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PHOTOPION PRODUCTION FROM DEUTERIUM NEAR THRESHOLD 

William P. Swanson 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

The reactions (1) y + d -+ n + + 2p and (2) y + d -+ n + 2n have 

been observed near threshold by using the Lawrence Radiation 

Laboratory electron s'ynchrotron and a 4-inch deuterium bubble 

chamber modified for operation in a high-energy photon beam. A 

194-Mev bremsstrahlung beam, hardened by one radiation length of 

LiH, with an average intensity 0.8 · 10
6 

Mev/pulse, was incident on 

the chamber. A total of 1309 analyzable n- and 447 ;/ events was 

found in 200,000 photographs. The .events were kinematically analyzed 

by an IBM 650 computer using a least- squares method. Two-prong 

events were weighted for chamber geometry by an IBM 704 computer 

using a Monte Carlo technique. The ratios a-/ a+ were determined 

as a function of laboratory-system photon energy k and meson c. m. 

angle 8 (two-body kinematics): by connecting observed ratios of 

reactions (1) and (2) for final-state Coulomb effects: 

k 
(Mev) 

152-158 

158-165 

165-175 

e 
(de g) 

0 to 90 

90 to 140 

135 to 180 

-; + a a 

1.08 ± 0.14 

1.27 ±0.18 

1.44 ± 0. 20 

These ratios include negative Coulomb corrections of 13%, 7o/o, and 

7o/o, respectively. An attempt was made to obtain the free-nucleon 

eros s sections (y + n -+n + p) by using the Chew- Low technique of 
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extrapolating datil from Reactio,n ·(1) .to-a pole in the tr.ansition 

amplitude located at a negative (nonphysical) value of the kinetic 

energy of the lower-energy proton in Reaction (1). Straight-line 

extrapolations at five effec:tive laboratory-system photon energies in 

the range k = 153 to.l74 Mev gave an average value CJ-/CJ+ = 1.7±0.2 

when compared with. recent positive photomesom.data. Total arid 

differential eros s sections for Reaction (1) were obtained for the 

photon energy range k = 150 to 157.5 Mev .. ·The data are lower than 

those of Adamov.ich et al. ·by approx. 32%. They are c:onsistent with 

isotropy_ in the (y + d) c:. tn. , but there is a strong .suggesti~n of a 
2 >:< 

negative cos e , term in the angular distribution~ 

.. .... 
i'. 

• 
- .. 
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I. INTRODUCTION 

A. R, the Photopion a-/ a+ Ratio 

Every reasonable meson theory that includes nucleon recoil 

has led to the conclusion that the processes '( + n - lT + p and 

'( + p- lT+ + n should occur at threshold in the ratio R = 1.3 to 1.4 

if final-state Coulomb interactions are excluded. This result comes 

about regardless of the details of the meson-nucleon interaction assumed. 

For this reason it would be of major theoretical importance if it were 

found experimentally to be otherwise. Since a firm experimental value 

of R has proven to be elusive, l-lS·,' 91 the research described here 

was undertaken to measure the apparent value of R near threshold 

by using deuterium as a target, and to obtain information on the 

'( + d - lT + 2p final state, useful in relating the apparent (deuterium) 

ratio to R itself. In addition, an attempt was made to obtain the 

free-nucleon cross section a('(+ n --. lT ·+ p) in a way that eliminates 

deuteron binding effects and kinematical smearing, by means of a 

Chew-Low extrapolation. 
16 

Naively, one would expect the eros s sections a- = a('( + n -lT +p) 

and + . + a :: a('( + p - lT + n) to be about equal, on the basis of charge 

independence. That negative mesons in fact are photoproduced with 

higher probability near threshold may be crudely grasped by noting 

that a neutron, when viewed as a virtual proton\:-negative-meson 

system, has an electric dipole moment proportional to (1 + f.l/M), 

whereas a proton viewed as a neutron-positive-meson system has a 

dipole moment proportional only to unity, as illustrated in Table I. 

The cross sections are proportional to the squares of the interactions 

of these virtual dipoles with the incident photon. Significantly, 
2 . 

(1 + f.l/M) = 1.32, in agreement with more sophisticated theories . 
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Table, I 

Nuclear virtual dipole moments 

Position of particles. 

-1 0 +f.L/M 

I ....... 
0 + 

7T i Cll p 
~ Cll 
il) ro 0 + -1-' s 7T ~ n 
il) 

l) 

Dipole moment 

(1 + f.L/M) 

(.1 + 0) 

· The earliest predictions concerning the ratio R wer.e obtained 

by considering the final-state currents only. 
17 

The interaction may 

be expressed as jT- Ad T dt, where the integral is taken over all 

space and time. Assuming the cross section to be proportional to the 

square of the appropriate interaction, we have the result 

(J 

+ 
(J 

w 

M 
(I - ~ cos e~ ~z " 1.38, for · w.- I (1) 

Here, f.L is the .meson total energy, M is the nucleon mass, and j3 

is the meson velocHy (){ = c = f.L = 1 )~ This formula was also derived 

from first-order perturbation theory. 
18 

On the other hand, an interaction between the photon and the 

nucleon magnetic moments leap.s. to 18 

w 

J 
-2 

·. ( 1 - cos 8) = L06 for w -+- 1' 
M 

(2) 

where g and g are the nucleon total magnetic moments, in nuclear 
p n . -~ 

magnetons. A phenomenological approach by Watson, based on 
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measure:ments of the ratio at higher energies, 
7 

also led to a threshold 

value R = 1.24. These arguments, whether semiclassical or based 

on perturbation theory, lead to results in qualitative agreement with 

experiment. Actually, the recoil-current interaction gives values 

generally too large, and the magnetic-moment interaction gives 

results closer to unity than is the case experimentally, since 

(g + g )/(g -g) ::::: 0.2. The increase in a-/a+ with meson angle, 
p n: p n: . 19 

which is experimentally true up to around 1 Bev photon energy, 

is indicated by these semiclassical results. 

Dispersion theory, 
20 

much more reliable than the older 

perturbation calculations, gives the ratio 

·~. R= a 
+ a [

1 + (gp + gn)/2M ]
2 

= 
1 - (g + g )/2M 

··. p n 

1.30 for w = 1, 

consistent with all earlier theories that include nuclear recoil. 

Actually, that the semiclassical and perturbation theories are m 

such close agreement with the dispersion relations is perhaps 

fortuitous. The disperion relations approach to photoproduction is 

considerably sounder than the other theoretical attempts described 

above. 

(3) 

The basis for confidence in this result is that, apart from re

coil effects which are essential in determining R, the important terms 

in near-threshold photoproduction are th~au~:j.nvariance term 
..... A a . (k-q) e · q a · e and the direct-interaction term ' _ .... Here 

wko - q • k - - -a is the nucleon spin, k the photon momentum, k
0 

the photon energy, q 

pion momentum, w the pion .total energy, and "€' the photon polari

zation direction. These terms are classical in origin and are not 

as mysterious as terms which become important only at higher 

energies. Their inclusion in any theory can hardly be avoided. 
21 

Moreover, general low-energy theorems add weight to the theoretical 

results. The Kroll-Ruderman theorem 
22

• 
23 

gives R =(11 ~: )
2 

, 

where x is of order ( f.L/M),:-
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Thus, the prediction .R = 1.3 to J.4 is seemingly based on 

very strong theoretical .grounds. However, ·it must be .pointed out 

that theoretical corrections to Eq. · (3), which may alter our expec

tations concerning R, have recently be.en estimated ~by Ba,ll. 
24 

He 

obtained the. form 

R=l.28(1-0.19 A), (4) 

where A is the parameter which arises in the pho'ton:._,three:-pion 

interaction, 
25 

The .magnitude of A may be derived from data :or 

positive and neutral photopion production, and from measurements 

of the neutral-pion lifetime. Such data as exist are .not inconsistent 

with a value of A as large as unity. 

B. The Low-Energy. Parameters 

Apart from specific assumptions concerning meson theory, 

there is a basic connection between the experimental parameters of 

1 . . h . 26 An . . h ow-energy pton p ystcs. . apparent tnconststency among t ese 
. t h b h . f h d' . . . 2 7-3 9 parame ers as een t e source o muc tscusston tn recent .years. 

· (] (y + n - n- + p) The ftrst of these parameters is R =. { 'f ) measured 
ay+p-n +n 

at threshold arid exCluding the final.:. state interactions,· as defined in 

the preceding. s.ection. The second is the Panofsky ratio 

P= a(n- + p.-+ n° +n) 

a (n + p - 'Y + n) 
determined by allowing negative pions to 

stop in hydregen. The reaction takes .place from an S state, and 

thus the pions are at slightly below zero kinetic energy. Experimental 

values of 13 have fluctuated widely, from one investigation to another, 

but several recent experiments have .given consistent results. A 
. t. 1 . h d £ . . . 3 2' 40 - 4 5 . noncrt tea wetg te average o . seven. expertments gtves 

P = 1.63±0.05.. Using this together with the theoretical. value 

R = 1.30 gives PR = 2.12. 

Now if we rearrange the facto.rs in the p,roduct of these ratios, 

we obtain 



.. 

PR = a (y + n ._ TT + p 

a ( TT - + p.-y + n) 
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- . 0 
CJ(TT +p-TT +n) 

. + 
a ( 'Y + p -n + n) 

(5) 

2 
By detailed balance, the left-hand brackets simply contain L 2 , 

2k 
where the 2 comes from the two jpos sible polarizations in the case 

of an.outgoing photon. Here, q and .k are the center-of-mass pion 

and photon momenta, respectively(~ = c = f.J. = 1). The quantities 

a (n- + p-n° + n) and a (y + p - TT + + n) are to be obtained from experi

ment and. extrapolated to zero pion kinetic e.ner gy. 

E . 1 1 . . h . d . 8, 16 ' 46 - 52 xpenmenta resu ts on pos1t1ve p otop1on pro uctlon 

near threshold have recently undergone revision due to new experiments49-
53 

and new techniques
30 

in extrapolatingexisting data which take into 

account the important direct·-interaction term. 
54 

The .extrapolated 

value 

or 

lim da 

w- 1 dn 
= (20 ± 10%) X lo- 30 -~q--., 

(1+ l/M) 2 

2 
em 

sr 

a :::: 0.19q mb, is based on data compiled by Bernardini. 
38 

Here 

w is the meson total energy, and M is the nucleon mass (~ = c = f.J. = 1). 

This result is not in disagreement with the dispersion relations of Chew, 
20 2 1-) 

Goldberger, Low, and Narilbu, for f = 0.074, and N = 0 to-0.05. 

the 

Extrapolation of the charge-exchange data is done by means of 
. 55 

express1on 
- 0 8TT 

(J ( TT + p - .TT + n) = 
9 

1 
-2-
q 

v 
0 

v 
(6) 

and depends critically on the S-wave scattering phase-shift difference 

(o 3 - o1). P waves are neglected. Here, v
0
/v _ is the ratio of 

velocities of outgoing neutral meson and incoming negative meson. 
. . 03_- 01 . 

Older extrapolations assumed to be independent of w near 
q 

. . 56 
threshold. A fit made by Orear to existing data, using this 

assumption, gave (o 3 - o
1

) = (0.26 ±0.04) q. However, Cini et al. 
36 

have pointed out that the charge-exchange amplitude must vanish for 
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zero pion energy, and therefore a value lower by lOo/o is preferable. 

Near threshold, (o 3 - o
1

) = 0.24 q is the value they obtained by means 

of an S-wave effective range approximation based on dispersion re

lations. 

Fitting these parameters together, we get PR = 1.89 for the 

le.ft side of Eq. (5). This is gratifyingly close to 2.12, ;realizing that 

a straightforward use of experimental data gave PR = 3,27 only two 

yea·rs ago, 
30 

in serious dfsagreement with accepted· P arid· R values. 

Although the threshold discrepancy is not serious now,· further study 

of the pion-nucleon -S .state is desirable.· 

C. · Photoproduction from Deuterium· 

Experimentally, the simplest way to get information on the 

reaction 'I + n - 'IT + p is by studyjng the reaction y + d -~'IT- + Zp 

either directly or by observing the ratio of negative to positive mesons 

produced. Either method presents difficulties d.ue both to three- body 

kinematical smearing and to the final- state nuclear and Coulomb in

teractions. The.final-state nucrea~ interactions· s.hould be identical 

for negative and positive mesons, but the Coulomb forces are not 

identical, because three charged particles are present in negative

meson production and only one in the positive-mes.on case. The 

Coulomb correction is important for the low-relative velocities near 

threshold. 

- ln the energy region k -~ 200 Mev, experiments on the ratio 
1-8 10-12 . 

have been performed by several groups. ' In the reg1on 

(k ~ 175 ·Mev) where corrections due to final-state Coulomb interactions 

should be small, the 6hs'erved,ratio is on the order of 1.4 to 1.5, as 

s'hown 'in Fig. 1. At lower photon energies (k ,;, 160 to 165 Mev), the 

apparent (uncorrected} ratio rises to around 2. Two...:body kinematics 

are assumed in _determining the photon energy. 

--
~-
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r 150° 
f-

45° 75° 0 

l ~I 
135 

105° 

f- 75° 75°~ 
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Ifi05° 
o Carlson- Lee 75° 75° 

45° • !:! 

7¥5~ 
• Beneventano et al 1 1958 25° 

r- 45 105 r 
fl Beneventano et al 1 1954 

• Sands et al 
45°_ r- c Hogg and Bellamy 

• White et al 

I I I I I 

150 160 170 180 190 
0 0 

k~ k+ 
T 

ky(lab) (Mev) 
MU-20663 

Fig. 1. Apparent values of a-/ a+ obtained in deuterium 
as a function of photon energy k. Two- body 
kinematics are assumed. Angles are in the 
laboratory system. No corrections for Coulomb 
effects have been made. 
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Theoretical approaches to deterium photoproduction have 

11 ·1· d h . 1 . . 57 ~ 59 Th. · · usua y uh 1ze t e 1mpu se approx1mat1on. 1s approx1mat1on 

assumes that the production amplitudes from the two nucleons can be 

linearly superposed. This assumption is valid if the distance between 

the nuclei is large compared with the production amplitudes, the time . ., 

of interaction is short with respect to a nuclear period, and the 

interaction distance iri nuclear matter for incoming photon and out

going meson are long compared with the nuclear size. All these 

criteria apply to deut:e!l"Dn photopion production. 

The most complete theoretical study of deuteron photomeson 

d . . h . 1 . . h b d b. B ld" 33 • 34 
pro uctlon v1a t e 1mpu se approx1mat1on as een ma · e y a 1n. 

He took into account final-state nuclear interaction ofcthe two recoiling 

nucleons, and the Coulomb interactions of all recoiling particles. His 

work makes definite predictions concerningthe recoil-proton distri-

b t • h. h • h h • 1 k .fAd • ·.h 1 6 •13-14 
u 1ons, w 1c agree Wlt t e exper1menta wor o ~ amov1c et a . 

When his. corrections are applied to the total cross sections 

a (y + d -+ 'TT + Zp) as measured by Adamovich et aL, and~these re

sults are compared with the cross sections 8 a()'+ p-+ 'TT+ + n), the 

result R = 1.3 to 1.4 is obtained, in agreement with theory. 

When the Baldin corrections are applied.to the app~rent ratios 

from deuterium at low energies, results consistent with theory are 

again obtained. 
15 

However, the agreement at low energy should 

perhaps be regarded as tentative until discrepancies with dispe.rsion 

relations at_ higher photon energies are resolved 10 and the connections 

between R and other pion phenomena through the parameter A are 

more fully explored. 



. -

-15-

D. Polology 

A powerful technique suggested by Chew and Low
16 

has made 

it possible to determine free-nucleon cross sections 

a(y + n ~,.- + p) by usirtg the·neutron bound in the deuteron as a target. 

This method depends uport an extrapolation of observed cross sections 

.to a negative (nonphysical) value of the recoil-proton kinetic energy . 

. The essential role played by a pole in the S matrix has lent the name 

Polology to this method of analysis. 

The technique may be visualized in the following way. Imagine 

an incident photon striking the neutron at .a time when the proton is 

far away •. That part of the complete photoproduction amplitude A 

arising from interaction of the photon with the neutron alone to produce 

a negative pion is proportional to the T matrix for the process 

·'Y + n ,...._ ,.- + p multiplied bythe Fourier transform (a
2 + p 2

)-l of 

the deuteron asymptotic wave function. Here a = .j (B. E. ) x M is 

the inverse deuteron radius ~nd p
2 

is the square of the spectator 

proton recoil momentum. Owing to this transform there is a first

order pole which determines the behavior of the complete amplitude 
2 2 

A near p = - a The residue of the pole, proportional to T, can 

be found by extrapolating measured values of A multiplied by 
2 2 2 2 

(p + a ) to p = - a . At this point the spectator proton has a 

negative kinetic energy in the final state just equal to its share of the 

(negative) deuteron binding energy in the initial state. Thus, the 

recoil proton truly becomes a spectator at the extrapolated point . 

Small values of proton recoil momentum mean little interaction 

between the proton andthe other reacting particles. As.pictured 

here, this situation corresponds to the case in which photoproduction 

occurs on the neutron when the proton is far away. Since low

momentum recoil eve.nts have most effect on the extrapolation, we 

were in retrospect justified in using the deuteron asymptotic wave 

function to obtain the Fourier transform. 
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Experimentally, what we observe is a complicateddifferential 
2 . 

cross section ° g 2 a: A
2

, riither than A its.elf. Here, pis again 
. ap ow 

the reco1l momentum of the spectator (lower-kinetic-energy) proton, ~ 

and · w is the total inte.rnal ener.gy of the \1".- + p system. Clearly 

p
2 

and w
2 

have physical limits depending on the photon energy k, as - • 

illustrated in Fig. 2. The. differential cross section is formed in the 

· conventional way by counting events. in variO"llS .6-p 
2

, .6.w
2 

bins, on a 

graph such as Fig. 2. 

·Free-nucleon .cross sections are obtained.as a function -of 

by ·using the formula 

a (y + n -+'IT + p) = lim 
2 2 

p-+ -a. 

2 2 2 
(p +a ) 
(wz -.M 2) 

n 

·where w 
2 

corresponds to a definite value of effective laboratory-
2 4 a 

system photon energy. Here r = -----, where r O 
M 1 - &r

0 p 

2 
w 

(7) 

is the neutron-proton triplet effective range. As can' be judged from 

Fig. 2, the distance over which the extr'apolation must be made is not 

long compared with the physicaLrarige of p
2
. generally observable. . . 

... 

• llo 
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63 64 

MU-20664 

Fig. 2. Polology diagram showipg kinenzatically allowed 
regions of the variables p and w (pion units). 
Experi~ental cross sections are to be extrapolated to 
p2 = - a . 
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II. EXPERIMENTAL TECHNIQUE 

A. Introduction 

In order to observe the low-energy particles from the reactions 
. + 

...... 7T + Zp and y + d .- n + Zn near threshold, the Alvarez 4-

inch deuterium bubble chamber was placed in a bremsstrahlung beam 

from the Lawrence Radi.ation Laboratory electron synchrotron. A 

nominal peak energy E of 194 Mev was .chosen for this experi~ . .· max . 
ment for two reasons. It eliminated mu_ch of the electron-pair 

background that would have been caused by the higher-energyphotons. 

Secondly, it removed ambiguity in the analysis of some events whose 

.measurements a.llowed more than one interpretation corresponding to 

different photon energies. In preliminary runs, it was found that 

chamber effic~ency dropped rapidly above 180 Mev; . this was un

important since .measurements close to threshold (kT=l45.83 Mev 

for n-; 148.62 Mev for 7T +) were of primary interest . 

. To remove electron background caused by, the Compton effect 

at low photon energies, approximately one radiation length of LiH 

beam h.ardener was used. . Its attenuation of the bremsstrahlung beam 

was largest at low photon energies, as verified by. the measurements 

described in Sec. lll.C. 

. ... ~. 
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B. General Description of Setup 

The experimental arrangement is shown in Figs. 3, 4, and 5. 

A 194±2-Mev bremsstrahlung beam from the synchrotron was 

collimated ,to l/8-in. diameter 57 -in. from the internal 20-mil Pt 

target. A 1/2-in. collimator immediately following the first was 

used for additional shielding. The beam then traversed 74.5 in. of 

LiH beam hardener (about one radiation length) immersed in 6.43-

and 7.63-kgauss sweeping fields, and passed through a tapered 

3/8-in. tertiary collimator to remove. "halo." The beam pas sed 

through a 5~mil brass window into a 6-ft vacuum extension. The 

tertiary collimator and vacuum entrance were in a 10.1-kgauss 

field (Fig. 6}. The beam entered the 4-in. bubble chamber through a 

7-mil Mylar window 7/8 in. in diametex. The approximate intensity 
6 . 6 

used was 2.2Xl0 Mev per pulse before hardening, or 0.8Xl0 Mev 

after hardening. The beam monitor was a thick-walled Cu ionization 

chamber of the Cornell design. 60 

C. Synchrotron Operation 

The peak energy of the synchrotron was lowered from 324 Mev 

to 194 Mev by reducing the voltage on the magnet capacitor bank from 

!4.9 to 8.76 kv. The voltage was electronically regulated to ±O.lo/o.· 

The 20-JJ.sec beam fallout duration was monitored continuously 

throughout the run and kept within 100 JJ.sec of synchrotron peak field, 

corresponding to a variation in peak energy of at most ±0.03o/o. The 

synchrotron was pulsed in the normal manner at 6 beam pulses per 

second. 

A total of 4 7 2 rolls of film containing an average of 400 ex

posures was exposed under these conditions during a 6-week run. 

In addition, 24 rolls were taken with the beam fallout occurring 

3.875±0.010 msec before synchrotron peak field. This produced 

beam at a peak energy E =138±1.5 Mev, slightly below pion max . 
threshold, in order that a background subtraction could be made for 

two- and three-prong photoproton scatterings simulating negative-meson 

events. 
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ZN -2523 

Fig. 4. General view of setup. Beam leaves the 
synchrotron at extreme left, is collimated , passes 
through the LiH beam hardener (here seen 
disassembled on table at left), tertiary collimator, 
and vacuum extension. The bubble chamber is at the 
right. 
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ZN-2522 

Fig. 5, Bubble chamber in position. 
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ZN -2521 

Fig. 6. Detail showing beam hardener, tertiary collimator, 
and vacuum extension positioned in pair- spectrometer
sweep magnet. 



D. Bubble Chamber 

The bubble chamber used was originally built by the Alvarez 

group as a prototype for larger chambers. 
61

• 
6 2 

Its nominal inside 

diameter is 4 inches and depth 2.154 inches. This chamber, shown in 
0 • 53,63 - 67 

F1gs. 5 and 7 through 10, has had extenslVe use for research 

and perhaps has been pulsed ,more times (around 2X 10
6

) than any 

bubble chamber now in existence. 

Modifications were made to adapt the chamber for use with a 

bremsstrahlung beam. 
66 

Thin entrance and exit windows, shown in 

Figs. 9 and 10, were used to avoid the background present from 

electromagnetic and photonuclear effects in the walls. Seven- mil 

Myla.r used to form the 7 /8-in. -diameter window ~was attached by 

means of a flange and lead gasket. The exit window was of 10-mil 

stainless steel soldered into the chamber wall. A 6-ft vacuum ex

tension was used before the chamber to eliminate the background from 

this pathlength of air. The 5-mil brass vacuum window was placed in 

a 10.1-kgauss sweeping field, as shown in Figs. 4 and 6. As a result 

of these precautions the ratio of Compton and pair electrons entering 

the chamber to those produced in the chamber was only 1/3, as de

termined in a previous experiment employing the same experimental 

arrangement. 
67 

Tracks of photonuclea.r reaction products from the 

exit wall were virtually unseen, whereas they were a common source 

of background in earlier runs without the thin windows. 

Deuterium taken from the bubble chamber following the run was 

analyzed with a mass spectrograph. About L04o/o of the atoms in the 
1 

sample were found to be H . Other impurities were present only in 

negligible amounts . 

No magnetic field was used on the chamber , since its use 
\ ... 

would have slowed the pulsing rate by a factor o£3. Field strengths 

readily obtainable would have been of marginal value in the identification 

of short tracks because the distribution in apparent curvature due to 

multiple Coulomb scattering would have been of the same order of 

magnitude as curvature due to the field. 
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Fig. 7 . Schematic of 4-inch bubble chamber. 
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ZN-2520 

Fig. 8, Bubble chamber reiY).oved from vacuum jacket, 
showing the liquid-nitrogen-temperature thermal 
shielding, 
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ZN-25lq 

Fig. 9. Bubble chamber suspe nded from the liquid hydrogen 
flask . The chamber entrance and exit windo ws are 
visible to the left and right, respectively. The coax ial 
cable a t the l eft is connected to the Linlor pressure
sensing capacitor. The expansion line is visible at the 
right. 
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Fig, 10. Detail of bubble chamber, showing the 
arrangement of the windows. The stainless steel 
chamber is supported from the liquid hydrogen flask by 
an OFHC copper heat leak, The vapor-pressure 
cell is the crescent-shaped cell at the inside top of 
the chamber, The sinail .tube at the right is an 
intergasket window j:mmpout, while the one at the left 
is an emergency p r essure release, 

ZN-2518 
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E. Chamber Timing 

The chamber was expanded every 6 seconds. Because the 

sensitive time of each expansion was only a few milliseconds in 

duration, careful timing with respect to the synchrotron beam was 

required. Figure ll shows the sequence of events for each chamber 

pulse. 

Since the chamber expansion cycle had to begin about 15 msec 

before the beam arrived in the chamber, the cycle was initiated by 

the preceding synchrotron magnet pulse. These control pulses were 

provided by the synchrotron at the machine pulsing rate of six per 

second. One such pulse was selected every 6 seconds by a Flex-0-

Pulse, a clock-operated switch. An electronic master delay of 

about 152 msec produced a second trigger just preceding the subsequent 

(used) synchrotron beam pulse. This trigger caused a deuterium

operated sleeve value to open, allowing the chamber pressure to fall 

from lll psig to 59±4 psi g. Shortly thereafter another pulse caused 

the recompression sleeve valve to allow deuterium gas at lll psig 

to return to the chamber. Mechanical inertia caused the pressure dip 

and rise to occur about 6 msec behind their initiating pulses. The 

pressure dip was about 20 msec in length and was timed so that the 

beam passed through the chamber at the pressure minimum. About l 

msec was allowed for the bubbles to grow to 70 fl diameter before the 

main strobe light was flashed. 

Roughly l second later, a light was fired to illuminate the data

readout panel. This panel contained the expansion counter and other 

data to be photographed with each chamber expansion. The film was 

advanced just foHowing the data-light firing. 

These timing pulses were continuously displayed on an 

oscilloscope during the run, along with the signal from a Linlor 
68 Th' l . "t pressure gauge. 1s gauge emp oys a pressure-sens1ng capac1 or 

in connection with a fast pulser. A comparison between the pulses 
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MU-20666 

Fig. 11. Schematic of bubble chamber timing. The top 
axis represents synchrotron magnet pulses, the 
middle axis represents bubble chamber control 
pulses, and the lower one displays the chamber 
pressure variation as measured by a Linlor condenser 
pressure gauge. 
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reflected from the sensing capacitor and those from a fixed capacitor 

provided the signal schematically indicated in Fig. 11. Figure 9 

shows the position of the sensing capacitor: in the chamber wall. 

F. Temperature Biasing of Chamber 

Because of the large number of Compton and electron pair

production reactions produced within the chamber by such a beam, 

it was imperative to employ ''temperature biasing 11 to reduce back

ground caused by them. The temperature of the chamber was lowered 

to the point at which rapid, lightly ionizing particles left very light 

tracks whereas slowly moving particles left clearly distinguishable 

dark tJ.tacks. (It can be s.een in Fig. 22 that·the meson and protons 

stand. out clearly against the background of one or two hundred light 

electron tracks.) A temperature of 0.1 °K higher would cause electron 

tracks to become dense enough to obscure all detail. A cooler chamber 

would make the heavy particles harder to see. Temperature was 

controlled during the run by a vapor-pressure-operated switch which 

caused. either full or partial power to be applied to a heate.r which 

warmed the chamber. The chamber contained a small vapor-pressure 

(VP} cell charged with deuterium(Fig. 10). The pressure of this cell 

was transmitted to one side of a diaphragm, the other side of which 

held. a fixed backing pressure for comparison. Differences between 

the backing pressure and the vapor pressure operated the heater 

switch. 

The nominal vapor pressure was 105 psia (corresponding to 

32.7° K) and our arrangement regulated VP to ±0. 5 psi or ±0.025°K. 

The temperature required for good tracks sometimes drifted.! or 2 

psi over periods of a day. This was caused in part by ambient 

t.emperature fluctuations and probably by changes in chamber expansion 

timing and other chamber parameters. 

Visual checks of chamber conditions were made every hour by 

means of film test strips and Polaroid Land pictures. Of the 472 
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rolls of film taken at . E = 194 Mev, 444. wer.e taken with good · ·· ·· max · · · · · · . · 
c.hambez: condit:i.ons and were used as s9urces of data. 

G. Chamber Optics and Photography 

Direct dark-fi.eld illumination was employed in.this experiment, 

as shown in _F'ig. 12. The G. E .. FT-218 tube .was fired at 5 watt

_s·econds by discharging a 10-1-l.f capacitor charged,to 1000 volts. 

The 1/2-in. -dia,meter light source was focused .by a 6o-in. condenser 

. -lens to a spot equic!istant between the camera stere_o lenses. The 

. average radius of the illuminated region in the chamber was 4.6 em, 

as determined .from measurements on tracks leav:ing the chamber . 

. The data-readout panel was illuminated by a ·Kemlite 

FA-100 tu?e fired at 7.0 watt-seconds, and its image appeared .on 

the film adjacent to the lower stereo picture. One-hundred-foot 

rolls. of 35 mm Eastman Ko4ak unperfor:ated: Panatomic-X were 

used in a Recordak stereoscopic camera. The lenses were spaced 

. 3, 5 in. apart, 19 in. from the chamber center .. The ape,rtures were 

set at £/16 to insure adequate depth of field. 
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Fig. 12, Bubble chamber optics. The main light source 
at the right illuminates the chamber, which is viewed 
by a stereo camera at the left. 
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IlL BEAM ANALYSIS 

A. Beam Size and Distribution 

The beam diameter was determined by a 1/8-in, collimator 

57 in. from the synchrotron internal target. A second collimator, 

1/2 in. in diamete.r, immediately following the primary collimator, 

and a tapered third collimator, 3/8 in. in diameter, following the LiH 

beam hardener were used to clean up the edges of the' beam. In the 

chamber, the beam diameter wc;ts 0.50 ±.10 in. as verified by x-ray 

pictures (see Fig. 14), taken during the run, and by an analysis of 

the event origins. 

The alignment of the chamber was facilitated by a small lead 

fiducial point, Fig. 13, marking the cente.r of the Mylar entrance 

window. X-ray pictures exposed before the run showed the outline 

of the beam with the image of the fiducial marker superposed, 

Fig. 14. The fiducial marke.r could be withdrawn from the path of 

the beam from outside the vacuum system without .clisturbing the 

bubble chamber. 

Measurements of the origins of·483 negative-meson events 

gave a more detailed picture of the beam profile. The event origins 

are projected in a plane normal to the beam direction in Fig. 15. This 

distribution also hints of the eccentricity seen in the x-ray picture, 

The bear;n center was taken as the average of the x and y coordinates. 

By counting points in concentric rings about the center, dividing 

by the area, and normalizing to unity, the intensity profile shown in 

Fig. 16 was determined. The diameter at half intensity is OA9 in. 

in .. agreement with the x-ray measurements. The observed eccentricity 

was ignored in obtaining this profile. 

I 
! 

.. 
• 

( 

( 
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ZN-25 17 

Fig. 13. D etail showing the position of the lead fiducial 
marker used during x-ray lineup of chambe r . 
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ZN-2525 

Fig, 14, Contact print of beam-lineup x-ray, showing the 
beam size with lead fiducial image superimposed, 
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Fig. 15. Distribution of '( + d ... "TT + 2p event vertices, 
used to determine the beam profile of Fig. lb. 
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Fig. 16. Beam intensity as a function of radial distance, 
obtained from event distribution of Fig. 15. The 
trapezoidal shape was fitted by inspection. 
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B. Peak-Energy Measurements 

To determine the exact peak energy of the synchrotron, E , 
69 

max 
the 60-deg pair spectrometer was used. .It was moved forward, as 

shown in Fig. 17, and a fourth magnet introduced to take its place as 

a sweep magnet. The absolute pair-spectrometer field had previously 

been calibrated1 in terms of the voltage measured on a standard shunt, 

by means of a nuclear~magnetic-resonance technique. These measure

ments were verified at the time of the run by a lo/o~of-full-scale rotating 

coil device. In order that a given spectrometer should current always 

correspond to the same magnetic field, the magnetic history of the 

iron was erased by saturating the magnet and then turning off the current 

before setting the desired current. The absolute-field measurements 

were taken under the same. conditions. Shunt voltages were read on a 

potentiometer whose accuracy was 0.·1 o/o. The error in the magnetic 

field was assumed negligible in the reduction of the data . 

. Independent peak-energy cutoffs were made with both coin,cidence 

circuits, as illustrated in Fig. 18. Runs were made with a 10-mil 

· Ta converter, background was measured with no converter present, 

and accidentals were counted by inserting a 2.0X 10- 8 -sec de~ay in one 

counter channel of each coincidence pair. This time roughlyccorrespo:dds 
-8 to one synchrotron beam rotation (2.10 X 10 sec,). The combined 

corrections due to background and accidentals are also indicated on 

Fig. 18. The results of fitting the corrected points to straight lines 

are presented in Table II. 
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Fig. 17, Schematic of setup during pair-spectrometer 
measurements. The setup resembles that of Fig, 3 
except that the pair-spectrometer magnet was moved 
forward, replacing the bubble chamber, and a fourth 
sweep magnet introduced. The LiH was removed 
for peak-energy measurements. 
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Fig. 18. Pair- spectrometer peak-energy cutoff for Channel 
(2 + 5). Seven experimental points, corrected for 
background and accidentals, were used in making 
the straight-line fit. The 11. 76±0.04-mv cutoff 
point corresponds to a peak synchrotron energy of 
193. 7±0. 1 Mev. 
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Table. II 

Least-squares extrapolations of the peak-energy cutoffs 

Channel Number of 
2 

Cutoff Magnetic Sum of Calculated X 
points used point field orbit peak energy 

shunt (kgauss) radii (Mev) 
voltage (em) 

(mv) 

(2 + 5) 7 · 2AO l L 76±0.04 6. 29±0.02-102. 7±0.1 193. 7±0_.6 

(3 + 6) 3 5.30 8.71±0.08 4.69±0.04 140.0±0.1 196.9±2.0 

The weighted average of these extrapolations gives 

194.0±0.6 Mev. An error of lo/o is allowed for reproducing the meter 

reading on the synchrotron magnet power supply. giving 194±2 Mev. 

The photon energy at each cutoff was calculated from the formula 

k = 0. 2998 H_ z p 0 -K.gauss . em (8) 

For our 60-deg spectrometer, the sum of the radii was taken to be 

simply the sum of the direct distances from the center of the converter 

to the center of each counter, as shown in Fig. 19. - The excellent fits 

of the points to straight lines justifies the use.of the centers of the 

. counters to determine the effective radii. 

-· 

- .. 
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Fig. 19. Geometry of 60-deg pair-spectrometer pole 
tips, showing positions of the counters. Electron 
pairs produced in the thin Ta tar gets were detected in 
coincidence by counter pairs (2 + 5) and (3 + 6) • 
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C. LiH Transmission Measurements 

Low- Z material can be used as beam hardener becq.use the 

Compton cross sectionis large compared with the pair-production 

cross .section. At the photon .energies used here, the ratio of thes,e 

eros s sections is approximately 

8 2 2 
~ Z - 'TT r 

0
: Z(Z+l)r 

0
/137 ~ lOOO:(Z+l), 

3 

where r 
0 

is the classical electron radius. Since the Compton 

effect is largest at zero photon energy (the Thomson cross .section) 

and decreases with energy, the lowest-energy photons will be pre

dominantly absorbed. The logarithmic rise in the pair cross section 

with energy somewhat vitiates this, but the over;..all effect is still 

in the desired direction. 

The 74.5-inch LiH beam hardener was made up of six 2-in.

diameter Lucite tubes filled with powdered LiH and sealed on the 

ends with 1/8-:i.n. Lucite disks. It was determined that the material 

in the tubes presented a surface density of 99.48 · g/ em 
2 

to the beam. 

The transmission by the tubes was measured as a function of photon 

energy but using the pair spectrometer and counter arrangement just 

described, but with a peak bremsstrahlung energy E = 324 Mev. 
max 

The experimental arrangement is shown in Fig .. 17. 

Results ane::presented in Fig .. 20. , Runs were made with a 

10-mil or 2-mil Ta converter alternately in and out of the beam, and 
i 

with the LiH inserted and- removed. AccidentalS were again counted 

with a 2.0Xlo-
8

.,sec delay in one counter channel of each coincidence 

pairo Runs were kept to a length of 5 or 10 minutes to avoid electronics 

drift and synchrotron parameter changes. No run was longer than 15 

minutes. The entire cycle was repeated several times at each photon 

. .. 

energy. ·• 

The transmission at a given pair-spectrometer magnet setting 

was calculated by the formula 
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Fig. 20. Transmission measurements for the LiH beam 
hardener, The experimental points shown were 
fitted to a combination of the transmissions of elements 
Li, H, C, and 0, to include the effect of the absorbed 
H 20 and the Lucite ends. 
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where R and A refer respectively to real and accidental counts, 

and . M to the accompanying beam monitor reading. The thin-walled 

ionization chamber was used as a beam monitor, since absolute 

monitoring was not required, and the machine intensity was kept low 

to aV~oid a,ny possibility of jamming. The photon energies were again 

calculated by means of Eq. (8). 

The smooth curve through the data is derived from a linear 

combination of the theoretical attenuations of Lucite (H8 c 5o 2), 

LiH, and H 20. The amount of Lucite in the beam hardener ends 

was easily measured and found to be. 2. 27 g/ em 
2

, and its attenuation 

curve was obtained in a straightforward way. A linear combination 

of the curves for LiH and H
2
0 was combined with this by means of a 

least-squares fit to the experimental points. It was determined in 

this way that LiH constituted 0. 748±0.006 by weight of the material 

in the tubes, the remainder being .H20. The attenuations due to the 

elements H, Li, C, and 0 used in this fit were obtained up to 100 Mev 

from Grodstein 1 s tabulations. 
70 

Above 100 Mev, .they were calculated 

directly from the Kle.in-Nishina formula 71 and the Be.the-Heitler 

. d . . 72 k' . 1 . d c 1 b pa1r-pro uctlon cross section, ta 1ng partla screen1ng an ou om 

corrections 
7 3 

into account. The eros s section assumed for electron 

pair production in the fields of orbital electrons was that estimated by 

Joseph and Rohrlich. 
73 

Correlating the data by means of such a least- squares fit has 

the effect of increasing our knowledge of the trans~ission at any given 

point. The adjusted error in the transmission in the region 140 to 

ZOO Mev is 0. 5o/o~ whereas the errors on the experimental points are 

around l. 5o/o each. 

~ .. 

-... 
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Measurements at 41.6 and 56.1 Mev were repeated with the 

first and second sweep magnets off. This had no effect within statistics, 

on the observed attenuation. The implication is that multiple Coulomb 

scattering is so effective in removing electrons produced in the beam 

hardener before they can reradiate in the beam direction that the 

sweeping fields make a negligible contribution to their removal. 

In addition to the measurements made by using a 324-Mev 

bremsstrahlung beam, transmission measurements at 40.3 and 

55.4 Mev were repeated with a lowered synchrotron energy E of max 
194 Mev. This was done to determine whether pair electrons produced 

within the beam hardener by high-energy photons would reradiate 

in the forward direction with sufficient probability to noticeably alter 

the spectrum at lower photon energies. No such effect was seen within 

statistics. 

D. Spectrum 

It was decided that the bremsstrahlung spectrum derived by 

Schi££
74 

would be appropriate for our 20-mil Pt internal target. 

Spectrum tabulations for 200 Mev (screening constant = 111) published 

by Penfold and Leiss 
7 5 

were adapted for our use by multiplying the 

abscissa of each point by 0.96. This spectrum is shown in Fig. 21. 

The hardened spectrum on the same graph was obtained by multiplying 

by the transmissions given on Fig. 20. 

E. Total Effective Flux 

A thick-walled Cu ionization chamber of the Cornell design 

was used as beam monitor. The charge was collected on a 134.7±1.3-f.l.f·J.£ 

low-leakage (Fast Corp.) condenser in connection with a 100% feedback 

de electrometer and a Leeds and Northrup Speedomax recorder s.et 

at 10 volts full scale. The condenser was calibrated by comparing its 

charging rate with that of a standard 0.001-f.lf capacitor. 
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Fig. 21. Theoretical Schiff bremsstrahlung spectrum for 
194 Mev, before and after the LiH beam hardener. 
The lower curve was obtained by multiplying the Schiff 

. spectrum by the transmissions of Fig. 20 •. 

-... _ 



In co~puting the ~ffective beam flux per roll of film, it was 

assum~d that the average flux per synchrotron pulse (at 6 per second) 

was the same as the average per bubble chamber expansion (one per 

. 6 seconds). During the run, the Cornell integrated charge and the 

running time per roll were recorded. The average running time 

was 40 minutes for a roll of 400 exposures. The effective flux for 

each roll was calculated by the formula 

Effec. tive 1 
hardened 
fJ. coul 
for roll 

= 

Cornell fJ. coul integrated) 
Total number of 
synchrotron beam pulses ' 
during exposure of roll 

( 1 0) 

Of course, this refers to a hardened beam, so that this number could 

not be directly applied in computing numbers of photons in the bubble 

.chamber. 

Five times during the run, the Cornell chamber was calibrated 

against itself with an without the beam hardener. The thin-walled 

ionization chamber was used as an intermediate monitor. It·was found 

tliat one fJ.coul integrated by the Corrtell chamber with the hardener 

in place implied that 3,325 ,± 0.046 ~coul of unhardened beam was in

cident on the LiH. The error was obtained from the standard deviation 

(±0.11) of the five determinations, and probably arose from inaccurate 

repositioning of the LiH. 

Thus, the numbers obtained from Eq. (10) had to be multiplied 

by 3.325±0.046 and then by. (3.95±0.16) X 10
12 

Mev/fJ.coul, the , 

• • 

0 h b 76 • 77 f 194M df b. 10n1zat1on~c am er constant or ev correcte or am 1ent 

temperature and pressure. 

For the 444 usable rolls, a total of 0.03406± 0.00034 effective 

fJ.Coul was collected~ with the beam hardener in place. The 1 o/o error 

arises from the calibration of the integrating condenser. After 

multiplying by the factors just mentioned, we obtained 

(0.373±0.017)XI0
12

Mev integrated flux incident on the beam hardener. 
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By takirig ratios of the areas of the small energy bins to the 

total area under the primary spectrum of Fig. 21 and dividing by 

the central bin energy, we obtained.the relative ~numbers of photons 

incident on the beam hardener .. ·Multiplying by, (0.373±0.017) X 10
12 

Mev times the transmission (Fig. 20) at each energy gave the absolute 

numbers of the photons pas sing through the bubble chamber. The 

numbers are tabulated in Table III. 

Errors in these numbers arise from the following sources: 

Ionization-chamb.er constant 4% 

Ionization-chamber filling 0.8% 

Integrating condenser calibration 

Beam~hardener positioning 

Beam-hardener attenuation 

LO% 

1.4% 

0.5% 

A 4% error is assigned to the ionization-chamber constant to allow 
76 

for the discrepancy between the compilations by Loeffler et al. and 

Dewire, 
77 

as well as their stated absolute errors. The combined 

monitor~ng error is assumed to be 4.5% up to .180 Mev. 

- "'· 

-.•. 
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Table III 

Effective numbers of photons incident on the bubble chamber 
Flux incident on beam hardener = (0.373±0.017)Xl0 12 Mev 

.~ ..... ~ 

·Photon energy a. Beam-hardener Number of 
~ interval 1 from transmission photons 

(Mev) Ak (numberXI.O 7) 
Schiff spectrug; 
(number X 10- ) 

145.83 to 147.5 5.223 0.351 0.6837 

. 147.5 to 150 7. 710 0.351 1.009 

.150 to 152.5 7.586 0.351 0. 9932 

. 152.5 to 155 7.457 0.351 0. 9761 

155 to 157.5 7.334 0.350 0. 9575 

'157.5 to 160 7.214 0.350 0.9418 

160 to 162.5 7.092 0.350 0.9258 

162.5 to 165 6.963 0.350 0. 9090 

165 to 167.5 6.849 0.3495 0.8930 

167.5 to 170 6. 7 31 0.3495 0. 8773 

170 to 172.5 6.599 0.3495 0.8601 

172.5 to 17 5 .. ~ 6.453 0.395 0.8411 

175 to 177.5 6.288 0.349 0.8187 

177.5 to 180 6.098 0.349 o. 7937 

. 180 to 182..5 5.88] 0.349 0. 7665 

182.5 to 185 5.618 0.349 0.7315 

185 to 187.5 5.252 0.348 0.6818 

187.5 to 190 4.695 0.348 0.6095 

190 to 192.5 3.658 0.348 0.4748 

192.5 to 194 1.278 0.348 0.1660 

.. 
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IV. ANALYSIS OF FiLM 

A. ,Introduction 

The main problem· in the data analysis was the· separation of 

pion events from a background of photonuclear-product scatterings 

which could simulate the desired meson events .. Since no magnetic 

field was.used on the chamber, particles .could not be identified by 

range-momentum relationships. Ionization measurements were only 

of qualitative value because of slight but continual fluctuations in 

. bubble-formation conditions. Therefore, ·kinematical considerations 

(for TT- events) or decay modes (for 'IT+ events) were used for identi

fication and analysis of the events. 

The categories of events involving particles_heavier than 

electrons are 

'1 +.d -:+ TT + 2p , 
+ y + . d -.. TT + 2n 

L J.L++v 

L e++v+v. 
0 

Y,+d-»TT +d 

( 1) 

( 2) 

·. 0 
--. TT + n + p , (3) 

'{+d ...... n+p, (4) 

y.f-d,_-'{+d. (5) 

Reaction (1) (Fig. 22), with Reaction (2), _is of primary 

interest in this experiment. There are three charged particles in the 

finq.l state, but not all of them may give visible tracks if either too 

short or too lightly ionizing. This reaction may appear as:a1.three-, 

two-, or one-prong event. All such eve.nts with three propgs are 

fully analyzable (Sec. V. A), as also are those with two prongs if both 

prongs end in the chamber .. No other track configurations are analyzable. 

-
-~· 



-52 

ZN -2532 

Fi g . ZZ . An example of t he reaction y + d __.. rr + Zp in the 
4-inch deuterium bubble chamber. Beam enters at top 
of picture , 



Reaction (2) is also of major importance (Fig. 23). Since 

there is no way to identify a single track per se, the decay of the 

1T +into a fJ. + with a well-defined range (1.004~0.053 .em in bubble 

chamber deuterium, Sec. IV. F) is used as the identifying feature. 

Thus, oniy stopping positive pions which decayed into stopping 

muohs were used. The difference in ionization between the stopping 
+ d + 1T an the outgoing fJ. also was a factor in identifying positive-

meson events. In 26% of the cases, identification was made certain 

by a "visible Vi positron from the fJ.+ decay. 

Reaction {3) should occur less frequently than Reaction (1) 

or (2), since neutral-photopion production near threshold on protons 

is much lower 
78 

than positive~pion production, and neutral-photopion 

production occurs on protons and neutrons with about equal probability, 

as experimentally verified at higher photon energies. 79 Only the 

outgoing p or d track is visible in Reaction (3), and no sure 

identification of the event type. is pas sible. 

Photodisintegration of the deuteron (Fig. 23), .Reaction (4), 

occurs very frequently, since it has a comparatively large cross 

section in the low-energy half of the spectrum, 
80 

where more photons 

are present. Interactions caused by photons of energy 20 to 60 Mev 

generally produce protons with visible tracks which stop in the chamber. 

These data will subsequently be analyzed. Photodisintegrations con

tribute the most troublesome form of background when the outgoing 

proton scatters on a deuteron and resembles a two- or three-prong 

event of Type ( l). 

Reaction (5), the deuteron Compton effect, rarely occurs, 

since its. cross section is of the order 
2 2 

8 ( e -32 2 ""! TI -- 2 -) ~ 5 · 10 em 
MDC 

_, ..... , 

.. 
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23 . An example of t h e reaction sequence 
y + d -+ n + = 2n, n + -+ fl.+ + v , fl.+ -+ e + + v + v 
seen in the 4-inch deuterium bubble c h amber . Positive 
pions are normally identified by t heir muon decay. 
In 26 o/n of the cases, the po sit ron track is also visible. 
A photoproton track is a l so visible here. Beam enters 
at top of picture . 

ZN-2524 
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B. Scanning Procedure 

A stereoscopic viewer (Fig. 24) was us.ed to read· the film. 

Two compl'ete scannings of each roll were made. Standard scanning 

. sheets were used on which the roll and .b:m.e,;number' numb~r' of 

prongs, and number of leaving tracks were entered,. along ~th a 
·, ' ' ~ 

diagram of each event. All two- and three-prong track configurations 

that could reasonably be negative or positive production events were 

-T(sted. Events with origins obviously outside the beam or with tracks 

obviously going the wrong direction by. ionizatioh were omitted.. As 

the scanners were .instructed,to be conservative in omitting apparent 

nonmeson events, only 28% of the tabulated events were later de

termined to be analyzable meson events. 

Twelve percent of the analyzable negative mesons and 4% of 

the positive mesons were found on the rescan, giving over-all human 

efficiencies of 98,4 and. 99.8%, respectively. Atypical full day of 

work for one scanner was eight rolls of film. 

After the rolls had been. scanned, measured, and kinematically 

_analyzed, each event was re-examined by. a team of two physicists. 

One perused the event in the viewer while the other looked in the 

kinematic analysis for an interpretation of the event agreeable to both. 

This could be done at the rate of five or six rolls an hour. 

.. 
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ZN-2516 

Fig. 24. Use of the stereo viewer for film scanning . 
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C. Event Reconstruction 

By virtue of the behavior of functions of small angles, a very 

simple and satisfactQry solution was found for the geometrical problem 

of event reconstruction. The simplifying assumptions are: 

(C!.) The expression 

:::: 1 ( 11) 

is a sufficiently accurate approximation of Snell 1 s Law. At the largest 

angle encountered (U deg) this ratio is actually 1.0033._ 

(b) The effects of 0. 75-in. glass (n :::: 1.5) a~d 0.50-in .. Lucite 
. ' 

(n :::: 1. 5) windows can be absorbed in a scaling factor. 
' ~ ~. 

The method used is illustrated in Fig. 25. A right.:.hahd 

coordinate system was determined by demanding that the z. axis be in 

the beam direction, the y axis be perpendicular to the windows, and 

the clearest reference .fiducial mark be the origin .. The bubble chamber 

windows were assumed perpendicular to the camera axis. 

In Fig. 25, x, y, z are the bubble coordinates to be determined. 

Consider Line I: we have 

.tan .a
1 

= 

Similarly, for Line !I, we have 

tan !3 -
1 

By Eq. (11) we can write 

x- x 1 

n 
y = t 

y - t 

(B + D)= x 1 l 

(A+ t) - t 

1 
(B+ D) 

= 
A 

( 12) 

( 13) 

(14) 

where n :::: 1.1 is the index of refraction of the deuterium. Lines II 

and II 1 give, 

. . 
:'; . 



..... -

. . -

-58-

n· 

8-D----- ----Len;20~ 

0~----------------~------------~~--~y 
t A+t 

MU- 20674 

Fig. 25. Four-inch bubble chamber reconstruction optics 
(not to scale), sho\ving the paths of light rays from a 
bubble at x, y, z to the film. The planes y = 0 and 
y = t are defined by the inside surfaces of the chamber 
windows . 



x - x 1 

n 
y - t 

2 
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= 
(B - D) - X I 2 

A 

Combining Eqs. (14) and (15), we get 

and 

nA(x1 l - X 
1 

2 ) 
y = t + 

(x•
1

- x•
2
)- 2D 

(B + D) - x' 
l 

(y - t) • 
nA 

By analogy we may .immedi(itely write 

(B' + D 1 ) 

nA 

- z' . 1 
(y - t) . 

(15) 

( 16) 

( 1 7) 

(18) 

Now the two photographs taken by the camera simply contain 

images of the y = t plane, scaled and inverted. In reality this plane, 

the inside of the bubble chamber window, has fiducial marks at the 

corner·s and center of a 2-in. square, which make measurements on 

the film very straightforward. 

The error in using tangents rather than sines and Snell's Law 

(Eq. (11) ) is 0.:33% for the extreme case ( an angle a.
1 

of llo/o). This 

error is to be applied only to the secori9., "parallax-correction 11 term 

in Eq. (17) or Eq. (18). These terms are never larger than 1.0 em. 

The error in y is largest when y is small, and is at most 0.3o/oX5.5 'em 

Now, insert a 0. 75-in. glass window in Fig. 25, with the plane 

y = t as its left surface. It is obvious that the photographic image of 

a point-on the plane appears farther from the lens axis than it should, 

because the ray must traverse the window at too small an angle 13'. 
It appears to come from a point on the glass farther away than it should 

by (0.75 in. )·(tan 13- tan 13') :::: (0.75 in.)· tan 13(1- n-
1
1 

) :::: (0.25 in)-tanl3. · · g ass 
To a very good approximation this is equivalent to an increas.e in image 

- .•. 

s1"ze of 0 · 25 in. tan 13 1 4 01 Th · th" - t - 1 - • 18 in. tan l3 = • JO· e error 1n 1s 1ncremen 1s on y 
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1. 3o/o at 11 de g. The effect of the 0. 5-in. Lucite vacuum window is 

similarly small. Both effects may be absorbed in a scaling factor. 

D. Film Measurements 

For measurement of the events, a Benson- Lehner Oscar 

(Fig. 26) was used in connection with an IBM 026 readout punch. 

This system allows an operator to convert a set of coordinates on a 

24X 24-in. screen to IBM card punches by merely aligning cross 

hairs on a desired point and actuating a foot switch. 

A stereoscopic projector was mounted so as to project either 

or both views onto the translucent screen from behind. The over-all 

chamber-to-screen magnification was 3.62. Each of the axes had 

10,000 divisions across its entire range. This corresponds to 714 

divisions per centimeter in the chamber or about 5 divisions per 

bubble diameter, 

The entire system was so arranged that the operator had only 

to .find the correct event, manually punch the frame number (three 

digits) and the number of ~prongs (one digit) once, move the eros s 

hairs, and operate the foot switch. Projector view changes and all 

. card-duplicating and -releasing functions were automatically 

programmed. 

Every event had three Oscar cards: a master and two detail 

cards, each containing the roll number, frame number, and number 

of prongs as identifying punches. The master contain~d the coordinates 

(to four significant figures) of the reference fiducial marks as seen in 

both stereo views. The first detail card was punched with the coordinates, 

in View l, of the event vertex and each track end point. The second 

detail card contained the same information but from View 2. Thus, 

the coordinates obtained from each view were: the reference fiducial 

mark, the event vertex, and the end point of each track. Positive-

meson decays were handled in the same way as other two~prong events. 
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Fig. 26. Bens on- Leh ner Oscar, sho ·wing operator's 
position before translucent screen. Projector vie w 
changes and I B M card-duplicating functions are 
controlled by the electronics at right. Cards are 
punched by unit at left . 

- .. 

ZN - 2515 
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No distinction was made between stopping and leaving tracks at this 

point. Forty-five minutes for a roll of 400 exposures is a typical 

Oscaring rate. 

Careful Oscar measurements were made of the fiducial marks 

on both the front and rear windows, and the parameters in Eqs. (16), 

(17), and (18) ~ere adjusted.to give the correct answers. These 

measurements were checked on two different dates and it was found 

that the distances between fiducial marks varied as follows: 

ox 0.022 em 
- 0.43% ' = = for 12 measurements, 

X 5.075 em 

by + 
0.011 em + 0.20 %. = = for 12 measurements, 

y 5.454 em 

6z 0.014 em 
- 0.28% . --- - = for 11 measurements. 

z 5.075 em 

These data may be used as an indication of the systematic errors 

present. The fiducial spacing had been measured with a traveling 

microscope, and the chamber depth with a micrometer. Small 

corrections for thermal contraction were made to these measurements. 

To measure the random errors, tracks were chosen that were 

closely parallel to.the x, y, or z ~xis (I cosine >I 0.9). These tracks 

were measured tWlce at random 1ntervals and half the rms value of 

their range differences .obtained: 

The 

oR = 0.028 em, 
X 

oR = 0.053 em, 
y 

oR = 0.037 em, z 
average over all space 

for 53 tracks of random length, 

for 53 tracks of random length, 

for 55 tracks of random length . 

directions is oR = 0.041. The rms 
rms 

errors ascribed to a coordinate x, y, or z are 0. 707 of the above: 

ox = 0.010 em, 

6y = 0.038 em, 

6z = 0.026 em. 



-63-

E. Rango Program 

As a first step in the numerical analysis of the events. the Oscar 

cards were, processed on an IBM 650 computer, using a specially 

written program called Rango. This program first calculated space 

coordinates of the vertices and. end points of all tracks by using 

Eqs. (16), (17), and (18). From this information, the range R and 

direction cosines A., f.L, and v were derived. These data were 

punched out, one card for each track. Each track was tested.to de

termine whether it ended within 0.2 em of the chamber boundaries. 

If so, it was considered a leaving track, and its card was punched 

following the stopping-tracks cards, if any. 

A "tag" -- 888, 889, 899, 999, . 88, ·etc. --was attached to each 

event indicating which tracks stopped (by an 8 punch) and which tracks 

left_ the chamber .(by a 9 punch). 

Besides R, A. , f.1 , and v for each track, the cosines of the 

angles between tracks and a coplanarity index 

Alf.LlVl 

A2f.12V2 

A.3f.13 v 3 

were printed to facilitate analyzing the events as ~catterings. 

The final card of the set contained data concerning the vertex: 

its space coordinates x
0

, y
0

, and z
0

, and its distance r 
0 

from the 

center of the beam. 

.· 
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F. Range of the Decay Muons; Range-Momentum Curves 

To determine the density of liquid deuterium under our ex

pansion conditions, and to find range-momentum relationships, the 

average range of the decay muons (TJ.l = 4.12 ± 0.02 Mev) track was 

determined. Only those 7r + - fJ. + - e + decay chains in which the 

positron track was visible were used, in order to eliminate bias 

in choosing tracks. The average of 130 such events was found to be 

1.0035 ± 0.0050 em, with a standard deviation for a single measurement 

of 0.053 (Fig. 27). The error on the mean includes systematic 

errors.(± 0.0017 em) as well as random errors (::1:: 0.0047. em). When 

the rms measure.ment error oR = 0.041 em is. taken into account, 

the observed straggling is ± 0.034 em. 

Now, . the mean excitation potentials of hydrogen and deuterium 

are closely the same. Since Z = 1 for both, only a s.mall difference 

could arise from the difference in the reduced masses of th·e two atoms. 

Therefore ranges are the same in both media, if expressed in terms 

of electron densities. The density of bubble chamber deuterium may 

thus be determined: 

2.01471 

1.00813 

(Range in hydrogen, g em - 2 ) 
::: 

(Range in deuterium, em) 

2 I' 

(0.0 656 g em- ) = 0.1307 ± 0.00 13"g em- 3 

(1.0035) 

where Md/Mp is the .ratio of the mass of a deuterium atom to the mass 

of a hydrogen atom. 

Clark and Dieh181 ' 
82 

determined the range of the fJ. + from 

the pion decay to be 1.103± 0 .. 003 em in bubble chamber liquid hydrogen, 

and published range-energy curves based on this range and the proton 

1 - 83 • 84 w· h · 1 1 d h · range-energy re atlon. e ave s1mp y sea e t ese curves 1n 

the ratio of the ranges to obtain those in Figs. 28 and 29. 
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Fig. 27~ Distribution of rn:uon ranges from 130 
1T + -+ 1-1+ + v decays seen in the 4-inch deuterium 
bubble chamber. The: Gaussian curve (standard deviation 
= 0.053 em} is normalized to the same area as the 
histogram. The average range is (l.0035±0.0050)cm. 
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1.0 10 
Range (em) 

MU-20676 

Fig. 28. Range-kinetic energy relationship for proton 
and 1T meson, based on the muon-range measurements 
of Fig., 27. The deuterium density is (0.131±0.0013) 
gm/cm3. 
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Range (em) 
MU-20677 

Fig. 29. Range-momentum relationships for proton and 
n-meson, based on the muon range measurements shown 
in Fig. 27. The deuterium density is 
(0. 031 ±0.00 13} gm/ cm3. 

.:: . . 
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In the region of interest, .. R < 10 em, the curves of Fig .. 29 

very closely follow the forms 

P = 144 R 0 ·
277

(protons), (19) 

P = 36.3 R 0 •
270

(pions), (20) 

where P is in Mev/c and R is in em. These relationships were used 

in aU programs that converted range to momentum. 

n 
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. V. KINEMATICAL ANALYSIS 

A. General Considerations 

In negative-meson production, the initial problem was to 

determine which of the three outgoing particles was the meson, and 

which were protons. To do this, each event was solved completely 

three times, each time with a diffe.rent mass selection.· An un

ambiguous choice, was usually given by, these results. Five IBM 650 

programs, PEASOUP, PEAPOD,. PEAGREEN, PINBALL, and 

* PEAGARDEN, were written to solve the five analyzable track con-

figurations. 

Ten fundamental quantities must be obtained or inferred from 

measurements on each event. These are the three momentum com-

ponents for the three outgoing particles, and the photon energy, k. 

At most, nine of these can be obtained directly from measurements, 

using the range-momentum relationships of Fig. 29. Four con

servation equations, one for each component of four -momentum, must 

be used in obtaining the photon energy and the other missing data: 

k.,Md= 0, 

F2 = A.lpl + A.2P2 + A.3p3 = 0 • 

.F3 = !J.lpl + fl2P2 + l-l3P3 = 0, 

F4 = vlpl + v 2p2 + v3p3 - k = 0 

where ¥{ = c = 1 

~ ' 

:>:C 
The leguminous names of these programs are due to Richard I. 

Mitchell, who wrote all of them except Pimiki, and noticed that the 

phrase "Photoproduction:· Pi Plus Proton Plus Proton 11 contains 

seven P 1 s. 

(21) 

(22) 

(23) 

(24) 
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k = photon energy or momentum, 

MD= deuteron mass = 1875.49 Mev, 

M. = M. = 938.213 Mev, Mk = 139.63 Mev, with i,J·,k = 1, 2, 3 
1 J . 

permuted. 

If the event has three tracks and all leave the chamber, there 
. . I 

·are exactly four unknown data: three momentum magnitudes and the 

photon energy. However, if at least one track stops, conservation 

equations are left over that in general will not be satisfied by the 

derived data. It is important for two reasons that such an event be 

adjusted to conform to all the consefvation equations: .(a) Quantities 

derived from a nonconserving event (such as w
2 

used in. the extrapolation 

of Sec. I. D) are also nonconserving and sometimes fall outside physical 

limits. (b) Maximum use is made of the data since errors in in

dependent measurements are reduced if they are correlated through 

the conservation laws. 

B. Lagrange Multipliers 

To make a least-squares adjustment to the conservation laws, 

the method of Lagrange multipliers, 
85

• 
86 

successfully used by the 
87 

Alvarez group, was adapted for our use. The problem is to 

minimize 
n 

s = ~ 
i=l 

A M 2 
w. (x. - x . ) 

1 1 1 

subject to m constraints of the form 

A 
F. (x. ) = 0, for j :::: 1, . . . , m. 

J 1 

The quantities x 
1

, ... , x. , ... , x are s tati s tic ally independent 
1 n 

observables with which are associated weights w. = CJ.-
2

, where 
1 1 

CJ. is the standard deviation in x .. 
1 1 

·The superscripts A and M 

indicate adjusted and meaf:!ured quantities, respectively. 

(25) 

(26) 
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The function 

G= 
n 
~ 

i 

2 m M 
w. V. + 2 ~ ~.F.(x .... ·+ V) 
11 j JJ 1 i 

A 
is formed, where.· V. = x. - xM the residual for 

i 1 1 
x.. The ~· s 

1 

the. Lagrange multipliers. To .simplify t~e procedure, . we expand 

F. (x~+ V. )~ F.(x~) + ~ . a Fj (xM
1 
.. >. y

1
. + ... 

·J·1 1 J 1· 
i ax. 

1 

Now if we demand· that 

a F. 

(27) 

are 

(28) 

1/2 (·aG> M 
w.V. ~ ~- J 0; for i 1, 2, · · · n, ~ + (x. ) = = 

J 1 
av. 1 1 j ax. 

1 1. (29) 

and 
a F. 

1/2 
aG M 

~ _J_ M 0, for j 1,2,···,m, ~ F.(x. ) + (x. ) V. = = 
a~. J 1 i ax. 

1 1 

J 
1 (30) 

we get (n + m) linear equations which may be solved for Vi and ~j' 

. ~ecause of the approximation used,, th~ Vi 1s ¥:'ill not be exact unless 

. the constraints . F are linear in xi. However, an iterative procedure 

bas.ed PI1 thi~ technique can be used to give as :good a solution to 

.Eqs. (25) and (2.6} as desired. Moreover, after the residuals V. have 
. 1 

been calculated, and the adjustment made, it is easy to find the 

.... minimum value .of S, i.e. x 2 , and to calculate errors on all derived 

quantities. 

For an overdetermined negative--ni~son event·, Eqs. (21)-.(24) 

which are left over are used as the F' s in. Eqs. (26)- (30). As a 

compromise between completeness and sp~ed, the four space variables 

x
0

, y 1 , Yz, and y 3 -- L e. , the vertex x coordinate and the track end

poin:t y .coordinate~- -were chosen as adjustable variables. The y 

coord:lnates were chosen becaus:e they are th~ least accurately measured 

of the coordinates, being in the direction of the camera axis. Some 

adjustment in the x direction was needed to "line up 11 tge event in the 

beam direction, therefore x
0 

was also chosen. 

- .... ,. 
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The weights assigned to these variables are based on the 

measurements described in Sec. III. D: ox
0 

= 0.01, and oy
1 

= oy 2 
= oy3 = 0.04 em. These variables are quite independent, since 

separate positionings of the cross hairs are required for each. 

However, the important effects ·of multiple Coulomb scattering and 

range straggling were .ignored. This was done to keep the programs 

from becoming excessively complicated. A rough calculation of 
I 

multiple scattering indicates .that protons have a projected rms 

deviation from the line of their original direction of 1. 2o/o of their 

range. For pions, the deviation is 2. 9o/o. In addition, range straggling 

is on the order of a few per cent. For !-centimeter proton tracks 

it is calculated to be 1.5% and for !-centimeter pion tracks it is 3.5o/o. 

For tracks several centimeters long, these effects are larger 

than the measurement errors. However, for tracks up to a few 

millimeters in length, the measurement errors greatly exceed those 

due to straggling and scattering. The practical result of these effects 

is that our distribution~in the minimum value of S is not a good 

x 2 
distribution but has a long tail due mainly to events with long 

tracks. 

Afte.r the adjustment programs had been written, it became 

apparent that a z adjustment was necessary to solve some events. An 

ad hoc zo adjustment was then incorporated in the programs which 

could be called in only when necessary. This adjustment was apart 

from the least- squares adjustment and could therefore introduce 

systematic errors. The z
0 

steps were kept as small as practicable 

{-0.01 em) to keep such errors to a minimum. 
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C.· Outline of Programs 

The initial step in the programs was to assign massies for 
. . . . . 

each prong. One track was chosen as the pion and· the other two 

were assumed to be protons. After preliminary calculations, a 

combined nonconservation constraint function 

F = j';; 
J=l 

2 . 
F: was tested. 

J 
If it was greater than an 

ar_bitrary valu.e (100 Mev, c = 1), that mass choice was discarded 

immediately and.no iterati~ns were made, Otherwise, iterations 

were continued..until either (a) F was below a set lirp.it 0 Mev)~ 
and the step in "residual space 11 

/
m. 2 

V = ~ V. between successive iterations was below a chosen 
' . . ]. 

1 

limit (0.001 em), guaranteeing that S was near its minimum value. 

or (b) ·a maximum number of iterat.ions (usually 10) had been made. 

The average of the number of iterations required for the correct 

mass choice was between 3 and 4. 

When the adjustment was concluded, the programs tested 

that the results were as. follows: 

145.83 < k < 200 Mev, 

ro 2 1.0 .em, 

-1.0 < z
0 

< 6.0 em, 

F < 1.0 Mev, 
2 

X < 10. 

I 

(3la) 

(31 b) 

(3lc) 

(3ld) 

(3le) 

These tests verified that the photon energy was reasonable, the event 

originated in the beam cylinder and within the chosen z
0 

limits, the 

constraints were sufficiently satisfied, and x 2 
was small. If these 

conditions were met, .further data were derived from the event analysis, 
34 2 2 

such as the Baldin parameters p and q, the quantities p and w 
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used in the polology extrapolation (see Sec. I. D), and the pion 

momentum and direction in two reference frames: the y-n center

of-mass and the y-d center-of-mass frames. 

The entire set of calculations was repeated for each of the 

three possible mass permutations. 
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D. PEASOUP, the "888" Case 

The program handling the case (19% of aU,.- events) in which 

there are·three prongs, all stopping in the chamber, was named 

PEASOUP. 'Since ,;e have p a: R
1

/
4

, whe~e p is the particle 

momentum for range .R, momenta are relatively well determined 

compared with direction cosines, for tracks whose ranges are known. 

Therefore Eq. (21) was chosen to calculate the best initial value for k, 

and Eqs. (22), (23), and (24) were used as constraints. 

The ad hoc z
0 

adjustment was called in only if F 
4 

(Eq. (24) ), 

the nonconservation in p , was above a certain limit (2 Mev/c). If so, 
z 

z
0 

was altered by an increment of -0.01 em and the calculations re-

peated. Only 17% of the 11888' s 11 required such an adjustment. 

. ' 

-.... 
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J E. PEAPOD, the "889" Case 

To give the best initial solution for the case in which one 

track leaves the chamber, (50% of all TT- events) Eqs. (21) arid (24) 

were solved for k and p3' the unknown momentum. When solved 

these equations give 

where 

and 

p3 =- p' v3 ± J p'2 v23- (1- v23) (M23 p'2) 

(1-v 3 ) 

k = vlpl + v2p2 + v3p3 · 

The sign of the radical cannot be determined generally, and both 

(32) 

(33) 

choices may give a reasonable photon energy for v
3 

> 0. Events of 

this type were run with both signs and the solution with the smaller 

X 
2 

was chosen. Approximately 5% of all "8.89" cases gave ambiguous 

results, but these were generally resolved by qualitative ionization 

considerations. 

Good events, if not well measured, or if distorted sufficiently 

by multiple· scattering, could give imaginary solutions for p 3 . The 

radicand was tested on each iteration. If negative, z
0 

was moved 

by -0.01 em. Since this was again apart from the least-squares 

adjustment, a small systematic error may have been introduced. 

About 27% of the "889" events required a z
0 

adjustment. 

Besides the general requirements demanded of all events 

(Eq. (31) ), Peapod also required R (p
3 1 

) > R
3 

(observed). That 
ca c-

is, the range derived from the adjusted p
3 

had.to be greater than the 

range of Track 3 observed in the chamber . 
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F. PEAGREEN, _ th_e "899" Case 

In the "899" case in which two tracks leave the chamber, 

(10% of all 'IT- cases), _there are three unknowns: k, p 2 , and p 3 . 

Equations. (22.) and (24), linear in these variables, were solved 

explicitly for p 2 and p 3 in terms of k: 

Pz = 
A.3k + P1 (A.l v 3 - A.3 v 1) 

A.:2 v3 - A.3 v 2 

x_k+pl (A. 1 v2- A.2 vl) 

A. 2 v 3 - A.3 .v 2 

The-se forms were substituted into Eq. (21), giving 

' J 2 2 -yp 1 + M 1 
1 2 _ 2 + p 3(k) + 'M 3 

-. + k- MD= 0, 

which' was solved for k by Newton is method. 

(34) 

(3 5) 

(36) 

Sol~ing this set of three ~quations is equivalent to finding the 

points of intersection of a line with half of a hyperboloid of two sheets 
. . . ~ ' ) . . ' 

in :P 2 ~ p
3 

~ k space, Obviously, two solutions (perhaps imaginary) 

are possible. -Whe~e necessary, the line was forced to intersect the 

9-yperboloi~ by the ad hoc:: z
0 

adjustment. -Whenever the number of 

ite.rations in the ~ewto_n 1 s .,method solution for k exceeded 9, z
0 

was altered by an increment of -0.01 em and the calculations were 

repeated. Normally only 1 or 2 Newton iterations were needed to 

find a solution for k if a real one existed, In case both solutions 

for k fell within the range of interest (k= 145,83 to 200 Mev)~ both 

solutions could be found by running all events twice, :first with the 
. 

initial value k = 150 Mev for Newton• s method, and the second time 

with k = 250 Mev as the initial value. No events were found which 

had both values of k in the acceptable region. 
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In addition to the general requirements on the results 

(Eq. (31) ), we also demanded 
/ 

R(p2 calc) 2... Rz observed' 

R{p3 calc) > R3 ol:served" 
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G. PIMIKI, the "999"· Case · 

If all three tracks leave the chamber, there are four ·unknowns, 

p
1
,. p

2
, p 3 , and k, to be found by using the four conservation 

equations. This case(l% of all ;r- events) was solved as follows: 

p. = a.k, for i, j, k, = 1, 2, 3, permute.d, and 
1 1 

+ j 2 2 . 2 ~--2-z--·-2--z 
a

2 
k + M 2 ~~a3 k +M3 ~M3 

(3 7) 

-k+Mn=O, (38) 

where 

a. = 
1 

A.lX.2A.3 

f.11fl2fl3 

vlv2v3 

(39) 

Again, Newton's method was used. Besides the requirements 

(Eq. (31) ), the range of each track as calculated from its momentum 

had to be greater or equal to its observed range: 

R( )> R 
P3 calc - 3 observed' 

R(p2 calc) > R2 observed' 

R(pl calc) > Rl observed · 
No adjustment is possible, since there are no constraint equations. 

-. ~ ... 
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H. PEAGARDEN, the "88" Case 

A two-prong event with both tracks stopping could be a 

negativ,e meson event with one track too short or too lightly ionizing 

to be seen. It could also be a 'TT +-f.!+ decay. Both possibilities are 

considered by PEAGARDEN. 

(a) The negative-meson case (22% of all 'TT events) .. This 

has four unknowns: k and the three momentum components of the 

·unseen track. It is solved by the series of steps: 

P3x = - (pl A.l + p2A.2) ' 

where 

(40) 

(41) 

(42) 

In addition to the tests (Eq. (31) ) , the calculations on the unseen track 

are examined. If this track is computed to be longer than 0. 2 em and 

yet stop within the chamber boundaries, it should have been seen with 

no difficulty. This is sufficient reason to discard the mass choice that 

gave s.uch a third track. 

(b) The positive-meson case. Sine~ the identifying feature of 

a positive-meson event is its decay, both tracks of an "88" event are 

tested to determine whether either is within three standard deviations 

(± 0.16 em) of the muon range (1.00 ± 0.053 em). If so, the event is 
+ + handled as a possible 'TT - f.! event. The origin of the assumed 

'TT + is examined to see whether it begins in the allowed beam region 

(Eqs. (3lb) and (3lc) ). If the eve.nt satisfies these criteria, the 

momentum of the 'TT + is calculated from the range-momentum re

lationships of :F:'ig. 29, and this information is punched on a separate 

card. 
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I. Chamber Boundaries 

In making ,corrections to the data for chamber geometry, the 

planes defined by the inner faces of the windows, y = 0, and 

y = 5,454 em, formed two of the chamber boundaries. To determine 

the effective limits of visibility around the periphery of the chamber, 

the end points of 45 tracks that left the chamber through the walls 

were plotted, as shown in Fig. 30, The Oscar operators had been 

instructed to measure what they considered to be the last visible 

bubble of leaving tracks, Except in the region of the VP cell, the 

points lay close to a circle of radius 4,60 em, The VP cell, which 

obscures part of the chamber, was fitted to an arc of a circle 6.80 em 

in radius, whose center was displacedfrom the center of the chamber. 

Choice -of the chamber boundary in the region of the VP cell was 

facilitated by measurements of the VP cell on a projection table. 

. . 
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Fig. 30. Effective boundaries of 4-inch deuterium bubble 
chamber, determined by the end points of 45 leaving 
tracks. The choice of the boundary in the region of 
the VP cell was guided by measurements on a 
projection table . 
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J. JMC and POPINJAY:. Weighting of Two-Prong Events 

It is clear that an analyzable 1188" negative-meson event or a 

'IT+ - jJ. + decay might have been unanalyzable had it occurred some

where in the chamber where either or both visible tracks could have 

left the chamber. To weight each event accordingly, two Monte 

Carlo programs, JMC and POPINJAY, were written for the IBM 704 

to randomly displace and. reorient each event repeatedly, each time 

testing to see whether it remained entirely within the chamber. In 

JMC (Junior Monte Carlo), which handled negative-pion 1188 11 events, the 

laboratory- system coordinates of each event that were randomly varied 

were r O , 8 O' z 0 , and <Po· The quantities r O 8 O' ·and z
0 

are the 

cylindrical coordinates of the event vertex with respect to the beam -

centerline, and <Po is the angular orientation of the event about a 

line parallel to the beam direction through the event vertex. Choices 

of r 
0 

were weighted so that they occurred with the probability 

actually observed for known events (Sec. III. A). 

I~ POPINJAY (the name comes from the words "positive pion"). 

the same event parameters were randomly varied, except that the 

true production point of the pion, rather than the event vertex, was 

considered the origin. In addition to thes.e parameters, the two 

coordinates, cos 8 ~nd <j> , defining the muon decay direction 
jJ. jJ. . 

were randomly varied so that the muon could go in any direction with 

equal probability. 

The programs gave each event successive random positions until 

100 analyzable positions had been counted, or until a total of 500 

positions had been counted. The weight of the event was given by 

wt = (Total number of positions tested) 
(Number of analyzable positions found) 

The average weight of the negative pion events whose third track 

was invisibly short was 1.33 and that of the positive pions 1.14 . 

. Normally the counting ended when the number of analyzable positions ~ -.. 
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counted reached 100. The statistical error due to the Monte Carlo 

procedure. was negligibly small. In the testing of the events, the 

chamber boundaries estimated in the preceding section (V. I) were 

used. 

K .. Results of the Event Analysis 

Events were selected from the general background of photo

proton scatterings by a combination of IBM 650 analysis, as .described 

previously, and judgment on the part of the physicists who examined 

each event visually. This judgment was based on qualitative track

density considerations, presence or absence of coplanarity, and rough 

momentum- balance requirements. With some experience, one can 

usually distinguish a meson from near- by protons because its average 

track density is smaller. 

Table IV summarizes the results of the analysis and selection 

procedure. The numbers of events of different types are presented, 

along with their average laboratory-system photon energies and 

errors. The average chamber-geometry weighting factors (Sec. V. J) 

az:e also included for two-prong events. The numbers of photoproton 

scatterings which, according to the scanners, simulated meson

production events are 'also included in the lower lines of the table. 

To estimate the number of photoproton scatterings that were 

accepted as meson events by the over-all selection procedure, the 20 

rolls of film exposed at a peak bremsstrahlung energy E =138 Mev max 
(below the meson-production threshold) were analyzed in exactly the 

same manner as the main data. These rolls were scanned, measured 

and visually examined at random times by individuals unaware of 

their nature. 

To compare beam flux incident on the bubble chamber during 

the 138-Mev run with the beam incident during the 194- Mev run, the 

intensities were integrated over the limited photon energyinterval 

k = 0 to 100 Mevo The background from photoprotons is mainly 
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caused by photons of energy considerably below 100 Mev, so that this 

is a reasonable method of comparing beam flux for an estimation of 

background. When.1compared in ·this way, the total beam at · E = 138 · max 
Mev was 0.080 of that at E =194 Mev. 

max 
As shown in Table IV, 35 of the photoproton scatterings found 

in the 138-Mev data satisfied the programmed criteria (Eq~. (31), etc.) 

for analyzable meson events. Of these, only one was considered a 

meson event by,the over-all selection and analysis procedure. This is 

evidence that our over-all procedure gave good.background rejection. 

On the other hand, the possibility existed that good events, 

poorly, measured or difficult to measure owing to ~hort tracks, may 

. have been rejected as photoproton scatterings. Those events that 

were judged as good events by visual examination but did not satisfy 

the programmed criteria were remeasured twice. The result was 

that after a maximum of three measurements, 8.6o/o of the "888", 

22% ofthe rt889,"~ 20% of the '''899: n and 7, 2% of the ''188" events did 

not satisfy the programmed criteria. The assumption was made that 

half of those events were photoproton scatterings that resembled 

meson-production events on visual inspection. A correction of half 

th,e above percentages was then applied to the results based on the 

acceptable events. As it happened, the results of Sec .. VI were based 

rr1ainly on the "888" and "88'i events, so that the net corre.ction was 

about 4%. 

--. 
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Table IV 

Summary of the eV'ent: analysis 

Event 
type 

n-888 

n-889 

n-899 

lT-~99. 

TI-88 High '* 
n -88 Low 

*>',< 

Number 
found 
in data at 
194-Mev 
peak energy 

226 

650 

136 

6 

22 

269 

-

Average weight, 
based on 
chamber 
geometry 

1. 73 

Average 
photon 
energy 
(Mev) 

161 

174 

182 

184 

192 

1,60 

--
n-89 706 Not analyzable 

1T 99 55 

n+88 447 

Photo- 3-p.r-on~419 
proton 2-prong 496 
scatterings 

. 1.30 

*~Meson too lightly ionizing to be visible 
One proton invisibly short 

Rms error 
in photon 
energy due 
to measur
ement errors 

(Mev) 

0.5 

3.3 

4.8 

-
2.6 

1.0 

. .:. J. 

Number in 
data at 
138-Mev 
peak energy 
that satisfied 
programmed 
criteria for 
meson events 

0 

0 

0 

1 

4 

9 

21 

126 
180 

,,. ,. 

Number in 
data at 
138-Mev 
peak energy 
selected as 
meson events 

0 

0 

0 

0 

0 

1 

3 

0 

0 

I 
00 
.a--
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VI. RESULTS 

A. The a-/ (J +Ratio from Deuterium 

L Pion energies and angles included 

Because of the requirement that all positive pions stop in the 

bubble chamber, the pion energies were necessarily limited to small 

values. Pions included in the deuterium a-/a+ rati~ were of energy 

3 Mev to 9 Mev, corresponding to ranges of 0.44 ern to 3.3 ern. Thus, 

all pions were of sufficiently long range for reliable identification, and 

still short enough so that positive-pion tracks normally ended in the 

chamber. Three energy bins betw~en these limits were used, as shown 

in Table V. . The distribution of pions of 3 to 9 Mev kinet'ic energy 

was roughly isotropic in the laboratory system before chamber 

geometry corrections were made .. The data were divided into six 

lab-angular bins each containing roughly equal solid angles, so that 

Coulomb co'rrections could be made as a function of pion energy and 

angle. 

2.. Positive pions 

Alltogether, 299 positive-pion events were found acceptable 
-; + ' as data for the a a ratio. When corrected for chamber geometry 

by,rneans of the POPINJAY program (Sec. V. J), this number became 

342±33. Further corrections to the positive-meson data were estimated 

as follows: 

Scanning efficiency +0.2% 

H
1 

impurity in. D 2 -1.0% 

Muon range not acceptable +0.01% 

·Pion decay in. flight +1. 2% 

The net correction was judged to be negligible. Errors, apart from 

those of a purely statistical nature, were als.o assumed negligible. 

The average laboratory-system energy. and angle of the mesons 

accepted were 5~;95 .MeV a~nd :91 dege Final data ar_e_. pres.ented in ·,. 

Table V. 
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Table V 

Positive pions 

Meson 
kinetic Meson angle (lab) (deg) 
energy 
(lab) A B c D E F 
(Mev) 0 - 45 45 - 72 . 7 2 -··· 9 0, -9 0 - 1 0 8 108-135 135=180 

(1) N * 0 
17 19 21 15 23 17 

.3-5 ·N 17.26 19o02 21.05 . 15.05 23.08 17.30 
w 

(2) No 17 26 18 19 25 11 

5-7 N 18.82 26.35 18.78 . 19.76 26.88 12.18 
w 

(3) No 6 16 10 10 19 10 

7-9 N 7.76 23.62 15.72 17.66 28.59 13.47 
w 

>!c 
N

0 
= observed number ofpions 

N = number weighted for chamber 
w 

geometry 

. . ~ .. 
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3. Three-Prong Negative Mesons· 

Since the identification of negative mesons depended ori the 

configuration of the recoil protons; and since mesons .belonging to a 

g~ven bin were produced by a distribution of photon energies, it was 

necessaryto study the dynamics for each m«;:f!On .bin, at various photon 

energies to insure that no events could be missed because of particles' 

leaving .the chamber without being seen. 

_It was found possible to choose z
0 

limits for each meson bin 

such that three-prong events of up to 194 Mev photon energy were 

easily visible if they originated between these boundaries. The .method 

used in assigning z
0 

limits was the one that gave the larger usuable 

region: 

(a) I~ the negative pion itself was of s11:ch low energy (3 to 

5 Mev) that it always stopped in the chamber,. the ·, z
0 

limits were 

chosen so that at least one-third of the range of the longer proton track 

lay within the chambe.r, if the shorter proton just stopped at the chamber 

boundary. This guaranteed that both protons were still easily visible 

eve.n if neither remained entirely. within .the chamber. . The requirement 

that one-third of a track lie within the chamber was established 

empirically, by examining the calculated ranges of all leaving tracks 

in the negative-pion data . 

. (b) . If the negative pion itself was of high enough energy to leave 

the chamber, the z
0 

limits chosen we.re such that one-third of the 

total range of the highest-energy proton possible be within the chamber. 

To account for those eve.nts produced in other parts of the chamber, the 

events were weighted in the ratio of the chamber length used for the 

positive pions (7.0 em) to the path length used for the three-prong events. 

A total of 204 three-prong negative-pion events, mostly ofthe "888n 

type, with an average weight of 1.06, was included. 

.. ( -.. 
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4. Two-Prong Negative Mesons 

Two-prong events with negative mesons in the allowed energy 

range were individually corrected for chamber geometry by the JMC 

program described in Sec. V. J. Only those originating between the 

identical z
0 

limits used for positive mesons were accepted. 

Above a certain photon energy (k = 175 to 180 Mev) it is 

kinematically possible in some meson bins for one proton to be 

sufficiently energetic to leave the chamber with high probability, while 

the shorter proton track is still too short to be visible. A small 

correction was made such that the fraction of the two-prong events in 

this high-energy range was made to be the same as the fraction of 

three-prong events. This amounted to a correction of 4.4o/o of the net 

number of all negative-meson events included. 

A total of 166 two-prong events was used, with an average 

weight, based on chamber geometry, of 1.28. 

5. Instrumental Corrections to the Negative-Pion Data 

If the energy of the photon producing a negative meson at a 

forward laboratory-system angle is too low (k = 145.83 to 155 Mev), 

too little energy may remain to guarantee that at least one of the protons 

has a visible range (R > 0.1 ern). The number of events missed for this 

reason was estimated in the following manner. 

A histogram of the meson momentum distribution in the (y+d) 

center of mass was obtained for all observed events of photon energy 

k = 150 to 155 Mev, as shown in Fig. 31. The momentum was plotted 

in units pjp , where p is the maximum possible c. rn. momentum 
max max 

of the pion at the photon energy of the observed event. Only those .events 

with c. rn. momentum and angle for which at least one proton is 

guaranteed a visible range (R > 0.1 ern) in the laboratory system were 

included in this distribution. 
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MU-20679 

Fig. 31. Distribution of pion momentum in y + d c. m. , 
for events of J;>hoton energy k = 150 to 155 Mev. 
Units are p jp , where p is the highest 

TT max max · · 
momentum possible at the photon energy of each event. 
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At each photon energy in the range 150 to 155 Mev, certain 

pion c. m. momenta and angles correspond to the lab meson bins of 

Table VL Utilizing the observed c. m. momentum distribution and 

assuming isotropy, one obtains as a function of photon energy the 

fraction of all events at a given photon energy expected to occur with 

pion c. m. momentum and angle corresponding to one of the lab bins 

of Table VI. The number of actual events expected in each of these bins 

in the photon energy range 150 to 155 Mev was obtained by multiplying 

the calculated fractions bythe total numbers of events seen in 1-Mev 

energy intervals within this range. For meson-energy bins 1, 2, and 3 

(Table VI) the numbers expected were 2.3 ± 0. 7, 4.6 ± 1.4, and 

6.0 ± 1.8, respectively, distributed mainly in the region 0 to 45 deg 

(lab). The errors on these numbers are due to uncertainties in the 

c. m. momentum distribution. 

An isotropic distribution, assumed above, was found by 

Adamovich et al. , 
13 

and is consistent with the data from this work 

(Sec. VI. C). 

All the expected events might have been unobservable, had the 

two protons in each event divided the available energy equally. In that 

case, the correction for those missed would have been 12.9 events, or 

about 4% of the entire data. However, when the expected numbers were 

compared with the numbers corrected for chamber geometry actually 

observed--3.4, 4.3, and 9.7 in bins 1, 2, and 3, .respectively--it was 

decided that no such correction was necessary. 

A grand total of 369 acceptable events was corrected to 

428±22 by the chamber geometry weighting. Further corrections are 

summarized as follows: 

Scanning efficiency (Sec. IV. B) + 1.6% 

Meson charge exchange in deuterium + 0.05% 

Events difficult to measure (Sec. V. K) + 4.0% 

Net correction + 5.65% 
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Table VI 

Meson 
kinetic Meson angle (lab) (deg) 
energy A B c D E-~ F 
(lab) 0-45 45-72 72-90 90-108 108-135 135~180 
(Mev) 

N •:< 13..12 03) 22.15 (22) 22.22 (21) 15.09 (14) 19.36 08) 20.76 (18) 
w 

(1) Nl. 13.86 23.40 24.56 20.92 22.88 25.10 

3~5 t-1 14.69 . 24.81 25.27 22.21 24.t5 25.97 
pp 

N 1L94 20.50 21.42 18.98 20.82 . 22.58 
np 

N. 19.83 (19) 28.44 (27) 20.44 (19) 18.22 (14) 34.72 (30) 19.59 (15). 
w 

(2) NI 20.95 30.05 21.59 19.25 41.27 20.70 

5-7 N 21.44 31.28 23.46 20.26 42.62 23.17 
. pp 

:Nnp 18.32 26 .• 97 20.40 17 .• 77 37.72 20.61 

N 20.66 (17) 36.11 (31) 33.30 (26). 26.46 (22) 38.73 (30) .18-.92 (13) 
w 

(3) Nl· 21.-83 38.15 35.18 28.12 40.92 22.21 

7~9 .-N 22.61 40.33 38.05 ·30.58 42 . .45 23.46 
pp 

N np 19.66 35.53 33.67 . 27.30 37.9.0 21.40 

>!< 
N = Number of events weighted for chamber geometry. (Observed number is given in 

w 
parentheses.) 

... 

Ni = Number includingall instrumental corrections. 

N . = N
1 

corrected for proton~proton Coulomb interactions only. 
pp 

N = N corrected for pion~proton Coulomb interaction. 
np pp 

•' 

·g 

..!) 

:CN 
n 
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Mter these corrections were added, the net total became 

471±31. The numbers N
1 

tabulated for each meson bin in Table VI 

include the chamber geometry weighting and the corrections discussed 

in this and the preceding subsection. Errors assumed for the corrected 

numbers include the statistical error and a 50% error in the corrections. 

The error introduced by the chamber geometry calculation is believed to 

be negligible in comparison with the ordinary statistical error. 

The average laboratory-system energy and angle of the negative 

pions accpeted were 6.27 Mev and 90 deg. 

6. Coulomb Corrections 

a. The Proton- Proton Coulomb Correction (Positive) 

Using the 'impulse approximation (Sec. I. C) Baldin has 

calculated the cross sections for deuterium photopion production, 

2· ± a a 
apaq 

(43) 

where\ K± 
2

1 and I L± 
2

1 are respectively the spin-flip and non- spin-

flip matrix elements squared for free-nucleon photoproduction. The 

coefficients A(p, q) and B(p, q) include the effects of the .deuteron in

ternal momentum distribution and of the final-state nucleon-nucleon 

interaction, excluding the Coulomb interaction. Here, 

-+- -+ 

P = I Pl - P2 

2 
and q .. :-J 

... -
Pl + P2 I 

2 . 
are the parameters 

chosen by Baldin to characterize the state of the recoiling nucleons. 
-+ ..... 

The vectors p
1 

and p 2 are the nucleon (lab) momenta. By charge 

symmetry, Eq. (43) holds for both positive- and negative-meson 

production, if the appropriate matrix elements are inserted, and the 

final-state Coulomb interaction in negative-photopion production is 

ignored. 
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To take into account the additional, proton-pr<:'ton Coulomb 

jnteraction in negative-pion .production, Baldin employed exact Coulomb 

final- state wave functions to calculate c.oefficients A c (p, q) and 

Bc(p, q} to replace those in Eq. (43). Since we have A(p, q) >> B(p, q) 

in the ranges of p and q which concern us, it is the difference 

between A(p, q) and A c(p, q) that chiefly determines the correction to 
c 

be .made to the data. Values of A {p, q) are lower than those of 

A(p, q) because of the Coulomb repulsion of the protons. 

To facilitate .making the proton-proton .Coulomb correctl.on, 

values of p · and q had been derived. for each observed .event and 

were included in the IBM 650 printout. Values of A(p, q) and 

Ac (p, q) were interpolated from Tables ,I arid II from Baldin, 
34 

and each 

event was individually weighted in the ratio A/ Af. The corrected 

numbers N due to this procedure are shown for each bin in 
pp . 

Table VI, and the size of the correction is plotted in Figs. 32 through 

35, as a function of lab photon energy for the combined bins of 

Table VIL The average correction was +5.49%. 

b. The Pion-Proton Coulomb Correction (Negative) 

The pion-proton correction depends strongly on the momentum 

and angle of the meson but varies little with photon energy. A convenient 

way to obtain a correction for each meson bin is by use of the formula 

derived by Baldin; 
34 

the number of negative pions in each bin is 

divided by the quantity 

l + 
2 

2ne 

l p - q/M \ 
TT 

(44) 

- -where pn . is the pion momentulTI (lab), q is the vector mean of the 
2 

proton momenta defined above, e = ·1/137, and. M is .the protem mass 

(J{ = c = f.1 = 1 ). This correction is the same as the correction one 

would get from the interaction of the pion with a doubly, charged particle 

.moving with the same relative velocity. as the protons 1 center of mass. 

'. 
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Fig. 32. Kinematics for the process y + p .- n + + n. 
Curves for various photon energies (lab) and r:ion+ 
angles (c. m.) are shown. In obtaining the a /a 
ratio, pions of kinetic energy T = 3 to 9 Mev were 
included. The data presented in ~able VII and 
Figs. 33-35 are from events within the three bins I, 
II, and III. 
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Fig. 33. Observed photon energy distribution for the mesons 
of bin I, Fig. 32 and Table VII. 
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Fig .. 34. Observed photon energy distribution for the mesons 
of bin II, Fig. 32 and Table VII. 
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Fig. 35. Observed photon energy distribution for the mesons 
of bin III, Fig. 32 and Table VII. 
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The denominator in Eq. (44) was determined for the lab en_ergv.:tand 

angle of each meson by a simple graphical model. The corrected 

number N for each bin is indicated in Table VI. The average 
:rrp 

correction amounted to -14.6%. 

After both the proton-proton and pion-proton Coulomb 

corrections had been applied, the net number of negative pions became 

433 ± 29; the average .net Coulomb correction amounted to -8.6%. 

7. The Experimental a -/a+ Ratios 

Be:£-01r:·e Coulomb corrections were applied, the observed over

all ratio was 

(J 4 71 ± 31 
=438±0.12. = 

(J 
+ 342±33 

After Coulomb corrections were applied, the over -all ratio was 

(J -
~
(J 

433 ± 29 

342 ± 33 
= 1.27±0.11. 

The average laboratory-system kinetic energy and angle of 

the observed mesons-- 6.15 Mev and 90 deg--correspond to the 

laboratory-system photon energy--162 Mev--and pion angle--120 deg-

in the two-body (-y + p) center of mass. Spectator photon energies 

(those given by two-body kinematics) range from 152 Mev at forward 

pion angles to 177 Mev in the backward direction, as may be seen on 

Fig. 32. (If the deuteron binding energy and the neutron-proton mass 

difference are taken into account, Fig. 32 fairly accurately describes 

the kinematics for the process -Y +d-.. Tr + p + (pat rest), as well as 
+ for y + p -+ n + n • ) 

In orde.r to get information on the dependence of a-/ a+ on 

photon energy, the bins of Tables V and VI have been combined into 

three larger bins, roughly dividing the data according to spectator 

photon energy, as shown by the heavy lines in Fig. 32. The results for 

these larger bins are presented in Table VII. 



Bins t 
included 

l. A,B,C 

2. A, B, 

3. A 

1. D,E, 

2. C,D 

3. B,C 

1. F 

2. E,F 

3. D,E,F 

Table VII 

-; + a a as a £miction of photon energy and meson angle 

Spectator 
photon · 
energy t 

(Mev) 

152-158 

158=165 

165-175 

* . (} , p1on 
anglE:~f 
(c. m.) 
(de g) 

0-90 

90-140 

135-180 

a- /a+ 
Before 

Coulomb correction 

1.22 ±0.16 

1.36±0.19 

1.54±0.21 

t Bins are defined in Tables. V, Vi. 

Mter 
Coulomb correction 

1.08 ±0.14 

1.27±0.18 

1.44±0.20 

' * . * + The spectator photon energy (lab)andan~£t8(c.m.)are from the "V.+ p.- 1T + ntwo-body 

.-kinematics of Fig_ •. 32. 

,• 
,• ,, 

,_. 
0 
<!) 
D 
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8. Distribution of Contributing Photon Energies 

To roughly check on the validity of the use of two- body 

kinematics in determining the average photon energy, the distribution 
' -; + in photon energy of the negative mesons accepted for the (] _ a 

ratio was plotted for the thre.e bins of Table VII. 

As s_een in Figs. 32, 33, and 34, the distributions are in fact 

peaked -around the spectator energy in each case, but with a high

energy tail which makes an important contribution. 

The (positive) proton-proton Coulomb correction has been made 

to these data, and the size of the correction is indicated by the smaller 

histogram beneath the peak. As expected, it is most important at low 

photon energies. The pion-proton Coulomb correction has not been 

applied to the data in Figs. 32, 33, and 34. It would have little effect 

on the relative shapes of the distributions . 
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B. Extrapolations .to Free-·Nudeon Gross S~ttinns:: 

a (y + n -+.1T- + p) 

1. The Prescription 

To obtain points suitable for ex;trapolation, the form taken 

from Eq. (7) was .used: 

2' 2 47Tk 2 
a(k, p , w ) = . 

The essential constants are 

2 
r = 3.11, 

2 
a = 0.107, 

MD/Mp=l.999, 

2 
MN = 45.27, 

(45) 

where }'{ = c = 1-l. = 1. . Values for r 2 
and a 

2 
(sec. I. D) are based on 

the deuteron.constants,
88 

B.E. = (2.226±0.002 Mev) and r
0

t = 
-13 

( 1. 7 0 2 ± 0. 0 2 9) 1 0 c m. 

The differential eros s section is obtained from the data, 

A = 
N 

e 
2 2 

N (k} AkA p A w 

where A= 2.015 AMU, deuteron mass, 

N · 6 o··25 1 o- 23 A.. · d · • b · 0 = ·· · ·· ' , :vo-g.a ro s nunn · ·e"r,. 

p =- 0. ·13d7 g~ em-
3

, deuterium·density (-Sec.·. IV. F), 

t = 7.0 em, target length, 

. (46) 

2 2 
. N = Number of events in three-dimensional bin AkA p A w , 

e 
N(k)Ak = Number of photons in interval Ak (Table III) 

A 
2 

A 
2 s· f l d. · 1 b. · 2 ·d 2 (F' 2 36) ~p ~w = 1ze o two- 1mens1ona 1n 1n p an w 1gs. , . 

When the constants are inserted, Eq. (45) becomes 

-· 

•. 

.. 
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2 2 (k ) 
2 

N 
2 2 2 

a.(p , w , k) = 3. 0 2 9 l 0-
26 (p + 0.107) Mev e 

2 2 2 em, 
(w - 45. 27) N(k)~ k~ p ~ w 

(4 7) 
2 2 

where p and w are in pion units, and k is in Mev. 

2. Averaging over Photon Energies 

S• h d f • A 
2 

A 
2 b' • d d b 1nce t e ata or a g1ven .u.p .u. w 1n 1s pro uce y a 

spectrum of photon energies, some way of averaging over the spectrum 

is required. The averaging is complicated by the fact that some photon 

energies are capable of contributing events to only part of an entire 
2 2 

bin ~p ~w . The procedure used was to effectively assign a weight 

{48) 

to the contribution to a given ~p2.6.w2 bin from photons in the energy 

interval ~k. Here, op
2 

ow
2 

is the subarea of .6.p
2 ~w2 

within which 

the events may occur. These subareas are found by examining graphs 

such as Figs. 2 and 36. 

This choice of weight can be made plausible in the following 

A h . a2a b h . way: ssume t e cross sectlqn 2 2 
to e constant overt e region 

ap ow 

~p2 ~w2 . (This assumption has already been made when data are 

averaged). In a greatly extended experiment, the number of counts 

observed in the subregion op
2

ow
2 

is expected to be proportional to 

the area op
2 

ow
2 

times the number of availa·ble photons N(k) ~k. 
Thus, the weight would be proportional to this product. That 

2 
a a . h k £ 

2 2 mayvary wit is not important i the same photon energies 

op a.w 1 d d £ 11 2 b' · , 2 h a:re 1nc u e or a p 1ns at a given w •. When the we ig ts are 

normalized to unity and the contributions to G averaged over k, we 

obtain 
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Effective photon energy (Mev) 
MU-20684 

Fig. 36. Polology diagram in p 2 and w 2 (see Fig. 2). 
Here p2 is the square of the momentum of the 
s12ectator proton, (lower lab kinetic energy) and 
w is the total internal energy of .the remaining 
1T~ + p system Q{ = c. = ~ = 1{ The c2rv;es. are . 
k1nemat1cal boundar1es 1n p and w W1th1n wh1ch 
events of the corresponding photon energy must fall. 
The rectangular bins are those used in obtaining the 
points in Figs. 37 - 41. Event of photon energy (lab) 
h = 160 to 165 Mev one plotted here. 

·. 
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2 2 
(p +0.107) 

2 
(w - 45. 27) 2:N(k).6.kop 

2 
o:

2 
2 

em, 
{

2:(kMev>
2 

N } 

(49) 

Evaluation of the numerator was facilitated by first plotting 

the events in photon .energy bins 5 Mev wide, extending from 

k = 150 to k = 180 Mev, as illustrated in Fig. 36. The data in each 

photon interval were .restricted to those events occurring in the chamber 

between definite z
0 

boundaries, depending on the photon energies 

included. Events in each photon energy interval were weighted to 

account for events occurring elsewhere in the 7 .0-cm chamber path 

length used, Weights varied from 1.0 to 1.4. The method of assigning 

z
0 

limits was discus sed in Sec. VI. A. 

Th · ht d b f t Ap
2 

Aw2 b1"n 1·n each e we1g e num er o ·even s per ~ ~ 

photon energy interval .6.k was multipiied by the square of the central 

photon energy. The numerator in Eq. (49) was formed from the sum of 

these products. 
2 2 

In the photon energy intervals in which the area .6. p .6. w lay 

entirely within the allowed region for all photon energies {e. g. 3 the 

bins at w
2 = 60.05, Fig. 36), contributions to the denominator for a 

given .6. p
2 

.6.w
2 

bin were obtained in a straightforward way by 

multiplying the number of photons by the bin area. However, for 

photon energies whose p
2 

- w
2 

boundary curves crossed the 

.6.p
2 

.6.w
2 

bin (e. g., w
2 = 61.05, Fig. 36), a numerical integration 

had to be performed by dividing the bin into subareas op
2 

ow
2 

which 

fitted between the successive boundary curves in such a way that an 

average .6.k for the subarea could be determined easily. N(k) was 

considered constant over the 5-Mev photon energy intervals. 

As mentioned above, the use of photon energies for a given 

.6. p 2 .6. w2 bin for which such an integration is required may lead to 

systematic errors, since the photon energy range_s averaged are not 

identical for all 
2 2 

example, in Fig. p values at a constant w For 36 
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it is clear that photon of energy k = 160 to 180 Mev contribute to the 
. 2 2 

bin centered at· w = 6L05, p = 0.3, whereas only photons of energy 

k = !61 to 180 Mev contribute to the bin centered at w
2 

.= .61.05, 
2 

p = 0. 9. However, the error introduced should .be small, if a 
varies slowly with k. 

3. Experimental Points and Extrapolations 

Experimental values .. of a are presented as a .functions of 

p
2 

and w
2 

in Figs. 37 - 41. The errors on each point are statistical 
2 

only. Only data in the region p > 0.3 are used. Events at the higher 
2 

photon energies with recoil protons of energy p < 0. 3 .(R < 0.1 em) 

are generally unanalyzable because the spectator proton is invisibly 

. short, and another track leaves the chamber. 

The fact that the form of the extrapolating curve is not known 

puts us at a disadvantage. However, since the p
2 

region that con

cerns us is far from any singularjty. in a:·, we expect a simple behavior 

in the extrapolating curve. Three different polynomials were fitted 

to the data: a weighted ave.rage (zero-order) a straight line (first

order), and a parabola (second-order). These results are summarized 

in Table VIII. 

Although the .data are a .bit ambiguous, a line s.eems preferable 

to the mean or.the parabola. At the three lower photon energies 

(153.4, !58.6, and 163.7 Mev, Figs. 37-39) the straight-line fit gives 

a lower value of X 
2
/M than the .other fits, as .may, be seen in·Table IX. 

The Fisher F ~est89 • 90 gives the weighted average only a small 

pr.obability of being a correct fit to the data ( ~ 5o/o for k= 163,7 Mev, 

Fig. 39, and smaller for the lower photon energies)~ In addition the 

Fisher test indicates that the pr9babilitycis:· 65% or greater that the 

highest-order coefficient for the parabolic fit can be zero for these 

three extrapolations. Thus a· straight-line .fit is indicated .by both 

these criteria. 

•I 

... 

...; ...... 
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37. Polology extrapolation for w 2 = 60.05 (k f£ (lab) 
= 153.4 Mev). The data in the interval e 
0. 3 ~ p 2 ~ 0. 9 are extrapolated by means of a 
straight line to the nonphysical value p2 = - 0.107. 
At the extrapolat~d point, we obtain G (w2) = 
a (-y + n -- n- + p) • 
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15 

MU-20686 

Fig. 38. Polology extrapolation for w 2 = 60.55 (k ££(lab) 
= 158.6 Mev). The data in the interval e 
0. 3 \ p2 ( 0. 9 are extrapolated by means of a 

· strai"ght l1ne to the nonphysical value p2 = - 0.107. 
At the extrapolated point, we obtain G (w2) = 
a(y + n --. lT- + p). 
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Fig. 39. Polology extrapolation for w
2 = 61.05 (k ff(lab) 

= 163.7 Mev). The data in the interval e 
0. 3 \. p 2 .<.. 0. 9 are extrapolated by mears of a . 
straight line to the nonphysical value_ p 2 - 0.107. 
At the extrapolated point, we obtain G (w ) = 
a (y + n - n- + p). 
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40. Polology extrapolation for w 2 = 61.55 (k ££(lab) 
= 168.9

2
Mev). The data in the interval e 

0. 3 ~ p ( 0. 9 are extrapolated by means of a 
straight line to the nonphysical value pz = - 0.107, 
At the extrapolated point, we obtain G (w2) = 
(] (y + n -+ TT- + p) • 

A . ,· 
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41. Polology extrapolation for w 2 = 6 2.05(k ff(lab) 
= 17 4. 1 Mev). The data in the interval e 
0. 3 .-:; p 2 ~ 0. 9 are extrapolated by means of a 
straight line to the nonphysical value p2 = - 0.107. 
At the extrapolated point, we obtain G (n2) = . 
a (y + n -+ n- + p). 



Table VIII 

a(y + n -.. Tr + 2p} extrapolations 

Photon energy (lab) (Mev) 

Extrapolation 
polynomial . 153.4 158.6 163.7 168.9 174.1 

(w2 = 60.05) (w2 = 60.55) (w2 ::61.05) {~2 = 61.55) (w2 = 62.05) 

-·-
N 

.,, 
7 6 7 7 7 

One- M 6 6 6 5 6 

parameter 2/M 0. 73 2_.46 1.4_5 0. 70 1.19 •• 
X - --s - - - - - N 

m 

(Weighted 
29 a :lO , em 

2 
4.05±0.45 5.53:b1.04 8. 34±1.16 7.80±1.00 11.83±2_.07 

average) 

N 7 7 7 6 7 

Two- M 5 5 5 4 5 
2 

parameter X /m 0.16 0.86 0. 72 0.86 1.26 

S~t:t 22.64 12.21 7.17 0.04 0.66 
m 2 

(Line) a:lo 29,cm 7.33±0.72 12.38±2.06 15 .• 23±2. 70 8.67±4.45 6. 73±6.66 

... '") ... 
( 

I. 
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Table VIII (continued) 

Photon energy (lab) (Mev) 

Extrapolation 
polynomial 

153.4 158.6 163.7 168.9. 
(w2 = 60.05) (w~ = 60. 55) (v.l = 61.05) (w2 = 61.55) 

N 7 7 . 7 6 

Three- M 4 4 4 3 

parameter X 2/M 0.19 1.07 0.87 1.13 

s· ni 0.31 0 0.11 0.04 

(Parabola) 29 a :1'0 , em 
2 

8.91±2.93 12.18±8.58 11. 74±10.85 12.42±18.55 

* N = number of points to be fitted 

M = liumber of degrees of freedom 

·Sffi = parameter for Fisher F test (Ref. 89) 

a= e~trapolated cross section a(y + n--tr- + p) 

./} 

174.1 
(w4 = 62.05) 

7 

4 

0.86 

3.33 

35.84±23. 96 

...... -liN 
I 
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The two higher-energy extrapolations (168.9 Mev and · 

174.1 Mev, Figs. 40 and41) are.less clear, one (168.9 Mev) being 

better fitted by a weighted average, and the other (174. 1 Mev) by a 

parabola. 

Somewhat arbitrarily, the straight line was chosen .to correlate 

the data at all five photon energies. As Table VIII s~ows. the errors 

on the extrapolated-points depend strongly, on the extrapolation form, 

and those associated with the straight-line extrapolation perhaps should 

not be taken at face value. Since the actual errors cannot be easily 

estimated, those based on the straight,-line extrapolation are used for 

purposes of comparison with other data. 

4. The Cross Sections a (y + n - 1T + p) 

The cross sections a (y + n __,. 1T + n) based on straight-line 

extrapolations are plotted as a function of photon energy in Fig. 42. 

This cross section may be expressed.in terms of the expansion
8 

(50) 

where 
qw w = '--"'------""""-"<--

( l + v/M)
2 (51) 

>:C 

and 8 is the :pion angle q is the pion mom'entum. w is the pion 

total energy, v is the pho~on energy, all in the center-of-mass system, 

and M is the nucleon .mass (}t = c = J.L = 1). If S-wave production 

predominates, 

-a :::::: . 0 

a 
1 

_ and a-
2 

are srhall, . and 

a tv + ·n __,. 1T- + p) 

4TIW 

Values of a-
0 

determined in t}:lis.way are presented in 

(52) 

Fig. 43.. The lower curve in this, figure .is taken from a preprint of 
' 39 

Hamilton and Woolcock, and represents the dispersion relations of 

,-
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Fig, 42, Free-nucleon cross sections a (y = n -+ TT + p) 
obtained by the straight-line extrapolations of 
Figs , 3 7 - 4 L · 
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Dispersion relations,..... 
of CGLN 

NH=O 
f 2 =0.08 
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ky( lab) (Mev) 

MU-20691 

Fig. 43. Values of a- obtained by dividing the extra
polated cross sec~ions of Fig. 42 or Table IX by 
the phase-space factor, 4nW. The lower curve 
is based on the dispersion relations of Chew et al., 
and is taken from the paper of Hamilton and Woolcock. 
The upper curve differs from the lower one by an 
additive constant. 
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et al.. 
20 

assuming the term N{-) in the electric dipole amplitude to 
2 

be zero, and f = 0.08. The upper curve was obtained by a least-

squares fit to the form 

-
a 0 = [cGLN (f

2 = 0.08, N(-) = ci] + C, 

where CGLN refers to the dispersion relations prediction. The 

constant C was analyzed to be (0.54±0.24) lo- 29 cm
2

. 

(53) 

When the extrapolated data, as correlated by Eq •. (53), were 

compared with data 
38 

for the reaction (y + p -+ 7T + + n), the average 

ratio a-/ a+ - 1. 7±0. 2 was obtained in the lab photon- energy region 

from threshold to 175 Mev. 

C. Absolute Cross Sections (y + d -+7T + 2p) .. 

l. Total Cross Sections 

Absolute cro
1

ss sections were obtained for the process 

(y + d -1r- + 2p) ina limited photon energy range k = 150 to 157.5 Mev. 

This range was chosen because, for k < 150 Mev,. too few events 

were found to make such a cross section statistically meaningful. 

Above k = 157.5 Mev, .the reactions had sufficient tdtal energy that 

events with one invisibly short proton were frequently unanalyzable 

because the pion .had a range long enough to leave the chamber. Since 

the cross section is expected.to vary rapidly near threshold 

(kT = 145.83 Mev), three bins, each 2.5 Mev wide, were .chosen within 

this energy range. 

Events were limited to those occurring within a definite 7-cm 

region in the bubble chamber defined by z
0 

limits. A total of 70 

two-prong "88" events was corrected to 78.7 bythe Monte Carlo 

chamber geometry weighting procedure (Sec .. V. J). An additional 63 

three-prong events (mostly of the "888" type) were added, to give a 

total of 141.7 events. The 5.65% correction for scanning efficiency, 

difficulty in measurement, and charge exchange discussed in E?ubsection 

VI. A. 5 brought the total to 149.7 events. 
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The total eros s sections were; obta~ned by means of the formula 

...... _ 1T + '2p) = 
N

0
pt 

A 

N 
e (54) 

N _(k) .t:.k 

The notation is that of Sec. VI. B. 1, and . N(k) .D.k values are given in 

Table III. The total cross sections thus obtained .are presented in 

Table IX and Fig. ,44. As may be seen in Fig. 44, the data from this 

work are about 32% below the interpolated results of Adamovich et aL 
13 

Photon energy 
(lab} (Mev) 

· 10
29 

cm
2 

_at 

Table IX 

Total cross section, at(ytd ...... 1T- t2p) 

150-152.5 152.5-155 

1.06±0.20 1.91±0.27 

2. Angular Distribution in the ('y + d) Center of Mass 

155-157.5 

2.72±0.35 

.For sufficient statistics in making an angular distribution,all 

data used for the totalc eros s s-ections in Subsection 1 were combined. 

Differential cross sections were obtained from the formula 

a a 
an 

N 
e 

N
0
.pt_. 

N(k) .c:. k n -
A 

(55) 

where the notation is the same as in Eq~ (54) and n is the solid a,ngle 

in ste~adians. in the y + d ,c. m. frame. 

and tab~lated in Table X. 

. . 
Results are plotted in Fig. 45 ... 
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Fig. 45. Pion angular distribution in the '( + d c. m. frame 
for the process '( + d--+ n- + 2p at lab photon energy 
k = 150 to 157.5 Mev. The curve is a least-squares 
fit to a second-order polynomial in cbs e':'. 
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Table X 

Differential cross sections for the process 'l+d.-+1T - + 2p at 
labora.tory photon energy k = 150 to 157.5 Mev 

tcos e >!< 
0.83 0 .. 50 0.17 -0.17 -0.50 -0.83 

a a 1030 
2 

em 1.31 1.63 1.92 1.87 1.07 1.14 --
an sr 

±0.31 ±0.34 ±0.36. ±0.35 ±0.26 ±0.27 

t cos 
e ~:~ 

is measured in the 'l+d c. m. frame 

As shown in Fig. 45, the data were fitted to an as surned 

isotropic distrubiton and also to a second-order curve of the form 

aa ':' 2 * -- = A + A cos 8 + A 2 cos 8 
-an o 1 

(56) 

These results are summarized in Table XI . 

Table XI 

Coefficients in the angular distribution of Fig. 45 

Type of fit M 2 
Ao Al A2 X 

Isotropic 
distribution 5 6.94 1.41±0.15 

Second o~der 3 2.65 1. 71±0. 20 0. 23±0. 20 -0. 76±0.42 
in cos e··-

M = number of degrees of freedom. 
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As can be judged from the X 
2 

test, the second-order form is preferable 
. . 

. ( 40% probability that a random s·am.ple gives no better fit),. but the 

isotropic distribution is not ruled out (}0%-'prb'ba_bility.that a random - --" 

sample gives no better fit). This may be compared with the work of 
14 

Adamovich, · who obtained a very good fit to an isotropic distribution. - J 

Predicted angular distributi.ons for various combinations of 

nucleon final states with.meson S and P final states are tabulated by 

Adamovich. 
14 

According to these predicted angular distributions, a 
2 * 3 .. 

negative cos 8 te.rm implies a P
1 

nucleon final state and a .p 

meson {inal state with electric dipole absorption of the photon. 

Although the direct interaction term 
54 

mixes in higher meson angular 

momentum states and the deuteron .structure may. introduce anisotropy, 

. S-wave photopion production is expected to predominate this close to 

threshold. 

·-
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VII. CONCLUSIONS 

A. The Observed· Ratio a -/a+ 

The dependence of the ratio a- /a+ on photon energy and 

pion angle can be seen most readily in Fig. 46, on which the final 

data of Table VII are plotted with those of other workers. Coulomb 

corrections based on Baldin 1 s work
34 

have been appli~d to all points 

by this author, exce~t where stated otherwise , two- body kinematics 

(Fig. 32) is assumed. The curves ~n Fig •. 46 are the predictions of 

the dispersion relations of Chew et al. 
20 

as calculated in the paper 
>:<], 0 

by Beneventano et al. 

The data in this work show an upward trend with increasing photon 

energy and c. m. angle. This undoubtedly is due in part to the angular 

dependence of a-/ a+, which is predicted by the dispersion relations. 

(See Sec. I. A.). 
l 

Of the data presented here, the two points at higher energy 

are in agreement both with theory and with previous work. The 

single point at photon energy k = 155 Mev is lower than expected • 

. This may reflect the influence of the photon-three-pion interactiori
24 

mentioned ·in Sec. I. A. If so, this point would correspond to a value 
-; + A on a a is not strongly energy-dependent. 

Generally,. the data presented here are in agreement with 

previous results, and except for the low point just discussed,. tend 
,~ -. 

to confirm the consistency which seems at this time to exist ·among · 

the low-energy pion parameters (Se_c. I. B). 
90 

The peaking of the true event energy around the photon energy 

given by two-body kinematics (Figs. 33-35) is in qualitative agreement 

with the calculations of Beneventano et al. 10 Because of this peaking, 

the use of two- body kinematics .to determine the photon energy. and pion 

c. m. angle can be .considered a satisfactory method. 
>:C 

That the curves of Fig. 46 extrapolate .to a threshold value R = 1.36 
. I -1 

rather than 1.30 or lower may be du"e to the neglect of a (1+ w M) term 

in the expression for ~{O) taken from Reference 20. 

I 

~ 
\ 
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-; + Fig._ 46. The observed ratios a a corrected for 
final- state Coulomb effects compared with the 
predictions of the dispersion relations of Chew et al. 
for various c. m. angles. The. curves are from the 
paper of Beneventano et al. Two-body kinematics is 
used to determine the photon energy (lab) and 
angle (c. m. ) except where noted, the Coulomb 
corrections were made by this author. 
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B. Extrapolations to Cross Sections (y + n - 1T + p) 

Cross sections for the reaction y + n - 1T + p were obtained 

by l}Sing straight-line extrapolations of data from the reaction 

'I+ d - 1T + 2p to a negative (nonphysical) value of the kinetic energy 

of the lower-energy proton. These results, when compared With 

other workers' cross sections for the reaction y + p -+1T+ + n, gave 

a ratio _(1- /a+ = 1. 7±0. 2 near threshold~ The data obtained by thG 

method are not definitive in themselves. However, as a first attempt 

at the Chew-Low polology extrapolation procedure, they serve as a 

valuable illustration of the technique. The difficulty of this method is 

as apparent here as is the inherent feasibility. More data will improve 

the situation. Even more valuable than an extension of this experi

ment would be a similar experiment with a larger bubble chamber. In 

a larger chamber, events at higher photon energy with spectator protons 

of ver:y:'io~ehergy w~p)dgenerally be analyzable, since the pion has a 

greater chance of stopping within the chamber volume. The extra

polations would then be improved by data closer to the point to which the 

extrapolations are made. 
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C. Absolute Cross .Sections 

The absolute cross sections obtained in.Sec. VI. Care 

surprisingly different ·from those interpolated from the data of 
. . 13,14 . a1 

AdamovH:h et al. · , - The total cross sechons are about 32·1o lower 

than the Russian data; and the differential cross .sections, although 

consistent with isotropy, contain a strong suggestion ,of a negative 
2 >:C 

CO'S · () term in t~e '{ t d C, m. reference frame, 

The discrepancy in the total cross section could _conceivably 

be due to a number of causes: 

(a} a statistical fluctuation, 

(b) a bremsstrahlung monitoring error, 

(c) poor estimation of scanning efficiency, or 

(d)· an error in event energy determination. 

The monitoring arrangement at the Lebedev Physical 

Institute has never been directly intercalibrated with those of other 

-··laboratories, so that a systematic error could be found here, How

ever,·. the ratio a -/a+ based on the negative photopion experim~nts 
of Adamovich et al. and .on the positive photopion work at other 

1 b t . 3 9 . . . h h . b . d a ora or1es, 1s 1n agreement w1t t e average rat1o o ta1ne 

in the present work. A monitoring_ error in this experiment could 

have occurred.if we incorrectly assumed (Sec. III. E) that the average 

beam flux per bubble chamber pulse was the same as that per 

synchrotron pulse ... It is difficult to imagine how this could have 

occurred. That the Chew-Low polology extrapolations were higher 

than expected .is .not consistent with this speculation. 

An overestimation of scanning efficiency may affect this experi

ment. However, the double scanning .procedure used throughout should 

have given a .. very high over-all· efficiency. Events could have been 

missed because both protons had invisibly short tracks, but this can 

happen only at forward pion angles. If we assume tha:t events missed 

for this .reason are the cause of anisotropy as well as a low total cross 

section, we should expect more eve.nts lost at forward pion angles than 

at backward pion angles. This is not the case, judging from Fig .. 45. 

-. 
·r 
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The event energy determination depends on the range-energy 

relationship and on the elementary-particle mass values. That this 

could be the source of the discrepancy seems very unlikely, so we are 

left with (a), (b), and (c) as causes about which to speculate. 

Concerning the angular distribution, the _suggested presence 

of a negative cos 
2e >:<term is an interesting new development; However, 

since the data are also consistent with isotropy, and in light of 

Adamovich 1 s results, we should regardthis development with some 

skepticism until further data are available. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 


