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PRODUCTION OF NEUTRAL PHOTOPIONS 
AS A FUNCTION OF ATOMIC WEIGHT 

John David Anderson 

Radiation Laboratory 
University of California 

Berkeley, California 

May 28, 1956 

ABSTRACT 

The relative yield of neutral pions from various elements in the 

reaction (y, 1r
0

) has been determined as a function of the quantum-limit 

energy (the maximum energy of the quanta in the bremsstrahlung beam) 

of the Berkeley synchrotron. Single decay gammas from neutral pions 

were observed at 135° to the incident photon beam in the laboratory 

system. 

The yield of neutral pions is assumed proportional to A b, where 

b is determined from a least-squares fit to the data. Inte·rpreting the 

results in terms of an optical model without scattering corrections, one 

obtains the following values for the mean free path for absorption of the 

neutral pions in nuclear matter, 

k b A./ro T = k - m o c max 1Tmax max 1T 
(Mev) 

(Mev) 

340 ± 5 0.745 ± 0.012 1.75 ± 0.25 205 ± 5 

255 ± 5 0.756 ± 0.015 1.90 ± 0.30 120 ± 5 

205 ±4 0.720 ± 0.020 1.40 ± 0.30 70 ± 4 

177 ± 4 0.824 ± 0.030 3.4 + 1.0 42 ± 4 
- 0.7 

165 ± 3 0.872 ± 0.057 5.3 + 5.2 30 ± 3 
- 2.1 

where we have R, the radius of the nucleus given by 1/3 R = r 0A . 



I 
-4-

I. INTRODUCTION 

The existence of a neutral pion and its mean life were first inferred 

by Bjorklund, Crandall, Moyer, and York
1 

from observations of high

energy gamma rays coming from targets bombarded by 340 -Mev protons. 
. 2 

Steinberger, Panofsky, and Steller observed coincidences between 

decay gamma rays from photoproduced neutral pions, establishing the 

decay of the neutral pion into two gammas. Lindenfeld, Sachs, and 

Steinberger
3 

measured the branching ratio for neutral pion decay via 

the alternative mode of a single gamma plus an electron pair, and esti

mated that 1 A5o/o of all decays contain an electron pair. The ratio of 

neutral-pion photoproduction in D to that in H has been measured as a 

f t . f 1 d d. . ·1 2 4 • 5 •· 6 A h unc 1on o ang e an energy an 1s approx1mate y . . . not er 

confirmation of equal production from neutrons and protons is the ratio 

of photoproduction of neutral pions from helium. Goldwasser, Koester, 

and Mills 
7 

found the same production per nucleon from helium as from 

hydrogen and the same excitation function up to 200 Mev photon energy. 

Many other experimenters have contributed to the knowledge of the phys

ical properties of pions, such as charge, mass, spin, intrinsic parity, 

lifetimes, and various decay mc;>des. 

Photopion production in complex nuclei is usually interpreted by 

using the optical model. 
8 

On this model the nucleus is regarded as a 

sphere possessing a reflective index and an attenuation constant. The 

attenuation constant is expressed in terms of X., the mean free path for 

absorption of pions in nuclear matter. The value of A. measured by 

Tenney and Tinlot 9 from scattering pions on complex nuclei has a strong 

energy dependence varying from 12r 
0 

at 20 Mev to 3r 
0 

at 70 Mev. This 

energy dependence, as determined by Stork, 
10 

was found to be, the same 
. . + . 11 as 1n 'IT , p exper1ments. 

Butler
12 

has pointed out that the well-known A dependence of the 

photopion cross section on atomic weight could be explained on the basis 

of preferential surface production of pions, production in the nuclear 

core being suppressed by some such mechanism as that proposed by 

Wilson. 
13 

Wilson postulated that a photopion produced in the core is 

immediately reabsorbed by its parent nucleon and another nucleon with 

which it is interacting at the moment. 
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When analyzing the copious data on production of positive pions by 
. 14 15 16 

protons on complex nucle1, ' ' one must .take into account the mean 
17 

free path of protons in nuclear matter as well as Coulomb effects, 

which makes interpretation difficult. 

In photoproduction
18 

Littauer and Walker 19 found a Z /A l/
3 

depend-
16 

ence at positive pion energies in excess of 65 Mev. Imhof has con-

firmed this Z/A l/3 dependence and has found no strong energy dependence 

down to 12 Mev pion energy. Some ambiguities arose in this work, how

ever, concerning Coulomb effects. In neutral meson photoproduction 

Panofsky, St~inberger, and Steller, 
20 

detecting both decay gammas, 

established an A 
2

/ 3 dependence for a pion energy of 85 Mev. From a 

spectrum of neutral pions peaked at 40 Mev produced by proton bombard-
. 21 

ment of complex nuclei, Hales 

1 Or 0 for the absorption of pions. 

was able to infer a mean free path of 

The A 213 determined by Panofsky 

infers a mean free path of 1 to 2r 
0

. The mean free paths inferred from 

Hales and Panofsky show a strong energy dependence, in contradiction 

to the observation of Imhof and George. 
22 

The purpose of the experi

ment reported herein was to investigate this apparent contradiction. 

\ 

, 
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II. METHOD 

-15 
Because of the short mean life (5 x 10 · sec) of the neutral pion, 

it is impossible to form a beam of neutral pions and perform scattering 

experiments. In order to gain information about neutral-pion interaction 

cross sections experimentally, one is, therefore, restricted to production 

experiments. The obtaining of a mean free path for interaction in nuclear 

matter from production data is discus sed under conclusions. 

There are in general four different methods of detecting neutral 

pions. They are 
2 

(a) simultaneous observation of the two decay gammas, 

(b) observation of the recoil nucleon and one of the 

d . . t' 23 1s1ntegra 1on gamma rays 

( ) b . h '1 1 24, 25 c o servatlon ot t e reco1 nuc eon 

(d) observation of only one gamma ray. 4 

In production from complex nuclei, Method (c) does not differentiate 

between the charged and neutral pions except when charged pions are 

excluded by energy considerations. Method (a) provides some measure 

of the energy of the pion, but has the disadvantag·e that if the counters 

are small enough to provide a measure of the energy of the pion the solid 

angle is small enough to make the counting rates rather small. Methods 

(b) and (d) yield the same information in production from complex nuclei. 

The observation of a single decay gamma (Method (d)) is especially 

applicable to the measurement of ratio of yields because of its relatively 

high counting rates. In order to limit the energy of the pions counted; 

the maximum gamma energy of the synchrotron was varied. 

At intermediate pion energies (T = 70 Mev) the decay gammas 
1T 

preserve the direction of the parent pion very closely. This preservation 

of direction holds down to around T = 25 Mev, where the probability of 
1T 

finding a gamma in the direction of the meson to finding a gamma in the 

opposite direction is 11/1, owing to the contraction of the center -of-mass 

solid c;tngle in transforming to the laboratory system. The ratio at 0° 

to 90° is 5/1. It seems reasonable, then, that at these energies one 
du 

measured "CR! when observing single- gamma yields. 
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IlL PROCEDURE 

A gamma-counter telescope viewed a target at 135° to the incident 

photon beam from the Berkeley synchrotron. The counter telescope 

consisted of one anticoincidence and three coincidence crystals. To 

determine that neutral pions were being counted, the following checks 

were made. The counting rate of the gamma counter was measured as 

a function of the lead converter placed between the anticoincidence and 

the three coincidence crystals. The transitions curve (see Fig. 5) fits 

the expected curve very well and yields a mass -absorption coefficient 

of 0.09 em 
2
/g, which is in agreement with the absorption coefficient 

of 100 -Mev gammas in lead. The target was removed and the counting 

rate fell by a factor of 80. When the peak energy of the synchrotron 

was decreased, the counting rate decreased in accordance with the 

excitation function for neutral mesons. When the machine energy was 

lowered below threshold, the yield for silver was within statistics of 

being zero. 

The yield of decay gammas was observed as a functidn of the atomic 

weight of a series of targets and as a function of the quantum-limit energy 

of the synchrotron for five energies. The quantum-limit energy of the 

synchrotron was determined by plotting the high-energy end of the 

bremsstrahlung spectrum, using a high-resolution three -channel pair 

spectrometer. It has previously been determined that when the indicated 

voltage on the synchrotron capacitor bank is 14.9 kv the quantum-limit 

energy is 340 ± 5 Mev.* The ratio of the operating energy to the energy 

at 14.9 kv was determined at indicated voltages of 11.0 kv, 9.0 kv, 7.8 kv, 

and 7.3 kv (Fig. 1). The indicated yoltages on the capacitor bank were 

found to be proportional to. the maximum energy of the emitted photons 

within the operating limits of the machine. 

After the. energy of the operation was established, the pair speq

trometer was set to view the high-energy limit of the bremsstrahlung 

spectrum, and- -together with the pre collimator ionization chamber --

* Anderson, Kenney, and McDonald--unpublished. 

.. 
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served to monitor the bremsstrahlung spectrum of the machine. Since 

the ionization chamber is most sensitive to low-energy quanta, the con

dition that the spectrometer counts per unit charge collected in the 

ionization chamber be a constant served to preserve the synchrotron 

conditions for a given energy. 

At 200 Mev the pair spectrometer was used in conjuction with the 

precollimator ionization chamber to measure the target absorption of 

photons. These results are listed with the target corrections in Table II. 
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IV. EXPERIMENTAL DETAILS 

A. Targets 

The target elements were chosen in such a manner as to be more 

or less equally spaced on a logarithmic plot of atomic weight. A sample 

of each target was spectrographically analyzed to insure the purity of 

the sample. The concentration of impurities was found to be less than 

1% by weight in all targets. The elements used were Li, * Be, C, CF 2 , 

Al, S, * Ti, Fe, Cu, Ag, and Pb. 

The target thicknesses were chosen with two considerations in mind. 

For the high- Z elements a sample as thick as possible was used so that 

the accuracy of the target correction for the absorption of bremsstrah

lung and decay photons was known to within 3%. This amounted to an 

absorption of 20% for bremsstrahlung and decay photons. For the light 

elements, the physical size of the target was the limitation; no target 

exceeded an inch in thickness. 

The targets were 4 by 6 inches except for CF
2

, Al, and C, which 

were 5 by 6 inches. The targets were attached to an aluminum target 

changer 4 inches below beam centerline. 

indicated by the closing of a microswitch. 

The target positions were 

The reproducibility of 

positioning was noted by !TIOving the targets into position several times 

while viewing the centerline of the target through a telescope mounted 

on the beam centerline. This position was reproducible to within an 

1/8 inch. The target positions were rechecked during the course of the 

experiment. 

The centers of the targets were so positioned that any solid-angle 

correction due to the different thickness of the target as viewed by the 

gamma-counter telescope would be a second-order effect. 

A remote -control target changer was employed so that the synchro

tron could run for extended periods of time without shutting down for 

.. 

changing targets. This aided in maintaining a stable beam shape during " 

the cycling of the targets. The targets were cycled periodically, the 

period never exceeding 30 minutes, in order to minimize any effects 

due to long-term machine variations. 

* Used only at k = 340 Mev. max 
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The targets were set at such an angle that the normal to 'the target 

surface bisected the angle between the photon beam and the gamma 

counter. At this angle a circular photon beam projects a cir·cular beam 

of decay gammas, which permits the most effective use of the geometry 

of the gamma counter. 

B. Counter 

The gamma counter (Fig. 3) consisted of four plastic scintillators 

viewed by RCA 1P21 photomultipliers. The first, third, and fourth 

crystals were 6 by 7 by 1 inch. The second crystal, which determined 

the telescope aperture, was 5 by 6 inches and 1 inch thick, and subtended 

a solid angle of 0.10 steradian at the target. 

Each crystal is viewed through a 3.5-inch-long lucite light pipe in 

order to achieve a more uniform light-collection efficiency over the 

entire volume of the crystals. Each crystal was checked as to uniformity 

of response to an electron source, and the pulse height from the photo

tubes did not vary more than 20%. 

The counting rate of the counter as a function of the thickness of 

lead converter placed between crystal No. 1 and No. 2 is shown in 

Fig. 4. The zero point on the transition curve is estimated on the basis 

of the pair conversion due to the first crystal and the counter supports: 

During the latter stages of the experiment, RCA 6810 phototubes 

became available, and crystals Nos, 3 and 4 were replaced by a Ceren

kov counter. The Cerenkov counter consisted of two 6810 1 s viewing a 

5 -by-6 -by-7 -inch block of lucite. There was no apparent shift in oper

ating conditions due to this change, other than the introduction of a 

longer intrinsic delay in the 6810 photomultipliers due to their longer 
-8 

electron paths. The 1P21 pulses were delayed by 4 x 10 second to 

compensate for the effect. A triple coincidence was originally used to 

eliminate the possibility of real double coincidences due to 10-to 20-

Mev neutrons. The substitution of the Cerenkov counter was a further 

check that the observed counts were due to relativistic particles 

(electrons). 
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The counter was surrounded by a lead house made from machined 

lead bricks, with a minimum thickness of 4 inches, except for a 4-by-

4-by-4-inch beryllium entrance window through which the counter tele

scope viewed the target. The beryllium attenuated the neutral-pion 

decay gammas by approximately 15%, and its thickness exceeds the range 

of 100 -Mev charged pions. The beryllium also reduced the number of 

low-energy electrons reaching the counter. 

C. Electronics 

A block diagram of the electronics is shown in Fig. 5. RCA lP21 

phototubes viewed plastic scintillators through 3.5-inch light pipes. 

The 1P21 1 s were coated with silver except for the region around the 

photocathode, and this shield was connected to the photocathode to re

duce tube noise. A minimum-ionizing particle passing through the 

scintillator gave a 2-volt negative pulse into a 125-0 cable. 

The phototube signals were sent without amplification into the 

counting area through 125-n cable. The pulses were then sent through 

Hewlett -Packard 460A wide -band amplifiers, where the pulses were 

amplified and limited. The outputs of the amplifiers were fed into two 

Rossi-type crystal diode triple -coincidence circuits with a Garwin 

clamp. The clamp improves the ratio of coincidence pulse heights to 

"feed-through!'pulse heights .. 

One triple (2-3-4) consisted of gamma rays that had been converted 

into electrons in the lead converter, plus charged particles. The second 

triple coincidence ( l-2-3) signified that a charged particle passed through 

these counters and constituted an anticoincidence pulse, i.e., a particle 

which is ionizing before passing through the lead converter and whose 

count is therefore rejected by the electronics. The output pulse from 

the 2-3-4 coincidence was approximately l.5tJ.sec in duration and 100 

volts in height. The l-2 -3 coincidence was 2 tJ.Sec in duration and 100 

volts also. When cosmic rays were used the 2-3-4 coincidence was 

delayed 0.24 fl:sec so that it was centered in time with respect to the 
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charged-partiCle anticoincidence and the pulses were put in slow anti

coincidence in a quad mixer. The output of the quad mixer together 

with the singles was scaled. 

Counting-rate plateaus were run versus ph.ototube voltage,· and they 

extended over several hundred volts for cosmic rays and were rechecked 

during the experiment by use of electrons from neutral-pion decay gammas 

converting in the beryllium window. 

Through the use of closely fitting machined lead bricks to shield the 

counter, and by the reduction of charged particles with a thick beryllium 

window, the accidental counts were reduced to zero. 

During the latter phases of the experiment scintillators Nos. 3 and 

4 were replaced by a Cerenkov counter and their 1P21 's were replaced 

by RCA6810 1s. Two-volt pulses would be obtained from the phototubes 

from electrons from decay gammas when operated at 1700 volts. The 

only change necessary in the electronics was the delaying of the pulses 

from counters Nos. 1 and 2 ( 1P21) to compensate for the long electron 

pathinthe 6810. 

All amplifiers and coincidence circuits were kept in the temperature

controlled racks in the counting area, and obtained their power from 

regulated 110-volt supplies to insure stability. The electronics associ

ated with the pair spectrometer
26 

were also run from a regulated 110-

volt supply. Regulation of the 110-volt power is important because of the 

rapid line -voltage variations caused by the operation of the Bevatron. 
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D. Monitoring 

Because of the steep excitation function for the production of neutral 

pions, it was felt necessary to monitor the photon spectrum very closely, 

especially the high-energy quanta. The counting rate of the pair spec

trometer (set to view the high-energy end of the spectrum} per unit 

charge integrated by the precollimator ionization chamber did not vary 

for a given machine energy. 

The distribution of beam in time was monitored by a phototube 

placed along the beam centerline. The beam was approximately 1 

millisecond in duration, centered at the peak magnetic field of the 

synchrotron. The energy spread of the .electrons striking the target 

was less than 1% due to the spread in time of the beam. The beam 

intensity versus time was continuously displayed and monitored, both 

by experimenters and by synchrotron operators. The same beam shape 

was maintained throughout the experiment. 
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V. CORRECTIONS 

A. Target Corrections 

The main corrections to the data are due to the absorption of photons 

in the targets. An upper limit to the mean life for decay of the neutral 
. -15 27 28 

p10n of 5 x 10 second ' means that the neutral pion decays very 

near to the nucleus in which it was produced, and that one must correct 

for the absorption of both the incident photon beam and the decay gammas. 

By inspection of Table I one sees that a single absorption coefficient 

may be used for the incident photons as well as the decay gammas; that 

is, for the light elements, the correction is less than lOo/o and this 

correction is accurate to within 20o/o. The final result therefore is 

good to 2o/o. For the high- Z elements the absorption correction is about 

20,o/o; since the absorption coefficient averaged over energy is accurate 

to within lSo/o, the uncertainty in the correction is 3o/o. The counting 

statistics on all elements are larger than the uncertainty due to target 

corrections. 

The number of neutral pions produced per unit thickness at a depth 

t in the target oriented at 6.7 .5° to the incidnet photon beam is proportion

al to the intensity of bremsstrahlung beam photons at this depth. 

If we have 

I0 = intensity of incident photons, 

CJ - cross section for production of neutral pions .(suitably 

averaged over angle and photon energy), 

N = number of nuclei per em 
3

, 

ll = absorption coefficient, averaged over the available 

photon energies, in em 
2

/ g, 

t =depth in g/cm
2

, 

T = total thickness in g/ em 
2

, 

n = number of neutral pions produced per unit thickness, 

then the number of photons produced in dt is ndt and the number 

produced in dt and leaving the target is ndt e -!lt/cos 22 ·
50

• the detector 

also being at 67.5 ° to the target. (The angle between the centerline of 
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the detector and the normal to the target is 22.5°). The yield of photons 

at the gamma counter, Y, is then 

where 

n = N 1 -t.J.t/cos 22.5° 
a oe ' 

N ~ -2ut/cos 22.5° dt 
Y/1

0 
= a e .- , 

0 

or- -to the first approximation--

Y/10 = aNT [1 - t.J.T 
cos 22.5° 

+ ... ·J 
The interesting quantity is the yield of neutral pions, which is 

proportion to a; Y and 1
0 

are the observed quantities. The correction 

factor is the ratio of neutral pions produced per unit monitor to those 

actually leaving the target. The corrections are listed in Table II 

along with a measurement of J.l at 200 Mev photon energy. 
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B. Accidentals and Backgrounds 

No accidental coincidences were observed during the run. A 

resolution curve was run to check electronics and cabling. The 

acCidental counting rate was determined by delaying the signal from 

crystal No.' 2 by 16 x 10-
8 

second (8 times the resolving time of the 

coincidence circuit). 

When the synchrotron quantum-limit energy was 165 Mev, the 

target-out counting rate was 30o/o of the target-in rate for lead. Within 

counting statistics this background was due to cosmic rays. At higher 

energies and (or) with lighter elements, the real counts exceed the 

background by a factor of 10. For carbon at full energy the target-in 

to target-out ratio was about 80. 



-17-

VI. RESULTS 

The relative yields of neutral pions per nucleus as a function of 

atomic weight and as a function of the quantum-limit energy of the 

photon beam are listed in Table III, and are shown in Fig. 6. The slopes 

of the solid lines in Fig. 6 are the least-squares fit of a power of the 

atomic weight, L e., Ab, to the yields of neutral pions per nucleon, 

normalized to carbon. The values of b and their errors are listed in 

Table VI. 

The yields per nucleon, normalized to carbon, are listed in Table 

IV and are plotted in Fig. 7 through ll. 
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VII. CONCLUSIONS 

In the attempt to estimate the absorption mean free path of neutral 

pions in nuclear matter, the optical model of Bruckner, Serber, and 
- 8 

Watson was used. They predict the probability that a pion will escape 

the nucleus lif its production probability is a constant throughout the 

nucleus and if it has a mean free path )... for an interaction with nuclear 

matter. If fA is the probability of escape, then 

{1) 

where 
2R 

x =r. R = Al/3 ro . 

For 50 -Mev neutral pions the mean free path for pion-nucleon scattering 

(including charge exchange) is estimated to be 12 r
0

, and the scattering 

mean free path increases with decreasing pion energy. Since the mean 

free path for scattering is large compared with X., then X. is just the 

mean free path for absorption. 

The theoretical yield per nucleon is the product of the probability of 

a nucleon's producing a pion and the probability of the pion's escaping 

the nucleus. Assuming equal production of neutral pions by protons and 

neutrons, and assuming uniform production throughout the nucleus, we 

have the theoretical yield proportional to the escape probability fA. 

The experimental yield of neutral pions per nucleus was adequately fit

ted by an arbitrary function of the form A b' and thus the yield per 

nucleon by A b-l, where b is a function of A.. Setting the escape 
b-1 . . 

probab~lity proportional to the yield per nucleus fA = CA , one fmds 

that b is a function of A and A.. Having experimentally determined b, 

one wishes to find A.. Because b(A.. A) does not depend very critically 

on A, we canreplare b(A, A.) by a quantity b(A.) that is a suitable average 

over A. In order to average b(A., A) over A, fA was evaluated for the 

atomic weights corresponding to the target nuclei and for several 
. b(A. A)-I 

assumed values of X.. Remembenng that fA= CA ' , then we 

have log fA = (b{X., A)-I) log A + constant, and b(A.) was obtained from 
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a least-squares fit to the calculated values of fA (Eq. 1) for each value 

of \.. The values of b(A.) as a function of \. are listed in Table V and 

plotted in Fig. 12. The experimentally determined values of b as a 

function of the quantum-limit energy of the synchrotron bremsstrahlung 

spectrum were then plotted on Fig. 12, and the values of A. and the 

error in A. could be read from the abscissa, The mean free paths for 

absorption of neutral pions are listed in Table VI as a function of the 

maximum photon energy available. 

The A.'s derived from this experiment are in reasonable agreement 

with those obtained from the photoproduction of positive pions from 

complex nuclei by Imhof. These values are not in agreement with the 

values obtained by Stork
10 

from analysis of charged-pion scattering on 

complex nuclei, nor with an optical model corrected for scattering as 
. 29 

proposed by Frank, Gam~el, and Watson. 

The energy dependence of Watson's model is compatible with the 

results of this experiment, but the measured mean free paths for inter

actions of neutral pions are approximately half the predicted values for 

charged pions. If Stork 1 s analysis is correct, it appears that photo

production does not occur uniformly throughout the nucleus but that 

perhaps the greatest production occurs on the surface of the nucleus, 

as propos~d by Wilson 
13 

and by Butler 
12 

McVoy
30 

believes the inter

pretation of photoproduction may be clouded by scattering of the pions, 

He estimates that 50% of the pions observed in the backward direction 

were produced with a different. energy and at a different angle from 

those at which they were observed. If pion production is not the same 

for neutrons and protons but rather, as suggested by Kaplan, 
31 

proportional to the square of their anomalous magnetic moments, the 

A.'s given in Table VI increase by 30o/o but are still not compatible with 

Stork 1 s values. It should be noted that below 200 Mev photon energy 

the neutral-pion production is mostly elastic, 7 an impossible process 

for charged mesons. 
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15 
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Fig. 1. The determination of the quantum' limit energy as a 
function of the indicated voltage on the synchrotron capacitor 
bank. 
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Fig. ·6. The relative yield of neutral photopions per nucleus as 
a function of the quantum-limit energy. 
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Fig. 7. The yield of neutral photopions per nucleon normalized to 
carbon for a quantum-limit energy of 340 Mev. 
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Fig. 8. The yield of neutral photopions per nucleon normalized to 
carbon for a quantum-limit energy of 255 Mev. 
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Fig. 9. The yield of neutral photopions per nucleon normalized to 
carbon for a quantum-limit energy of 205 Mev. 
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Fig. 10. The yield of neutral photopions per nucleon normalized to 
carbon for a quantum-limit energy of 177 Mev. 
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Fig. 11. The yield of neutral photopions per nucleon normalized 
to carbon for a quantum-limit energy of 165 Mev. 
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Fig. 12. The experimental values of b plotted on the theoretical 
curve relating b to the mean free path for the absorption of 
neutral pions. 
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Table I 

Mass absorption coefficients as a function of 
photon energy 

Mass absorption coefficient (cm
2
/g) 

50 Mev* 100 Mev* 300 Mev 

0.0130 0.0130 0.016 

0.0235 0.0250 0.028 ·. 

0.0430 0.046 0.053 

0.085 0.090 0.107 

* data from~ORNL.-.503, June.1950 

0.014 

0.025 

0.048 

0.095 



Table II 

Target Corrections 

. I 2 2 
J.LT/cos 22.5° 

a +J.LT/cos 22.5° b 
Element. T{g em ) J.L(cm /g) Corr. e Exp. (±5%) 

Li 1.14 0.0070 0.009 1.01 1.01 

Be 2.35 0.0106 0.027 1.02 1.03 1.02 

.c 4.35 0.0140 0.060 1.06 1.06 1.06 

GF2 
5.34 0.0160 0.092 1.10 1.09 1.05 

Al 5.06 0.0250 0.136 1.14 1.15 1.18 

s 1.08 0.0298 0.035 1.04 1.04 

Ti 4.54 0.0376 0.185 1.20 1.22 1.22 I 
w 
~ 

Fe 3.48 0.0430 0.162 1.17 1.18 1.14 I 

Cu 2.90 0.0480 0.143 1.15 1.16 1.12 

Ag 2.77 0.0660 0.197 1.21 1.23 1.22 

Ph 1.85 0.0950 0.190 1.20 1.22 1.26 

a 
Corr. 

2J.LT7cos 22.50 = 
1 2J.LT7cos 22.56 -e 

b 
Experimental value of the target-out counting rate to target-in counting rate with the pair 

spectrometer looking at 200-Mev photons. 

\ 



Table III 

Relative yield of neutral photopions per nucleus 

k .. 
max 

(Mev) 

Element A 340 :1::: 5 255 :1::: 5 205 :1:::4 -177 :1::: 4 165 :1::: 3 

Li 6.94 8 37 :1::: 27 

Be 9.02 1013:1:::40 434 :1::: 15 159 :1::: 7 46 :1::: 3 13.3 :1::: 1.9 

c 12.01 1323 :1::: 24 498 :1::: 15 195 :1::: 6 81 :1::: 3 26.5 :1::: 1.8 

Fa 19.00 1795 :1::: 63 753:1:::31 274 :1::: 18 119 :1::: 15 30.2 :1::: 5.0 
I 

Al 26.97 2455 :1::: 74 957 :1::: 34 383 :1::: 17 144 :1::: 9 41.8 :1::: 6.0 w 
\J1 
I 

s 32.06 2860 :1::: 180 --

Ti 47.90 3921 :1::: 85 1386 :1::: 51 554 :1::: 34 239 :1::: 38 109 :1::: 12 

Fe 55.85 4020 :1::: 140 1688 :1::: 65 633 :1::: 35 276 :1::: 21 91 :1::: 16 

Cu 63.57 4700 :1::: 140 1824 :1::: 84 658 :1::: 45 263 :1::: 50 74 :1:::24 

Ag 107.88 6160 :1::: 300 2530 :1::: 130 8 78 :1::: 63 535 :1::: 35 196 :1::: 34 

Pb 207.21 8740 :1::: 640 3970 :1::: 230 1400 :1::: 140 600 :1::: 150 205 :1::: 130 . 

a 
Obtained from CF 

2
• C subtraction. 



Table IV 

Yield of neutral photopions per nucleon normalized to carbon 

k max 
(Mev) 

Element 340 :± 5 255 :± 5 205 :± 4 177 :± 4 165 :± 3 

Li 1.083 :± 0.041 

Be 1.020 :± 0.051 1.154 :± 0.054 1.041 :± 0.060 0.751 :± 0.059 0.67 :± 0.11 

c 1.000 1.000 1.000 1.000 1.000 
Fa 0.862 :± 0.035 0.961 :± 0.047 0.888 :± 0.066 0.930 :± 0.130 0.72 :± 0.14 

I 

Al 0.827 :± 0.028 0.853 ± 0.041 0.858 :± 0.049 0. 787 :± 0.059 0.70±0.11 w 
0'-

s 0.810 :± 0.056 
r 

Ti 0. 742 :± 0.022 0.696 :± 0.034 0.696 :± 0.050 0. 7 40 :± 0 .13 0 1.01 ±0.13 

Fe 0.658 :± 0.028 0.726 ±0.036 0.696 :± 0.044 0. 729 :± 0.064 0.74'± 0~14'' 

Cu 0.695 :± 0.027 0.698 :± 0.039 0.633 :± 0.048 0.620 :± 0.120 0.53 :± 0.17 

Ag 0.530 :± 0.029 0.570 :± 0.034 0.493 :± 0.039 0. 740 :± 0.056 0.82 :± 0.15 

Pb 0.388 :± 0.030 0.462 :± 0.031 0.414 :± 0.041 0.430 ±0.110 0.45 :± 0.29' 

a Obtained from CF 2, C subtraction. 
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Table V 

Mean free path for absorption of neutral 
photopion as a function of b. 

0 

1 

2 

3 

4 

5 

7 

10 

00 

d log f(A, A.} = -(b(A.) _1 }a 
d log A 

0.3333 

0.2995 ± 0.0016 

0.2376 ± 0.0032 

0.1927 ± 0.0033 

0.1570 ± 0.0035 

0.1332 ± 0.0030 

0.1011 ± 0.0025 

0.0761 ± 0.0022 

0 

a Obtained from a least-squares fit to fA. 
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Table VI 

Mean free path for absorption of neutral photopions as a 
function of the maximum available pion energy. 

a b :(Mev) d log Y = 
A./ro - - (b( 'A) -1) T (Mev) max a log A 1T max 

340 ± 5 0.255 ± 0.012 l. 75 ± 0.25 205 ± 5 

255 ± 5 0.244 ± 0.015 1.90 ± 0.30 120 ± 5 

205 ± 4 0.280 ± 0.020 1.40±0.30 70 ± 4 

177 ± 4 0.176 ± 0.030 3 40 + l.OO 
. - 0.70 42 ± 4 

165 ± 3 0.128 ± 0;057 5 30 + 5.20 
. - 2.10 30 ± 3 

Y = yield of neutral pions per nucleon normalized to carbo~ 

Obtained from a least-squares fit to the yield curves 

c T k . 2 = - m1T0 c 
1T max max 

c 
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