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ABSTRACT 

The cross section for the photoproduction of neutral pions from 

complex nuclei at small angles has been measured in an attempt to deter­

mine the '11"0 lifetime from the reaction '( + '( - '11"0 where one of the 

photons is provided by the Coulomb field of the nucleus. Data were taken 

at energies near 950 Mev using targets of lead, copper, aluminum, car-

bon and oxygen. Both of the decay gamma rays from the pions were 

detected in total absorption counters so that an angular distribution of 

the pions could be calculated from the detector geometry and the parti-

tion of energy between the two counters. The cross section appears 

to be dominated by production from the individual nucleons adding co-

herently, leaving the nucleus in its ground state. The effects from the 

Coulomb production at the smallest angles allow us to exclude lifetimes 

-17 -16 
shorter than 2 x 10 sec and longer than l. 5 x 10 sec. Because 

there is the possibility of systematic effects we quote the best value for 

the lifetime with large errors as 7. 6 ~ ~: ~ x 10-17 sec. The large co­

he rent nuclea r production indicate s that the non- spin flip part of the 

nucleon cross section is peaked at small angles. If this is attributed to 

a pole in the scattering amplitude due to the exchange of a neutral vector 

meson, then the meson must be an isoscalar. We cannot distinguish 

between contributions from the mas s 550 Mev and the mas s 780 Mev 

particles. 
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I. INTRODUCTION 

Primakoff (1) has pointed out that there is a term III the photo-

production" cross section for neutral pions from complex nuclei due to 

the same interaction that causes the decay of the 
o 

1T • This term comes 

from the incident photon interacting with a virtual photon in the Coulomb 

field and producing a pion, which is just the inverse of the decay process 

(1) 

The differential cross section for the Coulomb production is strongly 

peaked at small angles and is proportional to the square of the nuclear 

charge and inversely proportional to the lifetime. 

This experiment is an attempt to measure the production from 

the Coulomb field and, from the magnitude of the cross section, deter-

mine the 
o 

IT lifetime. The cross section is measured by detecting 

both of the ,(-rays from the pion decay in energy sensitive Cerenkov 

counters. From the angular and energy distribution of the decay ,(-rays, 

the angular dependence of the lT
o 

cross section can be determined. Data 

have been taken at energies centered about 950 Mev from targets of lead, 

copper, aluminum, oxygen, and carbon. 

Due to its characteristic angular distribution, the Coulomb pro-

duction cross section can be disentangled from the other processes 

that produce neutral pions at small angles. These latter include coher-

ent production in which the amplitudes from the individual nucleons add, 

interference between the Coulomb and coherent nuclear terms, and In-

coherent production leaving the nucleus In an excited state. The nuclear 
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processes give info nnation about the cross sections from neutrons and 

protons in the forward dire ction. Several models for the nuclear pro-

duction terms, including the p ossibility of having a p o l e in the amplitude 

due to a vector meson, have been considered. 

The technique just described has been used by Davidson and 

Osborne (2) at 250 Mev who place a lower limit of 5 x 10-18 sec on the 

lifetime . The present experiment is an improvement over the one of 

Davidson and Osborne as it has been run at a higher production energy 

and with better angular resolution. 

The TT
O 

lifetime has b een measured recently by several groups 

using a more direct method. These experiments involve measuring the 

distanc e between the point at which the pion is produced and the point at 

which it decays in a photographic emulsion. The latter point may be 

determined in the 1.2 percent of the decays in which a Dalitz pair is 

produced: 

o 
TT 

+ e +e +'{ . ( 2) 

+ TT++ TTO 
The r esults of looking at monoenergetic neutral pions from K --

- 16 
using stopped K mesons give lifetimes of (3 .2 ± 1) x 10 sec (3) and 

(1.9 ± 0. 5) x 10-
16 

sec (4). A mean life for the TT
O 

of (2. 0 ~~:~) x 10-
16 

sec was determined from stars produced by high energy 1T mesons 

interacting in an emulsion (5). The difficulty that the neutral pi momen-

tum spectrum had to be inferred from the charged pion spectrum is off-

set by the large time dilation factor . 

The theoretical background for this experiment is discussed in 
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Section II. Section III contains a brief description of the experimental 

equipment used. A more complete description of the equipment and 

the procedure for data taking and analysis may be found in the appen­

dices. Section IV presents the data, the backgrounds, the separation . 

of the different contributions to the cross section, and the results. The 

conclusions are presented in Section V and suggestions are made for 

improvement of the experiment. 
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II. THEORETICAL BACKGROUND 

A . Coulomb Production 

The relationship between the total cross section for photo­

producing neutral pions from a Coulomb field and the lT
o lifetime 

was originally predicted by Primakoff (1). The diffe rential c ros s 

section was calculated by Berman (6) from the diagrams in figure 1. 

In the production diagram la, a photon of four momentum k interacts 

with a virtual photon of momentum q in the Coulomb field of a spin 

zero nucleus of cha-rge Ze producing a lT
o of momentum p at an 

angle 8. The recoil energy of the nucleus is negligible so that the 

pion has essentially all the energy of the incident photon. At small 

momentum transfers in the forward direction the strength of the 

lTOyy interaction is characterized by the lT
o 

lifetime, as the same 

vertex appears in the diagram for the decay process lb. T he cross 

section for small q2 is given by (11::: c ::: 1) 

2 
q 

2 :: (k - p) 

3k . 28 P SIn 

4 
q 

:: E2(1 + (32 - 2(3 cos 8) 
IT 

(3 ) 

(4) 

2 
where F (q ) is the electromagnetic form factor of the nucleus as 

c 

measured in electron scattering experiments and a IS the fine struc -

ture constant. 

As shown 111 figure 2, the Coulomb production at high energies 

is concentrated in a narrow angular region about the forward direction. 



-5-

FIGURE 

a PROOUCTION 

k P 
T -------

y-RAY .".0 

q 

NUCLEUS 

b DECAY 

DIAGRAMS FOR COULOMB CROSS SECTION 



- 6-

Figure 2. Neutral pion photoproduction cross sections from lead at 

900 Mev assuming no absorption. The parameters used are T n O ::: 

- 16 2 / 10 sec , (J f::: 5 sin 9fJ.b s r, 
ns 

The form fac t ors 

are Gaussian as discussed in the text. F or the incoherent term a co r-

r elation l ength d = 1. 5 r o 
was used. 
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The maximum In the angular distr ibution occurs near e = 1/ 2(m/ k)2 

and inc r eases with the fourth power of the photon ene r gy . If we take 

t he fo r m factor t o b e unity, then the total c r oss section is 

8 rrZ
2

a 
IT = --.,.-c 3 

m T 

[ (1 + 13
2

) In ( i + ~ ) - 213] (5 ) 

whi ch incr eases logarithmically with photon ene r gy as shown III figure 

3. 

Since the pions produced in the Coulomb field can be considered 

in a c r u de way t o have been made outside the nucleus , the ir final state 

interactions should be small . The absorption of those produc ed inside 

the nucl eus has essentially the effect of inc r easing the r oot -mean -

squa r e r adius o r narrowing the diffrac tion p a ttern. T his h olds true 

f o r the mo r e detailed calculation d es cribed in P art C of this section . 

B . Nuclea r Production 

The photoproduction c r os s sections for neutral pions f r o m com-

plex nuclei has been calculated by Berman (7 ) and by Engelb r ec ht (8) . 

F or small momentum transfers and by use of the impulse and c l osure 

approximations, one can r elate the nuclea r c ros s sections t o the ele-

mentary c ros s sections f r om f r ee pro t ons and neut r ons. Since the 

elementary c ross sections a r e not well known we w i ll assume that the 

n e utron and pro ton amplitud e s a r e equal. 

The nuclea r c ross section may b e d ivided i n t o coherent and 

incoherent p a rts. The coh e r ent t e rm s arise from those processes that 

leave the nucleus in it s ground state , a nd a r e r e l a t ed t o the non-spin 
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F igure 3. Total Coulomb cross section f rom lead as a func tion of 

energy for a v O lifetime of 10 -
16 

sec and unit form factor . 
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flip terms in the nucleon c r oss section. These all have a sin
2 e depen-

dence from the conservation of the longitudinal component of angular 

momentum so that the cross section goes to zero in the forward direc-

tion . Since all the nucle ons contribute to the amplitude for these pro-

cesses , the cross section in the limit of no final state absorption will 

2 
be proportional to the square of the nucleon number (A ). For con -

venience in comparing experimental data we write the cohe rent nuclear 

cross section in the form 

da 
n ( 6) 

where we have explic itly factored out the sin
2e dependence from the 

non - spin flip hydrogen cross section. 
2 

The nuclear form factor F (q ) 
n 

and the effects of final state interactions will be discussed below. 

The incoherent terms arise when the nucleus is left in an excited 

state after the lT
o 

has been emitted. We must then a d d the probabilities 

fo r each nucleon being excited giving a t e rm proportional to the enti r e 

nucleon diffe rential c ros s sec tion and t o A, again in the limit of no 

absorption. However , due to the exclusion principle, not all the states 

are available to an excited nucleon , especially a t low momentum transfers. 

T he factor 1 - G(q2) with G (O) = 1 in the c ross section represents this 

effect. 

da. 
1 

(7 ) 

The suppression factor 1 - G(q2) may be evaluated in terms of 
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the correlation length d introduced by Primakoff (9) in his analysis of 

muon capture In nuclei. 

2 
1 - G{q ) = 1 - 3L (qR)[ 1 - 1/ 2{d / r )3{1 _ 2N

2
Z )] 

o A 

where 

1/ 3 
and R = A r 

L (x) = (sin x - x cos x) / x
3 

, 

o 
IS the nuclear radius with r 

o 
- 13 = 1. 2 5 x 10 

have used the value d / r = 1. 5 as suggested by PrimakoH. 
o 

(8 ) 

cm. We 

Sin ce the Coulomb and coherent nuclear pion production pro-

cesliies both leave the nucleus in the ground state these two interfere 

and produce an additional term in the cross section. Figure 2 shows 

the shapes of thes e cross sections for 900 Mev photons on a lead target , 

negle c ting absorption. 

C. Final State Interactions 

In the limit of strong absorption only pions produced at the sur -

face of the nucleus will be detected. Thus the A dependence of the 

nuclear cross sections would b e A 4 / 3 for the coherent process es and 

A 2 / 3 for the incoherent. Eng elbrecht (8) has further investigat ed the 

final state inte raction using an optical model for the scattering and ab -

sorption of the pions in the nucleus. At 900 Me v he finds that only ab -

sorption is important. In general the angular distributions of the nucl ea r 

t erms a re only slightly affected except for a reduction in magnitude. 
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However, the first diffraction mlnlmum ln the Coulomb production 

moves towards smaller angles whi ch also affects the interference term. 

In addition, the phase of th e nuclear amplitude changes rapidly in the 

region of the peak in the cro ss section. These effects are illustrated 

III figures 4 and 5. 

Engelbrecht has compared his absorption co rrections to the 

coherent nuclear data taken at 250 Mev (2). The predicted nuclear 

cross section has the correct angular distribution but turns out a factor 

of four too small for calcium. Although the optical model should be 

better at higher energy, the poor agreement at low energy casts doubt 

on the validity of the whole calculation . This experiment shows the 

nuclear c r oss sections to be a factor of three larger than would be 

calculated by Engelbrecht using preliminary data from hydrogen. We 

are in the unfortunate situation that the uncertainties in the theory can 

cause systematic errors in the interpretation of the data . We can now 

neither predict the behavior of the nucleon cross section at small 

angles except in a qualitative way, nor can we use the measured hydro -

gen cross section to subtract the coherent nuclear contribution to our 

data to get a better value of the lifetime. We have decided to fit the 

data assuming the shapes are those without absorption using Gaussian 

form factors rather than those of Engelbrecht which depend on the 

details of a nuclear model. If the optical model pr e dictions are correct, 

then we have overestimat e d the o 
IT lifetime and underestimated the 

nucleon cross section. 
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Figure 4 . Effects of absorption on the Coulomb and coherent nuclear 

c r oss sections as calculated using an optical model . T he parameters 

are the same as used in figu r e 2 . The cur ves were constructed from 

the t able on page 134 of Engelb r echt ' s thesis (8) . 
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Figure 5 . Effect of absorption on the cosine of the relative phase 

angle between the C oulomb and coherent nuclear amplitudes. 

The curve has been constructed from the table on page 134 of 

Engelbrecht's thesis (8) . 
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III. EXPERIMENTAL TECHNIQUE 

Both of the gamma rays from a neutral pion produced by the 

120 0 Mev bremsstrahlung beam in the ta r get were detected in tota l 

absorption spectrometers. These Cerenkov counters (A and B) had a 

linear energy res p onse to the incident pho t on. T he angular acceptance 

was defined by lead apertures. By changing the angle 6 between the 

beam di r ection and the plane through the target and the center lines 

of the apertures , an angular distribution was measured. T he angle 

between the cente r s of the apertures was chosen to be the symmetric 

decay angle for a 1T
O 

with a total energy of 90 0 Mev. This energy is 

near the minimum between the second and third resonances in the total 

1T
O photoproduction cross section. C harged particle events were 

eliminated by the sweeping magnet and by the veto counte r s (l A and 

lB ) covering the apertures . The cosmic ray veto counters (CRl and 

C R 2) , located between the two Cerenkovs , served to reduce cosmic 

r ay counts. The experiment al arrangement is shown in plan view in 

figure 6. 

A ten n anosecond coincidence between pulses from the Cerenkov 

counters is the initial identificat ion of an event as a pion . If there were 

no pulses in any of the veto count ers and the amplitudes of t he Cerenkov 

pulses were sufficiently large , then these pulse heights were recorded 

on film for analysis. A block diagram of the elec tronic system is 

shown in figures 7 and 8. Details of the apparatus and electronics 

are discus sed in Appendices A , B , and C. A description of the calibra­

tion and data handling procedures may be found in the appendices. 
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Figure 6. Plan view of experimental a rrangeme nt. The entire detecto r 

system i s mounted on a t a b le which moves In t he vertical di rection to 

measure an " angula r distribution. IT 
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Figure 7. Block Diagram of Fast Electronics. 

All circuits are transistorized except for the distributed 

amplifiers. The figures in parentheses are the circuit drawing num­

ber. A brief description of the circuits follows. 

MIXER: Adds nine input signals three at a time and then sums the 

triplets. Outputs for (123), (456), and (789) sums in addition to the 

1-9 sum. Calibration input to the nine channels in parallel. 

ATTN: Step attenuators. 

HPA, HPB: Hewlett-Packard distrib uted amplifiers type 460A and 

460B . 

DELA Y MIXER: Adding circuit with delay in each channel adjusted 

by external cables. 

MULTI: Multiplexor with thr ee emitter follower outputs for each 

input. (10-T-538) 

F. C.: Fast coinc idence circuit model 7 0 5. (1 0 -T-468) 

DOUBLE GATE AND ADDER: A pair of linear fast gates. The two 

gated signals are added at the output. (1 0 -T- 618) 

AMP: Slow, fixed gain amplifier Model 721. (10-T- 549) 

STCH: Linear stretching ci r cuit to lengthen puls es to 0 .25 fJ-sec. 

There is a calibration input on each stretcher. 

The ope ration of the system is described in Appendix C. 
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Figure 8 . Block Diagram of Slow Ele ctronics 

A brief description of the circuits follows. 

5ZZA: 0 . 1 \-lsec. rise time, 0 - Z.5 x 10
3 

gain amplifier. 

KECK BOX: Six channel discriminator and coincidence - anti-coincidence 

circuit gated on during the beam dump. 

SCAL : Decimal scaling units . 

KICKSOR TER: Twenty channel pulse height analyser. 

DOUBLE GATED STRETCHER: Amplitude preserving pulse stretcher. 

Gives an output for oscilloscope unblanking. 

SCOPE: Tektronix type 5l3D oscilloscope. 

The operation of the system is described in Appendix C. 
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IV. DATA AND RESULTS 

A . Angle and Energy Distributions 

The spectrum of the sum of the energies of coincident y-rays has 

been plotted in figure 9. The peak in the spectrum near 950 Mev is a 

o 
strong indication that they have corne from 1T decays. The fall off of 

the counting rate toward high energies is due primarily to the shape of 

the bremsstrahlung spectrum; the fall off toward lower energies is due 

to a decrease in the effective solid angle of the detector system, reaching 

zero near 750 Mev where the minimum opening angle between the decay 

photons is grea ter than the maximum angular aperture . There is, how -

ever, especially at small angles, a low energy background. These 

events have been investigated and, although their source has not been 

fully understood, they appear to be due to proces ses in which the incident 

particle (a photon or possibly electrons produced in the air) initiates an 

electron-photon shower in the target. The counting rate for these events 

increases faster than linearly with target thickness . A second source 

may be photons from two different pions in multiple 
o 

1T production . The 

target thickness was chosen to be a compromise between background and 

foreground counting rates. 

To minimize the contribution from these spurious counts only Itpi 

like lt events were used in analyzing the data . A "pi liken event had an 

energy division between the two counters consistent with that from the 

decay of a 1T
O 

produced in the target . Qualitatively, one can see that if 

the pion had energy lower than 90 0 Mev so that the minimum angle between 
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Figure 9. Energy spectrum of the sum of the pulse heights from both 

Cerenkov counters from the lead target at counter positions of 0.0
0 

and 

2.90
• The solid and broken histograms are the measured spectra for 

all events and for only IIpi likelt events respectively. T he cut off near 

400 Mev is due to an electronic bias . The solid curve is the spectrum 

predicted for coherent nuclear production alone by a Monte - Carlo integral 

with the energy response of the detectors folded in. 
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the two decay photons was greater than the mean opening angle between 

the two counters , then the total energy of the pion would be partitioned 

nearly equally. For a higher energy pion, where the minimum decay angle 

is less than the minimum angle between the apertures, it is impossible to 

detect an event in which the photon ene rgies are equal. The method of 

calculating whether an event was tlpi like ll is described in Appendix E. 

The counting rates as a function of counter position (6) and the 

backgrounds are presented in Table I and plotted in figur es 10 - 13. The 

data have been corrected for ,( -ray absorption in the target and in the 

paraffin in front of the detectors. The counting rate as a function of pion 

angle has been calculated in the following manner . L et E A and EB be 

the measured energy of the photons d etected by counters A and B, and 

let Err:: E A + EB and f: ;;; E A - E B , then the angle between the pion 

and ,(-ray directions is given by 

tan e A = 

2 
E (13 E - d rr rr 

tan 9
B 

= 

From the angular limits on the apertures we can now calcul ate the maxi -

mum and minimum possible pion production angle, e and e . , 
max mln 

with respect to the center line between the counters . We then define 

the pion angle by 

(9) 
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To take into account the improved angular resolution achieved by calcu -

lating the pion angle , the data at small 0 were lumped into one degree 

bins. The fitting of the theoretical counting rates was performed on this 

combination of 0 and e data. 
'!T 

The data in this form are hard to visualize, so that for presenta-

tion purposes onl y the data have been treated as follows. F or each 0 a 

histogram of counting rates for pion angles with one d egree intervals was 

construc t ed. If we define R( 0. , e .). as the measur ed counting rate for IIpi 
1 J 

like lf events with e. - 1/ 2
0 

<: e :=:; e. + 1/ 20 at counter position o. and 
J '!T J 1 

similarly define R ( 0. , e.) as the calculated counting r ate for a cons tant 
o 1 J 

cross section, then we form the normalized counting rate 

N (e .) = 
J 

:E.R( o. , e.) 
1 1 J 

:E.R (0. , e. ) 
1 0 1 J 

which is plotted in figures 14 - 17. By this calculation we have attempted 

t o unfold the angula r resolution of the detector system and to r econstruct 

the original cross section. The angular resolution has been cut down to 

about two degrees . It is difficult to treat the data in a statistically con -

sistent way by this procedure as the count er resolution changes rapidly 

with counter position . The data as plotted in figures 14-17 h ave the error 

flags overestimated so that a goodness of fit test is not valid. T he pri -

mary purpose is to show the shap es and magnitudes of the cross sections . 
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F igures 10 - 13. Counting rate s for upi like " events as a function of 

counter position with backgrounds subtracted and corrected fo r photon 

absorption. 
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F igures 14 - 17. A reconstruction of the differential cross section calcu -

lated by unfolding the counte r res olution as des c ribed in the text. T he 

statistical significance of the error flags is not correct as they have been 

overestimated . The vertical scale is approximately the cross section in 

p.b / sr divided b y A. The solid and dashed curves on the left are the best 

fits for the lower and upper limits for the lifetime of 2 x 10-17 sec and 

-1 6 
1. 5 x 10 sec , respectively. The curves on the right labelled A, B 

and C are the calculated angular distributions fo r the lT
o 

lifetime of 

6 x 10-
17 

sec , the interference with a relative phase angle of 0
0

, and 

the coherent nuclear with a non-spin flip c r oss section of 30 sinZe tJ.b / sr 

in the center of mass corrected for absorption. 
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B. Backgrounds 

Excluding showers produced in the target, there are three other 

sources of y-rays in the true coincidence : 1) double Compton effect , 

2) 
o 

double rr photoproduction in which one photon from each pion is 

detected, and 3) double pion photoproduction in which at least one of 

the pions is neutral and both photons corne from its decay. The kine-

matics of the double Compton effect (10) are such that the photons that 

could be detected have energies of less than 100 Mev. 
o 

For double rr 

production in the energy range of interest the solid angle is an order of 

magnitude smalle r fo r detecting y - rays from diffe r ent pions than for 

detecting them both from the same pion. The criterion on photon ene rgy 

that the event be "pi like" will further reduce this contamination . The 

spectrum from this process would not show the characteristic rro peak 

but should fall rapidly with energy. This may provide a contribution to 

the low energy events . 

The pion pairs, then, where both photons corne from a single 

o rr are the major sou r ce of background. If both pions are neutral, they 

could be produced coherently in the forward di r ection; however, this 

would involve momentum transfers of the order of the pion mass so that 

the form factors would be small. T hus the pion pairs are p r obably pro-

duced incoherently and would not have a rapidly changing angular distri-

bu t ion . An estimate o f 0.3 counts / lOO bips / gm fo r this counting rate 

has been cal culated using a total cross section for charged pion pairs 

of 60 jJ-barn (11), assuming the momentum distribution given by phase 

space, and including a factor of three for the three possible neutral 
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+ 0 0 0 
pions produced (one from 7T- + 7T and two from 7T + 7T). A rate this 

large IS comparable to the observed counting rates so that this effect 

has been included in attempts to fit the data. 

To see if the calculation just outlined was reasonable, the counting 

rate from double pi zero production where one photon from each pion is 

detected has also been calculated using the same total cross section. 

T he result showed the same energy dependence as the low energy back -

ground but was factor of 3 -5 smaller. If this were much larger than 

the low ene rgy background, we could rule out the contribution from the 

case in which both photons corne from the same 7T
O

, but this does not 

app ear to be true . 

The cosmic ray backgrounds from particles traversing both 

counters gave an equivalent counting rate on the order of O. I counts / IOO 

bips; but because these events were cancelled out to within the counting 

statistics at each point when the target out rates were subtracted , they 

have been ignored. 

C. Fitting of Data to Theoretical Counting Rates 

The fitting of the measured angular distributions to the theoretical 

rates as caL::ulated by a Monte-Carlo integral (see Appendix F ) was done 

using a maximum likelihood technique (1 2). The parameters fitted are 

the amplitude for the Coulomb production (taken as real), the real and 

imaginary parts of the coherent nuclear amplitude , and the incoherent 

cross section. The amplitudes were chosen as parameters rather than the 

cross sections since they are a priori normally distributed. Since the 
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equations involved in the fitting procedure are non-linear, an iterative 

process was used to maximize the likelihood function. 

The data have been fitted under two assumptions for the non - spin 

flip cross section , (1/ sin
2
6)da f / dn . Since the angular range is small ns 

and the highest partial waves expected are F 5 / 2' the cross section can 

be taken as flat. However, since the recently discovered r) particle of 

mass near 55 0 Mev (13) may have spin one , it may produce a pole in the 

photoproduction amplitude in the unphysical region at 

2 2 
m - m 

= ~ (1 + -.-:.r),--_.:.:..TT 

i3 2kE 
cos 9 

TT 

in the center of mass. The contribution to the cross section from this 

term has been calculated and has been used in the fitting of the carbon 

and aluminum data. F or small angles the cross section is 

1 
. 26 

Sln 

da 
---E = c 
dD 

(10) 

The factor C is related to the transition rate r for r) - TT
O + y: 

m 
C = 3 6 2 2 

17 

m - m 
17 TT 

3 Y 2 
) ( r)NN) r 

4 TT 

which can be further related to the 
o 

TT life t ime (14) 

2 2 
(y nNN / 4TT ) (y"l4 TT) 

C :;: 7 2 - '-=--' ---,--'.:.-, ' --
'T' m 3 a TTO TT 

(11 ) 

(12) 

where a is the fine structure constant and Yr)NN and Yr) are the re ­

normalized coupling constants defined in reference 14. A fit has not been 



-44-

attempted using a pole due to an w meson of mass 7 80 Mev since it woul d 

have little effect on the angular distribution in the r ange measured. 

In addition to a cross section for the incoherent processes given 

by equation 7 , the data have alternatively been fitted with a constant 

cross section to account for possible pion pair contamination. 

F orm facto r s of the form 

1 2 
exp[ -,(qR )] 

o c , n 
(13 ) 

where R are the r oot-mean-square radii for the Cou lomb a nd co -
c , n 

he rent nuclear processes were used in calculating c r oss sections and 

counting rat e s . Since abso rption smooths out the minimum of the diffrac -

tion pattern and the exact shapes are not known , a b e tter approximation 

for the form fac tors has not been used. F o r t he same reason it has also 

been assumed that the phase of t he interference term is indepe ndent of 

angle. The C oulomb form factors were calculated us i ng t he radii 

measured in the electron scatte r ing expe r imen t s (15). A slightly l a rge r 

radius was used in the coherent nuclear case which is cons i stent with 

pion absorption measurements (16) and with the l ow energy nuclear 

photoproduction data ( 2). The radii used in calculating the counting rates 

and the nuclea r absorption of the coherently photoproduc ed pions as given 

by Engelbrecht (8) are summarized In Table II. 

D. Discussion of R esults 

T a ble III summarizes the results of the fitting. For copper and 

lead, whe re the cohe rent production is more strongly p eaked , the pole 
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T ABLE II 

P arameters of the target nuclei used in calcul ating cross sections 

for fitting to the data . The radii fo r the Coulomb and nuclear form fac t ors, 

Rand R , are in units of 10 -
13 

cm. The column labelled C is the cor -
c n a 

rection for nuclear absorption o f the coherently produced pions from 

reference 8. 

Targe t R R C c n a 

L ead 5.42 6.68 4 . 75 

Copper 3. 67 4. 51 3. 25 

Aluminum 2. 7 3.40 2.60 

C arbon 2. 4 2.7 2. 13 
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cross section was calculated from that without the pole by correcting 

for the factor p 
4 

/ (q2 t m 2)2 evaluated at 950 Mev and zero degrees. 
T) 

For 

the carbon data the angular range was not large enough to separate unambig -

uously the incoherent effects . The incoherent cross section was there-

fore set to zero (it actually fitted better slightly negative) which results 

in overestimating the coherent nuclear amplitude and giving a shorter 

value of the lifetime. A chi - square test of goodness of fit shows that 

only the lead and aluminum data without a pole have a reasonable fit. 

The errors on the fitting curves calculated by the Monte - Carlo integral , 

which would increase chi - square by 10-20%, had not been taken into ac-

count. The coherent nuclear cross section has been corrected for nuclear 

absorption of the pions using the factor C , which is the ratio of the cross 
a 

section without absorption to that with absorption at the peak of the angu-

lar distribution as calculated with an optical model. The lifetime and 

non - spin flip results are not very sensitive to the choice of the inco-

he rent c ros s section. 

To give some idea of the angular dependence of the c ros s sections 

the best fits for lifetimes 
- 17 - 16 

of2xlO secand1.5xlO sec are plotted 

along with the data on the left halves of figures 14 - 17. To reiterate, the 

data in this method of presentation are not statistically correct but are only 

given to help visualize magnitudes and shapes. On the right sides of 

these figures the three curv es labelled A , B , and C are the Coul omb, 

interference and coherent nuclear production counting rates, respectively, 

as calculated for a lifetime of 6 x 10 -
17 

sec, a non-spin flip cross section 

of 30 sin
2e fib / sr in the center of mass corrected for absorption, and a 
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Table III. A summary of the maximum likelihood fitting . The data have 

been fitted with the Coulomb and coherent nuclear amplitudes , their inter-

ference , and an incoherent cross section. F or the non-spin flip nucleon 

c r oss section in cases C and D the angular distribution from a pole 

due to a mass 55 0 Mev particle was used. F or carbon the incoherent 

cross section was constrained to b e zero. The lifetime is given in units 

of 10 - 17 
sec; cos rf> gives the r elative phase of the coherent nuclear ampli -

tude; a f is the center of mass nucleon non-spin flip cross section in 
ns 

iJ.b/sr which is corrected for abso r ption by the facto r C in the next 
a 

line; and the last lines are the laboratory incoherent c r oss section divided 

by A and the chi - square for the best fit. 
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TABLE III 

L ead Copper Aluminum Carbon 
Degrees of 
Freedom 19 11 11 5 

A. Fit with constant incoherent and no pole 

lifetime 1 0 .4=!:~ 3 1 + 1. 2 
• - 0.7 

7 5 + 3. 2 
• - 3. 3 

1 68 + O. 58 
• - 0.34 

cos cp 1. 00 - 0 .09 1. 00 -0. 18 

(J f / sin 2e 6.43 ± 0 . 86 10.47 
ns 

± 1. 56 13.16±1.18 19. 17 ± 1. 4 

x C 30 . 6 ± 4. 1 34. 1 ± 5. 1 34.2 ± 3. 1 44.1 ± 3.2 
a 

(J. O. 51 ± 0 .18 O. 6 1 ± O. 19 0 .0 8 ± 0.29 0 
1 

2 24.2 30 .7 11. 4 20 . 1 X 

B. Fit with correlated incoherent and no pole 

lifetime 9 8 + 3 . 1 
• - 4. 5 

2 8 + 0 . 9 
• - 0.6 

7 1 + 2.7 
• - 2.8 

cos ¢ 0.97 - 0.40 1. 00 

(J f/sin
2

e 7 . 01±2. 19 11. 48 ± 1. 37 13. 24 ± 0.82 
ns 

xC a 
33 . 3 ±10.4 37. 5 ± 4.5 34.4 ± 2. 1 

(J. 0 .55± 0. 20 0.48 ± 0.1 5 O.07±0.21 
1 

2 
23 .3 30 . 9 11. 4 X 

C. Fit with constant incoherent and with pole 

lifetime a a 4 6 + 3. 0 
• - 1. 3 

1.0 ± O. 13 

cos cp a a 0 . 035 - 0.83 

(J /s in
2

e 2.26 ± 0.30 4. 0 3 ± O. 55 4.15 ± 0 .47 7.57±0.3 9 
p 

xC 10 . 8 ± 1. 4 12. 0 ± 1.8 10 . 8 ± 1, 2 17.4 ± 0 . 9 
a 

(J. a a 0.64 ± 0.29 0 
1 

2 
35. 5 12. 9 X a a 
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TABLE III (cont.) 

L ead C opper AluITlinum 

D. Fit with co rrelat ed incohe r e nt and with p o l e 

lifetime 

x C 
a 

U . 
1 

Z 
X 

a 

a 

Z.46 ± 0 .77 

11.7 ±3.7 

a 

a 

a 31+ 0 • 8 
• - O. 5 

a 0 . 0 1 

4. 04± 0 .48 4.85± 0 .Z8 

13.Z ±1.6 lZ. 6 ± 0 .7 

a O. Z3 ± O. Z3 

a 39.0 

Carbon 

(a ) The entries in thes e p ositions a r e the saITle as the corr es ponding 

ent ri es a b ove sinc e the p ol e t e r m c on t :-i.b utio n h as been calculated froITl the 

fit without a pole. 
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relative phase angle of 0
0 

between them. The ambiguity between the 

interference and lifetime effects is demonstrated for lead by the fact that 

a factor of two in the lifetime can be partially compensated by changin g 

the phase angle by 80 0
• A typical best fit is shown for lead in figure 18. 

Since the theory of Engelbrecht of the incoherent production is 

supposed to be more exact for a closed shell nucleus, data were taken on 

oxygen, which is closed shell , t o compare with the carb on data, which 

may show effects of the large magnetic dipole transition to a 15 Mev state . 

As can be seen from figure 13 there is no significant difference between 

the carbon and oxygen data . This effect may b e masked b y a contamina ­

tion of pion pairs . The oxygen data was not further analyzed. 

An attempt was made to discover how sensitive the results were 

to changes in the data and fitting parameters. A five per cent gain change 

in one of the Cerenkov counte r s would change the counting rate by two 

per cent. A ten per cent decrease in the carbon radius for nuclear pro­

duction increased chi- square by seven makin g it a ve ry much worse fit. 

In addition the best fit nuclear cross section changed by 15 per cent. Al­

though it has a large effect on the goodness of fit, it was felt that leaving 

the radius to be a f r ee parameter to be f itted would have made the pro­

cedure even more ambiguous . 
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F igu r e 18 . T he b est fi t cu r ve fo r lead with t he r esolution unfolde d i s 

pl o t t e d w i th t h e d a t a. The v e rtical scale is t he sam e as i n f igu r e s 14 - 17 . 
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V. CONCLUSIONS AND SUGGESTIONS 

Although the data do not appear to be consistent there are several 

conclusions that can be drawn from them. The main contribution to the 

counting rate appears to come from the coherent nuclear production. 

There are, however, at angles smaller than the coherent peak, counts 

which can not be attributed to this process. If we assume that they come 

from the Coulomb and interference terms , we can put broad upper and 

lower limits on the lifetime . Any atteITIpt to sharpen these limits runs 

into several difficulties: The angular resolution and the counting rates 

are not high enough to separate cleanly the CouloITIb and inte rfe renc e 

terITIs; the uncertainties in the effects of absorption and the shape of the 

background ITIake the fitting itself doubtful. Taking into account all the 

-16 
data except carbon, one can exclude lifetimes greater than 1.5 x 10 sec 

and shorter than 1 x 10 - 17 sec. 

A stronger stateITIent can be ITIade about the neutral pion lifetime 

if we accept only the lead and aluminum data which gave a reasonable 

probability in a chi - square test. COITIbining these data and correcting 

b 8 (I/ f b . . l 'f' f 7 6 + 4. 2 10 - 17 
Y 10 or a sorptlon gIves a 1 etlITIe 0 • _ 2 . 3 x sec. A plot 

of the likelihood function vs. lifetime is shown in figure 19. The er r ors 

quoted are for a 90% confidence level assuming they are purely statistical. 

Because of the possible systematic effects a ITIore conservative estiITIate 

f h 1· f ' . 7 6 + 6. 0 10 - 17 o tel etlme IS • _ 4. 5 x sec. 

Theoretical calculations which are based on perturbation theory 

(17 ) or on a dispersion theory calculation using only a limited nUITIber of 
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Figure 19 . Likelihood curve for the ITo lifetime f r om combining the 

l ead and aluminum data assuming only statistical errors. 
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-17 intermediate states (18) predict lifetimes in the range 5 - 20 x 10 sec . 

Mathews and JacOb(19), in the ir analysis of the contribution of the o 
1T 

pole to C ompton scattering from protons , estimate from the data that 

the lifetime lies between 5 x 10 - 19 and 10-16 sec. This experime nt can 

say nothing about the validity of these cal culations . 

The results of thi s expe r iment indicate a shorte r lifetime than 

the more direct methods outlined in the introduction. The experiments 

involving the Krr2 decay have r ecently been brought into question (2 0 ) 

in that there may be systematic errors or psychological biases in the 

m easurement of events. These two types of exp eriments comple m ent 

each other in that they can put lower and upper limits on t he lifetime . 

All the data , with the possible exception of carbon which is 

higher , when corrected for abso rption , ag re e that the non- spin fl i p 

nucleon cross section at small angles goes like (3 3 ± 3) sin2 9 \-lb / s r m 

the center of mass . This is much larger than would be expected f r om the 

published hydrogen d ata at a cm angle of 27. 6 0 a nd 9 50 Mev (21), which 

would give a bout 5 sin
2

9 if it were all non-spin flip . Thus it appe a rs 

that the non-spin flip cross section is peaked at small angles. This has 

recently been confirmed in the preliminary data of T a lman et a l. (22) 

measured with the same technique as in this experiment. If the forward 

peaking of the cross section is taken as an indication of a pole due to the 

exchange of a neutral vecto r meson , then since the cross section appears 

to be large fo r elements with nearly equal numbers of p r otons and neu -

trons, one can conclude that the vector meson is an isoscala r . 

Fro m the data in this experiment a determination of the mass of 
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the vec t or meson cannot be made except to note that for aluITlinum the 

fit to the data is very ITluch worse if we assume a mass of 550 M ev. On 

the other hand, if the Gell-Mann and Zachariasen theory (14), which pre -

d iets a relationship b etween the vector meson and the 11"0 decay rates, 

is correct, then it is difficult to explain why the pole term is so large if 

o 
it were due t o an w meson of ITlass 780 Mev. Taking a 11" lifetime of 

10-
16 

sec and Y: / 411" = 1/ 2 ( 23) gives a width for the decay w - 11"0 + Y 

of 0.18 M ev. From the pole term with Y:NN/ 4rr = 1/ 2 (23) the width is 

3.5 Mev. This dis c repancy, howe ver , may just be due to our poor 

knowledge o f the coupling constants. For the 11 the decay widths are 

0 . 22 M ev from the c ohe rent nuclear cross section and 0 . 13 Mev using a 

life time of 10-
16 

sec and the saITle choice of coupling constants. 

Although the absorption correction of Engelbrecht does give a 

consistent result for the non- spin flip nucleon cross section, the value 

of 33 sin
2e flb / sr is a factor of three larger than the preliminary results 

of Talman et al. from hydrogen. Thus the decay widths may be a factor 

of three smaller or there is a large difference between the neutron and 

proton non-spin flip cross sections. A measurement of the coherent pro -

duction from deuterium would help in clearing up this point. The validity 

of the optical model at these energies is still in doubt . 

The incoherent production when corrected for absorption is ln 

rough agreement w ith the preliminary data of Talman et al. ( 22) at 940 

o Mev and O . There is no evidence that the suppr e ssion due to the Pauli 

principle is stronger in a closed shell nucleus than in another. 
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The basic experimental difficulty with this m e thod of measuring 

the lT
o 

lifetime is the poor angul ar resolution. This resolution can be 

reduced to ± 1/ 2
0 

if t he gamma rays are allowed to convert in spark 

chambers set in front of the Cerenkov counters. T he energy resolution 

should not be greatly affected, but the counting rate would be reduced. 

The energy acceptance of the te le scopes should also be reduced to 

eliminate background events from neutral pions produced in pairs. Both 

of these improvements require a more intense photon beam. 

Since the contribution from the Coulomb process increases with 

energy while the cohe r ent nuclear should be r educed because the form 

factor decreases, the exp eriment would appear to be cleaner at highe r 

photon energies . H owever, if the nuclear production is dominated at 

small angles by a vec t or meson intermediate state, then i t would increase 

roughly a t the same rate as the lifetime and the improvement would be 

smal l. Thus it may turn out that the indirect method for measuring the 

lT
o 

lifetime i s unsatisfactory and that high energy nuclea r stars w ill give 

the most accurate value. 
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APPENDICES 

A . Synchrotron BeaITl 

The 1. Z. Gev circul ating electron beaITl inside the synchrotron is 

allowed to spill out ove rape riod of 50 ITlS ec onto a O. 2 radiation length 

tantaluITl target. The gaITlITla ray beaITl eITlerges froITl the ITlachine through 

a 1/ 4" x 3 / 8 11 priITlary colliITlator and then through the first scraping wall. 

IITlmediately behind the first scraper is a small sweeping magnet to de­

flect charged particles froITl hitting the target for this experiment. The 

beam, after passing through the target and being swept again , goes be ­

tween the two counter systeITls in a heliuITl filled tube, then through the 

second scraper and a liquid hydrogen target if the latter is in the lowered 

position . The beam is finally stopped in a thick wall ionization chamber . 

The beam intensity was normally monitored by this thick walled 

chamber (called chamber III) which was ITlade of coppe r and contained 

an argon-C0z. mixture. A second "thin ll chaITlbe r located between the 

priITlary colliITlator and the first scrape r and consisting of two parallel 

plates that collec t ed ions produced by the beam passing between theITl 

was used for monitoring when the high energy ITlagnet was at sITlall angles 

and intercepting the beaITl before it co uld r each chaITlber III. At these 

times the thin chaITlber was calibrated against chamber III . T he current 

f rom the chaITlbers was integrated and recorded in units called bips (b eam 

integrat o r pulses) . From the integrator constant and the chaITlber cali ­

bration one has the beaITl intensity integrated over energy. 

During the course of this experiITlent chaITlber III was calibrated 
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several tiITles by GOITlez against a Wil son type QuantaITleter (24) whose 

r esponse as calculated froITl shower theory is independent of the spectruITl. 

The results of these calibrations differed froITl one another by about 2 per 

cent when co rrected for a slow drift due to leakage froITl the chamb e r. 

This discrepancy is outside of experimental error and has not been ex -

plained. 
18 

An average value of 4.15 x 10 Mev / coulomb for an end point 

energy of 1200 M ev has been used in analyzing the data . The integrator 

calibration ITleasured frequently during the experiment was 0.211 f.1coulomb / 

bip with a fluctuation of less than one half per cent. The over all calibra ­

tion is then O. 877 x 10
12 

Mev/bip . 

B. Apparatus 

A plan view of the experiITlental arrangement is shown in figure 6. 

A 1. 2 G ev bremsstrahlung beam from the synchrot ron was incident on the 

target supported between the pole pieces of a sweeping magnet . The beaITl 

in the region between the target and the detector systeITl was enclosed in 

a helium filled TIlylar bag to reduce background. At the target the beam 

filled an area of approximately one inch square , b ut was st r ongl y con -

centrated at the center. The late r al s pread of the beaTIl has been ignored 

in the analysis of the data. 

Both of the decay gamma rays from the neutral pions produced 

in the target were detected in total absorption spectroTIleters. These 

Cerenkov counters consisting of 141[ x 14" X 12" blocks of lead glass had 

a linear energy response and a resolution of 6 . 1 per cent at one G ev (25). 
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The angular resolution of the counter was defined by a 6. lIT x 3.1" aper ­

ture in 41f thick lead walls 89 . 25 11 from the target . The centers of t h e 

apertures were chosen to be 8
0

40 ' on either side of the beam , s ince t h is 1S 

the symmetric decay angle for a rr
o 

with a total energy of 900 Mev. 

The charged particle background was eliminated by sweeping 

them in the vertical direction and by 4" x 7 If veto counters in front of 

the apertures. A 1. 5 11 piece of p araffin removed the extremely l ow 

energy particles . The background due to cosmic ray particles traversing 

both Cerenkov counters was reduced by the cosmic ray veto counters located 

between the two Cerenkovs just to the left of the beam. T hese were 

shielded both from the beam and from the nearby Cerenkov. 

The counter cells sit on a large table which can move both 

counters simultaneously in the vertical direction . By this procedure 

an " angular distribution 11 of the pions can be measured. The shielding 

and anti-coincidence counters a r e mounted so that they mOve as a unit 

with the C erenkovs . 

The physical properties of the targets are summarized in Table 

IV. The liquid oxygen was contained in a small vacuum flask taken from 

a thermos bottl e . 

C . Electronics 

A block diagram of the fast electronics 1S shown in figure 7. 

The primary identification of a pion 1S done by a ten nanosecond coinci ­

dence between pulses from the two Cerenkov counters, A(456) and B(45 6) . 
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TABLE IV 

Target Prope rties 

Material Z A gIn/ CIn 
2 

Absorption 

Lead 82 207. 2 0 . 582 0.07 

Copper 29 63.57 1. 43 0.06 

Coppe r 29 63 . 57 2.94 O. 13 

Al UIn in UIn 13 26.97 3.09 O. 10 

Carbon 6 12. 0 0 4.32 0.07 5 

Oxygen 8 16.00 7.98 0.1 55 (net) 
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The output of this coincidence, AB(4 5 6), opens a 50 nsec linear gate 

which passes the A and B signals from the Cerenkov counters. There 

is an additional output from the gate fo r the sum signal A + B. The 

pulses from the veto counters , lA and lB , are first r equired to be In 

25 nsec coincidence with the A(456) and B(456) signals from the corre -

sponding Cerenkov counter b efore being sent to the slow logic t u 

decrease the veto dead time. The signals from the cosmic ray veto 

counters are added to the lA signal before the fast coincidence . 

The slow electronics shown in figure 8 does the final biasing 

and l ogic to defi ne the event as a TT
O 

and records the data for further 

analysis . The slow discrimination and logic is done in six channel dis-

criminator and coincidence - anticoincidence circuit (Keck Box) with a 

coincidence resolving time of 0.3 f.Lsec and a veto dead time of 0.7 f.Lsec 

which is gated on during the beam dump. This circuit gives out a trigger 

when the gated signals from the two Cerenkov counters, A and B , 
g g 

are above a preset bias level, and the fast coincidence circuit has given 

a standard size pulse AB(456), and also there are no (lA . A) and (lB· B) 

pulses from the veto counters. T he trigger turns on a twenty channel 

pulse height analyser (kicksorte r) which records the pulse height of the 

A + B sum signal. 

In addition , the individual gated counter pulses, A and B , 
g g 

are lengthened in the double gated stretcher and are applied to the hori-

zontal and vertical deflection plates respectively of an oscilloscope. At 

the same time an unblanking signal is applied to the grid of the cathode 

ray tube to turn on the elect r on beam. This puts a dot on the sc reen 
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whose coordinates are proportional to the size of the original pulses 

out of the Cerenkov counters. The Udot plot U is photographed onto 

P olaroid - Land transparency filITl , which is developed after each run and 

filed for further analysis. T he nUITlbers of counts of the types (lB · B), 

B , (lB· B)· B , (lA· A) , A , (lA· A) · A . AB (4 5 6) , and the nUITlber of 
g g g g 

triggers are reco r ded on scalers . 

D . Calib r ation P rocedure 

T he standard ene r gy calibrations of t h e Ce r enk ov counters are 

runs on COSITlic ray ITluons traversing the count er vertically. T he peak 

of the spectruITl COITles at an equivalent gaITlITla r ay energy of 201 Mev. 

This agrees well with t he path l ength of the ITluons t h r ough the glass. 

The COSITlic ray spectruITl and that for 9 55 Mev electrons are shown in 

figure 20 . 

Before each day's running the output of a pulse r is fed into the cali -

bration inputs to the ITlixers of both Ce r enkov counters . T he gains of 

the electronics are adj usted to standard values and the biases of the 

fast coincidence circuits are checked. Day t o day gain d r ifts are about 

1 - 2 per cent. With the sweep ITlagnet turned off e l ectron calibrations 

are ITlad e to check drifts in the Cerenkov counters and to check the veto 

counters . This gives a sensitive ITleasureITlent of the energy calibration 

be c aus e the electron spect ruITl fall s s h a l'ply with ene r gy. 

The dot plots recording the correlated pulse heights for each 

event are calibrated against the kicksorter before each run. The output 

of a pulser is introduced into the systeITl a t the stretche r s fo r f irst 
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F igure 20. Cerenkov counter r e sponse to cosmic ray muons and to mono ­

energetic electrons . The electron spectrum has been fitted to a Gaussian 

distribution with a width of 6.5 per cent . 
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the A and then B side and the pulse height is adjusted to lie between 

selected channels of the ana lyzer. A series of these dots form the co ­

ordinate axes on the film. The oscilloscope position and gain are adjusted 

so that the dot s fall at predetermined points in respect to the g raticle . 

E. Data H andling 

The dot plots of pulse height in the two Cerenkov counters which 

are recorded on P o l aroid transparency film are r ead by projecting the 

photograph on a rectangular g r aticle . With the cal ibration dots at a 

standard position the coordinates of the individual events a r e recorded lTI 

a notebook. The coordinates are also punched on IBM cards for analysis 

by an IBM 7090 computer . 

The compute r analysis 1S carried out in two steps. F or each run 

a parameter card is r ead which contains the target material and thick­

ness, counter position, beam end point and calibration, and the energy 

calibration of the individual counters . Also on the parameter card is the 

number of bips and triggers that occurred during the run and the duration 

of the run in minutes. The coordinates of the events are then read and 

the kicksorter channel and photon energy are calculated. The spectrum 

of pulse heights corresponding to that recorded for the sum pulses on 

the kicksorter are printed out for comparis on with the notebook. Agree­

ment t o one channel is required or the dot plot is reread. 

From the energy of the '{-rays in the two counters and the geom ­

e try of the counter a p ertures the program calculat es t he maximum and 

minimum possible angles that the pion could be emitted to give the 
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measured split in energy. An event is defined as "TT-like" if the differ-

ence between the maximum and minimum pion angle is positive. These 

events are flagged on the printout. The angles and energies calculated 

are stored in binary form on magnetic tape for further analysis. 

The second analysis program reads the data that have been stored 

on tape into the computer. For a given set of runs the program selects 

events satisfying angle and energy criteria . Counting rates are calcu-

lated and histograms of energy distributions and pion angles are printed. 

The pion angle is defined in equation 9. The output of this program is 

the results used in interpreting the data. 

F. Monte-Carlo Integral 

The counting rate for neutral pions photoproduced from a complex 

nucleus is given by the five-dimensional integral 

N t SE S2TT S I C = A
O 

0 N (k} dk d¢ d cos e a(k, e )P(k, e , <!> } • 
rOO TT - 1 TT TT TT TT 

N t / A is the number of target nuclei of mass number A in a 
o 

target of thi ckness t. 

W is 

N(k) = ; B(k, Eo) / k is the shape of the bremsstrahlung spectrum. 
o 

the total ene rgy in the beam pe r bip, E is the end point energy 
o 

and B(k, E ) is the deviation from the l / k distribution (26). o 

a (k, e ) is the c r oss section for producing pions at angle e 
TT TT 

by a photon of energy k. 
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1S the probability of detecting a lT
o 

of total energy k and angles 6 , 
lT 

rJ>lT. 6
1 

and ¢l are the center of mass directions of one of the d ecay 

y- rays and 

1 if both y-rays are detected 
E = 

o otherwise 

The integral has been programmed for an IBM 7090 computer using a 

Monte-C a rlo technique . 

The Monte-Carlo integral may be best illustrated by a simple 

rl 
example in one dimension. Suppose we wished to compute ) y{x) dx 

~ 0 
where the integrand is normalized such that 0 < Y < 1. We would choose 

a set of N uniformly distributed random numbers o ~ x :::: 1 and com­
n 

pute y(x). These are compar e d with a second set of similarly distri ­
n 

buted random numbers 0:::: y :::: 1. The ratio of the number of times 
n 

y(x ) 2: Y to the total number of trials N will approach the true value n n 

of the integral as N becomes larger. This technique is useful in evalu-

ating the counting rate integral becaus e we are a b le t o duplicate t ':le physics of 

the problem and get inte rmedia te results such as angle and energy distri-

butions . 

The integration program is divided into two parts. The first part 

generates events that can be det ec ted by the counter system and stores 

the pion angle and energy on magnetic tape . The second prog ram does 

the actual integration by folding together the cross section, bremsstrah-
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lung spectrum, and counter energy resolution. The functional dependenc e 

of the cross section can be easily specified and bias conditions o n angles 

and energies similar to those in the analysis programs can be imposed. 

The generating program chooses randomly the five independent 

pa ramete r s k, 8 TT' cP TT' 8 1, CPl ' A Lorentz transfo r mation into the 

laboratory system along the pion direction is performed on the y - rays 

to see if they have both been detected. If they b oth are , then their lab­

oratory energies are calcul ated and the parameters of the event are 

stored on tape. T he expected counting rat es have been calculated uSlng 

2000 events generated by this program for each counter setting. 

The integration program r eads in the event parameters from t ape 

and calculates the cross section and bremsstrahlung spectrum. To fold 

in the energy r esolution of the counters two new photon energies distri ­

buted normally about the energies r ecorded on tape w ith a width given 

b y (J = 61 IE Mev, where E is the incident photon energy in Gev, are 

calculated. The events are then handled exactly as in the data analysis 

programs to see if it pas s e s the angl e and ene rgy c rite ria. T he p ion 

angl e is calculated as described above , and histograms are made of 

angle a nd ene rgy distributions. 

For each event on tape five fold ed events are used to smooth out 

the distributions. The counting rate itself is cal culated by sumITling the 

integrands and dividing by the proper no r malization factor . An "experi­

ITlental n value of the error on the integral is gotten by dividing the 2000 

events into ten groups and finding the spread in the distribution of counting 

r ates . The overall e rrors on the counting rates are a b out 3 per cent. 
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