
. ' t ~ 
("·r. 

'" 

~ 

y 

>-w 
.J 
w 
~ 
0:: 
w 
m 
I 
<{ -z 
0:: 
0 
LL 
.J 
<{· 
u 
LL 
0 

>-
1--en 
0:: 
w 
> -z 
:J 

UCRL- l«(afo 

UNCLASSIFIED 

~--"" 
-~----::_-:~--

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

RADIATION LABORATORY 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UNIVERSITY OF CALIFORNIA 

Radj.ation Laboratory 

Contract Noo w ... 7405-eng~48 

ATOMIC NUMBER DEPENDENCE OF NEUTRAL MESON 
YIELD FROM PROTON BOMBARDMENT 

Richard Wayne Hales 

(Thesis) 

Junej ·1952 

Berkeley j "California 

UCRL-1836 



I. 

II. 

III. 

rv. 

v. 

VI. 

VII. 

VIII. 

JX. 

x. 
XI. 

XII. 

ABSTRACT 

INTRODUCTION 

TABLE OF CONTENTS 

A. Artificial Production of Mesons 

B. Interactions of Mesons with Matter 

C. A-Dependence of Meson Production 

D. Neutral Meson Yield Versus A from Protons 

PROCEDURE 

DETAILS OF THE EXPERIMENT 

Ao Targets 

Bo Counters 

Co Electronics 

CORRECTIONS 

RESULTS 

CONCLUSIONS 

PROPOSED EXTENSION OF 7f> YIELD VERSUS 11A11 EXPERIMENT 

ACKNOWLEDGMENTS 

APPENDIX 

REFERENCES 

ILLUSTRATIONS . 

page 

3 

4 

4 

4 

5 

6 

,9 

11. 

11 

18 

20 

23 

29 

32 

39 

40 

41 

42 

45 



- 3 = 

I. ABSTRACT 

The relative yield of neutral mesons from various elements in 

the reaction ( p, JT 0 
) has been determined·o Single photons from neutral 

. 0 
meson decay were observed at 135 to the proton beam in the laborator.y 

s,ystemo Detection was qy means of a pair scattering detector composed 

of a converter and two anthracene crystal telescopes in juxtapositiono 

The yield in the range of elements from qydrogen to sodium is 

essential~ proportional to the number of neutrons; in the elements 

aluminum to lead it is proportional to (N/A) A
2
/ 3• These results are 

compatible with a mean free path in nuclear matter for'the neutral mesons 

of approximate~ 10 a where a is given by the ratio R/A1/ 3, R being the 
0 0 

radius of the nucleus. 
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IIo INTRODUCTION 

Ao Artificial Production of Mesons 

Since the last war a great deal has been done in experimental 

meson pqysics to determine the fundamental propertie~ of mesons and the 

nature of their interaction with other matter. Artificially produced 

mesons were first ;eported in 1948 by Gardner and Lattes(l) when they 

detected negative pions from the Berkeley synchrocyclotrono Under con-

trolled laporatory conditions certain information has been obtainable 

with greater accuracy than was possible in cosmic r~ worko 

Neutral mesons were first observed by Bjqrklund, Crandall, 

MOyer,· and York( 2) when targets were bombarded by 340 Mev protons • 

. · Steinb~rger~ . Panofsky ~. and Steller (3) observed coincidences between decay 

gamma r~s from phota=produced neutral meson~ verifying the decay scheme 

pc>st'lilf:l,ted by Tanikawa (4\ . Ma.ey- experimenters have contributed to the 

kriowiecige of the physical' properties of pions; such as charge, spin~ 

intri·ri~ic parity and lifetimeo Of additional interest is the interaction 

of these mesons with mattero 

B. Interactions of Mesons with Matter 

Mesons were originally postulated by Yukawa ( 5) to explain .the 

·forces between nucleons. The interactj.on of mesons with matter in meson 
I 

production, scattering from nuclei, and absorption will yield information 

· ori meson-nucleon forces whiqh any field. theory must be tailored to fit. 
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In general the pion=nucleon interaction is a strong one9 of the 

type necessary to account for nucleon=nucleon forces in terms-of particle 

excbangeo 'Single pions are produced in the laborator,y with presently_ avail= 
. 1 

· able' energies in either nucleon or photon initiated eventso Multiple pion 

production occurs in cosmic ray events where the necessary-energies are 

available~ In comparison with this the muon=nucleon interaction is weak; 

there seems to be no evidence for muon production during events of the 

type mentioned aboveo The capture of negative pions at rest to form stars 

is another indication' of strong interactiono Negative muons, on the other 

hand1 decay when stopped in material of low atomic number, Zs> and even 

though the probability of capture increases ¢-th Z -('the probability for 
' (6) • 

decay and capture are equal at Z ~ 10) there is no evidence· for pro-

duction ofstars of ionizing particleso Instead the nucleus_seerns to be 

left with little excitation» capable only of neutron and gamma ray emissiono 

Thus the production and mode of disappearing while at restindicate_that 

the pion is of primary- interest as far as riucleon=nucleon forces are con= 

cerned» and thatthe muon is not directly related to nuclear'forceso 

In keeping with this strong interaction9 information· on the 
(7) 

scattering of charged pions by protons indicates that this reaction is 

very energy ~ependent and is compatible with a fourth power dependence 

pn the pion momentumo The absorption and ine~astic scattering ·of pions 
(8)(9)(10) 

by other nuclei also indicate a strong energy dependence , with 
- ' ' - -- ' ' (11)(12) 

cross sections being geome.tric at energies of' 85 Mev and above o 

Co - !=Dependence of Meson Production' 

It is entirely possible for the meson to scatter or be absorbed 
(13) 

in the same nucleus in which it is producedo Mozley and l.fuMillan 



,. pointed out the implications of this possibility in connection with meson 

d t . f 1 1 . I. . t· . t' 1 R W'l (Jl) ha. · pro uc l.On rom comp ex nuc el.o n a recen ar l.C e~ o l. son · s l.n= 

dicated that for high energy mesons ( .:>- 70 Mev) there is a near 90 per cent 

probability of being reabsorbed by the parent9 and a neighboring~ nucleono 

Under these conditions only those nucleons on the surface would essentially 

contribute to the meson yieldo Studies of charged photomeson production 

from various nuclei ranging from hydrogen to lead~ at meson ene~gies of 
· (13Hl4) • · . -

42~ 50y and 76 Mev show yields which are general~ proportional to 

the nuclear surfaceo Since nuclear matter is incompressibleJthe volume of 

the nucleus is proportional to A9 the number of nucleons in the nucleuso 

Thus the surface is proportional to A
2

/ 3
o The neutral photomeson yield~ 

versus A9 also shows an A2/3 dependence in elements from lithiUm. to lead(l5)o 

The 

and 

0 (16) 
reiative yields of charged pions from protons on various nuclei at 0 

135°(l
7) to the beam is not yet done with good statisticso Indications 

to date are that the yield is not proportional to the number of nucleons 

and that there is strong_ absorption in the high Z nucleio 

Do Neutral Meson Yield versus A from Protons 

Neutral pions produced from protons are presumed to be the same 

as those produced b.Y photons aqd qy proton capture of negative pionso Due 

to experimental difficulties coincident d-ecey gamma rays have not been ob= 

served from pr91ton· produced lJ"'usr- however., the photon energy spectrum 

from these (?as shows quite definitely that they are the same as those 

produced by the other reactions<> ·'It was of interest to see how the yield 

of J7°as from various targets compared with other work done as given aboveo 

Specifically~ the question arose as to how absorption effects in the. nucleus, 
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if any$ manifest themselves in terms of cross sectionso 

Work already done on the light nuclei(lB) indicated a yield 

from only the neutrons in the nucleuso The reason for this can be seen 

by considering the reaction 

where the ~is assumed to be a pseudoscalar mesono Evidence to date in= 

dicates that mesons from nucleon=nucleon collisions are created into P 

stateso The available energies are such that the resulting nucleons should 

be left in S stateso There is no initial state for the two protons, in 

this case~ which will allow this final combination of meson and proton 

angular momentao It is possible for the meson to come off in an S state, 

but this requires either the incoming protons or the resulting protons 

to be in a triplet P stateo Whitehead and Richman(J
2

) set an upper limit 

of 9 per cent for the ratio of meson yield in the S state to P state in 
~-

the reaction 

If this same ratio is applicable to the ~0production reactions, one would 

assume the ~yield from protons in the nucleus to be down by a factor of 

approximately ten compared with the-yield from neutrons where production 

of the mesons in the P state ~ allowedo Such a favoring of production 

from neutrons was seen to hold true in the nuclei Be9~ B10, B11~ and c12o 

The yield from hydrogen is further reduced because it is a free nucleon 

and has no internal nuclear momentum to add to the momentum of the bom= 

barding proton to raise the available energyo 

·'l 
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It was hoped that further work might show whether or not this 

·effect continues in the heavier elementso Because the production process 

is so energy dependent, there were indications that the effect of the in= 
' •· ' 

ternal momenta of the nucleons = especial~ in the lightest ~uciei = 

might manifest itself in the comparison of cross sectionso It was also 

thought that perhaps nuclear shell structure might have some noticeable 

effecto 

'i 
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I!Io PROCEDURE · 

Targets were bombard~ in the external proton beam of the 184" 

s.ynchrocyclotron by protons of approximate~ 340 Mevo This external beam 

is obtained b,y scattering the protons of the circulating beam into a mag-

netic channel which deflects them through the fringing magnetic ~ield into 
. ' ' :\\\ 

an evacuated pipeo The beam is collimated; its direction changed by an 

auxiliary steering magnet; which causes it to pass (inside the pipe) 

through the fifteen feet of concrete shielding surrounding the cyclotron 

into the experimental area called the 11cave 11 o (See Figo lo) The end of 

the evacuated pipe (the "snout") just protrudes into the cave from the con= 

crete shieldingo _The las_t 40 inches of the pipe preceding the snout is 

,t'illed with brass cap!:!-ble of adjustable collimation from t to 2 inch 

An ioni:zation cl1amber was placed immediate~ behind the snout to 

recor4 -th~ proton __ be~ curre~t~ 
. . ' 

A lead wall fourteerl_inches thick with aJ inch diameter hole 

was erected to help attenuate neu~rons and other particles coming from 

reactions in the cyclotron its~lf and in the collimating systemo Targets 

were placed at appro~mately eight inches following this lead wallo 

At an angle of 135° to the beam direction two sets of photon 

counters viewed the .. targeto Each counter consisted of four anthracene 

cr.ystal = 1P21 photomultiplier tube.unitso (See Figo 2o). The outputs of 

the phototubes were mixed in fast double coincidence in the cave; the two 

coincidence pulses ~ro~ each counter were mixed in slow double coinci= 

dence in the counting area after amplification and pulse shapingo This 

... 

·" 
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meant that time coincident pulses from each of the four units in a co~ter 

were required to register an event; namely, the Q.etection of a single pho-

tono The use of two co~ters had a dual purposeo In addition to speeding 

up the. collection of data~ it pe;rmitted .mixing of the outputs of the two 

counters to check on the _I)ossibility of coincidences between gamma rrqso 

A calculation assuming isotropic meson distribution shows that less than 

one coincidence ~ount in 70 ho~s is to be expectedo That there were no 

indicated real.?' = ,. coincidences in all the runs of this experiment, 

therefore is not surprisingo 

A corroboratory run was performed using the pair spectrometer 

arrangement of Crandall and Moyero The arrangement of the components is 

shown in Figo 3o A target was bombarded at the rear of the caveo . Photons 
0 . 

emitted at 90 passed through a collimated hole in the cave wall, through 

a seco!ld collimation placed in a magnetic field, and then to the pair 

spectrometer. ma.gneto A· 4lo4 mil tantalum radiator was used to convert 

. the photons into electron pairso Detect;ion of the electron.s was in double 

chamber propo~tio.,nal tubes. fill~. with co2 and Argono 

The. pair-spectrometer was. placed at the intersection of the high 

energy neutro.rt beam line (this 'line' is tangent to the 81 inch radius) and 
0 

the 90 angle_ to the cave targeto · ·By having· the pair spectrometer look at 

. an i~ternaltarget at ··the 81 inch radius~ proportional counter pl_ateaus 
' ' •,, I ' . . 

could be determined_ with high counting rateso The pair spectrometer was 

then turned to loOk at the. cave target .. 
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IV. DETAILS OF THE EI.PERIMENT . 
. . . 

Targets ' 

In designing targets for this experiment it was necessary to 

consider the loss of energy of the incoming protons in passing through 

the target matter, conv~rsion of the neutral meson decay gamma rays into 

electron pairs in the target, productionof background particles, and 

the limitation imposed b,y available sizes and shapes of some elements 

in their pure formo The targets were not specifically designed to keep 

a single factor constanto Instead the targets in a given comparison 

group were made with approximately the same gm/~m2 thicknesso This meant 
., .... 

that in the same region of the periodic table the energy degradation 

would be nearly the same and the background events woUld be similaro The 

thickest targets were five gms/cm2 thicko This corresponds to a maximum 

energy degradatbn (for lithium) of 14 Mevo Thicknesses of this order of 

magnitude and less, COI!lbined with small lateral extent,~~ kept corrections 

for pair conversion in the target to ten' per cent or less.· except for car

bon tetrachloride and calci~o A discussion of pair production cor-

rections is given in another sectiono 

The diversity of pQysical states and geometrical shapes avail-

able necessitated the use of the following six series of targetso Various 
" 

elements from bydrogen to lead were bombardedo Yields were compared to 

carbon as a reference;, 

Series .lo ~0, n2o, C~ o2o This series was run by Hildebrand • 

and Knable(lB)o The use of liquid o~geh necessitated use of a dewar 

vess'elo This was· constructed of aluminum with· a four mil inner wall, 



..... 

;· 
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14 mil: outer :wall, and two inch diameter liquid chambero The liquids were 

all bombarded in this. container; th:e carbori was machined in the shape of a 

cylinder of comparable siz~ and. shapeo 

Series 2o . H
2
o, n

2
o, C (Graphite), GH

2 
(polyethylene) 9 and CCl

4
o 

These materials were contained in brass cylinders Jt inches outside dia

meter~ 3t inches inside diametero Aluminum foil of Oo003 inch· thickness 

was cemented over the faces of the cylinder with aralditeo Bec~use of the 

different thermal coefficients of expansion;of the brass cylinder and 

aluminum foils, the foils were stretched .taut during the process of baking 

the araldite and the subsequent coolingo 

The target thicknesses were such that corrections for pair pre= 

duction were necessary in some cases (See section on corrections)o This 

is shown in Table I, where t ~ target thickness, 1\ ~ mean free path for 

pair production by 100 Mev photons, and s ::g' 45° :;:;: acute angle of observa= 

' tion with respect to . target surface normalo 

TABLE I 
I _L ~~~ 

I 

l:AI"get ~ ~:: m.a·t:a;Qo tLiJ 2 c tJ:1,[al/;) 1 ...;.. ~- ~;a'-...8 

.. H2o Oo750 ino 3lo5 ino Oo024 Oo0l7 lo017 

H20 lo500 31;.5 ,Oo048 Oo034 lo034 

D2o 0~750 3lo5 Oo024 , Oo017 lo017 

D2o lo500 3lo5 Oo048 Oo034 lo034 

c. 0~500 23 Oo022 Oo0155 Oo0l6 

c loOOO 23 Oo044 Oo031 loQ31 

CH2 . loOOO·. 46o7 Oo021 Oo015 lo015 

CH2 lo500 46o7 OoOJ~:.· Oo0226 lo0~3 

CC14 Oo750 8o42 Oo089 ·· o.o6.3 1.064 

CC14 1o500 So42 Ool78 Ool26 lol31 
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The .. H yield was· obtained .. by CH2$ 'C 'subtractj,on; the D yield by 

n2o, H.20·subtraction (where ~he ~'yield was·neglected); the Cl by CC1
4

, 

C subtraction~ and the 0 yield.'Was taken to:be. equal to that o:f ~0 because 

of the small hydrogen cross sectiono .· 

Series 3o ·c~Cao. Calcium was available in elemental :form large 

enough to permit a target Oo9.28 inch diameter x 3/16 inch and of mass 

.20o44 gms to be machinedo A graphite target of similar dimensions and 

inass 2lo42 gms. was also madeo When not in use the calcium target was kept 

immersed in a light mineral oil to retard the rate of oxidationo 

The pair pr.od~ction correction factors were lo034 and loll8 for 

carbon and calcium. respective~o · These corrections are the cylinder cor= 

r~ctions (See section on· corrections) o 

. . . 10 . 
Ser~es 4o L1., Be, B .. ·~ B(natural).., C,.Na, .Ko The lithiilmtar-

•. 

get 'Was machined un~er a +i~ht mineral oil and siored in the oil to pre-

' 
vent o~dationo The beryllium target was -prepared by the Radiation 

Labofatory mac_l:4n€l :~hop·~.~-~ speqiEj].ly ventila~ed ro9mo ... · The two boron 
) I' ~ . . ' ' • . • ·• 

' . 

isotopes 'Were ~~ch a.vrllabl~ ·. ~s one · incli diameter x. i i~ch compressed 

power cylinde.rs of less than one per cent :o.xygen irnpurityo There were 

:four discs of each isotope making . a one inch thickness for the targets·o 
: . . .. . ., . . . 

Carbon was obtained in one inch diameter stocko · 
' ' 

Sodium ~d potassi~ could not be maphined bec~u~e· of their 
. . ( . 

softness and .. great chemical activityo By making, use of the low melting 

points which these meta:Ls ~ave» it was possible to cast themo Sodium. 

has a density of Oo97_gm/cm3o ·Potass~um.hB.s a solid density of Oo86 

gm/cm3 .and a iiquid den~ity of Oo83 gm/cm3o It is· necessary, therefore~ 

to have an oil of. density less than Oo$3 gm/cm3o The. melting points of 

•,: .·.· ... 

·.···-' 

.!1 
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the two elements are 97o5 C and 62e3 C respective~. The metal to be 

cast w:as placed in a beaker of. suitable size and covered with mineral 

oilo · ·~ gas flame was used to heat the contents of the beaker above the 

. metallic melting,pointo u.Pon melting~· the metal. and oxide stratified into 

metal and slago The contents of the beaker were poured into a glass cen

trifuge tube of one inch inside diameter and approximate~ 1/32. inch 

thicknesso .After the metal had solidified the excess oil was poured off, 

the glass tube broken and removed, the solid metal target cut to the 

desired length and reimmersed in oilo 

Whe:p in use these targets. were suspended on a 0.001 inch alum

inum toil (to protect the rest of the support from the chemical· activity)o 

The alkaline metai targets were bombarded in the open air for periods up 

to thirty minutes at a timeo . Before eaqh use of these. targets the oxide 

was.scraped from the.ends with a scalpel and the oil wiped from. theme 

During the time the sodium and. potassium were expose9- to air, the oxide 
,. ' . 

c.oating at no time became I!lOre· than a. 'few mils thick or the zn~ss increase 
. ' 

moFe. than a fractl,'On o£ o~e p~r cent·~ 
{ 

Because the beam was collimated to 
. ' ' 

. ,, : 

a smaller diame.ter than the.,targets, only· the oxidation on the ends needed 

to be consideredo This was negligibleo 

For all but lithium~ sodium~ and potassium, the cylindrical pair 

production co~rection was usedo For the three named, the cylindrical cor= 

rection was taken with the radius inc:rease~ by the factor J/cos e where 

e = 45° is the ~gle between the target ,axis. and 4irection of the countero 

The corrections are given in Table II, where t : thickness, R = radius, 

A = mean free path, 
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T A B L E · I I 

Correction Factor 

Elem t R . f {.\ Rf.j i- ~~.:.i!l1 J('&} 
... 

Li 3o505 ino Oo501 ino 156 ino Oo00,32 lo006 

Be Oo750 Oo~O() 33o8 Oo0148 lo026 

B 
10. 

lo023 Oo500 24o2 Oo0206 lo036 

B(nat) Oo916 Oo500 25o8 Oo0194 lo032 
., . 

c Oo896 Oo509 23 Oo0221 lo038 

Na lo483 Oo515 22o2 Oo0232 lo058 

K lo630 Oo505 l3o9 Oo0363 lo(96 

Series 5o c, Al~ cu$ Pbo These four of the "usual" elements 

were· designed. with pair comrersion in the target being ·the major considera

tion. ·· f'he mean: free paths for pair· conversion of 100 Mev photons in these 

elements are 2~~ 6o7, loQ2»- ~d 0.,342 inc·hes respectively· (as ··calculated 

from curves 'giv~n by iieftler(l9) and checked Within 25 per cent by measur= 

iilg· the photon: attenuation in these materials by a pair spectrometer}. It 
.. . 

was experimentally determinedthat the ph.oton yield from lead was roughly 

proportional to the target t·hickness for thicknesses up to 1/4 A o The 

iea.d target was chosen t<;> oe '1/10 . .A . thick to be well within the region of 

calculable correction. The 'other'targets·were then chosen to have approxi= 

IIia tely the same ntimber of gms/ cm2• 

The 'data of targets used is. contained iri Table III. 
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c lo02 gm/~m2 

Al Oo86 

Cu 0.73 

Pb Oo98 
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T A. B L E I 'l 

t ):mofo po 

Oo250 in. 2~ 

Ool25 6o7 

o.o32 1.02_ 

0.034 0•342 

I 

Correction factor 
ti.A ·. · iLz 1 - e. - e:x~• 

OoOll 

0.019 

Oo031 

0.099 

lo008 

lo013 

lo022 • 

lo072 

Series 6o D
2

, He, N
2
, A. These gases were bombarded in a stain-

(20) 
less steel pressure chamber designed -by Ro Stephen White • (Figures 

4 and 5o) The target. structure _consisted. -of three _concentric .chambers, 

the. i;nner fo-r ta.t~et ~as, middle for coolant, and .outer for an insulat

ing vacuum. The gases deut~rium and helium were compared. Liquid 

. nitrogen was used as a coolant in the target and in a vapor trap in the 

· high pressure pumping systemo The stainless steel strength of the tai'

get at 77°K allowed pressu:r.es of 2200 psi to b€1 maintained. A second 
. . . . • : I 

comparison-between ni.trogeparid argon\Vas attempted, using ice water as 
. . ·. ' ~ ' 

the·· target and trap coolanto .. The gas charac~eristiqs and decline in steel 

strength with use ~t 0°C permitted olu.y 1000 psi and 9oo psi pressures> 

respective~. to be maintained . in the heaviergasE3s '? · The densities of 

the four gases used, · alo.ng with. hydrogen (which was no~ bombarded), under 

the conditions met,. are given in Taple IV• These .densities. wer.e calculated 

from pressure. voluine relationships refe~red to in Table IV. 



TABLE- IV 

·Gas . Pressure ... TemE!!rature . Coolant D~ll~ii:I 

H2 2200 psi 77o6°K ·. Liquid. N2 . 0~0420(.2l) gm/cm3 

D 2 2200 77'<>6- .. n . Oo088}2l) 

He 2200 77<>6 ·n Oo0745(22 ) 

N2 1000 i0°G · Ice Water . Oo08J2(2J) 

A 900 10°C n OollO (24) 
.. 

Series 7o · C 1 Al~· Pbo . -This series of targets -was viewed by the 

··· pB.ir spectrometer rather than the crysta.lsG. Because of the .small solid 

··angle subteric::led by the -tantalum con:vert.er in tpe .pair spe.ctrometer, as 

seen from the target, and because6f! the large proton beam size (Jt inches 
. ' 

diameter), it was~· neCessary r to have; relatively .large targets in order to 

;obtain. a reasonable counting rateo · These targets were· large both in terms 
.) 

of epergy degradatiop of the . proton beam and pair production in the target 

. PY the neutral meson garilma ,.-~eyso The" targets :were designed to. have the 

same· total energy loss for-protonso. In a: comparison9 then~ of. relative 

· cross sec'tions the different targets. 'Would each' see ·the same proton energy 

spectrUnio This eliniinated the need for a correction 'due to the dependence 

of the meson production· cross section on proton' energy,o · A large correction 

was required for the pai~ coriversiono: See section .. on correctionso These 

corrections are. given in 'Table Vo ·'· 
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c 

Al 

Pb 
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TABLE v 

Thickness AloE€; Beam 4E 

·3 ·inches 2 
11 .. 9 gm/cm )6 .. 6: Mev 

· 2o04 II. 2 l4o5 gm/cm · 36o6 

Oo383 ·n 2 llol gm/cm l8oJ 

Oo766 n 22el gm/cm2 36.6 

B.. Counters 

Pair Conversion Correction 

lol70 

lo620 

lo560 

2o26 

The counter scheme used has been reported previously(25 ), but for 

completeness will be brief~ describeq .. 

Each photon detector consists of four anthracene c~stal~each 

viewed by a 1P21 photomultiplier tube (Fig. 6)o These .were arranged in 

two adjacent telescopes with the crystals side by side.. The c~stals were 

3/8 inch in thickness, the front crystals being.one inch by two inches in 

area, the rear ones 1-3/4 x tt incheso These crystal sizes were chosen 

to reduce background without decreasing photon detection efficiencyo The 

effective part of the converterwas.appr:oximately It incheso The coinci= 

dence counts from this strip were limited ln solid angle by the size of 

the rear crystals. By choosing the front crystals to subtend approximately 

the same so.lid angle as the rear ones it was possible to cut down their 

volume and consequently the number of counts due to stray particles coming 

from the target. 

The thickness of these crystals is such that an electron of three 

Mev will just get through the first crystal. Assuming the pair is produced 

in the rear layer ~f the conve~ter~ is not scattered in the first c~stal, 
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and counts upon just reaching the second; it would require a six Mev pho-

' ' ton to produce a coincidence in the telescope. Making allowances for these 

assumptions. a m<;>fe realist~c threshol~.woul~,-b~ ;t? = 20 Mev •. This is out 

of the. region of nuclear exci~ation and_ all pho~ons seen should then be 

from ~~s. The validity o·f this argument .is borne out by the agreement 

with the pair spectrometer run in which_ the lowest energy photon accepted 

was 65 Mev. 

They were covered on five sides with 0.001 inch aluminum foil for 

high reflectivity. The cove;r-ed crystal was then taped in a light-tight 

manner to ali inch diameter soft iron• cylinder of 'l/l6 inch·waU thick

ness. This iron cylinder fit snugly over the 1P21 phototU:be uni't and pro

vided ~agnetic shielding' from th~ 'approXimately 18 gauss stray field from 

the cyclotron encountered iri the cave. Each photomultiplier glass envel

ope was tightly wrapped with o.ooj inch copper foil which was tied electri

cally to the photo-cathode. This seems to help reduce tube noise. This 

foil was covered ·by eie,,ct:ri~a+ tapE3' to provide~insUlation' ·against the ap=

proximateiy 1500 volts whlch. it. carried. The. tub~ \iras th~n· inserted in 

the magnetic shield=crystal combinati.o n~ 'clamped in place ·with a set screw 

and the unit made light tight. Wheri in use the iron 'shield was ·grounded 

as a precaution against failure of the insulation on the copper foil 

inside. 

Lead and carbon sheets of i and li inches. respective· thickness 

were placed one at·a time between the target andcounters~ with the target 

face being two inches from the.fr~nt crystals. These.sheets 1 or converters, 

served two purposes: F;i.rstly, they caused the high energy photons to form 

electron pairs which were then typically separated by scattering; and 
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secondly~ they :attenuated the flux of charged particles coming from the 

target. The·thicknesses were chosen for equal stopping power for charged 

particles. · The number of pairs from lead as co~pared to carbon for these 

thicknesses should be ten to .. one. Thus, by subtracting t:P,e number of 

counts with a carbon converter from the. number with lead converter, the 

background is essentially·subtracted out and one has a measure of pairs 

produced and, consequently~ an indication of the relative number of pho~ 

· tons corning from the target. The transition curve for lead showed a peak 

at approximately 1 inch.which is to be·expected of photons of the order of 

100 Mev whereas that for carbon showed a drop from ~ero converter thick

ness to 1{ inches, then a'gradual rise, .which is compatible with the stop-

page of charged particles and small pair cross section in carbon. 

C. Electroni.cs 

Pulses from the 1P21 phototube were clipped and shaped in a tube 

bas.e unit of electronic design due principally to R. Madey!' Clipping to 

-9 5 x 10 second was. done in lf inche~ of BG 65/U delay line cable. The 

pulses were limited in pulse height by cutting off a 6AH6 pentode. 

Coincidences were :made~ as shown inFig. 2, in crystal· diode bridge 
. . 

coincidence units with t~me resolution of 5 x 10=9 s~cond. The schematic 

drawing for this circuit is shown in Fig. 7. By careful balancing of cir-

cuit elements it was consistently possible to obtain coincident (two in-

puts) to feed-through (single input) pulse height ratios of 16 to 1. 

The 5 x 10-9 seco~ coincidence pulses were amplified to approxi-

mately 0.2 volt in a two stag·e linear amplifier in the same chassis with 

the coincidence tube. These pulses were then cabled to the counting room 
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of the cyclotron' lihere they were further- amplified and s~pedo · .. The sec_ond 

amplification was .300z.406 times~ givin:g·c'oincidence pulses up 'to 30 voltso 

The feedthrough pulse heights were five volts or lesso The-linear amplifier 

outputs triggered. gate-circuits in which nearly square wave pulses of 

~6 ' ' . Oo 5 :X 10 second· were formed<> · TYo such pulses from a given counter were 

joined in a Rossi type coincidence circuit of 10=~ second. resolutiono 

In order to cut do'W!l the accidental counts due to the-individual 

crystal counting rates~ the. scaling circuits were gated.on Yith each cy~ 

clotron pulseo The scattered=deflected cyclotron.beam emerges from the 

vacuum chamber of the cyclotron into the air ·of the cave in pulses ap-

proximately 25 microseconds long~ 60 ,times per secondo . The same radio-
.. 

frequency pulse Yhich is used to ·pulse the cyclotron injector Yas made to 

trigger a gating circUit which generated a 100 microsecond square wave 

gateo This could then be made to straddle the cyclotron beam in time 

and turned the scalers on only during this timeo 

The pulses sent to the counting room by the bridge coincidence 

units were a mixture of coincidences from electron pairs farmed ·by a single 
. . . 

photon1and accidental coincidences formed by all counts in the phototubeo 

These counts are caused not only by the charged particles going through 
, .. 

the crystals (electrons~ mesons, and protons), but also by the noise in-

herent in the tubeo Pulses from the electrons find competition. in the 

high pulse height region from other charged particles and in the low 

region from the tube noiseo The electrons are of minimum ionization 

energy so their pulse heights do not extend as high as those of protons 
.. 

and mesonso As a co~sequence~ there was no set of operating conditions 

under which all counts that would give rise to accidentals could be 
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discriminated against. Instead the beam intensity had to be set at such a 

level that the counting rate per unit time of extraneous counts was low 

enough that accidentals were a small fraction of the coincidence counts 

from electron pairs. Thus, there was no plateau region of operation and 

actual operating conditions were somewhat arbitrar,y; trustworthiness of 

results depended upon satisfactory stability of the conditions. 

Operational conditions were picked by setting the photomultiplier 

voltage at 1.4 to 1.5 kilovolts and the linear amplifier gains at such a 

level (amplification of 300 = 400 times) that five volt maximum output 

pulses were given by the linear amplifier for feedthrough pulses (single 

input to the bridge coincidence). The discrimination levels of the variable 

gates were then set at 10 volts, or double thi~ value. 

With this operational set-up it be~ame necessary to choose a beam 

intensity such that the accidental coincidences were a small fraction of 

those sought. The accidental coincidence counting rate per unit charge 

in the proton beam is linear with the beS¥1 intensity (or of higher order 

if the accidental coincidence is between more than:two particles), whereas 

the electron pair counts are constant· per unit beam charge. Thus by lower

ing the beam intensity to a su,itable valuethe ratio of accidentals to 

non-accidentals could be reduced to an arbitrarily small value. In these 
' -11 ' 

experiments beam currents of 0.8 - 3.~ x 10 . ampere were used, depend-

ing on the target thickness. 

\ 



V. CORRECTIONS 

As stated in previous sections the main correction to be applied 

was for the decrease in number of photons reaching the counters owing to 
. ' 

:, {. 

production of pairs in the target matter. An upper limit to the mean 

.5 X. 1·0.;.,14 seco.nd(26). This life for decay of the fii• has been set at 

means that one can consider all the decays as taking place in the target 

matter and hence the photons emanating from the targeto 

The correction to be applied was determined by finding the ratio 

of the number of photons produced to the number leaving the target. Cer-

tain simplifying assumptions were made. It was assumed that neutral 

mesons (and consequently photons) were produced in equal numbers thro1.1gh-· 

out the target -volume irradiated by the proton beam. This volume was 
. 

determined either by the t~get geometry ar an X=ray film exposed i~ 

mediately behind the targeto Actually the .spacial density of ·protons in 

the collimated beam a,rea is not constai1t but.is a, good approximation in 
' . . ' . ,· . 

this case where target dim~nsions are small compared to photon m:ean free 

paths •. Included ~n this basic assumption,is a second one;.namely, that 

the energy of the proton.beam is not degraded to the point of cutting 

down the number of mesons produced in the rear section of the target. 

Most of the targets were thin, with less than four Mev energy loss. This 

small change in energy would correspond to only a few per cent dro~off 

in production. Because the targets in a given comparison group had the 

same geometry~ were approximately the s.ame thickness in terms of energy 

loss, and because ~~e fractional drop in production was s'man (in most 

cases) this was considered a legitimate assumptiono 
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. ,,, 'Two general geometri~s were considered and in addition the speci-

fie cases which applied to the targets used in the pair spectrometer run • 

. . . · ·. The two general cases were for a flat slab with its surface perpendicular 

to the beam and a cylinder with. axis p~rpendicular to the beamo 

~-" . .Consider the photons produced in a target sheet of thick

ness, t, in the elemental thickness.dx and which are observed at an angle 

e to the normal of the target .(See Fig~ 8). 

Let n ~ number of photons produced per unit thickness. 

~ ~ mean free path for pair production. 

Then the number of photons produced in dx is n dx and the number produced 
X 

in dx ~ leaving the target is n dx e >. ~ 9 

The total number leaving the target is 
"t . ?C: 

!V-= .,_,1 e- r~9 dJc. 

The total .number produced is 

Therefore, the correction factor is given as the ratio of those produced 

to' :those; actually le'aving thf? target or · 

IV0v= ~ I 
A·~s l~e--rA~9 

I+ ..L. 
2. 
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.... ,1 •.•• '. Cylinder• · Agalii~· consider'the photons produced in the element 

dx>dr of a circular section. of radius 'R (Fig·.· 8) o· , 

'Let n =n'umberof photons· produced per unit·area ·in the.circleo 
• • t • ' ' • • ' 

X.;. mean' Tree path' for pair production 

The· nuinber of ·photons· leaving> the target from dx d\ . is 

~ e ~ :></,1 ~.-'f 

and· the riumber from the whole target is 

Integrating over x ·and using the symmetry in ) one gets . 

~ ·" - 2. y tf":. f'- '] . 
N- ~..,_ ~fo [1- e ,\ a'r 

The integral may be simplified somewhat by making the substitution 

p - R sine· 

df = R cos e de 

(~~F: R cos e 

The integral then becomes 

!.
,.~ - l,..~ c.-. t9 

N= ~""' ,.\ ~ o [1- e · 1i ·· · ] ~--&~.o/5J 

Upon expanding the exponential in series f6rra 
., ' ' ' 
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and whenintegrated gives. 

N = 4 )7 R·Y'~ ~ tr'3)'Y;1 -1- e'"4) l~~ --~p] 

The total number of photons·produced is 

Therefore, the correction factor becomes 

I 

which for R<< >. becomes 

This correction is not really applicable to . the case in which 

the cylinder axis is pa:rallel to "J:,he proton beam, as in S~ries 4• There 

are two additional features in this orientation. The boundaries of the 

region of integration are no longer,the circu1~ cross sections of the 

cylinder, but instead area series of truncated ellipses. The ellipses 

0 are due to the observation at 45 to.the cylinder axis; the truncation is 

caused by the cylinder endso This would tend to give a smaller correction 

than that calculated for axis perpendicular to . the proton beam• The 

second feature is that all distances, traveled in the target . be.come longer 

1 0 
by a factor cos e where e = 45 = angle between axis and direction of 

observationo The integral for,this case was set up but not evaluated. 

Instead the assumption was made that these two new effects would approx-

imately cancelo An argument for this is as follows: 
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For a long cylinder in this orientation (axis·parallel.to beam) 

the· ends' can )be'-neglected :ind the correction would just. be that of a 
. ? .. . . ', ' \ ' ·. <.. • :. • ~ 

cylinder with axis perpendicular to the beam but with a ~cos e factor 
. \ 

to thlce care c;>~<~~he ellip~~~ity.o-, )lence9 for t>> R, where t = thickness 

I 
/-~ . .,.~~ 

Also for a short cylinder the slab correction should be good,. so for 

f%(( 

·~ = 1- }';_ ' z. 

=. /- cJ.7CJ7 ~~ 

Between these'two is the peppendicularly oriented cylinder 

'.- .·. ... . .. ' ' ·;·· ' .. ' 

. , '!o/~ ~ .. f ,_ 116/ .)·. ·¥'-~ 
' ' ' .. ··. ' . 'l73.i7'" .· ."/ ,..\ 

/ 

· Th f th · ·r tt · t. · · used fo·r Be.-.· B1-0, Bn __ a_t.,, ·-·C .. and Ca ·· ere ore e, a er correc 1on was D 

where t -~- · 2R and the- long cylinder· case was applied to Li, Na, and K 

where ·3R< t<::7Ro · 

' Targets ·for Pair Spectrometer Ru,tF The beam diarrieter.in this 

case was Jt inche·s at the targets o · The carbon and aluminum targets were 

placed square with ·the:·beam ·with one inch of target overlapping the beam 
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in the direction of the pair spectrometer (at 90°) {See Fig. 9). 

Again. let 

n = n~ber of pru;tons produ~ed ·per unit strip 

). ·.~'mean f~ee path £~;- p,d~ ·prOducti~zi 

G = ·:d:i.st~c~ f~om ·~dg~ ~f ~arg~t to beam (See Fig. 9) ~ . 
Using the same sort of integration the correction factor is seen to be 

The factor for lead was different only i~ the value of ~ • 6 . = 0 for 

leado 
t: ·. I 

X /- e --e-(" 

: ..... 

. ~ \ 

·' .' .. · 

'; ~·. ' :··. ,• , .• ' ; . :.I 
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VI~ RESULTS 

The relative cross-sections and .relative cross sections per 
.. ' '{·.' 

neutron in the nucleus are tabulated in Table VI.. The comparisons, in 
. ' 

eacl:l Cli,Se, are made to car boll which has an a:J;"bi trary value of 6. 00 as-

signed for the cross section (this is to allow comparison with neutron 
.··· . 

number) and 1.000 for cross section. per neutron. The best value for the 

absolute carbon cross section is given: by Crai:ldali and:Moyer(2?) as 

The relative cross sections for elements up to aluminum are 

plotted in Fig. 10 •. It can be seen from this that the yield continues 

to be nearly proportional to the number of neutrons up to aluminum. For 
f. . 

the heavier elements this ceases to )lold true as shown in Fig. 11. In 

this case comparison :is made to the .number of neutrons on the nuclear 

surf~ce, which is proportional to N. (AZ/3/A). This seems to be a good 

fit to the data. 

Th~s~ features of th~ pyi~ld, namely, 

lo . Production. from rieut,rons 
' J ·, 

2.. Production fr9m $.ii neutJ?ons at low Z and shielding of the 

interior neutrons'at high Zo , 

show up quite clearly in a plot of o-;N as a function of A; as seen in 

Fig. 12. The surface effect, represented by ~~3, now becomes a straight 

line on the logarithmic plot. 

The possibility of seeing other events .due to the low energy 

threshold of the cr,rstal counters is discounted 0,1 a comparison with the 

0 data obtained using the pair s·pectrometer at 90 • These results are also 
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H 

If. 
He 

. Li 

Be 

BlO 

Bll 

c 

0 

Na 

Al 

Cl 

K 

Ca 

Cu 

Pb 

A 

1 

2 

4 

6~92 . 

9 

10 

11 

12 

16 

23 

27 

39 

40 

6Jo5 

207.2 

N 

0 

1 

2 

3·92 

·5 

5 

6 

6 

8 

12 

20 

20 

34·5 

125·2 

Pair spectrometer 

c 12 6 

Al 27 14 

Pb 207.2 125.2 
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TABLE V I 

' . >' 

Relative a-

Oo 072. ± Oo 060 

.9.S56 :t. 0.020 

2.22 j: Oo25 

3·42 ± Ool3 

4o9S ± Ool3 

4o86 ± Ool3 

5·93 ± 0.19 

6.000 

7 <>51 ± Oo3l 

11.96 ± 0.40 

12.78 .t o. 70 

13.72 :J: 0.62 

16.61 .t 0.60 

15.79 .t 0.96 

25ol ± lo9 

58.7 i 3o2 

6.000 

l3o32 .t 1.02 

48o2 .t 3o8 

Relative (f'- Relative OZ/11. 
o. 012 :t. o. 010 

Ool43 ,t Oo034 o.S56 ± o.o2o 

0.369 ± 0.041 lol06 ± Ool23 . 

Oo569 ± Oo 021 Oo $71 ± Oo 032 

O.S30 t 0.022 0.996 .t 0.027 

0.810 ± 0.022 0.973 ± 0.027 

0.988 ± 0.032 0.988 ± 0.032 

· loOOO 1.000 

" 

lo252 ± Oo051 Oo940 ± Oo038 

lo991 ± Oo067 Oo996 ± Oo047 

2ol3 ± Ool2 Oo914 ± Oo050 

2o29 . ± 0~10 Oo782 ,:l: Oo044 

2o77 ± 0.10 0.830 ± 0.042 

2.63 ~· 0.16 o. 788 .t o. 046 

4ol8 ± Oo32 0.727 i 0.057 

9o79 i Oo53 0.469 .t 0.026 

1.000 1.000 

2.22 .t 0.17 0.952 ± 0.072 

8.04 .i 0.62 0.384 ± 0.029 
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given in Table VIo The aluminum results from the two methods overlap~ 

whereas the lead yield from the pair spectrometer is approximate~ 20 

per cent lower than .from crystals,o . The errors .liste,d .are ,the·st~ndard 

deviations ·due to random counts and do ·not include any estimate' .of sys-
_, 

tem errorso ·The grossness of the corrections made in the case of the 

pair spectrometer targets arid the number of different measurements and 

· assumptions· that went into the calculations for these· corrections do not 

permit one to say the lead yields from the two methods of measurement 

are significant~ differento 

The results of the nitrogen = argon comparison are not listed 

because insufficient cyclotron time was available to get worthwhile . 

statisticso 

l ••. 
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VIIo CONCLUSIONS 

The most striking featur~ of the cross section is the way it 

differs from the cross section for photon-produced neutral mesons as ob

served qy Panofs~ et a~(l5)*o For comparison, the cross section per 

relevant nucleon (proton ~ neutron for the photO=produced reaction) is 

plotted against A on a logarithmic plot for the two cases in Figo l3o 

For this comparison of shape tne two curves have been arbitrarily nor-

malized for lithiumo 
. . =1/3 

For the heavy elements both curves fall off as A o The dif~ 

ference lies in the fact that the curve. also go~s as A=l/3 in the light 

elements for the photo=production case, whereas it becomes constant for 

the proton induced reactiono 
(28) 

Brueckner, Serber, and Watson have published a paper on 

this subject in whic~ the,y point out that a meson yield per nucleon which 

depends on A=l/3, from lithium to lead~ sets an upper limit of 2 a
0 

(where 
. 13 

a
0 
~ lo37 x 10- em) on the meson absorption mean free path in nuclear 

rnattero The fact that the yield per nucleon j& constant for the light 

elements in the proto~producea process means that this upper limit no 

longer applieso 

There aFe three separate effects 9 each of which could cause a 

yield dependent on (N/A) -A2/3, a~ seen af!!.ong .the heavier elementso These 

effects are: 

lo Absorption of the incoming protonso 

* Silverman in experiments on neutral meson production at the Cornell 
synchrotron does not see-a decline in·the yield per. nucleonin the·low 
Z elementso The upper limit to the Cornell bremsstrahlung spectrum is 
310 11evo 



= 33 = 

2. Reabsorption of the meson by the parent nucleon and a near 

neighbor. 

3· Reabsorption by some other nucleon as the meson moves to 
'' _:' 

the nuclear surface • 
• • "> ••• ••• 

Protons are absorbed in nuclear matter with a mean free path 

of approximately 2o5 a09. where the nuclear radius is given by R ~ a
0 

A1/ 3 o 

The effect of this absorption is shown in Fig. 14. The singly shaded 

section indicates that part of the nucleus in which the proton beam in= 

tensity is down by more than a factor of e. In the doubly shaded portion 

2 it is down by more than e • From the figure, then~ one can see that as 

the nucleus gets bigger9 the tendency is to produce mesons in a volume 

which is of the order Ap deep and A2/3 in areao The number of neutrons 
·. 2/3 

per unit volume is just N/Ao Hence the dependence (N/A) A o 

The second effect~ as was mentioned earlier~ depends on the 

degree to which the meson position can be localized at the time of its 

creation. As Wilson (3l) poin~s out
9

, the r~absorption is of,.the .. ~rder of 

90 per cent for mesons of greater than 7,0 Hev. This fraction should be 

less only for those nucleons on the nuclear surface where there is not 

the near unit probability of finding a neighboring nucleon within the 

distance tV~· This effect allows only mesons from the surface nucleons 

to be seen in reasonable·numbers. 

The third effect is shown in Fig o 15 o Here agai~ the single and 

double shading represents regions in which the meson probability of es= 
2 . .·' . 

cape is less than 1/e and ~e respectively. A mean free path of 2a 
0 

is shown for the meson reabsorption. Again9 as the nucleus becomes larger9 

the greatest probability is to.see mesons created n~ar th~ sUrface. 
:., . 
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These several effects· amount·to a screening·of-some·of the 

neutrons in the heavier n,ucleio ·· This screening· can be due either to ab-

sorption of the incoming-protons by other inelastic processes (thus re= 

ducing the probability of ·having· collisions at·. the rear of the nucleus 

produce mesons)- or to reabsorption of the mesons before they can leave 

the nucleus (thus reducing the probability-of escape for mesons .produced 

in the center of the nucleus)o Let us assume that the mesons have an 

infinite mean free path for absorption and investigate the variation of 

the'yield to be·expected as a function of Ao By assUming an infinite 

meson mean free path we can see the effect of the first screeningo 

The proton absorption cross section (including everything but 

elastic scattering) is given ina formula-derived in the appendix and 

previously given by Fernbachll Serber~ and Taylor(.29 ) ~ namely~ 

where 

A = mean free path for absorption of protons in nuclear mattero 

R= 

3A 
.&/7r'~3 

a Al/3 ~ 
0 

nuclear radius 

· A curve of relative proton absorption c:ross sections per nucleon9 

·as·calculated above~ is shown in Fig~ 16 as a comparison with the 

yield data obtained in this· experimento It cannOt be·said that there is 

any· substantial difference between the two curveso ·Even. when one considers 

the errors of approximately 10 per cent associated with the calculated 
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proton absorption· cross section .. and the.· observe9- 3, ~ 8 per cent of the 

meson cros·s .section the agreement of the two c:urves is not appreciably 

changed. 

If one assumes an.infinite·mean free_path.for.th~.prpton one has 

the case considered in Brueckner\
28

) et alo They set 

where 

o-- 1 = cross section of nucleus of mass number A for. producing 
7TtliSo 

7 -
r:r-

effect of nuclear binding 

nucleon prod11ction cross section for ~s . 

probability of a meson leaving the. nucleus .in. which it 
is produced 

A plot ·of fa, for various assumed.values of meson mean free path, is given 

in Fig. 17. If there were no proton screening one could say the curve of 

Fig. 12 could be described by 

) 

approximately. 

To get a good estimate of the expected yield would require a 

complicated integral covering the absorption of both protons and mesons. 

A first approximation would be to multiply the results of the ~eparately 

integrated effects. This should be good for .A- meson very large. This 

approximation is shown for A= 10 a
0 

as the broken curve anq ;~or A = 4 a
0 

as the dotted curve in Fig.l4· A second approximation, a:;;suming the 
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nucleus to be a slab~ gave the.same result when mesons coming out in both 

the forward and backward directions were consider.~d· '· Using the slab model 

and considering only those mesons corning out .. in the b~ckward direction, 

a lower liinit of .A=- 4 a
0 

may be set. These rough comparisons would seem 

to indicate a meson mean free path .A= 10 a0 or larger. 

The que·stion remains 9 then9 as to· why the smaller ~bsorption 

cross section for the ( pj) JTO. ) reaction as comparE;ld with . ( '(,. Jr')? The 

best explanation seems to be in the energy dependence .of the cross sections. 

The detection scheme of Panofsky ~ et al,. was such as to .define a minimum 

energy 7Tt) accepted. The detection of '/- 'r coincidences in two telescopes 

separated by angle 1l·· i-s such as to give the minimum meson velocity as 

~min= cosf/2 

For their case of ~~75° the minimum energy is given as E . ~ 85 Mev. 
!llJ.n . 

The experiments on charged mesons indicate that for energies of 85 Mev and 

. (11)(12) 
• above the cross sections are geometr1c · · but 'decrease below this 

(8)(9)(10) 
energy • 

The energy· spectrum of neutral mesons in the proton initiated 

events is given by Crandall(JO) to have a peak at 40 Mev~ wi~h.about 25 

per cent having energies of 85 Mev or over. -Thus the great bulk of the 

mesons observed in this experiment are of energies at which the absorption 

cross section should be less than geometric. Where the energy.acceptance 

is so wide and.the variation in absorption cross sections so great~ as 

is the case here~ the detection of low energy mesons is. favored as shown 

in ·Fig·. 17 (the large mean free paths are- associated with small energies). 

It thus appears reasonable .that the di~ference between the absorption of 

neutral mesons in the case of proton initiated as compared with photon 
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initiated reactions ma;r be attributed to the variation in IT" absorption 

cross section with energyo 

In Figo 16 it is seen that the meson curve turns down at low A 

whereas the pro'ton absorption curve continues to rise with decrease in 

mass number~ This would ·seem to be the only indication of aey effect due 

to internal momenta in the n:ueleio. For the elements from beryllium on up 

there seems to be no evidence-for such a dep~ndence on nucleon momentum 

changes, the effect of mome-ntum distributions seems constanto Deuterium 

and lithium are low -possibly because of lower internal momenta·, especially 

·in the case of deuteriumo 

· There was no indication of dependence on binding energy or shell 

structureo The beryllium yield was not anomalous as would be expe9te~ if 

binding energies were importantc 

A summary of conclusions, then, is: 
. -o 

· lo ·With the present detection method, and at the N energies 

avB:ilable here the re~a(:tion (p, H 0 
) SJ:lOWS 'little effect Of ,;rO reabsorp

tion, · with, the mean-free path ). ~ 10 a o This would give -~ . ~ 8 
. • . -~-- 0 

~millj,barp.s --as the IT~ absorption cross section per nucleon in nuclear 

mattero 

2o- The reaction: ( '/3 JT'AJ shows strong effects of iT0
reabsorption, 

with X~~ ·2 a
0 

or· a-........_~ 40 millibarns for nuclear particles, when re= 

latively high energy ·ff•'s are observedo 

3o. · The difference is presumed to be due to the energy dependence 

of 7TDabsorption, with ( '/ » 7T~ taking place at meson energies .over 85 Mev 

and (p,]FO) over a range of meson energies from zero to approximately 

150-Mev, with apeak at 40-Mevo 
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4o The relatively lQw yields of deut~ril)lil and lithium might be 

due to their having ;tower internal momenta than the heavier elements o The 
. :.· _·: . :: . . ·. . . 

production cross sectio~ rises rapidzy with energy; therefore a slightly 

lower value of the average nucleon momentum on the part.of these two par-

ticles as compared to the rest of the periodic series c.ould result in the 
·, . ·' 

lower yieldo 

5o There seems to be no effect of binding energy or shell 

structure, except as these are related to nucleon momentao 
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VIII.; PROPOSED ~TENSION OF trt> YIELD vERSuS "Ail EXPERIMENT 

The neutral pi~n ~haract~r~s~i~s .· (n~ c~arg~, :<. 10-i4 second 

mean life) make it irhpossibie to' form a 7t. b~a.ni t~ study i'ts absorption 

in matter. However, as·seen from the arguments of Brueckner, et al, the 

shape of the yield of -~ 1s as a function of nuclear mass is a crude means 

of determining just this effect. The problem is most clean-cut in the 

reaction < 1, IT~ where .one need not be. concerned with the screening of 

the ipterior 'nucleons from the high en~rgy If' 1so The change in efficiency 

of nucleons.for producing mesons is then attributed sole~ to meson re-

absorption. 

It is proposed that this be done as an extension of the work of 

Panofsky, et al by observing the relative cross sections for 7T"production 

of elements fro~ qyqrogen to lead - with special attention to the low 

mass ;region - at various meson energies. The energy range can be bracketed 

by the following meanso Deyectiop of ~-r coincidences permits determina

tion of·a low energy boundi;U"y through proper choice of the angle between 

detectors. 'l'he upper limit of the synchrotron bremsstrahlung energy 

spectrum can be varied to give an upper energy limit. 

The fixing of energy limits has as a consequence the reduction 

of the number of events which will. b.e observed. Compensations might be ' . 

IIia.de through us·e of mor~ efficient counters (a Cerenkov counter system 

is proposed), faster electronics, and greater solid angles. 
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APPENDIX 

Ao Calculation of Proton:AbsorptionCross Sections 

~Consider: a.. 'huc1eus·~;of·"ma~~ A .. and' radius··R.'o': ,The' cross section 

· for proton· interaction with -the riti.cl·eons in the nucleus _ is assumed to be. 

given by the free particle-~p and ~n cross. sectionso These are both 

· taken as JO millibarns at the 340 Mev energies involvedo The _nuclear 

mean free path for interaction is given as _ 

where 

for 

- I 
J1. 

31 ' 
- CJ, 0 ~ 2. (; )( I() (J-

A · .: numerical density -of nucleons in the_ nucleus 
:j;?r~! ' 
l ' 

A~ 

o- ==- 30 millibarns, as above. 

The probability of a proton having no interaction while travel-

ing a distance x in a nucleus is 

The_ probability of being absorbed in the cylindrical annulus of radius f 
is 



. ,; : 

where 
.: ' 1 

2. .5 ·-:: thickness of the nucleus traversed at radius 

f, 

' 
Then the t,otal absorptiqn c-ross section is .. tne :i.ntegre.l over ) 

- I( - - :z.. V' ~"L- rt'J cl . ~- ~r..£ (I e .. · x - < f r , 
The first term. integ.rates dire~tly; the se~ond may be. integrat~d by parts 

to give: 

a;:-- i'rl?~- Tr-1 [-}- e.-¥ (If+±)] 

7Tif"{t- if~-)'"+ e -¥[ # + j ~)""]} 

7Ta/ A~(~- ~f~)~ e-¥-[i~ H~f:J] 

·-· .... 
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ILLUSTRATIONS 

General l~out of the experiment~ 

.Counter. arrap.g~ment and schematic,,of,. ele.ctr;onicso 
; . 

Arrangement for pair spectrometer runo 

. High p~ssure target in position in cave, showing from right to 
left -- concrete shielding wall of the cyclotron, snout, lead 
collimating wall~ ionization chamber, targe~ and counter bases, 
and rack containing bridge coincidence circuits and limiter power 
supplies. 

High pressure pumping system - located outside the cave entrance. 

Counter detailo 

Schematic drawing for the crystal diode bridge coincidence cir
cuito 

8. Method of integrating to·obtain pair production corrections in a 
slab or cylindrical targeto 

9· Method of integrating to obtain pair production corrections in 
pair spectrometer targetso 

10. Relative yield of high energy photons (~~) from 340d'.fev proton 
bombardment of nuclei up to aluminum. 

11. Relative yield of high energy photons ( 71' 0~) from 340 ~ev proton 
bombardment of nuclei up to lead. 

12. Relative yield per n~utron of high energy photons (7T0~) from 
340 r.fev proton bombardmento 

13· Comparison of the·relative yield per relevant nucleon from the 
reactions (p, 7T0 ) and ( ~.Y j{O) o 

14· Schematic representation of the absorption of 340 Mev protons 
in the nuclei C1 Al, Cu~ and Pb. · 

15· Schematic representation of the reabsorption of high energy mesons 
before leaving the nucleus in which they are formed. A mean free 
path of 2 a0 is illustrated as being characteristic of this reab= 
sorption for high energieso 

16" Probability of producing and seeing a meson, given in terms of 
proton absorption cross sections per nucleono A curve is given 
for the meson mean free path assumed infinite and approximate 
curves for A meson values of 10 a

0 
and 4 a

0 
o 



l7o Probability or a meson leaving the nucleus in which it is formed, 
given !or various values or mean !ree patho 
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Fig. 1 

General layout of the experiment. 
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Arrangement for pair spectrometer run. 
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Fig . 4 

High pressure gas target. 
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Fig. 5 

Pumping system for high pressure target. 
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ABSORPTION 
REFER. 29 

RELATIVE PROTON ABSORPTION CROSS SECTION/A 
MULTIPLIED BY fa (PROBABILITY OF MESON 
LEAVING NUCLEUS) WITH A" 10a 0 

RELATIVE PROTON ABSORPTION CROSS SECTION/A 
MULTIPLIED BY fa (SEE FIG. 15) WITH A= 4ao 
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Fig. 16 
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