero kinetic energy m= charge exchange process. This
result adds some evidence against the Baldin's proposal
of the existence of the xp" meson. "Such a proposal was
advanced two years ago in order to remove an incon-
sistency which seemed to exist in the comparison, by
means of the Panofsky ratio, between the experimental
data on low-energy charged meson photoproduction and
the measured s-wave scattering phase shifts. According
to Baldin, the known neutral meson with mass mp= 135
5&iev was a pion (mo') with total isotopic spin T=O.
Furthermore, he proposed that the ordinary neutral
pion (m') with T= 1 and T3——0 had a mass close to that
of the charged pion, namely, mp'~no+ ——139.7 3/lev.

Small P-Wave Scattering Lengths

The normalization of the theoretical yield curve for
He with the experimental results gives for the constant A

A= (5.2&0.02) &(10 "cm'

For the low-energy points from which the constant 2
was determined F,'(q')~0. 6. Taking a3&

——0.217, which
is consistent with f'= 0.088 and in good agreement with
recent experimental results, "one gets

axs+2ai3+a3i= —0 433.
' N. Booth, 0. Chamberlain, and E. Rogers, Bull. Am. Phys.

Soc. 4, 446 (1959).
'4 S.W. Barnes, B.Rose, G. Giacomelli, J.Ring, K. Miyake, and

K. Kinsey, Phys. Rev. 11?, 226 (1960); J. E. Fisher and E. W.
Jenkins, Phys. Rev. 116, 749 (1959).

According to the eRective range formulas for the small

p-wave phase shifts given by C.G.L.N. this sum turns
out equal to —0.309. So the experimental result seems

to suggest at least qualitatively, the validity of the
scattering lengths predicted by the C.G.I-.N. eRective-

range formulas. This conclusion seems quite surprising
because by using the C.G.I .X. eRective-range formulas
to evaluate the small p-wave phase shifts in the high-

energy region where they are experimentally known

(although with large errors), the predictions are in com-

plete disagreement with experiment, except for the n3]

phase shift. For example the n~~ phase shift is predicted
with an opposite sign. If use is made of the high-energy
experimental points to extrapolate to low energy by
means of eRective-range formulas one gets

a&g+2ag3+aag 0.010.

Recently, however, Bowcock, Cottingham, and I urieI5

have calculated the eRect of the inclusion of a x—x
interaction term in the calculation of the scattering
lengths. The added term due to the x—x interaction
does not change substantially the scattering lengths
predicted by the effective range formulas (it turns out
a»+2a»+a» —0.264) but its energy dependence
seems to show that it might change substantially the

energy dependence of the predicted phase shifts so as to
bring good agreement with the experimental data.

(c) 7r"s from Hydrogeri,

According to the dispersion relation calculat. ion of
Chew et al. , the c.m. differential cross section for the
photoproduction of neutral pions from H2 can be ex-

pressed as

da/dQ*= A+8 cosg* 0+C cos'8* 0.

The coefFicients of the angular distribution can be
expressed as

e2f2 q
-(( Z, ('+A»),

mp' k

to2 2
g8= —L2kq Re(L~)*E)],

fop k

"f'q
C= —( ~

E('k'q' —Ao„),
ssp k

where q is the c.m. pion momentum, k the c.m. photon
energy (both in units p), and 8* is the c.m. pion angle
from the x-ray direction. E~ is the s-wave amplitude,
E the spin-flip P-wave amplitude, and Ao~ is the contri-
bution to the cross section of the no-spin-flip p wave. In
the square of the complete amplitude given by Chew

et al. also appears a D cos'0* term, which at the energies

of this experiment is always negligible. Besides this

15 J.Bowcock, W. N. Cottingham, and D. Lurie, preprint (to be
published).
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In the evaluation of the theoretical yield curves, we
always assumed n& —n3= 0.27'."In the erst calculation
performed, we chose f'=0.080, nq~ ——0 235'' according
to the Orear fit, iV+=0 and e~~=o.~~

——n3~
——0. In the

graphs which follow the experimental points have been
shifted according to the value of e deduced from the
6tting of the x+ yield curve. The comparison shows that
at all energies there are deviations of the calculated
yield from the experimental one. At energies above 155
Mev, agreement can be achieved if we choose S+ R
= (g„+g„)/2M. With this iV+, the experimental yield at
low energies is higher than the theoretical one. However
if 3T+=R, it must be clearly stated that the asymmetry
part of the angular distribution 8, goes almost to zero,
which is in contradiction with experiments which have
measured the angular distribution. ' "

If iV+= —E the values of 8 is about double that of the
case of %+=0. Furthermore the theoretical yield curve
while in a bit better agreement with the very low-energy
points is badly in disagreement with the higher energy
measurements. We thus feel that a positive value for X+
is most probable. Figures 13 and 14 show the angular
distributions and the yield curves for X+= —R, 0, +R.

Since none of these yield curves fit the data, the next
thing that was tried was to determine the effect of the
small p-wave phase shifts. The value of these phase
shifts was calculated in two diGerent ways. The first was
to extrapolate the experimental values' of these phase
shifts around q=2 to low energies by means of an
effective range type formula. This gave values near

"J.Orear, Nuovo cimento 4, 856 (1956).' B. Pontecorvo, Ninth International Conference on High-
Energy Physics, Kier, 1959 (unpublished).

threshold of n»=+0.055'', n3~ ———0.45'', n» ——0. The
effect of introducing these phase shifts into the formulas
hardly changed 2, 8, and C. Thus also the change in the
theoretical yield curve was very small. Figure 15 shows
this yield curve for Ã&+~ =0.

The second method of evaluating the p-wave phase
shifts was to use, coherently with the He results, the
effective-range formulas of Chew et al. In this case we
used a somewhat different value of n33 and f' From the.
Q33 eGective-range plot including new data, " we de-
termined f'=0.088 and co2 ——2.17. At low energies this
combination leads to o.33

——0.217' . Using the relativistic
corrections to the effective range formulas, e~~, o.~3, and
n3~ were evaluated as functions of q. In the range of
0&~ q&&0.55, these phase shifts cannot be expressed in
the manner eyq=az qq' with az J constant. Instead the
actual calculated value of the phase shift was used. The
striking part of these calculated small p-wave phase
shifts is the large negative value predicted for n». Very
close to threshoM, the value of a» determined by
dividing n~~ by q is —0.167 which is 77% of u3~. How-
ever, in the extrapolation to higher energies, the values
of n~~ are in disagreement, both in sign and in magni-
tude, with the experimental scattering data. Introducing
these phase shifts into the formulas radically changed
the angular distribution, Fig. 16, making C positive
instead of negative. The e6ect on the theoretical yield
curve at the angle of the experiment was reasonably
small and again there was agreement with the four
higher energy points for E+=E.and disagreement with
the four lower energy points, Fig. 17.

The agreement in shape of the He experiment with
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FIG. 15. Comparison
of the hydrogen experi-
mental yield with the
curve evaluated by ex-
trapolating to threshold
the experimental values
of the small p-wave
phase shifts.
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the theoretical yield curve predicted for it, leads us to
conclusion that the difhculty in H2 was either in the
5-wave charge exchange scattering term or in the recoil
terms, both of which are lacking in x"s from He but
present in m"s from H2.

In conclusion below 155 Mev there is no agreement
with the C.G.I .N. formulas when E+ is assumed con-
stant. This could be ascribed to the fact that the
theoretical calculation does not take into account m.+—~'
mass difference while the energy interval where the
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disagreement exists is just the one between the thresh-
olds of charged and neutral processes. For instance,
below the m+ threshold which is at 8~=151.2 Mev, the
S-wave term corresponding to the production of a x+
meson with a subsequent charge exchange scattering,
must be equal to zero. Unfortunately this correction
(which is the only one we have been able to think of)
would make the disagreement between the theoretical
yield curve and experimental one even worse, since the
correction removes a contribution to the yield curve.

Assuming that the deviation was due to a term which
had to be added to the S wave, we took the difference
between the experimental and theoretical curve for
E+=E, and by using the S-wave efFiciency function Ii &,
we determined that the amplitude of the needed term
was probably of magnitude about equal to 0.2~3R near
the ~' threshold and fell rapidly to zero by the x+
threshold. This could be ascribed to Ã+ possibly being
energy dependent near threshold and the function
needed is the difference between E+ and R.

Another way of getting agreement is to add to the
amplitude 5&'& a term which decreases with energy.

The effect of the pion-pion interaction would appear
in the recoil amplitude. Cini and Munczek have
evaluated such a contribution by assuming the m

—x
system in a resonant state with T= 1, J= 1. This
contribution contains a parameter ) 0 which charac-
terizes the strength of the x —w interaction. The term is
similar to a direct interaction term and like the direct
interaction term contains all multipoles. It is interesting
to note that since this term appears in 8&'), it has a large
infiuence on the Ir /Ir+ ratio. At the angle at which our

z' experiment was performed, the yield curve is not very
sensitive to this term. In any case, the term has the
wrong energy dependence to cause the observed bump
in the experimental yield curve.

No conclusion can be drawn now about the contribu-
tion to the photomesonic processes of the x—x inter-
action term. This is so because there seems to be a
certain number of unknown parameters in the low-
energy region. One of these is S+ which though we have
not evaluated, we believe can be from the expression
given by C.G.I . N. at least by a numerical integration.
A second parameter is $I which may inhuence the angu-
lar distribution of m' from H2 also at low energies mainly
in the term 8 but also in all terms. Other parameters
might be the constants to be introduced to take into
account the high-energy contribution to the dispersive
integrals. These constants can be only determined by
the experiment. Not completely known is the combina-
tion of small p wave phase shifts which appear in h'++'.
This combination influences the angular distribution of
m"s from H2 mainly in the term C at low energies. How-
ever, the total cross section of elastic m' from He is very
sensitive to this combination so to allow its experimental
determination. This is true within the limits in which
the use of the impulse approximation for process (2) is
valid. Finally the eGect of the x+—z' mass difference
must be taken into account.

Since there are so many parameters, it is very dificult
to extract very much information from the present ex-
periment. The only conclusion is that the experimental
data are not fitted by the C.G.L.N. calculation as it
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stands. A new experiment which includes an angular
distribution using the two counters geometry would
probably supply some of the answers to the unknown
parameters especially if the value of S+ is evaluated as
a function of energy below and above the x+ threshold.

CONCLUSIONS

(1) From the comparison between the values for t;he

threshold for the photoproduction of positive pions
from H2 and neutral pions from He, the mass of the
neutral pion from He, comes out to be 136.1&1 Mev if
the mass of the positive pion is taken as 139.7 Mev.

(2) The experimental results on the photoproduction
of neutral pions from H2 are generally in accord with the
C.G.L.N. dispersion relations calculation above E~= 155
Mev especially for X+ positive and of magnitude about
equal to that of the S wave recoil term (g,+g„)/3II.

(3) Below E~=155 Mev there seems to be some
disagreement between the experimental results and our
use of the C.G.L.N. formulas. Such disagreement might

be due to any one or combinations of efI'ects such as an
energy-dependent E+ near threshold, the m —x inter-
action, or the x+—~' mass difference.

(4) Though the present H2 experiment is not very
sensitive to the values of the small p-wave phase shifts,
the angular distribution is affected greatly by their
choice, especially in the term C. The total cross section
of elastic x"s from He using an impulse approximation
calculation is very sensitive to the values of these phase
shifts. From the He results we obtain a~~+2a&3+a3q
= —0.433 with a rather small statistical error but with
an unknown systematic error. Such a value is in the
direction of the predictions given by the C.G.L.N.
effective-range formulas.

ACKNOWLEDGMENTS

We wish to thank Dr. W. John for his great help
during the experiment, Professor A. O. Hanson for his
advice and Professor M. Cini and Dr. H. Munczek-for
many useful discussions of the theoretical problems.


