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A study has been made ·of themesonsc produced from helium by bom-

barding a high pressure target 'With the 312 .;lIS Mev bremsstrahlung beam 

of the Berkeley Synchrotron.. Measurements were made at the three angles 

of 45°, 90°, and 1350 to the beam direction.. Scintillation counter de

tectors, using 1fT - ,......1-, 1fT - f3 +, and 11 T - ~ +-- p + delayed coincidence tech

niques, were used at 900 and 1350
• lIford C-2 emulsions were used as de

tectors at 450 0 The minimum energy detected was about 35 Mev, due princi-

pall,. to the energy 10BB of the mesons in the target wallso ,Bombardments 

were also carried out on hydrogen giving hydrogen-helium ratioso 

The energy spectra of IT'1" mesons from hydrogen and helium have been 

obtained for the three angles, as well as the rr- energy spectrum for 

helinm at 450 0 The ratio of -rr- to -rri'mesoi1s from helium at 450 is 

0.99 ± 00150 Differential and total croSs- sections for ITTproduction 

were evaluated extrapolating from the minimum energy detected to zero meson 

energy. The results are presented in the following table (not corrected 

for nuclear absorption)o 

d~ ~ (stamianjl(equivaJent quan;t:uIlljl(:rrotanyl 
, 

Gas Angle 
c:J' cm2(equi\alent 

450 + 170 900 + 19° 1350 + 190 quanimn)-l (protm)'"'l 
= 150 _210 

Helium~ 205±02x10~30 ,400± .. 3xlO-3O 30 2±.. 2xlO-30 40 l.±o 2xlO-29 

Hydrogen 505±o5xlo-3O 704±0 5xlO-30 504±04xlO-30 708±04xlO-29 

Ratio Helium .45 ± 006 054 1 005 .. 59 ± 006 053 ! 004 
Hydrogen 
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In addition to the standard deviations indicated, a systematic error 

of ±20percent is present in the total cross sections due to uncertainty 

in beam integration. 

v 
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II. . INTRODUCTION ·i ,'; 

Previous to 1948 the eXp'erimen~a1'investigation of.thepro;perties of 

mesons_was 1:iJnited ~o co~nnic, ray studies.. ,The detection, by Gardner and 

Lattes1 in 1948, of.mesons arti~icia11y produced by high energy nucleons, 

and in 1949 of mesons artificially produced by high_energy photons 

(McMillan and Peterson2), made possible a more extensive investigation 

of the properties of mesons. 

Early in 1949 McMillan, Peterson, and WhiteJ carried out an exp1ora-

tory experiment, using plates, on the·photoproduction of mesons from car-

bon. This was followed later with a more complete experiment by Peterson, 

Gilbert, and White4 in which energy spectra at three angles, the total 

-/ T cross section, and a value for the ~ ~ ratio was obtained. 

Photoproduction of mesons from hydrogen was first undertaken by 

Cook,5 using a liquid _hydrogen target and nuclear emulsion detectors. While 

in progress, an electronic method of 1fT meson detection was developed 

by Steinberger and Bishop.6 Using this method, they measured an excita-

tion function, an angular distribution for one photon energy, and an energy 

distribution at 900 to the photon beam direction. 7,8 Both po1yethylene

carbon ~and th3liqtrldbydItgen ~t or Cook were used for these measure

ments. Mozley,9 using the electronic method of detection developed by 

Steinberger and BiShOP,6 measured the produc'tion of IT t mesons as -a fUnc

tion of atomic number for meson energies of 42 Mev ~ 76 Mev at an angle 

of 900
• 

More recently, values of IT-/lT+ ratios have been obtained for sev

eral light elements (Littauer and Walker10). The production of photomesons 

from deuterium has been investigated by White.ll 
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:':~ Helium is of interest since it is the simplest tightly bound nucleus o . 

Although it is too complicated to predict rigorous theoretic~ results, 

the ratio of rr- to TT-t- mesons from helium, and the ratio of helium 

meson product~on to that of carbon and hydrogen, may serve to give an iri-

sight 'into nuclear structureo 
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III. DESCRIPTION OF THE EXPERIMENT 

The study was made by bombarding a pressure .target,containing 
. . 

helium, with the beam of photons from th~ Berkeley Synchrotron. The 

photons wem produced. in the synchrotron by 312 ± 15 Mev electrons 

spiraling into a 0.02 in. platinum target on the inner side of the ac

celerating tube. The spread-out photon beam was used for the experiment. 

The beam of photons emerged in a narrow cone of 0.0135 radians at half 

intensity. In ord~r to reduce background in the detectors the photon 

beam was.coll;imated by three lead collimators as illustrated in Figo I. 

The near edge of the 9 in. primary collimator was located 55 in. from 

the photon source. The hole in the collimator was tapered parallel to 

the diverging photon beam. The diameter of the smaller end of the hole 

was 3/4 in •. The second and tertiary collimators were 1 in. and 1-1/2 in. 

in diameter respectively. The purpose of the secondary collimators was 

to shield. the target walls .from the spray of electrons, positrons, and 

photons produced in the walls of the primary collimator. The intensity 

of the photon beam was essentially unchanged in going through the gas in 

the target.. The attenuation was less than 2 percent over the length of 

the target. 

The target consisted of a stainless steel pressure cylinder sur-

rounded by a liquid nitrogen jacket, which is in turn contained in a vac

uum chamber. The center of the target was 39 in. from the primary col-

limator, making the diameter of the beam 1.45 in. at emergence from the 

target. The pressure cylinder of the target was 2 in. in diameter, suf

ficiently large so that the beam did not strike the target walls. 

The beam was integrated using two integration chambers, one ahead 



of the collimating systems> and one behind the targeto12 ,Ratios of the 

readings were plotted for consistency and found to agree within 2 percento 

The Tr T mesons were ,detected using both counteIS and plateso Sur

rounding the target was an assembly to hold the crystals and plateso A 

photogr~phof the assembly is shown in Figo 2 and a drawing of the com

ponentsis shown in Figo 30 The plates were used for the rr-lrr T 
ratio 

since both positive and negative mesons could be detectedo Due to the 

high accidental background at 45°, the counter~ were used to cbtain data 

at only 900 and 1350
0 The holder for plates and crystals is comprised 

of five wing-like sections jutting out from the target o Each section con

tains a 45°s> 90°, and 135° channel defined qy.uranium edgeso The re

mainder of the channel is made of lead held in place by 1/2 :ino dural 0 

The plates were surrounded on all sides by lead to give sufficiently 

"poor" geometry to compensate for multiple Coulomb scattering in the ab

sorbers o The plates were placed such that the emulsions were along a . 

radius qrawn from the' target centero Five plates were located at each 

target position,sandwiched between ·ten glass sli.des of the same stopping 

power 0 The center' of each plate was about 9 ino from the target centero 

Each of the four plate holders had a different amount of lead absorber for 

the same angleo ' This permitted simulta.neous exposure of 4 energies at each 

of the three angles with the plateso The bottom section, or holder, con

tainingthe crystals was constructed so that the absorbers, could be variedo 

The electronic detec,tion made use of three delayed coincidence schemeso 

In the first method of detections>13 photomultiplier pulses from a meson 

passing through one crystal and stopping in a second opened a gate 00 08 

V seconds longand,delayed 0 0 025 p secondso If the ~+ pulse from the 

decay of the stopped l rr-t occurred during the time the gate was open, the 

v 



';,1 

meson was counted ''by Tft"- ~:t "coincidenceo In the second method6 the 

lr: - 11+ decay was 'unresolved and a set' of four consecutive 2 It second 

gates delayed .0 0 '4 11" seconds from the initial event was used for the de

layed 'coincidences., Ifthe(3T pulse qccurred during the 'time one of 

the gates· was 'open,'the meSon was counted' by arrt" ~tB r coincidenceo 

By combining the two methods, mesons were countedby' a "'IT" T _ r-1--;9, t 

coincidence 0 , This 'reqUired' that a meson atop in a ,crystal, the p ~ 

meson from the;' .,;-T.'decay remain in: the crystal, and the f3 t:" from the 11+ 

decay have 'sufficient 'energy loss to be countedo 

The plates wereeiposedand counter data obtained in one long run 0 

Operating ·Yolttlges f6r the-coUnters were established at the beginning of 

the run,," 'J;, p6ly'ethylene target was used for this purpose to 'give a 

higher'courttirig'rate". A "well-defined plateau was not obtained for the 

pulses from mesons stopping iri the crystal~ For this reason, the effici-

encies of the counters were determined by' data from the plates. 

With the empty target, no mesons were counted in an interval when 

sevehty-five would have been expected from the target filled with heliumo 

This was checked later by plate datao Five ~mesons were found from hydro

gen in an area yielding 320 lft"mesons. Since hydrogen is believed to 

yield no 1T -mesons, the cr'ls are due to cosmic rays oi-production in the 

target assembly. The fact that the <fis were coming from the, target direc

tion indicated the lattero Since the effect was of the order of 2 percent 

or less, the background from the target was considered negligibleo The 

minimum energy detected TiIB,S about 35 Mev due to energy loss by the mesons 

in the target and in the target wallso 

The plates were developed using standard procedure and scanned using 

microscopes of 250-500 powero Approximately 30 cm2 were scanned for 
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helium and 23 cm~ for hydrogeno '!'he thickness of the emulsions before 

development was determined by exposing the plates to high energy alpha 

particles 0 The alpha particles were sent through the emulsions at an 

angle of 450 to the surfaceo Assuming shrinkage only in the thickness, 

the projected.path length after development is equal to the original 
-

thickness of the emulsiono 

The results were corrected for decay in flight,penetration ot the 

collimating edges, multiple scattering, and nuclear absorption. The 

cross sections are expressed in terms of equivalent quanta.4 No co~-

rections were made for deviations from a true bremsstrahlung distribu

tion~ue to scattering, absorption, and modulation of the rt tor the 
/ 

spread out beamo Such corrections would not affect the relative values. 

only the total cross section. The maximum uncertainty in the total cross 

is ± 20 percent due to ~ncertainty in beam integration.14 
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IV. TARGET ASSEMBLY 

A. Target Construction 

The pressure target used was that of R. S. White, and is the same 

general type as that used by Panofsky et al. 15 In order to minimize 

background from the ends of the target, a long (24 in.) target was con

structed. The target is illustrated diagrammatically in Fig. 3.' 

The high pressure chamber was an SO mil stainless s~eelcylinder 2 in. 

in diameter, 24 in. long, capped by hemispherical' shells of 42 mil thick

ness at each endo The chamber has a s~£ety factor of at least 4 when op

erated at 2200 posoi. and liquid nitrogen temperature o Normal operating 

pressure was 2200 pos oi. The safety factor is less at room temperature 

since stainless steel decreases in strength as the tem.perature rises. 

Five-sixteenths inch of' liquid nitrogen contained in a 12 mil stainless 

steel jacket surrounds the sides of the cylinder. Two stainless steel 

pipes lead from the jacket to the bottom and top of a liquid nitrogen 

reservoir. This serves to keep bubbling in the jacket from blowing liquid 

nitrogen away by percolating it back into the reservoir. 

The pressure chamber and nitrogen cooling system are enclosed in a 

vacuum to keep moisture and ice from collecting on the targeto 

Bo High Pres sure System 

. Figo 4 is a schematic of the high pressure systemo The pressure 

lines from external connections to the pressure chamber were cooled by 

passing them through the liquid nitrogen reservoir. One of the lines 

was connected toa 3500 pos.io·saf'ety blow off valveo Its purpose was 

to prevent the pressure from increasing to a danger point if the target 

was not cooled properly. The other line was connected through a stainless 
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steel liquid nitrogen trap to a tank of helium. The helium tank was 

filled to an initial pre<ssure of' 2200 p. s.i. ~ eliminating the need for a 
- .. -"' 

high pressure pump 0 . Since the hydrogen tanks are filled to only 1700 p .• so i 0 , 

a pump was reqilired to raise the pressure to operating pressureo The pres

sure was measured by a 3000 pos oi. (maximum) gauge, 20 lbs/division, cali

brated 'W'ith an Ashcroft gauge testeroThe calibration was accurate to 

Therm~couple junctions were used to indicate the level of the nitro

gen in the reservoir. One of the junctions was 2 in. from the bottom 

and the other one at the bottom. These would indicate. when the liquid 

nitrogen was lowo The temperature of the target was measured by a third 

thermocouple .junction attached to the target. A Speedomax recorder was 

used to keep a record of the thermocouple readings. The time required for 

the precooled target to come to equilibrium after the gas was let in was 

approximately 1/2 hour. 

c. Collimation System for Plates arid Counters 
) 

Since the meson density decreases approximately as the inverse square 

of the distance from the target» it was des:i.red to be as close to the tar-

get as possible o This makes desirables, a.bsorbe1"s of high relative stopping 

power. In order to be near the target and have a well-defined channel . 

system the collimators had to be of relatively high stopping power material 

as wello 

The limiting factor in the experiment was expected to be background 

due to electrons and positrons o Absorbing~terial which would provide 

the maximum decrease in this background was desired. 

The choice of absorbing material can be made from two points of viewg 
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either use low Z material tc reduce conversion of photons, or high Z mate-

rial to convert the photons and absorb the resulting electrons" . The latter 

point of view was adopted and lead was selected for absorbing material in 

preference to coppero ~Poor~ geometry waS selected to compensate for the 

multiple scatteringo16~17 Details of the collimation construction are given 

in the thesis of Ro So Whiteoll 

Uranium was chosen to line the channels be0ause its high relative 

stopping power provided better angular resolut,iono The angular resolution, 

for plates y of both the 45° and 90° channels is illustrated in Fig" 5" The 

dotted line is the calculated angular resolution assuming the collimating , 

edges opaque" The dark lines show the calculated values combined with the 

rom. So 'projected angle due to mlLltiple scattering" The histogram is a 

plot of the angular .distribution measured from plates" 

The angular resolution for the channel was calculated in the following 

manner g Let f( e) be proportional to) the number of mesoriS entering the 

detector at any angle" Them 

fee) = if d~t , 

This can be shown to be 

fee) 'UdL de 
-' a 

- -target 

Fig.; 6 

Where,\) as illustrated in Fig" 6& 

L length of detector 

r -= distance of detector eiement dL 
, from target element dt 

t effective length of target 

a = perpendicular distance from 
element dL of detector to center 

. line of target 

e = angle between center line of 
target and r 



os15-

This shows that for all angles where the entire width .of the detector is 
, 

unshielded by the collimators, f(e) = J!...o 
a 

Hence the angular width at 

half' height will be the difference between the two angles where fee) = ~ , 
.2a 

or only 1/2 the detector is visible to the targeto 

To increase the angular resolution with the plates, a strip only 2 cm 

wide was scanned across the plates o The uncertainty in angle is larger 

with the countersg since the crystals are wider. The calculated angular 

widths at half height are given in Table/Io The effect of multiple scat-

tering can be neglected in this case since the angle subtended at the 

target by the romoso displacement is appro~tely 30 for a meson energy 

of 80 Mev 0 This is the angle between the im tial direction of the meson 

and a line dra~'D. from the end of its path toi ts place of origi.n in the 

target 0 

Detector 

Plates 

Plates 

Counters 

Counters 

TABLE I 

Angul.a.r Resolution of Collimator 

~ 

450 

90° 

90° 

1350 

Angular Width 

+ 170 

- 150 " 

:1:160 

.d: 190 

+ 19° 
_ 210 
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Vo METHODS OF MESON DETECTION 

Ao Scintillation Counters 

A block diagram illustrating the three delayed coincidence detection 

methods is presented in Figo 70 The lri"_,s'" detection method used was 
6 . 18,19 

that of Steinberger and Bishop.. Recent developments in electronics 

and scintillation-counters have reducedreso1ving times of amplifiers and 

coincidence circuits from: 'V 10-7 to tV 10-8 seconds, a time smaller than . 

the half life of the 1f 1"" meson, making possible 1T l' - decay detection 

electronicallyo Using these developments, a method of detection similar 

to that of Steinberger and Bishop6 was developed using a delayed coincidence 

between a "IT:t meson and its decay 11 r mesono 

Two trans-stilbene crystals with associated lP2l photomultipliers 

were used as detectorso The photomultipler pulses, caused b.r. a Jjrmeson 

passing through one crystal and stopp!ng in the second, opened a variable 

, delay gate of width 00 08 Jl secondo The shortest gate delay used was 00 025 

p second, the longest delay was 0 0 19 p secondo If the pr meson pulse 

arising from the decay of the stopped 1T t meson appeared during the time 

. 'rrT_ u.,+-the gate was open, the meson was counted o A photograph of the I 

coincidence circuit is shown in Figo 8 0 The circuit diagr8J:!l is illustrated 

As a check that the particl~s identified b.1 this method were mesons: 

(1) The~um energy of the photon beam was reduced below threshold for 

1f r production and no counts other than accidental background appearedo 

(2) The plateau obtained for the pt pulse is quite flat, indicating 

uniform ionizati~>n loss, as would occur for a 4 Mev Jl 1- meson arising 

from the decay of a stopped 1ft" mesono (3) Combining the rrt' decay count

ing with the ll+ mesondecq scheme"gives the expected number of 1f+--P-+-f3+-



coincidences 0 

As an application of this method~ the rr+meson mean life was meas

ured Qyvarying the gate delayo20-23 Eight lengths of RG 63/U cable were 

used to provide the variaole delayo The delay of each cable was measuredp 

using a syncbroscope~ b.r photographing the reflections of pulses sent down 

the cable& Cable delays were measured to 2 percento Fig 0 10 is a plot 

of delay as a function of cable lengtho Figo 11 isa plot of the rr+ 

decay cu.rveo A value of 1-: = 2054 .± 0 0 11 x 10~8 seconds was obtained m 

for the mean li£eo This value. agrees with references 23 and 24 but lies 

outside the 'standard deviations of previous-measurementso 

The accidental background for the -rr+- f-J-+ coincidence was obtained by 

delaying the gat,e for a time long compar,ed to Ii lTT- mean lifeo This must 

be subtracted from the total number of counts obtained for a short de~ 

to give the tl~e number of meson counts o 

For deteotion of mesons by lfT- f-L+ -,s"'" coincidence, the output of the 

lTt-- JA-i' detection: was p!lt in coincidence with the delayed coincidence from 

the first f3 gate 0 By deM~Y'ingthe. ~1.+ gate 19 x 10-8 seconds and 

putting the output of the TfT_ f-V1" coincidence fu co:itCHenoewith 'the output 

.~, the ~ p sat,Slp tlh1e rrtf
T-f31" accidental background was obtainedo 

For the 1f r - f3 t" detection, since the bac:kgzoound was larger than the 

number of mesons p the accidental backgToundfor each f3 gate vas given 

essentially by the last ~ gate 0 This value was in agreement with the 

value calculated b.Y the usual accidental rate formulag 

where T = width of gate r pulse width (sec) 
.~ 

(sec)-l Nl = number of times the gate {s opened 
NIN2 T 

A N number of puls!!put in coincidence with -= 
d 2 the gate (sec) .. 

d - duty cycle (fraction of time the beam is on) 

A accidental background (8ec)-1 
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Since the duty. cycle was·unknown~ it was calculated for·a rUn by using the 

measured accidental rats 0' On the following run the duty cycle calculated 

from the previousrurtwasused and a check obtained with the numerical 

value of the accidEmta,l background~ 

The background due'to 1r vs from the uranium 'Was negligibleo The 

ratio of the background to the true meson count ia presented in Table II 

for the. three methods of cOUIitingo 

TABLE II 

Ratio of Background to True Meson Count 

• , , Detection Metbod ' 

'. -rr* ~ fL~:'~'--

TT' +i~- '"'" T_ f3 t

IT-t....,,B+-

B~ NUclear Emulsions 

'. Average Background 

The emulsions used were Ilford 0=2 emulsions since they are sufficiently 
,. 

sensitive for detection of T+ - p-T decays and yet minimize electron back

ground 0 Electron tracks are not visible but appear as individual single 

grain backgroundo Mesons, arerecogrrl:zable' in Q...2 emulsions by two charac

teristics~ the rapid change in grain density and the large amount of small 

angle scatter in the last 100 microns of tracko 

l r 

Mesons coming to rest have three kinds of track endingso An event 

where the meson stops with no observable tracks leaving is called a ;a 

mesono AIl event where a meson comes to Test and ap meson leaves the meson 

ending iaa ,r'- -r'- decay" The last type ofmeson~ called cf, is one which 

comes to rest and one or more obse:i.''Vablett-acks,' not ide~tified as a f 
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meson, leave the meson endingo It is apparent that a none trackJ' or "one 

prong" ~ might be indistinguishable from a -rr - JL . decay 0 According to . 

Peterson, Gilbert, and Wbite,4 most one prong Cf' endings have "clubs" due 

to recoil nucleio They assumed only 1 percent of all Cf'endings could be 

con£used \rlth a. IT- p-decay if the observer searched the endings for clubs. 

More than 99 percent of. all 1T t- mesons erlding in the emulsion decay 

+- 24,25 .-into a '\1. meson.. More than several thousand·11'" endings have been 

- - 26 observed without evidence that a T\ -I-'- decay occurs. This therefore 

identifies the number of 1\- P- endings observed as the number of ;r-r 

mesons a bserved. .~ 

The llt- mesons can only deca.y27 and hence will appear as jJ, mesons. 

Recent results indicate fL - mesons produce stars a small fraction of the 

time 0 28S)29,30 The value quoted by George and Evans30 is 0.055 j:. 0.0110 

The remainder of the time the ~- mesons either decay or are captured. 

Observations of rr- mesons stopping in c.,,2 emulsions indicate that 73 ± 2) 

percent form stars31,32 with observable tracks, called ~mesons. The 

remainder appear as;o mesons. Thus the number of if-mesons coming to 

rest in the emulsion is: IT .=. 1037 a" 0 

The number of r> mesons observed is composed of 27 percent of the7r-

mesons, the p.:I: mesons due to decay of iT is in flight, and the mesons 

from the 1\- f-l- de,cays. 

The ratio of ""ITt' mesons. to iT' - mesons can be obtained by two 

methods 0 The first iag 

The second method is based upon the following argument. The difference 

between the total number of mesons (T) of all types observed .and the 

". ~' 
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numbe:J:' ?f 1r-mesons observed is due ton-T and '\11- mesons. AssUming no 

p.± production in the target, rr+::: 'I"-1- 0' Expressing this in' terms ,of an 

equatiomT ':"1 .. 37 Cf'= IT-r + ~f :. 2 lTt".' TP.e ratio obtained by this method 

is: \ 
2 

. 
The second expression was derived assuming no decay in flight. This is 

justified since the method is a difference'method and decay in flight is 

a second order term. 

The 'Tr/n"T ratio as, expresSedby' the' first method depends only upon' 

the emulsion, the observer, and the fraction of 1i - mesons forming stars. 

The ratio as expressed by' the second method depends, in addition, upon the 

assumption that p mesons are' as easily identifi~ as TT' - }l- decays ' 

or Cf"s. For this reason the first method will be used to calculate ratios, 

the second merely 'to check the first. 

" 



VIo EXPERIMENTAL PROCEDURE 

The alignment of the. target at the synchrotron was done ,by means of 

a telescope and checked b,r.exposing x=ray films o The high'pressure fit= 

tings were tested by filling the target to 200 posoio and brusbing all con= 

nections with soapy solutionso During the bombardment liquid nitrogen was 

kept in the reservoir of the target 24 hours a day to insure equi.librium 

cond1tionso 

To redu~e accidental background the scalers were "gated" or. operative 

only during the time the beam was ono The plates were exposed at the same 
I 

time the counter data were being ~akeno Each energy spectrum was measured 

changing the absorber cyclically tp avoid drift·s~·in detection and integra

tionthat,might distort the spectrumo Changing angles a number of times 

tended to cancel any ·drift ,distorting the relative values between angleso 
. - . 

While getting ratios between gases; the gases were changed back and forth 

to again cancel drifto It required approximately 1/2 hour to change plates. 

and gases o 

In the coincidence counting schemes used it was advantageous to have 

as large a duty cycle as possible to reduce accidental backgroundo At the 

synchrotron the duty cycle may be changed by modulating the rf so that the 

electrons spiral in more slowlY$ giving a beam spread out in timeo A spread 

in energy also results since the electrons do not strike the target at a 

time corresponding to peak magnetic field o The spread ll as est:pna.ted from 

the magnetic field curve33 and time of emission, is IV 25 Mevo The beam 

length as measured on the synchroscope was of the order of 3300 p secondso 

The beam dura"tion as calculated from the accidental rate was 2200 'Jl seconds" 

considerably shorter than that observed on the synchroscopeo This is rea-

sonable since the distribution of the beam in time is peaked and not flat 0 



. 

The intensity level of the beam was limited by the accidental back~ 

ground of the counters for low meson energies where no absorber was usedo 

Maximum beam coUld be used in almost all cases where absorbers Were placed 

in front of the detectorso This permitted maximum exposures on the plateso 

The data sheet for a typical run is given ~n Table IIIo 
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TABLE III 

Data Recorded for a Typical Run 

January 15, 1951 January l6~ 1951 

Target He He • 
Angle 1350 900 

Absorber number 25 21 

Energy (Mev) 56 75 

Pressure (posoio) 2210 2160 

Thermocouple 11 8035 8055 

Thermocouple /12 8 .. 65 8065 

Thermocouple #3 8005 7095 

Time of day 1805 1000 

.AT run (minutes) 18 8 .. 7 33 27 .. 7 1208 23 0 6 503 2006 . 

fIl P. gate delay , . ! (lO~8 seconds) 205 19 2 .. 5 205 19 205 19 2 .. 5 

+=t] n Begin 
" " 

90056 94079 97008 180063 185076 188.04 192026 193050 
~() 
0 

~§nEnd 94056 960 79 105008 185063 187076 192004 193026 197 .. 50 
~. 

~N Begin 346098 386.00 37100 792080 818 .. 30 829004 85000 8560.36 
~Q) 

~~ N End 366 0 90 377074 4JE49 817020 827080849010 8550,08 876010 

A N/ Ll n 50 02 4087 4094 4085 4075 5001 5008 4093 

(Sc~ler #1)~ gates x 64 662 9838 23# 8615 11831 19210 20916 28444 
] ?', 

i 

A 11 gates x 64 6600 32~5 . 13400 8602 32.2 ·73 .. 8 17 .. 1 7503 

(Scaler #2) 1T - P. '-' 

ol? 017 040 010 010 016 016 025 coincidencES x 64 

!J. If - fL coincidences 17 0 23 10 0 6 0 9 

" 
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TABLE III (Conto) 

.Data Recorded for. a Typical Run 

(Scaler #ll)rr-I-L':'p 
06 06 21 03 03 05 05 10 I', coincidences x 8 -

b. Tr-~ 75 . coincidences 6 ° 11 3 0 2 0 .3 

(Scaler 14) Large,Pulses , 
Crystal #1 x 256' 12208 18408 42905 14-506 2200 85 35303 38609 52405 

(Scaler #5) Large Pulses 
Crystal #2 x 256 9503 -143 .. 3 33805 11901 16501 2620 7 28702 389 .. 4 

. (Scaler /16)(3 Gates x 256 1403 2107 5101 1709 2409 39 0 8 4305 58 .. 7 

(Scaler #3) Small Pulses 
Crystal #2 x'256 383 575 1347 418 580 917 1002 1352 

(Scaler /f7) 'Tr -13, 
171 242 561 n.3 163 270 29° 37° Coincidences x 4 

(Scaler i/8) n --f3, 
Coincidences x 4 153 231 533 112 132 , 203 22° 29° 

(Scaler #9) II "--133 ' . 
Coincidences x 4, ' lil '183 ',4sO 93 12° 17° 19° 272 

(Scaler (/10) IT -/3+' 
101- 143 42° .7° 102 163 183 26° Coincidences x 4, 

Hi Voltage #1 1200 ',.1200 

Hi Voltage #2, 1150 1150 

'<.,.1 
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VIlo ANALYSIS OF DATA 

Ao Cross Section Calculations 

Following the suggestion of Mc¥d.l1an, Blocker, and Kenne?4 an~ th~ 

precedent of Pet~, Gilbert, and White,4 the cross~sections will·be ex~ 

pressed in terms of equivalent quantao The number of equivalent quanta is 

defined as the total energy of the photon beam divided by the maximum energy 

of the photon beamo The total energy of the beam was obtained using the 

integration chamber calibrated by Blocker, Kenney; and Panofsky.13, 

By definition 

d2cr (E1TJ e) _ d2N (ElTJ) a) 1 

dE;r d..n.. dEn- d Sl. n Q t 

whereg 

n 

Q 

t 

is the number of 1r mesons leaving the target 
per energy interval dEW and solid angle dS'lo 

is the cross section in cm2 per proton for the 
formation of, a "it meson, per egl,livalent quantum, 
per energy interval dE1't and soI1d angle d.S'l.. 

is the number of protons per am3 in the target 

is the number of equivalent quanta 

is the effective length of the target (cm) 

Results are given per proton "for the 1T
r mesons and per neutron for 

the 11- mesons since the production of ITT mesons is believed po"ssible only 

from prot'ons and If- mesons only from neutrons o 

For the purpose of calculation the differential cross section ,must 

be expressed in terms of measured parameters., Making the substitutions in 

the above expressiong 

N 

E 

1 

{{ dt dL , 
r-

aR 1 

aEv nQ 



N 

E 

L 

4R 

= nUmber of mesons/cm2 

== efficiency of detection 

:: length of detector (em) 

:: depth of-detector (cm) 

= interval of meson energy 'at 'the target corresponding to the 
-range interval !J. R of the detector (Mev) -

W = thickness of the detector (cm) 

t :: effective target length (cm) 

n = number of protons/ em3 
Q = number of- equivalent quanta 

r - distance of detector element dL [from target'element dt (em) 

e 

Figo l2 
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The determination of the terms in the above eXpression for the 

cross section will be taken up in the following sections. 

The differential cross section per unit solid angle is: 

~crl1" (~) = j E
1JID'IX d2e- (E1I' e) 

dSL ·dE dn.. o 1l . 

This was integrated numerically by taking 

over .the energy spect~o For this evaluation it was necessary to extra-

polate from the minimum energy detected to zero meson energy. The results 

are uncertain to the extent of the extrapolationo However, the ratios 

should be fairly independent of the extrapolationo 

The total cross section is expressed: 

f (d 0''11" (9») 
d"1j = dn.. d n. and was evaluated 

~ 
., ". 

- ~ f' (d<1''TT (eh 
- 21r \' dJL 'J 

o . 

11'" 

d(cos8) ~ 21tL 
i=O 

Bo Determination of Meson Energy' and AR! A B 

The meson energy was determined using ,the range-energy curves of 
\ 

!ron, Hoffman, and Williams 0 35 The range-~nergy curve for lOT #14 glass, 

calculated ~'Aron, was used for the emulsionssince most of the "slowing 

down~ occurs in the glasso In addition the curves for 0-2 emulsions and 

lOT #14 glass are verY nearly equalo 

In order to get the meson energy for the counters, a range-energy 
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curve was calculated for trans-stilbene from curves for carbon and 

hydrogen, neglecting any effect of molecular binding.. The resulting 

range.energy curves of mesons in trans-stilbene is given in Fig.. 130 

A R/ A E was evaluated by the following method.. A meson stopping 

at the back of the crystal would have a certain energy at entrance to the 

crystal.. This was obtained from the thickness of the crystal and the 

,r,ange-energy relation in stilbene 0 The energy of entrance into the crys

tal is converted to an equivalent range in lead, the range of the absorber 

added, and the energy at entrance to the lead is obtained from the rang~ 

energy curve of lead.. This procedure is carried out at each change of 

material until the center of the target is reached. B.1 this method the 

energy of a meson leaving the center of the target and stopping at the 

back of the crystal is obtained.. A similar calculation is done for a 

meson stopping at the front edge of the crystal,. The range of the'crys~ 

tal divided by the difference of the two energies gives A R/6 E for the 

particular energy meson chosen.. Repeating the procedure for a different 

thickness of absorber, a plot is obtained for flR/6 E as f(E) .. 

Co Uetermination of the Number of Pr.otons per Cubic Centimeter 

Although helium is usually considered a better approximation to a 

perfect gas than hydrogen, at liquid nitrogen temperatures and'2200, po so'! .. '., 

helium36 deviates farther from the perfect gas law than bydrogen,37 making 

its density less than would be expected from the perfect gas lawo No 

values of density measurements have been published in the region of liquid 

nitrogen temperatures and 2200 posoi.. However, quite accurate extrapola

tion can be done using an equation of state o The density was calculated 

from the Beattie-Bridgeman equation of state, using constants evaluated 



, 36 
by So Wo !kino The 1."esul ting "c'Ill"Ve 1s shown in Fig 0 14,0 The error in ' 

the number of protons/c~3 as calculated qy this meth9d is estimated to be 

less than? percent038 

Do Determination or the Geometrical Factor 

By geometrical factor is meant f' [ 
t' ;L 

dt dL 
1."2 

from Section IV-C 

41 
where' 

dt dL [Ia~ ,dL de 
1"2 a 

,- IIl.l.n 

a - 'perpelldicular distance from"the centerline of the target 
to the detector' element dL 

9 max 

~", . " 

is the minimum angle from which mesons can reach any 
portion of the detector ' ' 

, " 

is the maximum angle from which mesons can reach any 
portion of the detector 

This i~egral was divided into three angular regionsg one central region 

between 91 and 82 where all the leng:t,h of the detector is visible to points 

of the target» and two regions where oneoollimating edge or the other ob=-

, soures part, of the detector 0 The" c-ontr lbution of the central region is 

equal to, ~ (~ = 62 ) where the angles are in radians.; , The contribUtion 

of the other" t,1Noregions wasaeterIriined numeri~ally by dividing the 'angle 

into increments 6. e and sUIrimingg 

[[" 
, min 

a t' " (6J.) A 

"," , -, ~G. 
" ' ~ 

i 9m.n a i 
and E,limilarly for 

dLdG 

the other regiono The resultantgeometriqal factors are given in Table IVo 

• 
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TABLE IV 

Geometrical Factors 

Detector Angle Geometrical Factor 

Plates 450
, 1350 0.060S (L =- 2 cm) 

Plates 900 0.0460 (L = 2 cm) 

Counters 450
, "1350 1.2S3 (L = 4.1S cm) 

Counters 900 0.920 (t = 401S cm) 

E. Determination of Efficiency 

The efficiency of the plates 'as a means of detection was taken to be 

100 percent. The loss of mesons due to the failure to observe them near 

the surfaces of ,the emulsion was evaluated by plotting the number of mesons 

as a function.of depth. This histogram is shown in Fig. 15. From the' 

histogram it was ,estimated that the efficiency was con$tant up to within 

2-1/2 microns from the surfaces and 'then decreased. As a result the data 

from the lS.yers 2-1/2 microns thick at the'surfaces was not used in calcul

ating the results. This may not compe'nsate for failure to observe mesons 

of short track length. Fig. 16 ~s a plot of the number of mesons as a func

tion of track length. The calculated distribution is superimposed •. The 

histogram indicates as much as 7 percent may be lost due to miSSing mesons 

of short~ length, if it is assumed the calculated distribution is cor

rect. Hence the efficienC1 for meson detection bypl8.tes is probably better. 

than 90 percent. Rather than change the data by an unknown efficiency fae-

tor, the efficiency was taken to be 100 percent. 

The absolute efficiency for the counters was determined from the plates. 

Plates exposed at CJOO,:to the beam direction were scanned for 70 Mev mesons 

11 from hydrogen and deuterium. ~e resulting points were used to adjust 



the relative height of the counter,c~es.;,' The ratio of hydrogen to deu-

terium points measured using plates .. El.Ild-.the·ratio measUred using counters 

are in excellent agreement o Using counter data. alone, an expression for 

the number of mesons opening delayed gates can be obtained for thedetec~ 

tio!! schemes assuming (1) no p±. production in the target; (2) the effi~ 

ciency of the 11- p.-,8 detection is the product of the' efficiencies of the 

IT - f-A- detection and the 1T - j3 detectiono The expression resulting is g 

N = whereg N = nUmber of mesons opening delayed 
gates 

Nrr-J-t- ~ number of mesons detected by Tr-jL 
coincidence . 

NlT-,e :. number of mesons detected by the 
, first f3 gate of the -rr-,8coinci

dence 

Nrr-Jk-,B -= number of mesons detected by the 
. Tr-}J--;f3 coincidence 

The expression for the number of mesons opening delayed gates is inde-

pendent of the efficiencies of the d~tection methods o The relative effi= 

ciencies as calculated from this equation are in agreement with :those 01>= 

tained from plate datao The efficiencies for the three detection methods 

as obtained from the plates is given in Table Vo 

TABLE V 

Efficiency of Detection MethOd.s 

Detection Method 

rr-]L 

rr-~~j3 

rr-f3 

Efficiency Obtained from 
, Plate Data . 

,'. ", 0976 

. 0,.026 

. -;,25(r 

~., 'f". 
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F. Determination of the Number of·Mesons/em2 

For ,the plates, thenumber/am2 is, measured directly. For the counte~ 

the number of mesons/cm2 was obtained, by dividing the number ,of"mesons by 
. .'. -, . 

the effective;a.;'ea,of the stopping crystalo The erfectivearea is less than 

the geometrical area ;::,. R· L. ;::,. Rand t were defined in Section VIII-A. ' 

The difference is the area ofastrip of length t and depth equal" to the 

range necessary, to produce ,the minimum ionization loss detected. The. mini

mum. energy loss requi;red for a 1f t' in the stopping crystal was 6 Mev 0 This 

corresponds to an effective area equal to 0.8S of ~he geometrical, are~. 

Go Determination of Plate ,Thickness Before Development 

The thickness after development was obtained by measuring the thickness 

at several points on each plate. Due to shrinka.ge in the development the 

thickness after development is less than the original thickness. The 

shrinkage factor was measured by exposing the plates to a. small flux of high 
, ' 

energy 0{ pa;ti~ieso The plates ~ereincli~ed 450 to, the d,irection of the 

0<. particle beam. Assuming the shrinkage tO',be only in .thickness (the 

emulsion keeps the same area), a measurement of the projected range after 

development is equal to the thickness before development. The value of 
. . . . ' 

the shrinkage factor obtained by this method was 2.42 ± 012. 

H. Corrections Applied to Results 

,'" 10 Multiple Scattering 

'.' 
The loss of mesons due to multiple scattering was calculated by the 

method of,to E.VgeEll?,and to t. Foldy.18 For plates, calculations showed 

the geometry was sUfficiently "poor" t~t the ,correction was negligible. 

As :man;r mesons scattered into the emulsion as, out, of ,the emulsiono The" 

increase in path length due to the scatter could also be neglected. 
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For crystals, the loss due to multiple scattering is no longer neg1i-

gible o The condition of "poor" geometry was valid in only one plane. This 

is because the width of the crystals was of the order of the width of the 

absorbers~ Also the center of the stopping crystal 'Was separated from the 

absorber by 404cmo 

The loss of mesons wa,s obtained by the following method. The r.m.s. 

projected'displacement as a function of meson energy (E) was calculated 

for a meson degraded from Eo at the target to E = 0 at the center of the 

crystal. (See Appendix A.) The romos. displacement due to the stilbene 

was combined with the r.m"s. displacement due to the absorber. The result-

ing distribution is Guassiang 

1 -2~ 
e p(y) == 

where: y = cqordina te perpendicular to the radius vector from the, 
target, and the target centerline ' 

"(8i> = romoso projected dispJ.a.cement for energy E • 

Since the loss at the center of the crystal is equal to the portion 

of the distribution function extending beyond the ,dimension of the absorber, 

for a given energy the fraction of mesons lost at the center of the crystal 

~s equal to 1 - erf (f2 ~ ) where W = width of absorber .. ' General-
4 <~) 

ising to any point in the crystal: 

Fraction' lost = 1 _ 1 ,ferf ( W - 2x ) + err ( W + 2x ' , )~ where: 
2 l , 2 {2\,(5~) ,2 ~ ~ 

x the perpendicular distance from a plarie defined by the center 
line of the target and a radius vector to the center of the 
crystal.. ' 



The fraction lost wa.s computed for 7 pOints in the crystal. A plot 

was made of the .traction lost as a function of distanoefrom the center of 

the crystal, numerically integrated, and the average loss for the crystal 

as a whole obtained. The above process was repeated for 4 energies. The 

resultant corr~ction curve as a function of energy is illustrated in Fig. 17. 

The corrections vary from 7 percent at 40 Mev to 27 percent at 140 Mevo 

2. Decay in Flight 

The loss of· rr~ mesons due to decay in.flight has been calculated 

assuming the mean life of the -rr- meson.39,40 equa1 to the mean life of 

the rr't- meson.12,21,22,2.3,24 

.. . . - N t/'t For N mesons detected, the number leaving the target would be e • 

t ::. time of flight in meson trame 
. . ' . - ~S 

't :. mean life of '1i meson ::::. 2.54 x 10 sec. 

From the expression for time dilation .and the relativistic equation· 

for total energy of a 1T meson, the time of transit in the meson frame, 

between pOints a and b in the laboratory, is: 

[ dx t = time (sec) 

Eo rest energy of ." meson 
..JT(T + 2Eo) 

T = kinetic energy of;,r 
meson 

This equatl.on was nwnericallyintegrated for various meson·energies. 

The resultant correction iaa maximum of 5 percent at the lowest energies 

and decreases to2 percent for the higher energies. 

The -rr-- P.' and ". - t-l- -13 coincidence detection, as well as the plates, 
. . . . 

must be corrected. for loss due to decay in flight. For hydrogen, essenti-

ally no· correction is necessaI7 for the Tr -f9 detection since the p.... re

sulting from a "..+ decay in flight will be detected. A correction ,mlist 



be made for hellum. with 1r -,.8 , detectfotl',sincethe p.:"'"" 'mesons arising 

from 11- decay in' flight will be detectedo 41, Thiscorrec"tion was "J3 

percent& 

3. Nuclear Absorption 

Correcticn for the loss of mesons by nuclear interaction in the tar

get, lead absorber$ and detectors was made using a total absorption cross 

section equal to nuclear areao 42,43,44 This is in agreement with the 

values measured for poor geometry by Steinberger etal. 45 Nuclear area 

was calculated from cr"nucleus = 1T (1037 A1/ 3 
0 10-13 )2. 46 The correc

tion increases from 8 percent at 35 Mev to 85 percent at 150 Mev~ 

4& Penetration of Collimating Edge 

The geometrical factor as calculated in Section VII-D neglected any 

penetration of the collimating uraniumo A correction was calculated mak

ing the, a.ssumption that the measured energy distributions, could be replaced 

by flat spectra of equivalent areao With an absorber of sufficient thick-

ness to detect a meson of energy E leavir~ the target, the maximum penetra-

tion isg 

6R whereg R(E) - range in uranium of 
a meson of energy E 

R(Emax ) = range in uranium of a 
meson of energy equal 
to maximum energy of 
flat spectra 

The collima.ting edge was then considered transparent up to a meson 
, ' . :" 

path of 6R in the uranium. and op~que, beyond that value o The geometrical 

fac~or was recalculated using t:p.isnew geometry to find the increase due 

to penetration. The correction is "largest at low energieso The correctio,n 
. . '. ;.. . 

is less tr.an 8 percent at 900 and le,ss than 12 percent at 4,50
0 

,\} 

,.., 
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VI!I. RESULTS OF THE EXPD!MEN1' 

A. "IT 1".'" Bat:to tit 4;0 
. _. . - . . ," . 

'.~, .... 30 ... 

For hy~ogen, a. t 411/', . 220 tt + mesons were observed. As eompared to 

3 ~mesons in the s~earea. At 900~ in an area yielding 100 Tf~mesons, 
.. ' 

2 ~mesons were fattnd. This data oan be used to show either the number 

of ~~mesons produoed b.Y photons on hydrogen is less th~n 2 peroent of 

the tit- produciti~n, or the baokground due to the ta.rget assembly is ieee 

than 2 percent. 

fn thtli total area. so.anned tor hellum; at an angle of 4;° to the 

beam~ 88 ~ 122 1r .... t"', and lS1 p mesons' were observed.' Using Tr .. Irr f :: l*Z: ; the. ratio of tT'," to "1fT is 0.99 ±., 0.15. 

Theoretioa.l . calo:ula.t1ons have been made by Brue6kner47 tor "'IT' -I""''''' 
ratios tor tree protons a.nd neutrons. 1£ 'one makes the a.ssumption that 

the effect ,01' other nuoleons in the rluoleus oa.n be negleoted, and com

pares the results from helium with the oaloulated curves, the eXperi

mental ratio is ,found nearer the theoretioal ourve which assumes a pre ... 

dominanoe of magnetic moment interaotions. Siiloe the theoretioal curve· 

neglecting·magnetic moment interaotions olianges more rapidly with in

oreasing angle, measurements of the ratios at.larger angles would give 

more oonolusive results. 

B. Energy Speotra.l;;'r Meson~ from. ltvdrogen and . HeliW!). 

The spectra of 1f+mesons from brdrogen and heliUm were plotted 

, superimposed to obtain a comparison of' their magnitudes. Figs. 18 and 

19 indioate the consistenoy of the three electronic detection methods at 

900 and 13So. The ourves for the oomb1ned data are superimposed on the 

points from the three methods. ,Figs. 20, 21, and 22 show the energy 
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spectra for hydrogen and helium at 450 , 900
, and 1350 (angles in the labora-

tory system). Smooth curves were drawn through the experimental points and 

extrapolated to zero meson energy to obtain the number of mesons emitted at 

each angle. The spectra of helium covers a larger energy interval than that 

of hydrogen, as would be expected due to the internal energy of the nucleons 

in the nucleus. Smooth curves of the energy spectra of hydrogen were com

bined for the three angles'and are shown in Fig. 23~ The maximum meson 

energy detected at 900 and 1350 is above that calculated by conservation of 

energy and momentum for the given angle. This is understandable since the 

poor angular resolution permits mesons from other angles to reach the de-

tector. The tltree energy spectra at 450 , 900
" and 1350 for helium 

are presented in Fig. 24. The energy spectra for 7T-mesons at 450 is shown 

in Fig. 25. 

Co Total Cross-Section for Production of 1T + Mesonsfrvm Hydrogen and 

-Helium 

The cross sections per steradian are illustrated :in Fig. 26. These 

values~ together with the total crcss-sections; and ratio of hydrogen to 

helium cross 'sections are presented in'Table VI. ; The 'standard deviationS 

indicat'ed include both statistics of- counting and measurements of the 

parameters listed in Section VII-A. Systematics not included are:' + 7, 
""7 

r: 

percent for loss of events in.scanning the plates, ± 20 percent for uncer-. __ \.' , . .' ,";':;'i. 

tainty in beam integration, and the uncertainty due to the extrapolation to 

zero meson energy. 

'. 



,-. 

-38- -

TABLE VI 

eros'S Sections f'or Hyd~ogen 'arid Helium - I 

.. 
dC1' cm2(steradian)~l(eq~v~1~nt quantum)~l(proton)-l ; 

d.fi 
- , ~le 

Gas 450 i-l?O 900 :i::..19° 1350 +l~ a' cm2 (equivalent 
, - -_15 0 , _210 quantum;-l.(putnn)-+ ' 

Helium ~o 5h2xl0-30 4.01. 3xlO-30 3. 2±-. 2X10" 30 4. It. 2xlO-29 

Helium * 3.l±.3xlO,..30 4.7±.WO-3O 3.8t.3xlO-30 4.Si.2xlO-29 

Hydrogen 5.5±.5xlO-3O 7.4±. 5xlO-30 -30 5.4t.4xlO ' 7. Bt.WO-29 

Hydrogen * ~.li.7xlO-30 9.lt.6xlO-30 6.0i.4xlO-30 ' 9.5±.6xlO-29 -

,I 

,IRa tio ' Hydrogen .45 i .06 .54 ± .05 • 59.±. .06 - .53 ± .04 
Helium 

Ratio Hydrogen ~ 
, Helium' .44 ± .06 .52 ± .05 .63 :i. .06 .51 ± .04 

* corrected f'or nuolear absorption 

The· decrease in production per proton in helium is'due to 'both the 

inoreased binding energy of' the nucleons and the exolusion principle. 

D. Comparison of' Results with Carbon 

Comparison of' the energy spectra of' hydrogen, helium, and carbon is 

.shown in Figs. 27, 28, and 29. The ratios of' the cross sections are given 

in Table VII: 

, 

:' 

~ 
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TABLE, VII 

Ratios of Cross Sections for Hydrogen~lie~ium, and Carbon 

dO"" cm2 (steradian)-l (equivalent q~n~-l(proton)-l d:n:.. 

Angle 
d' cm,2 (eCui valent 

Ga.s 450 "900 1350 , quantun)-l proton)-l 

Ratio He , H 045 ± 006 .54 ± 005 059 ± .06 .53 ± .04 

, 

Ratio He * 
H 

.44 ± .06 052 i,.OS .6~ ±.06 .51 ± .04 

Ratio C/H .32. 036 036 , .35 

* Ratio C/H .33 .:38 .41 .38' 
' > , 

Ratio a/He .71 .66 .59 ' .69 

Ratio C/He * '.'77 
, 
064 , .74 .75 

., 

* corrected for nuclear absorption I' 

Standard deviations 'are, t:lot assigned to .the car.bon ratios due to un-

certainty in beam integration •. ., 

The ratios determined by MOzley9 were compared with the values plotted 
~ . .' -' 

in Fig. 28. The values agree within statistics, indicating the efficiency 

of the beam monitor has probably not changed over a period of time. This 

indicates the difference in cross sections is probably" real. The plates 

for the carbon were eXposed using the spike x-ray beam. The experiment with 

helium and hydrogen was done with the spread out beam, which has slightly 

lower energy than the spike beam. This effect, although small, would tend 

to make the difference b~tween <irbon and helium more pronounced. 
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IX. APPENDIX '. 
A. Calculation or r .mt·S! . Proj ected l)isplacemeht. Due to Multiple 

Scattering 

For a meson being degra.ded trom energy E.rr. to energy E1yin passing 
o . 

through amateria:l of thick:ri~ss t,the distribt1ti6n function upon emergence 

is given by:17 

where, fOllO~ing the notation of L.'Eyges:17 

e = angle between original direction of travel a.nd the direction of 
travel at thickness t 

(t-!l) 
W2 ("r) d11 

w = 
P i::. momentUJl). of meson 

~ =.relativistic velocity of meson 

E = energy of m.eson 

Integration over e to get the distribution as a function of t and y: 

1 -r2/4A2 
f(t,y) =. 1/2 e . , 

2 ('1i A ) . 
** . 2. 1 _e'A2=2~~+y2Ao 

Note: In reference 17 the equation F( t ,y, 9):: -;Bi- e '. Should 
'.. . . _ 1 _e2A2-2SAJ+y2Ap '. 

read F( t ,y, e)- 411'Bt e· 



-41-

To obtain the distribution function after leaving the material: apd 

entering air, make thetra~sformation:. 

t - t 

9 = 9 

y ... - y - IS . where: L -distance .in air measurE)d along 
. o:riginal direction of' travel 

Integrating the resulting distribution over"e to obtain the Y 

dependence: 

F(t,Y) 
1 

. " " .. 

-y2/4(A2 T 2LA~ t" L2Ao) 
E!. 

This new distribution function is seen to be a Gaussian of increased 

width 0 The romos. displacement is: 8 r.m.s. ::. 42(A2 + 2~ +t2Ao> 0 

The consta,nts Ao' All' and A2 were evaluated by the method of L. L. FoldYo18 
• r 

" 

'-. 
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nI.ILtUSTRATIONS 
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Fig. 2 

Fig. j 

Fig. 4 

Fig. 5' 

Fig. 6 

Fig. 7 

Fig. B 

Fig. 9 

Fig. 10 

Fig. 11 

,< ' 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

S'chematic arrangement of the apparatus with respect to the 

synchrotron. ' ' 
, " 

Photograph of the target and colliIDatorassembly. 

Dra:wing ora longitudinal and cross sectional view of the 

target and collimator assembly. 

Schematic 'drawing of the high pressure system. 

Angular distribUtions of mesons observed at the angles of 450 

and 900 • ' Angular res~l~tion or the'ejOO and 450 channels 

indicated. The abscissa is the angle from the beam direction. 

Diagram giving symbols used in geometrical factor. 

Block diagram of the electronics. 

Photograph of the rr - fL coincidence c1rcui t. 

1\- }J.; coincidence circuit diagram. 

Plot of delay in RG 63/U cable as a furictionofcable length. 

'1T+mesondecay curve. The 'number of mesons at each gate delay 

: plotted against the gate delay. ' 

Diagram giving symbols used in cross section 'equation. 

Rang~ of mesonS in trans-stilbene. ' 
, ' 

Presstire~density curve for helium in the region of 142 atmo-

spheres for a temperature of 7704° K. 

Plot or the depth distributions for the three types of mesons 

as a function of distance from the nearest surface. Includes 

energy spectra of the three angles. 

Plot of the projected track length in the emulsion for the 4 
/ 

types of mesons. ' Includes 'data frome~ergy spectrum of three 

angles. Length measurements accurate'to ± 10 percent. 
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Fig 0 IS 

Figo 20 

Fig. 21 

Fig. 23 
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Correction factor for loss of mesons due to mul~r£i~scattering 

plo~ted asa function of'energy. 

900 energy spectra of ni""mesons from hydrogen aIld,hel1um for the 

three electronic detection methods. Th~ smooth curve is taken 
., ;. 

frolll the combined da tao Extrapolation to zero meson energy is .. 

for the purpose of integrationoo 

1350 energy spectraof'~mesons from hydrogen and helium for, 

the ~hree electr9nic detection methods. The smooth curve is . 
taken from tp.e combined data~ Extra:eolation to zero, IIleson energy 

i~, for . the purpose of. integra ti~no 

450 enE!~gy spectra of 1ft" meSOIlS from hydrogen and,helium. Data 

taken from plates o The dashed curve shows the spectra corre~ted. 

for nuclear absorptiono 

900 energy spectra of 1H- mesons from hydrogen an9- helium. A 

plot,of combined data from the three electronic methods of 

detection. Extrapolated to zero meson energy for the purpose 

of 'integration. The dashed curve shows the spectra corrected 

for nucl~ar ,absorpt~ono 

1350 energy spectra of 1T'-t mesons from hydrogen and helium. ' A 

pJ,.otof .the combined data from the three electzoonic methods of 

detectiono Extrapolated to zero meson energy for the ,purpose of 

i lltegratlono The dashed curve shows the spectra corrected for 
.' . .\ 

nucle~ absorption. , . . . .-', 

Comparison of energy spectra of hydrogen for three . angles. 

Dashed curve shows the spectra corrected for nuclear absorption. 
" '\. . - ; "., :. " , . 

-Com~rison of, energy spectra, of helium for three angleso 
. '. '. :, ; " . 

Dashed curve, showl3 the spectI't:a, corrected, for nuclear absorptiono 



Fig. 25 

Fig. 26 

'Fig. 27 

,/J 

Fig. 2B 

Fig. 29 

Energy spect:r;-um of 1f - mesons from helium at an angle of 450
• 

" .... 

Data taken from plates. Extrapolated to zero meson energy for 

the purpose ,of integration. The dashed curve shows the spectrum 

corrected for ~uclea.r absorption. 

Average "Ii t mes,on cross sections per steradian for hydrogen and 

helium. The smooth curve is drawn for the purpose of integration. 

The dashed curves show cross sections corrected for nuclear 

absorption. 

Comparieonof lTT-meson energy spectra of hydrogen, helium, and 

carbon at 450 • Carbon data are taken from ref~!enq~ 4~ Extra-, 

polatecl to,-zero meSOll energy for th~ purpo:seof integration. 

The dashed curves 'Show the speetracorrected for nuclear absorption. 

C.omparison 'of 1r .... meson enertr,V spectra of' hydrogen, helium, and 

carbon at 900 
0 Carbon dataare tak~n from reference 4. Extra-

po1atedto 'zero meson energy for the purpose of integration. 

The dashedeurves shaw the spectra corrected for nuclear absorption. 

ComParison of rr .... meson energy spectra of hydrogen, helium, and 

carbon at 1350 • Carbon data are taken from reference 4. EXtra

polated to zero meson energy for the purpose of integration. The 

daShed durves show the spectra corrected for nuclear absorption. 
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