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THE PRODUCTION OF POSITIVE PIONS BY 341 MEV PROTONS ON PROTONS * 

W. F.  Cartwright* C. Richman, M. N. Whltçhead and H. A. Wilcox555  

Radiation Laboratory, Department of Physic a. 
University of California, Berkeley, California 

March 18, 1953 

ABSTRACT 

The production of positive pions by protons on protons has been studied 

at 00, 
350  and 580  to the beam of 341 Mev protons produced by the Berkeley 

ayncbro-cyclotran. In the collision of two protons, two reactions are possible 

which lead to a w+_me  eon: (1) P + p1+ + D and (2)? + 	+ N +P. The 

experimental results at 00  show an energy spectrum from 0 to 70 Mev which is 

farily flat except for a large peak at the high energy end. The flat portion of 

the spectrum can only be due to reactIon (2). A comparison of the shape of the 

peak with the results of the phenomenological theory of Brueckner and Watson 

shows that the peak is due solely to reaction (1). 

This fact, together with a measurement of the energy of the beam and of 

the energy of the pions from reaction (1), gives the value 275.1±2. 5 electron 

masses for the mass of the positive pion. The angular distribution in the center 

of mass system for reaction (1) as obtained from the data at the above three 

angles, is 3. 3*1. 2 1.11±. 06 + cos 2Q]. 10 29cm2  st erad. -1  and the total cross 

section for reaction (1) is 1. 8*0. 6 10 28cm2 . 

These results have been compared with the results obtained by Durbin. 

Loar, and Steinberger and by Clark, Roberts, and Wilson on the inverse re-

action, it + D.—P + P. UsIng the theorem of detailed balancing, these ex-

periments lead to the value zero for the spin of the positive pion with good 

certainty. 	 0 

* Preliminary results of this experiment were given in Phy.. Rev. 78, 823 
(1950), Phys. Rev. 79, 85 (A) (1950), Physi Rev. 82, 460 (1951) andr5)iye. Rev. 
83 855 (1951). 

** Now at the University of Rochester, Rochester, N. Y. 

5*5 Now at the Naval Ordnance Test Station, China Lake, California. 
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THE PRODUCTION OF POSITIVE PIONS BY 341 MV PROTONS ON PROTONS 

W. F. Cartwright, C. Rtcbman, M. N. Whitehead and H. A. Wilcox 

Radiation LaboratorY. Department of Physics. 
University of California. Berkeley, California 

MarCh18, 1953 

I. INTRODUCTION 

The early investigatiOnS of the cross sections for the production of 

plons by 341 Mev protons. undertaken at the Berkeley 184lnCh syncbro 

cyclotron were made by bombarding ariøui complex nuclei." Z 
it is expected that the analysis of the pion production process should 

be much more incisive for the case of a simple nuClCOfl.flUClC0fl collision 

than for the earlier experiments. An expriment was therefore undertaken 

to measure the yield of positive pious produced by 341 Mev 
protons on hydrogen. 

Since the proton beam energy Is about 50' Mev above the threshold for 

the production of pious In this process. P + 	
the pion velocity in the 

center of mass system is comparable to the velocity of the center of mass 

relitive to the laboratory system. ConsequentlY, the pious are emitted pri-

marily in the forward directiOn in the laboratory; that is, in the direction 

. It was found possible. by sing a magnettC field, to 
of the proton beam  

rd direction from the proton beam. 
separate the pious produced in the forwa  

and an investigation was made of the 
energy spectrum of the pious produced 

at aero degrees. 
The initial experiments 3  showed an energy spectrum that was fairly 

flat except for a large peak at the high energy end. There are two possible 

resetfons in which the pious may be peoduced. namely: 
 

 

It was suggested4  that the first reaction is primarily responsible for the peak 

at the end of the spectrum. A 
careful measurement was then made of the 

shape of the spectrum near the maximum energy In order to determine whether 

thlswastbeca50. 
made of the yield of pious at 350 and 

Later measurements were also  

58°  to the proton beam in order to determine the angular distribution of the 

pious In the center of mass system. 
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it was pointed out by Johnson and independently by Mar shak 6  and 

Cheston, that the principle of detailed balance can be applied to reaction 

(1) and its Inverse to obtain the spin of the positive pion. A knowledge of 

the angular distribution of (1) makes possible the detailed comparison of 

this experiment with the experiments on the inverse reaction. 

U. GENERAL METHOD 

For this experiment the electrically deflected 341 Mev proton beam 

of the Berkeley syuchrocyclotron was used. The method of deflection and 

collimation of the beam have been described previously. 

The method used for studying the production from hydrogen is an 

extension of that developed for measurIng the cross section for the pro-

duction of mesons by protons on heavy nuclei at 900  to the proton beam. 8 

It has been modified by the use of a channel and magnetic field to decrease 

the background of scattered protons which caused difficulty in those experi-

monts. 

figure 1 shows a schematic diagram of the experimental set-up. 

The collimated proton beam passes through an ionization chamber and 

then strikes either a graphite or polyethylene target which is placed be-. 

tween the pole Laces of the magnet. 

The pions bend away from the proton beam and those in the energy 

interval and angular interval of interest pass through the wide channel cut 

in the brass shielding and enter the absorber-detector. They are slowed 

down by ionization in the absorber and the population of stopped pious is 

sampled by a nuclear emulsion embedded in the absorber. The developed 

plate is scanned and the positive pious identified by the nature of the pion 
track and by the characteristic IL decay track at the end of the range. 

The success of this method depends on the fact that a pion with the 

same momentum as a proton has, as a consequence of the large mass dif -

ference, a range approximately one hundred times that of the proton. The 

protons coming down the channel are therefore stopped in the first part of 

the absorber and are eliminated as a source of background in the scanned 

region of the emulsion. 

The brass shielding which forms the channel serves only to protect the 

detector from high energy protons scattered from the target and to limit the 

/ angular spread at the target of the pious detected. 



UCLU.,4.2IO2 

One can calculate the number of pioni per square centimeter per Mev 

hitting the Lace of the absorber from the density of stopped pions In the ernul 
don. U the solid angle subtended at the target by a unit area at the absorber 

is known, the cross section can then be calculated In the usual manner. 

The calibrated ion chamber placed before the target gives the total 

number of protons passing through it, making possible the calculation of 

absolute production cross sections. 
Since this arrangement accepts pions produced with a small spread 

V 

of angles and In a small energy interval several runs are made to cover 

the entire energy spectrum at each particular angle. 

lit ABSORBER AND DETECTOR 

The position of the nuclear plate in the absorber and the type of sb 

sorber used are shown in 71g. Z. As can be seen in the figure. th,pôsitibn* 

of a pion' s decay in the plate is a measure of the pion' a range in the absorber, 

and therefore of its Initial energy upon entering the absorber. 

The cross sectional dimensions of the absorber were made large 

compared to the mean lateral displacement of the pions due to the multiple 

Coulomb scattering suffered by them while slowing down. If the pions 

from the target strike all parts of the absorbar face, a condition of "poor 

geometry" obtains and It may be assumed that as many piona scatter into 

that part of the beam which stops in the emulsion as scatter out of It. 

The root mean square lateral displacement calculated for 70 May 

pions was approximately 8 mm. The width and biht oltbe absoroers 
were always much larger than this. 

The Dumber of stopped pion* was found by scanning the developed 

plates under the microscope using a 90* oIl Immersion objective and 6x 

eyepiece.. The microscopes were equipped with a special stage which 

was designed and built by Mr. W. M Brower of the Physics Department 

machine shop. This stage enables the observer to reset the m$croacope 

to an accuracy of about 2 mIcrons and enables him to determine with good 

accuracy the area which has been scanned. The photographic plates used 

were flford Nuclear Research plates, type C4 and type C-3, with an 
emulsion thickness of 200 microns. 

An evønt was counted as a w& decay only if either the IT or the It 

track could be 4etinttely lde$ified as a meson by the usual test. of 
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/ 
scattering or of rapid grain density variation. It is estimated that with this 

• procedure the error in the number of pion. observed 1s less than 5 percent. 

For the high energy pione near the peak In the 00  pion spectrum, a 

copper slab was placed in front of the aluminum absorber holding the emul. 

sioii. This is shown In Fig. Z .B. With this arrangement, the pious rapidly 

• lost most of their energy by traveling a short distance In the copper. and 

the energy apectrrn was then eread out along the nuclear plate because 

of the low stopping power of the aluminum The range-energy curves of 
0 	 -- 	- 	 - 

Aron, Hoffman, and Williams,' as corrected by the recent WOk 01 MStfl5• 

and Segre. were used to convert the pion range to energy. These latest 

corrected curves are accurate to about 0. 5 percent In energy. 

The absorber Lace was cut so that the pioni :itered normally. 
I- 	 4•( 

Thus, the variation in depth of penetration with angle of IncIdence is very 

small. For the zero degree measurements, with a one inch diameter 

target, and with the maximum channel width used, this angle varied be-

tween +30  and, -30 •, depending on the energy of the meson and on Its points 

of origin and decay. This produced an uncertainty in depth of penetr&tIon 

of lees than 0.2 percent. 

In order to find the density of stopped pious,- it is necessary to know 

the thtèknese of the emulsion before development, it was possible to ca1. 

culate this value from the thickness of the processed emulsion determining 

the shrinkage factor using eIther the alpha particle calibration method of 

Wilcox. 8 or the similar method of 3arkas using x-raya. 

IV. CHANNEL 

The principal purposes of the chAnnel are to shield the detector 

from other particles and to Insure that the piono enter the detector norrnallyl 

The energy of the pious Is determined by their depth of penetration into 

the absorber-detector. the minimum width of the channel exit is fixed by 

the requirement of poor geometry discussed above. The rest of the channel 

is then designed to allow pious in the desired energy range to reach all 

points of the absorbr lace from each part of the target. 

For the 00 production experiment the ch&flnel accepted a 20 Mev 

energy interval arqund the peak. Atthe other angles it was necessary to \ 

use several values of the magnetic field with the same channel In order to 

cover a comparable energy Interval. In these cases the energy intervals 
00 

in the different runs were inade to overlap. 
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V. TARGETS 

The high cross section of hydrogen in the neighborhood of the peak, 

relative to that of carbon, made the use of a subtraction method practical. 

By measuring the pon yield from both polyethylefle, (CH2). and carbon, 
the hydrogen cross section may be calculated with good accuracy. 

In the region of the high energy peak, targets of one-uarter Inch 
thickness were used to obtain good energy resolution. For the slowly vary-
ing continuum from hydrogen, and for the carbon data at 00, one -hall inch 
targets were used to keep the cyclotron bombardment time within reasonable 
limita. The effective area of the target was that of the proton beam, which 
was coiiimated to a one-inch diameter circular area by a 40-inch tube in 

the cyclotron shielding. The target densities were calculated from the 

measured weights and volumes. 

VI. MAGNETIC FIELD 

The magnetic field used to separate the piuns from the proton beam 

was produced by a magnet whose maximum field was about 14, 000 gauss 

over an area sufficiently large to turn a 70 Mev pion trajectory through 

about 90 degrees. The ap between the pole faces was 3. 5 Inches. The 
proton nuclearinductjon resonance method was used to measure the 
field to an accuracy better than one percent. The variation of the field, in 

time, during any particular run, never exceeded one percent. 

VU. BEAM INTEGRATiON 

The ions produced by the proton beam in the ion chamber were col-

lected on a condenser and the total charge measured by a standard electronic 

integrating circuit. The Ion chamber had previously been calibrated by com-

parison with the total charge obtained by stopping the proton beam UL a 
Faraday cup. The average beam current was around 10 10  amperes. The 
overall accuracy of the charge measurement is estimated to be bettçr than 
±5 percent. 

Viii. GEOMETRY 

From the density of the pions in the emulsion one can obtain the 

flux of pious of a given energy in the absorber. In order to calculate the 

dUferential production cross section, it is necassary to know the solid 

angle subtended at a point in the target by a unit area in the absorber. 
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If the trajectories lie in a plane perpendicular to the uni1rm mag-

netic field, the solid angle subtended by a unIt area perpendicular to the 

trajectories is, 12 
dn I. 
U 	

(3) 
p4sln 

where p is the radius of curvt ture of the pLon trajectory, and 4 is the angle 

through which It turns from the target to the absorber. This formula applies, 

• 	 within 2 percent, even though the field departs from uniformity ne&r the 

pole boundaries, where p remains the radIus of curvature in the uniform por- 

tion of the field. 

A small error is introduced by the use of thia formula for pios 

whose trajectories have a email component along the direction of the 

magietic field. For the dimensions used in this experiment, this error 

was lee. than 0.1 percent, so no correctIons have been made. Also, the 

finite size of the target and absorber cause some variation in the solid 

angle (.-'7 percent) for plons .  of different points of origin and terrination. 

The value of dfl/dA which was used In the calculations was for a trajectory 

from the Center of the target to the center of the absorber. 

M. CALCULATION OF THE CROSS SECTION 

The number of pious in a gIven energy interval that entered the ab-

sorber can be deduced from the number of plons stopped in the emulsion by 

the following argument. We will make the simplifying approximation that 

the pions travel In straight lines. 

Consider pious of a given energy 1  E. which enter the absorbex nor-

mally to and over the entire area of tbeface of the absorber. Lt tese 

pious have a range in the absorber which is R0. Those pious whosetra-

jectortes lie between two lines, M1  and M2 , as shown in FIg. 3, wiU atop 

in the emulsion, while pious whose trajectories lie outside of these inee 

will stop only in the aluminum absorber. It is easy to see that the height. 

a, between the two trajectories is d Sec a R&b/Rem* where d Is the thick-

ness of the emulsion, a is the angle of inclination of the plate as shown in 

the figure, and Rem and Rab are the residual ranges of a meson of rsidual 

energy, Ereis In emulsion and absOber respectively. For a 150 atd d t 

20O, E 
rem 

c S. 7 Mev and RaW'Rem  a 1. 20. 
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Let the number of pione entering the absorber per unit area in an 

energy interval AE be N(E) E. U then we scan a strip of emulsion of 

length.A, perpendicular to the plane of Fig. 3, the number of pions that 

have stopped in the emul6ton will be N(E)E' a2. 

The epead In pion energies. 	. in the beam, corresponding to 

a distance a. along the plate (in the plane of i9. 3) is given by: AE 

Z coc a (_dE/dX)ab where (_dE/dX)ab is the rate of energy toes per cm 

in the absorber at the initial energy of the pions. Thus, the numberoi 

me sons that stop in the area Z •2 on the plate is given by n = N(E) (dE/ 

dX) cos a ° • a 	• i. U d denotes the thickness of the emulsion and q 
b  

represents the number of etopped pions found per unit volume of the emul-

sion., 	obtain: 	 - 	• 	- 	* 

_____________ 

ab 

The number of piona of energy Z per Mev per ca-1 lathe beam is 

given by: 
d 	tD 

N(E) 	o- N 	A A0 	
(6) 

 WX 

where N is the total number of protons that have passed through the targt. 

D is the density of the target material, Ao  is Avagadro'e number. A is the mole-

cular weight of carbon (orCH 2 ). t is the target thickness. dof(dEd) is the 

differential cross section for production of inesons by protons on a carbon 

nucleus (or a CM2  molecule) per unit solid angle per Mev, and d/dA is the 

•olid angle per unit area in the emulsion. 

UBing eqs. (5) and (6). the differential cross section is therefore found 

to be as follows: 

do- 	 _ 	2 M -1 	d C n cv $ era 

( 	J'ab N •DtA' 	 (7) 

ab' em 	 it 

Three corrections have to be made to e. (7) (a) Some of the pions 

decay In flight before reaching the emulsion. The mean life of the v +_rne  son 

	

has been found tobe 2.65 * 0.12 x io .8  sec. 	lithe meson moves a dis 

tance, dr in the laboratory with a momentum p, the proper time Interval 

that has elapsed I.: 

M 1 
 dr/ (PTC2) 

S 
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where M is the rest energy of the meson, and c Is the velocity of tight. 

/ 

	

	
In computing ihe correction to e. (7) due to decay in flight, we neglect 

energy loss in air, and use, for the absorber, the empirical ran ge energy 

relation 14  

T
ff 

: 
K 	 (8) 

where n 0. 58. K is jL  constant of the absorber material, T 7r
is the meeonm 

kinetic energy, and R. is its range. It can thenbe shown that the cross aec-

4 	tion as calculated from eq. (7) should be multiplied by the factor 

Exp { 0. 63 	+ xl - 	p 4 + 0. 89 	x 	R) 	(9) 

where x e T/(2.M). This formula 1$ easily extended tothe case of a 

composite absorber. 

The plone emerging from the target in agen ezrgy tnterval. 

AE, are produced at different depths of the target In different energy Inter.' 

vats, AE'. When this Is averaged over the target, one Linda that (AE/E')= 

• 	(.dE/dx2) tJ(Ez*Ei). where -dZ/dx 2  is the specifIc ionization at the exit 

side of the target. E 2-E1  is the energy toss in the target of a plan created 

at the front face, and t is the target thickness. The pion spectra are plot-

ted as originating  from the center of the target and the yields are increased 

by this factor. 
The observed number of plons is decreased from the actual num-

ber entering the absorber by large angle nuclear scattering and absorption 

in the copper and aluminum. A precise measurement of the cross sect*ons 

for these processes as a function of plon energy is not available, but recent 

exper$ments indicate that for the energies involved In our experiment 

the attenuation cross section 1s less than nuclear area. We have corrected 

our data using a total attenuation cross sectlon of 0. 8 nuclear area Indepen-

dent of the energy of the pion. 

X. EXPERIMENTAL RESULTS 

Tables I. II. and UI gIve the croSs sections obt&Ined from CR2  andC 

at 00±30, 350±30. and 580±30  in the laboratory. The energies given are 

the production energies of the pions as deduced from the thicknesses of 

the target, air and aboerber traversed. The experimental cross sections, 

the corrections discussed above, and the final corrected values are 1ied. 

The errors shown are the statistical probable errors calculated from the 
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number of pious counted at each energy. The hydrogen spectra are ob-

tained by subtracting the carbon from the CH 2  cross section and dividing '. 

by tWO4 Jigs. 4. 5. and 6 give the resultant spectra at the three angle.. 

A. will be seen in the tables, the CH2  peaks were examined In de-

tail, but only one point in this energy region was measured for carbon. 

This I. justified since the CH spectrum is so inteniely peaked that the 

exact details of the slowly changing carbon spectrum need not be known 

in order to get a good subtraction. At zero degree.,. where the peak is 

• 

	

	analyzed in detail, there is good evidence' 6  that the carbon spectrum is 

fairly flat from 60 to 75 Mev. 

The analysis of the zero degree spectrum showa that the peak, from 

65. 5 to 760  Mev, is a result of deuteron formation. (See Sectiàn Xl). At 

the other angles it is assumed that the peaks are also the result of deuteron 

formation. The pion energy at which the peak occurs 16 a function of the 

iaboratory.angle. (See Appendix I for a discussion of the dynamics of the 

reaction). At both 58 and 35 degrees the peaks do not fall at the calculatàd 
• 	

. energy.. This fact is not surprising, as the energy is a sensitive function 

of both the pion mass and the beam energy. The change In maximum pion 

energy, per Mev change In lnleial proton energy, varies from 0.9 Mev 

at Zero degree. to 0.6 May at 58 dGgrees. The variation in maximum 

energy for a change in the pion mass of one electron mass I. the same 

am for oneMeV change in the proton energy.. As the pion mass in uncer. 
tsin by two electron masses, and the exte.rnal proton beam is known to 

vary In energy by as much as 3 May, the energy, of the peaks cannot be 

predicted exactly unless special precautions are taken as was done at zero 

degrees. 

In order to obtain the cross section per unit solid angle for the form-

ation of pious in the déuteron reaction each experimental spectrum is Inte-

grated over the energy interval of the peak. The absolute cross section 

is assigned a twenty percent error at zero and 35 degrees and 25 percent 

at the 58 degree point. Table XV shows the cross Sections obtained at 

the different angles in the laboratory and the values after transforming 

to the center of muss. system. 

Fig. I shows the cross aections per unit solid angle. do/df2. for P + 

+ D. plotted as a function of the angle of the pion in the center of 

mass system. It is obvious that the crosS section varies with angle. The 
simplest assumption as to the form of the angular distribution is, 
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B (A + cos ) cm2  sterad. 

Since the initial particles In the reaction are Identical, the d.tribution must 

be symmetrical about 90 degrees; therefore, no term In odd powers of the 
cosine can appear. The constants A and B have been determined by the 
method of least squares from the data given in Table IV, giving the follow- 

ing rerngt: 
dc- 3. 3 * 1. 2 1111 e .06 + coà2 01 x 10 9cm2  sterad.4  (10) 

The total cross section for P + P_ 	+ D, obtained by integrating eq. (10). '  

Is: 
o-= 1. 8 ± 0. D x 1048  cm 2 

The errors given are based on the external consistency between the 
experimental values and the values calculated from (10). Fig. 8 shows the 
calculated curve and the experimental points as a function of anglb in the 
laboratory system; for comparison a curve for a spherically symmetric 

distribution in the center of mass is also shoWn. 
An independent measurement at 18 degrees in the laboratory using 

a liquid hydrogen target has been made by Peterson, Doff and Sherman 17 . 

Their value is also shown in Fig 8 and is in good agreement with the cal- 

culated curve. 
The pion energy is also a strong function of the laboratory angle, 

varying by 0. 8 Mev per degree at 58
0. The largest possible error in the 

angle measurement is that at 58 degrees, where it may be as large as three 

degree.. However, a change in the angle of three degrees changes the 
constant factor in the angular distribution by only three percent, which is 

small compared to the uncertainties from other sources of error. 

The total cross section at zero degrees, including the contribution 

from the continuum, is 1.9 ± 0.4 10_28 cm 2  sterad. 
The maximum energy of pions produced in P-P collisions depends 

on the proton beam.energy, the direction of emission of the pione. and 

on the masses of proton, pion, and product nucleons. (See Appendix 1). 

In Section XI it is shown that the peak in the spectrum is due to deuteron 

formatIon &nd occurs at the maximum pion energy. Thus, knowing proton 

and dueteron masses, it requires only a measurement of the energy of 

the pioni in the peak, for a gIven proton beam energy and angle of pro-

duction of the meson, in order to measure the pion mass. 
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• 	The data at zero degrees was used to determine the pion maSs. At 

zero degrees the dependence of the maximum pion energy.is  quite Insen-

sitive to a small variation In production angle. (See Fig. 10). The proton 

beam energy was measured during the zerodegree experiment by Dr. Ro-

bert Mather using the Cerenkov radiation of the. beam. The energy of the 

pions in the peak was inferred from their range, taking into account the 

apparent pion energy spread introduced by the finite resolution of the ap-

paratus. Further details can be found In reference U. 

The positive pion mass determined by this method 1. 275.1 2 5 

electron masses. 
.-,. 	••4 

- 	XL DISCUSSION OF THE EXPERIMENTAL RESULTS 
AT ZERO DEGREES 

It has already been pointed out that two reactions are possible in 

this experiment: (1) p +P-1t+  + D and (2) p + p+ + N + P. 

If only reaction (2) occurs, the plan energy spectrum at any aigle 

will onslst of a continuum from zero up to some maximum enórgy deter' 

mined by the proton beam energy and the masses of proton, neutron and 

pion. 

The poseibility that the proton and neutron come off as a deuteron 

was suggested In 1948 by Maraud, Cuer, and Maucharafyeh 18 . and In 1949. 

by Barkas19 . U a deuteron is formed, the pion spectrum at any angle con- 

• sists only of a line spectrum at an energy which is, because of the bind-

ing energy of the dueteron, a few Mev higher than the maximum energy 

plan produced by reactIon (2). 

• 	Consider first the pionaproduced at zero degrees. The energy In- 

terval between the uppCr limit of the continuous spectrum (2) and the line 

spectrum (1) Is then 4 Mev in the laboratory system. U the pion mass 
were known with great accuracy and if the resolution of the apparatus were 

sufficiently high, one could te'U from the observed maximum plan energy: 

whether Or not dentera.formation ever occurred. This approach is very 

difficult. If, however, the shape Of the experimental Epectrum at zero 

degrees Is compared with some theoretical curves given by Watson and 

Erueckner20, Information aboutthe extent to which both reaction occur 

can be obtained. 

It was pointed out by Brueckner, Chew and Hart that the production 

of pions in nucleon-nucleon collisions is strongly dependent on the wave-

state of the product nucleons. This Idea was developed by Brueckner and 
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Watson in their phenornenological description of the process. They give 

plon energy spectra at various angles for the different possibilities of 

wave-states for pion and product nucleon.. 

The outstanding feature in the experimental spectrum of piona pro. 

duced at zero degrees by protons on protons is the intense peak near max-
irratrn meson energ. he shape of the spectrum near the peak to pri-
marily determined, in the theory, by the wave functions of the nucleons 

in the final state. It might be expected that for those plons produced with 

energies near the maximum, the product-nucleon. waild be in an S-state, 

since their relative velocity I. small. And indeed, the experimental re-

suits do not fit any of the theoretical spectra of Brueckner and Watson 

based on the assumption that the final nucleons are inaP-state.  

AccordIng to the theory, a strong peak will occur if the nucleone 

come off in either a triplet S-itate or in a singlet Sstate. If the product 
nucleons come off in a 3

S-state, there is a large probability that pion pro-

duction will be accompanied by deuteron formation. The resulting line 

spectrum will be intense compared to the continuum, thus giving riee to 
the peak. if, however, the nucieon are left In the 1S-etate, a strohg peak 
will still arise because of the resonance resulting from the low energy 
virtual state of the deuteron. 

It should be pointed out that deuerons have been detected in coinci-

dence with plons of ppproximately maximum energy by Crawford. Crowe 
and Stevenson. 21 

• It can be concluded 'from the results at zero degrees that the peak 

in the spectrum is due solely to deuteron formation. This folaws from a 

comparison of the experimental poijats with the curves derived by folding 

the resolution of the apparatus (see Appendix U) into the theorettcal spec. 
t r'a. 

Curve U. FIg. 9, shows the result of folding the resolution Into that 

theoretical spectrum in which the nucleons arei  left in the 'S-state and the 
plans are produced in a P-state with a cosQ distributIon In the center of 

mass system. As mentioned above, the shape of the spectrum at the peak 

is primarily determined just by the final state of the nucleon.. This choice 

for the plan ''aveatate, however, gives the best of the theoretical spectra 
based on the 1S-etate to, the experimental points in the peak. 

I 
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Curve I, of Fig. 9, Otows the result of folding the resolution into that 

spectrum in which the ruicleona are left in the 35.. state, and the pious are 

again produced in a P-state with a cos 2 Q distribution. Since the main Lea.. 

ture of this spectrum is a line displaced upward by 4 Mev from the continuum, 

this curve is essentially a plot of the estimated resolution. The resolving 

power is sufficiently high, as shown In Appendix II, that the apparatus does 

not appreciably mix the continuum and the line spectrum. The selection 

of the particular angular momentum and angular distribution of the pions 

is even less critical here than for the 
1$  case, since the intense deuteron 

peak is the essential feature of all the 
3  spectra. 

Fig. 9 also shows the experimental points at zero degrees. Both 

tleoretical curves are normalized so that in each the area from 65. 5 to 76. 0 

Mev agrees with the area under the experimental points in the same energy 

Interval. The close fit of curve I with the experimental results Is strong 

evidence that the peak corresponds to deuteron formation. It is clear that 

the expárimental points, on the other hand, are not In agreement with either 

the half .width or the asymmetric character of Curve II for the 1S case. 

The experimental results thus establish that the peak is largely due 

to deuteron formation. There is still the possibility to be examined that 

the peak contains an appreciable contribution from 1S final nucleon states. 

However, the S peak contribution wifli occar 4 Mev below the contribution 

from the 3 S deuteron line. Since, as mentioned above, the resolving power 

of the apparatusis high enough to distinguish details In the spectrum that 

are 4 Mev apart, any appreciable 
iS  contribution would have occurred in 

the experimental results as a separate peak 4 Mev below that of the deu- 

terons. Therefore, it can be concluded that the intense peak Is duo intirely, 

to deuteron formation. 

Since the peak accounts' for approxivately 70 percent of the total 

cross section at zero degrees, it is clear that roughly 70 percent of the 

mesons produced at zero degrees are accompanied by nucleon, in the 

state. 

The observed angular distribution implies that the mesons associated 

with the P + 	+ D reaction are largely in a P-state with, possibly, a 

small amount of S-state. 

Recent experirnerts suggest that the plon is peeudo.calar. 	Using 

the Pauli exclusion principle and conservation of parity and angular mo-

mentum, it then follows that if the plon is in an S-state, the nucleona are 
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in a 1  S.-state, while If the plon Is in a P-state, the nucleons are in a 

state. Thus, the conciusións.from the 0 0  data are consistent with the re-

suits from the angular distribution. 

That the plons come off largely in a P-state Is also consistent with 

another experimental result. Brueckner and Watson point out that If in.,tbe 

production of neutral pions In proton-proton collisions the pions go off pri-

marilyin a P-state, then by conservation of parity and angular momentum 

one obtains, using the ?aulI exclusion principle, a strict selection rule 

forbidding the reaction If the pion is peoudoscalar. This is in agreement 

• 	with the experiments of Hales, Rildebrand, Knable and Mouer, who find 

an extremely low yield of neutral pions when hydrogen Is bombarded by 

340 Mev protons. 

XII. SPIN OF THE POSITIVE HON 

The principal reaction studied in this experiment Is P + P—rr+ + D. 

In the center of mass system the pion energy is 21. 4 Mev for an initial pro-

ton energy in the laboratory of 341 Mev. If the cross section for the ab-

sorption of a 21.4Mev pion by a deuteron to give two protons is also known, 

the spin of the pion can be calculated by the principle of detailed balance. 24, 

Assuming that the Initial protons in one case, and the Initial pions in the 

revese reaction are unpolarized, we can write, - 

(iE) - 
	( ZS P + 1)2 p2 

(2S+ 1) (2S+ 1) q 

where (do/d) Is the cross section for producing a proton in a unit aolld 

angle from the absorption of a pion, SF,. SD. and S are the spins of the
Tr 

proton, deuteron, and plon respectively, and p and q are the proton mo-

méntum and pion momentum respectively in the c. m. system. 

The pion absorption cross section has been measured by Drbin, 

Loar, and Steinberger 25  at Columbia University and by ClarI, Roberts 

and Wilson26  at the University of Rochester. In the Columbia experiment 

the cross section has been measured as a function of proton angle at pion 

energies ranging from 25 to 53 Mev. In the Rochester experiment the 

angular distribution could not be obtained,' but the total cross section 

was calculated for v Oi,va1ies of the constant, A Is the assumed an-

gular distribution, B(A + cos2Q). Their result is an average over pion 

energies from 0 to 30 Mev. 
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The decay scheme of the positive pion and the mode of absorption of 
22 

the negative pion are good evidence that the pion spin must be Ittegrai. 

Comparison of the experiment at Berkeley by means of the principle of de-

talled balance with those at Columbia and Rochester makes it possible to 

choose between the values of zero or one for the spin. 

In Table V the cross sections are listed for the proeas IT++  D-4 P 

+ P. The Berkeley values were calculated using eq. (11), (a)-with the spin 

of the pion equal to zero, and (b) with the spin equal to one. The total cross 

section quoted from Rochester is based on the assumed angular diatr*bu-

tion, 0. 2 + cos 2O. The total cross sections from Berkeley and Columbia 

are In good agreement for pion spin zero, although the angular distributions 

differ aornewhat. The Roche ster cross section, although more than one 

probable error away from the Berkeley result for spin zero, is in a direc-

tIon opposite to that expected for spin one. With pon spin equal to unity, 

the Berkeley measurement yleldsa i+ D—P + P cross section which 

is about seven probable errora,lower than the direct Columbia measure-

ment, and four probable errors lower than the Rochester measurement. 

The excitation function of this reaction is a strong function of 

energy. The difference In the experimental energies and their uncertain-

ty, thus introduce some ambiguity in the above comparisons. The excitat-

ion function at zero degrees has been masured up to a proton energy of 

341 Mev by Schulz 27  and in the inverse experiment from a pion energy of 

25 to 53 Mev by Durbin, et al. Using their data it would appear that trans-

forming the Columbia result to the lower pion energy would at most lower 

it by 30 percent. A change of this magnitude would leave the conclusions 

as to the spin unchanged. 

Thus.' on the baèis of the experiments done to date one can conclude 

that the plon epin is very probably zero. The experiments of PanoIsky. 

Aamodt and Hadley 22  on the pion absorption in deuterium show that 11 the 

negative pion has spin zero, it cannot be a scalar particle. Assuming 

that the positive and negative pious are particles of like character, it can 

be concluded that the charged pious are.peeudoscalar. 
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APPENDIX I. DYNAMICS 

The relativistic calculations for the dynamics of reaction (1) and (2) 

are easily made. Let T be the kinetic energy of the protons in the labora-

tory. Then the velocity of the center of mass in units ofc,. 
crn'  is given 

by the formula 

OR + T)4/2  

et V 	 = (1. p2cm h'Z ; then the total energy available in the center ofcm 
mass system, U, is given by 

U = Pycm  e [ZRp  (2R +T])  

	

• 	 In the center of mass system, the pions come off In reaction (1). with 

	

• 	total energy (rest + kinetic) given by: 

ZU 

	

• 	 ,. 	• 	2 	,2 

IT 

where RD  and  RIT  are the rest energies of the deuteron and pion respectIvely. 

The maximum pion cnergy in reaction (2), is obtained by subtituting the rest 

energy of the neutron plus proton for the rest energy of the deuteion in the 

last formula. If the pion comes off at an angle 0' to the beam in the c.m. - 

system, then in the laboratory the angle with respect to the beam, 9. is 

given by the well known formula; 

tan 9 	. 	 Q* 	
(1-4) 

cm 	COB 9' + 

where P is the velocity of the pion, in units of c, in the c. m. system. The 

total energy of the pion in the 1aboratory, EITS  is given as a function of 9 by 
the formula: 

E(*yb)4(Et .+ PC0 Qd\/.EI22b. 
RIT2)  

where b=I- 2  cO59. 	. 	. 	 . cm 
ig. 10 is a plot of e. (1-5) for the case in which a deuteron is formed 

and also for the case in which the neutron and proton come off unbound and 

the plon Is emitted with maximum energy. . 	• 	• 	• 

The relationbetween the elements of Bolid angle in the laboratory, d2, 

and the corresponding element of solid angle in the centerof maSs, dW, is 

given by the formula 
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dilP'y' 	( EE' - y 	R 2 ).  cm 

Pff 
C  

p and p' are the momenta of the pion in the laboratory and in the c. rn. 

ayatern respectively. 

At zero degrees and for 340 Mev protons and a plan mass of 275.1 elec-

• 	tron ma.aei, dE/dE 	0.9 and (dE 1Jdzn) = 0. 8 Mev per electron mass. 

V 
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APPENDIX U. ItESOLUTION 

The experLmental energy spectrum of the pious was determined from 

the densLty of plon endings found at each depth in the absorber. The density 

of pious as a function of range was then converted to the density of pious a4 

a function of energy by means of the range.energy curves for pions. This 

method of detection introduces a finite resolving power into the apparatus. 

Pions of a particular energy will not have a unique depth of penetration into 

the absorber because  of range straggling and multiple small angle scatter-

ing. The first effect is due to the statistical fluctuation. in the number of 

collision, the pion undergoes, and gives an approximately gaussian dig 
tribution in range. The multiple Coulomb scattering gtvee rise to a dis-
tribution in depth of penetration for pions of the same range because the 
projected range depends on the angles through which each pion has been 

• 	scattered in the course of its travel through the absorber. Since the energy 

of a pion was deduced from the position of its ending in the absorber, the 
above variation in depth of penetration for a rnoroenergetic beam of pious 

• 	will manifest ftself An an apparent spread in the energies of the pious com- 

ing to the absorber. 
Further energy smearing arises because the detector accepts mesons 

from a. small range of angles about zero degrees, and the pion cut-off energy 

Or peak energy, in which we are interested, varies with the angle of produc-

tion. The geometry of the zero degree experiment allowed a variation In 

angle, for the maximum energy pious, from _30  to 40  As I. shown in 

Fig. 10 this introduces a spread in energy of i... than 0. 2 Mov. Thexefore, 

this effect can be neglected in determining the resolving power. 

• 	 The use of a thick target would also be expected to decrease the re- 

solving power. However for the pious of maximum energy, this turns out 

to give only a spread of 0. 1 Mev for the thickness of CH 2  used in the ax-

perLment. This comes about In the following way: While the pious at the 

front of the target lose a small amount of their energy in traversing the 

target, the protons also lose energy in passing through the target. and pro. 

duce pious of correspondingly lower energy at the back of the ta get. Thus. 

the energy lose in the targ.t y the pious tends to be compensated by the 

energy loss of the protons. 
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The main causes of the finite resolving power introduced by the de-. 
tection method are, therefore, the multiple small angle scattering ant the - 

range straggling mentIoned above. An additlozcal energy spread. in intrA, 

duced into the experiment by the proton beam, bich is itself not mono \ 

energettc. The energy distributlon of maximum energy pious arising from \ 

each of these three effects has been calculated biow. The three distribu-

tions are then folded together. The resultlrg curve, shown In Fig. 11, 
• 	

gives the distribution in energy that maximum energy pions produced l a 

proton'proton collisions will appear to ha v when produced at .0 
0

and de-

tected with the experimental equipment used. 

The resolution has been assumed to be constant over the high energy ,  
• 	part of the spectrum in obraining the curvein.Figs. 4 and 9. 	 S S 

The depth of penetration for a monoenergeti bem of ions entering 

an absorber normally will have a distribution, die to scattering, which is 

calculated approximately below. S 

A collimated monoenergetic beam of pionnwill, after passing through 

an absorber of thickness dx, possess a gaussian distribution of angles 

due to multiple small angle scattering. The mean square angular spread,, 
28  

ie4ç.  
16N:e4d 	ln (181 Z*h/3) 	Cdx 	(114) 

where C = 16irNZ 2  e4  i (181& 01/ 3  and where N is the number of atoms per 

cm 3  of the absorber, Ze is the atomic charge of the absorber material, e is 

the electronic charge, and v and p are the velocity and momentum of the pion 

respectively. S 

Using eq. (8) we find that a pion following the ruin Jangle of deflection 

in each thickness dx of the absorber, will have, at a depth x In the absorber, 

a direction of travel given approximately by H mi(X)e  bere 

0. 31 C  
I(RO 
	1_Zr 1-Zn I 

S 	
(x) 	

k2  (Zn - 1) 	
x) 	R 	

(fl-2) 

This formula is not applicable at x = R whe re  the small angle scatte ring
10  

formula (Il-i) does not hold. However, for an aluminum aboerberJ((x) is 

about 220  at x = 0. 99 R0. The assumption of small angle scattering is there-

fore valid in the interval x = 0 to x = 0.99 Re,. Since almost all of the varia-

tion In depth of penetration of the pious takes place in this Interval 1  -eq. (11..2) 

should be accurate, for our purposes, to within about 20 percent. 
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Now, In order to obtain the distribution in depth from the expression 

forrn.. we introduce the assumption that a plan at adepth x' whole ira. 

jectory makes an angle®(x 1 ) = k®.ms(x') with the forward direction s  will 

at all x, maintain a. direction of travel given by ®(x) kH)rma (x). Thus, 

on this assumption, a pion traveling at an angle equal to twice the r. M. a. 

angle, always travels at twice the r. rn. S. angle. This assumption is not 

unreasonable for obtaining a. rough idea of the distribution. An exact treat-

ment of the problem seems difficu1t On the other band, the above assump-

tion leads to a distribution In depth of penetration, which, although crude, 

seem* more realistic than assuming, for example, a constant 'avera ge" 

decrease in depth of penetration for each pion. 

Since the, distribution in®(x) is gaussian, the distribution In k is 

also gaussian. and the fraction of the  total number of pioni with k in dk is 

N(k) (1k 	2 

Knowing1 at every depth z, the angle with which each pion travels relative 

to the origInal direction, we are-able to compute each path. 

The psth length traversed by a pion is S (dx/coi ®(x)) and the short-

ening in the projected path distance is therefore, given approximately by 

J (dx( (x)/Z). 

The av.ras shortening that the projected path$ undergo is given by 

the shortening for the pion which maintains the r. m. 5. angle. Using eq. 

(114) this average shortening, turns out to be . 08C/(l'n) R/T. where 

T .is the initial kinetic energy of the pion 
The pion Mntaining the direction of travel kmi x) has then a de-

crease of 
penetration given by w kZw* The distribution in w is found from 

the distribution in k: 	 40 

N(w) dw
0 	 dw 	 (113) 

With the absorbers used, the total. shortening in depth of penetration was, 

for the "rma" plan. 0.14 cm 
of aluminum Since the energy is inferred 

from the depth of penetration, a plon traveling along the path with the rrns 

angle will appear to have an energy decreased from-the true ener gy  by 

41 
w (dE/dx) Al T0  This yields AE* a 0.88 Msv. The distribution in W e 

(eq. 11.3) corresponds to a distribution in £ given by: 
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-(E .E)/Z (0.88) 
N(E)dE 	0 

088 

where E0  is the true pion energy and the energies are in Mev. 

Next, the effect on the energy resolution of range straggling due to 
atatistical fluctuations in the nun bar of colilejons that the meson undergoes. 

29 Liv atgston and Bethe give an expression for the mean square width In the 

gaussian distribution of distance traveled by monoenergetic particles which 

lose a given amount of energy by ionization. For plons of high velocity 

which decrease In energy from E 1  to B 2  this expression yields: 

AI2 	 ________ 
/ 	 dx 

- 

where a is the electronic charge. N is the number of atoms per cubIc cen-

timeter of the absorber, W is the number of electrons per atom that are 

effective In the ionization process, and ('dE/dx) is the rate of energy loss 

of the plon at the energy B. The integation can be carried out by means 

of eq. (8). For the experimental absorb era used, the total accumulated 

straggling in range was calculated as AR rmsC  0.15 cm of 	If there 

ere no straggling, this gaussian distribution In range would correspond 

to a. gaussian distribution in the energy with which the pions enter the ab-

sorber. The mean square in this energy distribution Is given by: 

• () E, 	
0.92 May2 . 

The e1ecticafly deflected 341i Mev proton beam has an energy spread 

estimated to be about 1.6 M.v. Witlout a detailed analysis of the origin of 

this spread, we have assumed that the distribution in energies is gaussian 

with an r.m. s spread of 1.2 May. This value give, the best fit to the ex-

perimental pints. If, however any value In the vicinity of 1.5 Mev were 

used for the r • in,, s spread, the conclusions reached would remain un 

changed. 

Protons with a gaussian energy thstTibution will produce pions whose 

maximum energy will also have a gaussian distribution. Since a change in 

proton energy of I May produce a change of 0. 9 Mev in the maximum pion 

energy, the plon energy gaussian will have an r. in. a. width of 0.9 x 1.2 

or 1. 08 Mev. 

I, 

1' 
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The range straggling and proton beam energy distributions, when 
Lolded tog.ther,. give a gaussian of r.m. s. width 1.44 Mev. The final 
resolution curve is found from folding the distribution produced by mul. 
tiple Coulomb scattering into this gaussian, and is plotted in Fig, U. 

t 
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TABLE II 

• 

Target 

• 

Pion 
Energy, 

Mev 
__________ 

do/dEdSx 10 
(Uncorrected), 
cm2  Mev' 

ter 4  

Mtenuation 
In 

Abeorber 

do/dEdftx 10 0  
(Corrected) 
cmZ Mv £ 

 .ter' 

8tatltica1 
Probable Error, 
cmZ Mev- 1 . 

ster.. 

.CH2  40.2 1.70 108 90 *0.62 

42.8 9.97 1.09 117 ±0.83 

43.8 16.6 1.09 19.7 *1.3 

44.6 19.4 1.09 23.1 *1.6 
45,3 22.8 1.09 27.3 ±1.9 
46.0 25.8 1.10 312 ±2.0 

• 

46.9 .2646 110 32.2 *2.1 

47.7 21.3 1.10 25.8 ±1.6 

48.3 16.0 1.10 19.4 *1.4 

• 497 8.52 1.10 10.3 *0.94 

50.5 5.31 1.11 65 *0.54 

5,49 1!08 6.46 e045 

TABLE UI 

• 	 Target Pion 
Energy, 

M,v 

30 do/dEdfLz 10  
(Uncorrected), 

cm2  .Mey 1  
eter' 

Thick Target 
Correction 

Factor 

do/dEdflx 
10 30  

(Corected, 
cm' Me '* 11  

 ster 

Probab1e 	30 
Errpr x 10 
cm Mev' 

ster' 

CH2  20 0 303 1,11 3.8 *0.4 

2140 - 	 3.16 1.09 3,8 *0.4 

22.5 3.98 1.08 4.7 ±0.4 

24.5 6.81 1.07 8.0 ±1.0 

25.0 6.19 1.07 7.3 ±0.7 

27.0 4.30 1.07 5.1 ±0.7 

28.5 2.70 1.06 3.2 ±0.6. 

C 26.0 . 	 3.21. 1.09 3.8 *0.3 

C, 
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TABLE IV 

01ab. °'1b. 	10. 0c.m do/dr.) 	M.  x 1029  

cm2  eter. -1 cm2  eter. 	1 

80. 1.2*0.25 00 3.1*0.7 
350 0.,50±010 650  1.8 *0.4 

580  0.08*0.02 1040  0.47*0.12 

TABLE V. 

Experiment 	S  T(c. M. (dc/d) 	x 10 2 0 	 c0. x102 

Mev cm2  eteracL  

1i±4(0.ii±.06+coe 2O) 3.0±1.0 
Berkeley 21.4 3.7±i.3(0.1i±.06+coe 20) 1.0*0.3 

Rochester 23 (ave.) . 4. 5*0 . 8*  
5 

Columbia 25 9(0.22+cos 24) 3.1±0.3. 

* Assuming an angular distribution of (0. 2+cos 2Q), see ref. 26. 

Transformed on the assumption thatS 0. 

Transformed on the assumption that S 	1. 
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TITLESEORTHEFIGTJRZS 

Fig. 1: 	Schematic diagram of the experimeatal set-up. 

Fig. 2: 	A) The position of nuclear emulsion in the absorber. 

B) The composite absorber used to obt&ifl the zero degree data. 

Wig. 3. 	Diagram used to calculate the flux of pions from the density of stopped 

• 	 ptons in the emuleon. See Section IX 

Fig, 4: 	Differential cross section, as a function of piOn energy, for pion pro- 

duction from hydrogen at sero degrees The solid curve results from 

• . folding the experimental resolution into the theoretical spectrum for 

the final nuc1oni in a 35-etate and the plan In a P-state with a cos 0 

angular distribution In the c. in. system. (See Section XI). 

wig. 5: 	The differential cross section in thekregion  of the peak for plan pro- 
•...... duUon from hydrogen at 35P as a function of the energy. 

Fig. 6:q• The differential cross section in the region of the peak for pion pro-

duction from hydrogen at 580 
. 

FIg, 1: 	Angular distribution In the center of mace system of the pione In the 

peak. The solid curve is a least squares fit of the data 

Wig 8: 	Angular distribution of the plans in the peak vs. laboratory angle The 

solid curve comes from a least squares fit of the data in the c. m system. 

- 	The dashed curve Is the resut of transforming to the laboratory a 

Uniform angular 4tstrlbution.in the c.ni. system. 

fig 9: 	Experimental point, and theoretical curves for the differential cross 

section for pion production from hydrogen at 00  in the neighborhood 
• 	. 	of the pea. Curve 1: the nucleons are left in the 3$-state and the 

• pious are produCed in a P-state with a Co. 2Q distribution in the c. m. 

system Curve 2: the nucleons are left in the 'S-state and the plans 

are produced in a P-state with a cos 20 distribution lntthe C. M. system 

Fig. 10: 

	

	Kinetic energy of the pion vs angle in the laboratory. The solid curve 

is for the case in which a deuteron comes off. The dashed curve is 
the maximum energy of the plan when a neutron and proton corns off. 

Fig 11: 	Re5olution of the pparatus for the zero degree experiment. 

0 
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TITLES FOR THE TABLES 

1able I: 	Results at 00 . 

Table II; Reluits at 35° . The correct.on factor for decay tn flight is 1.07. 

The àórrection for the thic ne.e of the target is negligible here. 

Table fl!: Resulti at 580. The correction factors for decay In flight and 

for attenut1on in the absorber are 1.06 and 1.04 respectively. 

Table IV: Summar.y of the measured cross sections for the reaction p + P—i 
+ 

Table V: Corxiparison of the cross sections for pion sb.orption by deuterium 

as obtained by Clark. Roberts and Wtl.on at Rochester and Durbin, 

Loir, and Steinberger at Columbia, with the present results, which 

have been transformed to give the absorption cress section by the 

prInciple of detailed balance. 



.31. 	 UCRL .2102 

REFERENCES 

C. Ricbman, and H. A. WilcoE Phys. Rev. 78, 496 (1950). 
M. Weissbluth, Ph. D. Thesis, Univ. of Calif., (1930). 

W. F. Cartwright, C. Ricliman, M. N. Whitehead and H. A. Wilcox, 
Phys. Rev. 78 823 (1950). 

K. A. Bruacknea', PIty.. Rev. 82, 598 (1951). (In particular see 
appendix by Brueckner, Chew aR Hart. 

S. 	M. H. Johnson, Private communication to R. E. Marshak 

R. E. Marshak Rochester High Energy Conference, Dec. (195].) 
(unpublished) W. B. Cheston, Phyi. Rev. 83, 1118 (1951). 

See e. S. W. M. Powell, L. R. Henrich Q. A. Kerns, D. C. Sewell, 
and R. L. Thornton R. 8.!, 19, 506 (194$) for a description of the 
deflecting mechanism and J.. Cladis, W. N. Hess and B. J. Moyer, 
Phys. Rev. S 425 (1952) for a d.scrilon of the collimating system. 

C. Richman M. W.issbluth, and H. A. Wilcox, PIty.. Rev. 85, 161 
(1952). 	 - 

W. A. Aron, B. G. Hoffman, and F. C. Williams, AECU.663, un- 
published. 

R. Mather and E. Sega'., Phys. Rev. 84, 191 (1951). 

U. W. H. Barkas, unpublished. 
For detail., see UCRL-1278, Office of Tecbnical Services, Dept. of 
Commerce, Wash.. D. C. 

0. ChamberlaIn, R. F. Mousy, J. Steinberg.r, and C. Wiegand, 
PIty.. Rev. 79, 394 (1950). 

See for e'amp1e, H. Bradner, F. U. Smith, W. H. Barkas, and A. 
S. Bishop PIty. Rev. 77, 462 (1950). 
D. Stork, Meeting of the American Physical Society, Dec. 1952. 

W. Dudsiak to be published. 

V. Z. Peterson, E. Doff and D. Sherman, PIty.. Rev. 81, 647 (1951). 

J. Morand, P. Cuer, and H. Maucharafy.h, Compt. Rend. 226, 1974 
(1948). 

W. Barkas, PIty.. Rev. 75, 1109 (1949). 
K. M. Watson and K. A. Brueckner. PIty.. Rev. 83. 1 (1951). See 
also K. M. Watson, PIty.. Rev. Be. 1163 (1952). - 

F. S. Crawford, K. M. Crows, and M. L. Stevenson, Phys. Rev. 82, 
97 (1951). 

W. K. H. Psnofsky, P. L. Aamodt, and J. Hadley, Phys. Rev. 81, 
565 (1951). 

R. W. Hales, R. H. Hi1debrsd, N. Knabi. and B. J. Moyer, Phys. 
Rev. 85, 373 (1952). 



-32- UCRL-2102 

 See e. g.  H. A. flethe, ,1ementary Nuclear ?.hyeics. p. 61, John Wiley.  
and Sons 	Inc., New YOrk, (1947). 

 R. Durbin, H. Loar,.andJ. Steinberger, Phya. Rev. 83, 646 (1951) 
and Phys.. Rev. 84, 581 (1951). 

 D. L. Clark, A. Roberts and R Wilson 1  Phys. Rev.. 83. 649 (1951) 
and Phys. Rev. 85, 523 (1952). 

21 A. G. Schulz Jr. UCR.L-1756. 
 Roast and Greisen, Rev. Mod. Phys. 	13, 263 (1941). 
 M. S. Livingston And H. A. Bethe, Rev, of MàPh'rs. 9, 245, (1937). 

1 



- 

BEAM COLLIMATOR-" J I 	 / CYCLOTRON 

SHIELDING 

ION CHAMBER 

ABSORBER 
AND PLATES 

BRASS 
SHIELDING 

MAGNET POLE FACE 

1 



! 

A) 

Fig. Z, 



F/c. 'J 
AL 



> 
w 

'-4 

'a 

Ui 
I- 
(I) 

c'J 

0 

0 

'-I 

x 
1 
w 
csJ 

0 

0 
II 
0 

1•1•1 1 	 OD  

 cli 

OD 

Q 

cr 

(.0 

(0 

0 

cr 
coO 

Ld 
I 

01- 

cr 
CJ 

z 
Ui 

OD 
cJz 

0 

0 
c'J 

(.0 
'-4 

C.J 

OD 

'-4 

ON 

I 	I I 	I 	J 	• I 	I I 	I 	J 	I i  I 	I 	I 	I 	 I
(0 	- 	CJ 	0 	 (0 	 0 	co 	(0 	 0 
C'J 	('.J 	c'J 	CJ 	-I 	-4  

p NOLL03S SSOIO 7VI.LN3kII0 Up 3  .0 p 

F/c. 4 



.LO 

> 
Li 

LU 

0 

LU 
r() 
II IC) 

CsJ 

IRS 

.L() 
'—I 

'4 

> 
Li.) 

.0 

ir 

'—I 

IL) 

I- 
(I) 

0 
0 

IF- 

0 
I • 	I 	I•I•I , I.I I• 	 I 	I 

10 	 ('.J 	'-4 	0 	0) 	) 	N 	(0 	10 	c 	tO 	N 	 0 
'—I 

N0II03S SSOèJO 1VI.LN33dIO 
Up.DJop 

pig. '.5- 

>- 
a: 
0 

a: 
0 

_J 

Li = 
I— 

>- 

a: 
Li 
2 
Li 

2 
0 
a- 



	

I • I 	 I 	1-I I 	I 	I 	1 	I 	I. 

ox 0-30 CM 2  STERAD.-1  MEV•-1  

8-

6-

4- - 

2- 	 e-58° 

8- 

4- 	 - 

2- 	 - 

0- 	 - 

DT

8• 	 - 

	

I 	

I 14
I 	

I 2 	I  

MEV 
PION ENERGY IN THE LABORATORY - 	

1 

F/a'. to 



 OD 

. '-I U) 
ow 

.f-w 

\ 
\ 
\ '-4 

\ 0 

N 1 

'4 	 N 0 
I. 	 N 
0 '-I 

N 
w 
I- 	 N 
U-) 	 N 0 

CsJ 	 N 
2 	 \. 

OhI 
'-I 

0 0 
- '-I 

li 

L 0 

N011039 	SSrn:Io 	1VI1N33JdIG 

2 
LU 
I- 
U) 
>- 
Cl) 

U) 
U) 

2 

U. 
0 

LU 
I- 
z 
LU 
C-) 

LU 

z 
'-a 

LU 
-J 

z 

z 
0 
CL 

o 	LL) 

L( 

\ 



Ui 
I-
U) 
>-
U) 

>- 
cr 
0 

cr
I-
4 

0 
cc 04 

CD _i 
0 
NW 

I 
01-
cD 

z 
0 . 
to 

Ui 0 

z 
to) 

0 
0 

o a. 

0 

0 
00 (r) 
'-4 W 
ow 

cr 
O 

0 
to 
'.4 

0 

0 
to) 
'-4 

0 
('J 
'.4 

0 
'-I '-I 
0 
0 '-4 

0 
O) 

0LL 

(I) Z 

crLL 

<wo 

/ 'I cr UJ  II Wj 

Ui  CL 
cr- / 

/ 
I0 / / 

O(I)L.. / / ,  \ 
I IX 
I p 
I H 

'4 
I. 

lool 

ool 
4 

w 
I— -I  

U) / 

/ 

U) 
III ,  

ro cj 
II I  

-I 

1,11111 1 	I'' 	1.111 

0 	OD 	N 	D 	IC) 
I 

N) 	CJ 
-1 i 	-i 4 4 

N01103S SSOJO iVI.LN3I3ddIO 
li-  p 
'op 

ca. Jo 

Al 



30-1XiO 30  CM 2  MEV 1  STERADt 

z 
222 
I- 
0 

cr 2-0  

C,) 
Cf) 	1.8 
0 

1.6 
-J 

14 

Ui 
12 

Ui 
LL- 
LL 

, i0 

b °  

6 

I 
0 -1 	 . 	 . 	 . 	 . 	 • 	 • 	 • 	I- 
63 64 65 66 67 68 69 70 71 72 73 74 75 

PION ENERGY IN THE LABORATORY 

Li 
MEV 

26 

24 

, 



0 
OD q) 

w 
0a 
qrl 

0 

'-4 

0 
U) 
'-4 

0 

'-4 

0 

'-4 

0 
cJ 
'-4 

0 
'-4 
'-4 

w 
0—i 
ow 
'-4 z 

0 

0 
Q- 

0 
m 

0 
(0 

0 
U) 

0 
It 

0 
r') 

0 
CQ 

Al 

AO1VO8V7 3H1 NI NOlci 3HJ. JO ASèI3N3 0113NIN 

 

%.0 



\ks 	N(E)7 
RELATIVE NUMBER 

-14 	PER MEV 

3 

t 

11. 

to 

9 

8 

. 7 

6 

5 

4 

3 

2 

I 

I 	 I 	 I 	 I 	 I 
- - - 
	 MEV 

E - E0 

12 




