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The study of mesons produced from hydrogen is a: logical culmination of 

the knowledge and techniques gained from earlier ~xperiments on simpler targetso 

Gardner and Lattes1 made the first estimate of the meson production from carbon» 

_using the photographic plate technique with the internal circulating cyclotron 

beam. Later Peterson2 measured the differential cross..;section for production 

of mesons from carbon in the forward direction at low meson energies for both 

38b Mev alphas and 350 Mev protons inside the cy616'trorr:·· .· The··axternal deflected 

proton beam was first used for meson production experiments by Richman and 

Wilcox3 and Weissbluth4 to study mesons produced from carbon and lead. This 

method offers the advantages of a well-collimated beam and a field-free region 

to study angular and energy distributions over the full range of meson energies. 

These experiments measured the energy distribution of positive and negative 

mesons produced in nucleon-nucleon collisions within nuclei. The results 

provide the first extensive experimental check on meson production calculations, 

although their implications are somewhat obscured by the effects of internal 

nuclear motion. Production from free protons is an obvious experiment to provide 

a more severe test of the theory. 

a mass. 276 n meson from a stationary proton» the incident pro·ton must have at 

least 292 Mev of kinetic energy. This high threshold energy means that the 

mesons created by collisions of 340 Mev protons with hydrogenwill have» in the 

proton-proton center-of-mass system. kinetic energies of 20 Mev or less. The 

motion of the center of mass system is given by a ~ of 0.3 9 9 while the ~ of 

1E. Gardner and C.M.G. Lattes. Science 9 107. 270 (1948). 
2v. z. Peterson, Phys. Rev • .zi» 1469(A) (1948). 
3c. Richman and H. A. Wilcox 9 UCRL-592. 

\i. Weiss~luth 9 Thesis 9 . 1JCRL~568. 



UCRL '713 

a 20 Mev n meson is 0.48. Thus upon transformation to the laboratory systemp 

we will expect to find that a large fraction of .the mesons will emerge in a 

generally forward direction. 

Presumably the only two reactions leading to the formation of a positive 

n .meson in proton=proton collisions areg 

(a) 

(b) 

. + p -~· p ~ p + >1 + n 

p ·I· ,_'J __,.. d + n + 

In case (a) the maximum value of the continuous distribution of possible meson 

energies can be readily calculated and represents a definite upper limit beyond 

which no mesons should be observed. In case (b). whose po.ssible existence 

was first pointed out by Barkas 5 v the collision process is a two-body problem 

and the mesons formed in the center of mass system will all possess a single 

energy. This energy is very nearly 2.2 Mev higher than the maximum energy 

calculated in case (a). Upon transforming these results t·o the laboratory system 

(making the energy a function of laboratory angle)~ we obtain the variation 

shown in Fig. 1. The solld line represents the maximum energy of the continuous 

distributionp while the dotted line shows the variation of the unique center 

of mass energy of mesons corresponding to the deuteron formation. The example 

is calculated for the c~se of 340 Mev protons incident. The process of trans~ 

formation increases the separation between the t"!o energies to ne:arly 4 Mev 

in the forward direction and reduces it, in the region of 90°. In principle 

the existence of reaction (h) could be confirmed or denied by either a. precise 

determination of the upper energy limit of the meson energy spectrumD or by 

5w. Barkas 9 Phys. Rev. ~» ,1109 (1949). 
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showing the existence of a single energy i1line" beyond the continuous ,distribution 

at any one observati~~ angle. 

C. Direct produ~ti.on vs; subtraction-techniques: A target of free protons 

may be obtained either by using pure hydrogen or by obtaining it in molecular 

combination with other elements. In the latter case the effects of hydrogen 

must be obtained by measuring separately and subtracting the effects of its com­

panion elements. In spite of this added complication9 the subtraction technique 

may be less difficult than the construction of a special target to contain hydrogen 

in liquid or gaseous form. The small cross-section for meson production requires 

that if hydrogen gas be used it must be confined at high pressures~ while the 

use of liquid hydrogen necessitates cryogenic techniques. 

In this experiment the direct production technique was chosen» using a 

liquid hydrogen target. The experiments of Richman and Wilcox showed a very high 

background of inelastic protons from carbon in the forward directions» with which 

any subtraction technique must cope. In the case of hydrogen» however» the 

protons are all elastically scattered so that the only· background at small observa­

tion angles will come from very high energy protons whose range will be much 

greater than the highest energy meson to be observed. A direct experiment also 

has the obvious advantage of allowing one to gather statistics without subtraction, 

this point being of particular interest in an experime~t using photographic plates. 

In addition. it is of great advantage to know that all of the mesons observed 

arise from hydrogen when analyzing such effects as the angular distribution of 

f-mesons resulting from decay of the positive n 9 s. 

The subtraction technique 9 using C and CH29 has been tried successfully 

by Cartwright, Richman, Whitehead and Vvilcox6 making use of a magnetic field 

6cartwright 9 Richman~ Whitehead, and Wilcox» Phys. Rev. (to be published). 
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and channels to select narrow momentum bands of positive or negative particles 

for study at any one exposure o This method has succeeded in obtaining results 

for hydrogen Without requiring prohibitive numbers of mesons9 in part'due to 

the strongly peaked energy distribution and large cross-section for.hydrogeno 

This method is-particularly well=suited to observation at 0° where the direct 

method cannot work 9 and the two methods supplement each other in this respecto 

Comparison of our results with those obtained by the subtraction technique 

will be made in Section IVo 
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II o EXPERIMENTAL METHOD 

A. General experimental methodo A sketch of the general method of bom­

bardment by the deflected proton·beam from the 184-inch'cyclotron is shown in 

Figo 2o Use is made of a pulsed electrostatic deflector and magnetic channel 

to bring a small fraction of the circulating beam outside the cyclotron. This 

beam is collimated by a narrow {ol5 ino x a 50 ino) slit just before it passes 

between the pdies of a focusing magneto Neutrons and low energy protons formed 

at the slit ar.e lost to the beam by the time the main high energy component is 

bent through 10° and partially focused horizontally at the end of a 22-foot 

tube leading through the main cyclotron shielding to a·"cave" where the deflected 

beam experiments are run. Final collimation of the proton beam is achieved 

by a long ( 48 ino) brass collimator mounted at the exit end ( 11 snout'1 ) of the 

tubeo The cross-sectional area of the beam may be limited either by the pre­

magnet slit or by the snout collimatoro The beam size used in these experiments 

was about 3/4 in. x 1-l/4 ino 

A reliable beam int'3nsi ty of about 10-10 amperes of protons can be obtained 

under these conditions» and the exposure times required range from 1 to 10 

hours depending-on the. geometry involved. The total number of protons striking 

the target is determined by passing the beam through an ion chamber before 

striking the target and measuring the charge co1lectedo The target was aligned 

with respect to the beam by exposing x-ray film mounted at either end of the 

targeto 

The hydrogen target will be described in more detail in the next sectiono 

Photographic plate detectors were used» and angles of observation 15°» 300~ and 

60° were chosen to study the meson energy distributiono The greatest part of 

the plate analysis to date has been made on the 30° plates and therefore furnishes 
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the basi::; of th19 results reported here. 

Blank runs. were made in. connection with each series of runs 9 and the 

number of me.sons detected without hydrogen in the target (but all'other conditions 

the same) proved in all cases to be a negligible fraction of the hydrogen effect. 

The early runs were made with a "line" source to avoid end window effects. Later 

runs were made with a thi~~walled ttpoint•' source after the yields proved that 

this could be done without reverting to a subtraction technique. 

The detect.or geometry will be described in more detail in later sections 9 

but in general two types were used. In the first runs the detector viewed the 

source directly in a region of no magnetic field and therefore registered 

elastically scattered protonsD mesons 9 and neutron-induced background. Later 

runs employed a magnetic field interposed between source and detector in such 

a way as to select only positive particles having momenta below a certain maximum 

value. This was done to separate mesons from elastically~scattered protons. 

The exposed and processed photographic plates were scanned under a microscope 

to detect mesons. Identifications of the mesons was made by the characteristic 

'~wander11 and change in grain density near the end of the track. The qualitative 

features of each event were sketched 9 and the orientation of the p~meson measured 

and recorded. ~he final product of the measurements of the number and position 

of the mesons in the plates is a plot of the differential cross-section for meson 

production as a function of meson energy at a given observation angie. 

B. The ·liquid hydrogen target. Although hydrogen gas at very high pressures 

was considered as a target in this experiment" liquid hydrogen was. chosen for 

several reasons. One was that use of high pressures involved relatively thick 

end windows which would be exposed to the proton beam and.therefore would 
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produce mesons. A target of this design would be limited to a long line source 

vrith attendant difficulties in angular resolution and definition of target area. 

With liquid hydrogen at atmospheric pressures it seemed possible to construct 

a sufficiently thin-walled container so that wall effects could be ignored. 

Another factor in the choice of liquid hydrogen was its ready av:ailability on 

the Berkeley campus from the low-temperature laboratory of Professor W. F. Giauqueo · 

The essential requirements of a liquid hydrogen container are those of a 

good Dewarg That it be built as a high vacuum insulated vessel of material 

having low heat conductivity with highly reflecting internal surfaces. In 

addition this target incorporates a liquid nitrogen jacket to pre-cool the 

hydrogen vessel and maintain the radiative surroundings at a low temperature. 

The specific use of this container as a target for a charged particle beam 

required that the beam entrance window be reasonably thin to minimize proton 

scattering. Observation. of low energy mesons necessitated the incorporation of 

thin windows in the detection direction. FinallyP since hydrogen-air mixtures 

are potentially explosivep some safety precautions regarding the filling and 

venting of hydrogen had to be considered. 

The size of the vacuum chamber was determined by the decision to use a 

line source firstg and by the requirement of small observation angles. In order 

to observe at 15° and not 11 seeu the end windows of the line sources the source 

had to be about 36 inches in lengtho The end windows of the vacuum chamber were 

displaced even further from the target area to make it easier to shield the 

photographic plates from scattered protons. A photograph of the main vacuum 

tank and associated pumping system is shown in Fig. 3. The vertical column or 

"stack" contains the liquid hydrogen reservoir surrounded by a double-walled 
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jacket of liquid nitrogen. The venting and filling apparatus is not shown. 

A more detailed idea of the design may be seen in Fig. 4D which is a 

simplified version of the assembly drawing. The view is along the beam direction. 

This figure sh ows the 11 point 1
'
1 source and reservoir surrounded by , the nitrogen 

jacket. Reservoir and jacket are both joined to the vacuum chamber only at 

the top of the stack and maintain their spacings below by means of steatite 

standoffs. For assembly reasons the nitrogen jacket has a removable copper 

bottom below the source 9 and on one side has a long radiation shield window of 

two .001 inch stainless steel foils. This side is the observation s i de and a 

detection chamber fitted vnth a .005 inch stainless steel window intrudes into 

the vacuum chamber within 3-1/2 inches of the source center. Tbis dete ction 

chamber is readily accessible from outside . although during the run i t may be 

sealed off for safety considerations. 

The line source was constructed from 3 inch diameter 1/32 inch wall stainless 

steel tubing and is 36 inches long . The hemispherical end caps through which 

the proton beam passes are made of .006 inch thick stainless steel. The entire 

line source and reservoir 'assembly is shown in Fig. 5 . 

The point source consists of a cylindrical cup turned from a single block 

of duraluminum so that the side walls are only .002 inch thick. This cup has 

a beveled flange at the top which is clamped tightly to a similar stainless 

steel flange at the bottom of the hydrogen reservoir to form a vacuum tight 

metal-to-metal seal. The cup can readily withstand internal pressures of 

45 p.s.i. Point and line source are interchangeable . using the same rese r voir. 

Procedures for filling the reservoir with liquid hydrogen ·and venting the 

hydrogen gas evolved during the filling and running times were worked out v with 
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the advice of Dr. David Lyon of Professor Giauque 1 s laboratory . The auxiliary 

apparatus for t hes e operations i s shovm attached to the target i n Fig. 6 » except 

that the 50-liter liquid hydrogen Dewar is not in place . The reservoir is first 

flushed with helium and then filled by forcing liquid hydrogen from the Dewar 

through a vacuum-jacketed transfer tube under a few pounds pressure of helium 

gas. Despite pre-cooling to liquid nitrogen temperatures, over 5 liters of 

liquid hydrogen are boiled off at first in cooling the reservoir to 20° K. The 

gas evolved is vented to the outside of the cyclotron building through 2 inch 

diameter tubing. A lift check valve prevents back diffusion of the air into 

the hydrogen system. In case the hydrogen container leaks or bursts internally 

and hydrqgen gas is so rapidly evolved that a high internal pressure builds up. 

a blowout patch in the botton of the vacuum chamber is connected to the same 

vent. The level of the liquid hydrogen in the reservoir is determined by a 

series of thennocouples inside a long stainless steel tubing extending into the 

reservoir. In order to distinguish between hydrogen liquid and hydrogen gasD 

each thermocouple is surr-ounded by a heater coil which furnishes enough local 

heat to slightly raise the temperature of a gas, but not a liquid 9 layer just 

outside the tubing. A ·continuous record is made of the thermocouple voltages 

by a recording potentiometer. This record shows that the rate of hydrogen 

evaporation rapidly decreases as the level falls, indicating that conduction 

losses predominate. The volume loss rate midway in the reservoir is about 

150 co/hour. 

c. Photographic ·plate ·method 'ci.f detection ~ The method of meson detecting 

chosen was that of nuclear emulsions. Emulsions allow one to select mesons, 

both positive and negative , from relatively high backgrounds with a high degree 
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of certaintyo This is particularly important when~ as in this experiment9 

the lack of negatives is a confirmation of the assumption that stray beam is 

not producing detectable mesons from side walls 9 etco The photographic method 

offers excellent energy resolution when used properly in connection with absorberso 

The method employed here was to imbed photographic plates in copper or aluminum 

absorbers. emulsion up~ at a small angle of tilt with respect to incident meson 

fluxo Mesons slowing down in the absorber will come to rest at. various depths~ 

and the inclined emulsion serves as a means of sampling the volume de,nsity of 

mesons ending in the absorber at various rangeso This arrangement is shovm in 

Figo 7 9 including the light-tight foil surrounding the absorber blocko 

The energy of the meson is determined by its position in.the photographic 

plate. corresponding to a well=defined range in the absorbero The range~energy 

relations used were derived from proton range-energy curves as given by Aron 9 

Hoffman and Williams7
o The stopping power of the emulsion for m~sons has been 

similariy derived from the proton range-energy relation for Ilford .em.ulsion 

given by Bradner 9 Smith. Barkasp and Bishop8o By this method a complete 

energy spectrum of mesons can be recorded in a single photographic plate 9 avoid= 

ing relative errors in geometry and beam integration wh~ch may occur if the 

energy spectrum is determined point by pointo In determining solid angle it 

has been assumed that the effect of multiple scattering of the mesons is 

negligibleD since to a first approximation as manymesons sca~ter into the 

emulsion from the absorber as scatter out of the emulsiono That the correction 

will9 in any eventD be small is partially confirmed by the fact that only 

7wo Aron. Bo Hoffman and Fo Williams 9 UCRL-121 (Second Revi'sion, 1949)o 

~o Bradner 9 F o Smith • W o Barkas and Ao Bishop 9 Phys Rev o 77 9 46 2 ( 1950) o 
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ten percent of the mesons observed entered from the bottom (rather than the 

top) of the emulsiono 

Ilford C-2 100 micron emulsions were used in this experime·nt» since this 

sensitivity of emulsion will give the lowest single-grain background from high 

energy protons while still recording n-u decays reliablyo Elastically scattered 

proton tracks remain the background limitation to exposure~ however~ since 

single grains of high density eventually make identification of the u difficulto 

Other background arises from the interaction of these high energy scattered 

protons with nuclei of the emulsion, and from neutron stars. 

In order to calculate the absolute differential cross-sections, the thickness 

of the emulsion must be determined. Since the emulsion shrinks to about 40 percent 

of its original thickness upon processing, one must either determine the shrinkage 

factor or devise some means of recording the original thickness without destroying 

the emulsion. A very convenient method devised by H. A. Wilcox3 does this by 

irradiating unexposed plates to 380 Mev alpha particles at a known angle of 

incidence.,. After the me~;;on exposure and normal processing have been completed» 

the original thickness can be calculated from the measured projected range since 

the emulsion shrinkage laterally is very small. Thicknesses measured in this 

way are probably good to 3 percent. 

D. Use of auxiiiary sorting-magnet~ The first results with the line source 

confirmed the expectation that only positive mesons are produced in proton-proton 

collisions o They also showed that the background due to elastically-scattered 

protons limited the exposure time and scanning rate. Therefore» although the 

initial exposures provided evidence of the magnitude of the cross section and 

of the shape of the energy spectrum with fair statistics~ an attempt to reduce 

, 

> 
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this background ;was made. 
'. 

This was done by interposing a magnetic field betw6en 

source and detector so that only positive particles'c-1\V'hose momenta are below 

a certain maximum value would reach the. detector.. Since the elasticaliJ' scatter-

ed protons have roughly 5 times the momenta of the maximu.m ener'gy mesonsD 

this method sorts mesons from protons. A further separation between mesons 

and protons of equal momenta (resulting from secondary processes) occurs in 

the absorbers placed before the plates~ aince the proton range is only l/50 

of the meson range. T{le results of the experiment show that this method results 

in an improvement in meson-to-background ratio of about 500. The residual 

backgrounc: is composed chiefly of neutron~induced reactions in the emulsion and 

calibration tracks. 

The exact geometry used with the sorting magnet runs is shown in Fig. Bo 

Use o.f the magnet necessarily involves much smaller solid angles than direct 

exposure so that rw1 times of the order of 10 hours are required. In the.se runs 

the point source was used~ with resultant improvement in angular resolution. 

E. ~ntegration~ The number of protons striking the liquid hydrogen 

target. was determined by letting the proton beam pass through an argon ion 

chamber before entering the vacuum chambero The ion chamber contained 99.7 

percent pure argon at approximately 5 pos.L gage 9 having originally been 

filled to a total pressure of 100.1 em Hg at. 16 0 4° Co The effective chamber 

separation was 2o002 inchesD this being the distance between the high voltage 

and collection electrodes of .001 inch aluminum foiL The external pressure 

windows of the chamber were o002 inch beryllium~copper foi.la 

The charge col.lected by the ion chamber was measured using a slide=back 

voltmeter electrometer circuit to determine the voltage built up on a low 

leakage pol:ystyrene~insulated condenser. The multiplication factor of the 
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ion chamber was determined in a series of separate experiments9 by comparing 

the charges collected by the ion chamber and a Faraday cup placed in the same 

proton beam. Voltage plateau curves were taken and showed recombination effects 

to be negligible :above 500 volts collection voltage; collection voltages of 

1500 volts positive were used in the exper~ments. The multiplication factor 

of this ion chamber was found to be 1110 ! 30. Using Aron, Hoffln.an and Williams' 

range-energy curves7 for the rate of energy loss of 340 Mev protons in argon~ 

we calculate the e.v./ion pair to be 23.8. The value quoted by Rossi and 

Staub10 for 5.3 Mev alphas in argon is 24.9 e.v./ion pair. 

9R. L. Aamodt, V. Peterson and R. Phillips, UCRL-526. 
10 , '' '- .. '-.-.' . . . . ' ... ' .. 

Rossi and Staub~ Ionization Chambers and Counters; Experimental Techniques 
(McGraw-Hillg 1949) p. 227. 
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II~ o EXPERIMENTAL RESULTS 

A. Formula for differential cross-sectiono The nuclear emulsion serves 

as a detector by registering tracks of particles passing through itj) in particular 

the ending~ of mesons. The solid angle and energy interval detected depend 

upon the distance from the target~ area scanned 9 and emulsion thickness and 

stopping power. Within a very good approximation the detection efficiency is 

a volume effect and is independent of the orientation of the emulsion with 

respect to th.e incident beamo To see this~ let us assume as in Figo 9 that 

we have an emulsion placed in an absorber at an angle ?f to the incident meson 

flux from a point source P at a di stace Do Consider a vplume element V si tuate . .d 

in the absorber so that some mesons of energy E at the source are slowed down 

enough to come to rest in this regiono The solid angle subtended by this 

volume element at the source is the product of de and d¢~ where 

d)i = t::.x sin a /D dQ ""D.y /D 

and 6 y is the width of the scanned area perpendicular to the paper? , ThusD 

dn. = de d)i = t::.x ~Y sin o jD2 

The energy interval dE of mesons of initial energy E leaving th,e source 

which are stopped in the effective emulsion thickness D.R "" t/sin .o _depends 

upon the stopping power of the emulsion for mesons of initial E,m_ergy .Eo Thus 

the detection efficiency of the emulsion decreases with i:pcreasing __ 1'\leson energyo 

More exactly~ 

dE = ( :) A R = ( ~) o 

E E 

t 
sin o 

Finallyv the product of solid angle and energy interval is in~ependent of 
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emulsion orientation: 

Note that d~dE is independent of the characteristics of the absorber used to 

slow down the mesons. 

This formula may be used to express the differential cross-section in 

terms of the number of mesons/cm2 found in an emulsion of uniform thickness. 

If L is the target thicknesss §the total number of protons striking the 

targetp n the volume density of target atoms, and N the number of mesons 

found in an area A, then 

N 
='A 8 

B. Line source experiment~ energy distribution at 30°. The initial run 

was made using a line source geometry as shown in Fig. 10. This target was 

one built for use at the synchrotron by L. J. Cook and kindly loaned to the 

author before the present target was completed. Plates imbedded in duraluminum 

absorbers were exposed at 30° and 45° but the latter plates suffered from 

high background due to insufficient shielding. Parallel-sided channels 1 inch 

wide defined a target area of 2 inches thickness at 30° with an angular 

resolution of: 3°. Additional lead brick shielding was used around the 

sides of the channels. Positive n-p decays occurring in the emulsion were 

observed under the microscope using oil-immersion objective. Only n-p 9 s 

were included in the final statisticsc but all mesons ending in the emulsion 

were sketched and recorded. The number of f mesons (mesons ending in the 
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emulsicmwitho:u:t event) in this run,_ and later runs~ was approximately equal 
/: ::."t ~);:, ': 1: ... 

to th~ number of n-p decays. The orig,i~.- ~f ~}:I.e_, f.~: f3 ,~s. undoubtedly n~u decays 

OQC1J,rring iri,. y~e ~djac~nt ,abl:!orl?~r o~ ,glas~. backir1g. ,,, . . . 
'· .. ... . . '.,. -. 

··A bl8.nk run made with the line source empty shqw~d no mesons in a plate 
· ... ~-·· 

area and' exposure comparable to the subsequent run with hydrogen in the 

container. The,hyd7ogen.-exposed plates yielded 115 n-p decays in an area 

of lo7 cm2. A:plot of the nUl!lber of n-pgs observed per millimeter along 

the plate in a 1 em vyide area is shown in Fig. 11. This is the range distri-

bution iJ?. aluml.nump uncorre~ted for the thickness of windows" etc., which the 

mesons pass through between source and absorber. 

.. '; .· 
In addition to the 115 positive mesons$ two n- star-forming mesons were 

. found in the plate. These ;negative mesons are believed to have been formed 

in the absorbers by elastically scattered protons (which have an energy of 
.,. 

250 Mev at 30°)o A rough estimate of the expected yield on this assumption 

can be made from known data on the p-p scatt~ring cross-sectionll, the m~-s~~ · 

production cross-section for 340 Mev protons3 ~4, and the excitation cui..;.e for 
. . ·. ·.-

I 

meson pr~d.uction by protons12 • This estimate is about 1 percent , .. Qf ~.he target= 

produce~Lmesons. Therefore no particular significance is attac!J,e~ to the·.-
'i'·· 

discovery .of ~- few negative mesons in ~his experiment. Furthermore~ in. View 

of the ·r~latively poor statistics v no correction has been made for, possible 
. ···/ 

absorber:.:produced ·positive mesons. 

In a .large fraction (2/3 )_of the apparent n-p decays 9 the "ft' leaves the 

emulsion after a relatively short distance and therefore cannot be distinguished 
;, '. 

'11 
Chamberlain, E. Segr~ .. and c .• Wiegand, Phys. Rev., (to published )a o. be ... 

l2s. B. Jones and R. s. Whites Phys. Rev. ~~ 12 (1950 )o 
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from a high-energy proton. We have counted such.events as n1f decays for 

two reasons. One reason is that no nuclear recoil is vi~ible iri any such 

case observed. The other reason is that the occurrence of only· 2 ident_ifiable 

n-negati ve stars makes the· occurrence of any one-prong n-negative stars very 

improbable. 

When'the variations in solid angle and stopping power are ·combined with 

the· data of Fig. 11, a plot of the diffe-rential cross-section as ·a function 

of meson energy results. This is shown in Fig. 12. The most striking feature 

of this spectrum is the concentration of mesons near the higher energies. 

This will be discussed in detail in Section IV. 

The absolute values of the cross-section in Fig. 12 have been calculated 

using the formula developed in part (A). The density of liquid· hydrogen 

assumed was .071 gm/cc13 • The target area was assumed to be defined by the 

1 inch channel, and no corrections have been made for possible penetration of 
~--1. 

the channel corners. The distance from target center to the near edge of the 

photographic plate was 27-1/2 em. An emulsion thickness of 52 ! 3 microns was 

used in this first run (100 micron emulsions were used''in later runs). (A 

shrinkage factor of 2.5 ! .1 was used in this case since calibrated plates 

were not available. This factor was determined later by measuring micro-

scopically the thickness of processed emulsions containing calibration tracks). 

The energy scale refers to the energy of the meson as formed at the . 

target. An aluminum equivalent of 1.07 em is added to the range in the 

absorber to take account of the half-thickness of the hydrogen, plus the stain-

less steel container walls and windows through which the meson must pass 

13 . 
Dr. D. Lyon, private communication~ 
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at an angle of 30°. The minimum energy of a meson reachine the plate is 

the1efore 22 Mev •. The half-thickness of the effective target area in the 
i 

detector direction is 1 inch~. or 1-1/4 Mev to a 50 Mev meson. This target 

spread plus the es.timated 1 percent uncertainty in ~he range-energy relation 

means that the energy assignment may be in error by 1 or 2 Mev. 

A precise prediction of the upper energy limit on mesons observed at a 

given iaboratory angle is limited by the inexact knowledge of the meson mass 

and th9 proton beam ~nergy. The quoted uncertainty in the mass of the n~meson 

(276 ± 6 m ... )14. t t +3M _ .., amoun s o ~ 1ev. The best method presently available for 

deterii!ination of the proton beam energy is to measure its range in absorbers. 

Its range in copper is about 93 gm/cm2; as determined by exposing x=ray film 

at the end of the range. or by measuring the Bragg curve with a pair of ion 

chamb~rs. The latter method is probably good to better than 1 gm/cm2 and 

gives .a mean energy of 340 Mev15 • The variation from one run to the next is 

of the order- of 1 gm/cm2 or 2 Mev. 

The energy spread of the primary proton beam may also be inferred from 

range me,~?-sur~Til_ents. The Bragg curves show a range straggling half-width of 

1-1/2 gm/cm2• This is in agreement with the range straggling derived from 

. 12 11 9 
comparative measurements of the C (p 9 pn)C excitation curve near the 

20 Mev threshold using 32 Mev protons from the linear accelerator and 340 Mev 

protons s,lqwed down in copper o The calculated range straggling to be expected 

· f th t t · · 5· ; 2 16 
~, e pro ons were monoenerge :tc ~s .9 gm em~ • Thereforev assuming that 

the additional measured straggling is due to the energy spread of the primary 

14F. M. Smith 9 et al 9 Bull. Amer. Physo Soc. 24 9 9 (1949). 
150. Chamb'e;rlain and c;· Wiegand 9 private communication. 
16

M. Livingston and. H. Bethe. Hev. Mod. Physo 9 9 9 283. (1937). 
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beamv we arrive at a value of ! 2-1/2 Mevo 

Taking into consideration the uncertainty in the range-energy relations, 

it seems that it would be very difficult to determine the primary proton 

energy to better than ± 4 Mev. However, the energy spread of the beam appears 

to be quite small and is probably not the limiting factor in the energy 
I 

resolution of the present experiment. 

In the line source run the incident protons passed through a 1/16 inch 

stainless st·eel window and 14 em of hydrogen, reducing the beam energy 8-1/2 

Mev to about 332 Mev. The target thickness (2 inches of liquid hydrogen) 

amounts to 2-1/2 Mev for this energy proton beam. The calculated straggling 

in energy of 50 Mev mesons at the end of their range is equivalent to 2/3 

Mev in initial energy. The angular spread of ! 3° allowed by the geometry 

corresponds to a variation in the maximum kinetic energy of the mesons of about 

~ 2 Mev. It seems clear that the energy resolution of the experimental 

arrangement alone is about :!: 3 Mev. Combined with the uncertainties of the 

proton beam energy and the meson mass 1 we should not look for agreement between 

the caiculated and experimentally determined values of the upper energy me.son 

limit within 5 Mev and should expect an energy spread of about + 4 Mev. 

C. Point oource experiment z energy spectrum at 30° using sorting magneto 

Plates directly exposed to the flux of mesons and scattered protons from the 

hydrogen target are limited in exposure by the proton background. In order 

to improve this situation and obtain better statistics, a sorting magnet 

was interposed between source and target (see Fig. 8). At this time the point 

source was also substituted for the line source in order to better define 

the target thickness and improve the angular resolution. Although use of 

the magnet requires greater source-detector distances, the improvement in 

.. 
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meson-to-background ratio is sufficient (about. 500) to allow long exposures 

and a larger number of mesons recorded in the 'P.lateso 

As is shown in Figo 8 the. solid angle is defined in azimuth by the width 
: . :<..~ r .. 

of the entrance to the magnetic fie ldD while the vertical ·aperature is still 

dependent upo7l the width of .the scanning strip in the emulsiono The formula. 

for ,the product of .the energy interval and solid angle iss 
. . . 

.· ··' dEl w 
d!ldE ,., dR E t D 

Ax 
o {D+S) 

n 
INhere w "'= the entrance width (&1gateeJ) to the magnetic field" and s "' 2 f is 

the path traversed by a meson of radius of curvature p i:p. the magnetic fieldo 
' 

The plate-imbedded absorbers are placed along a line passing through the center 

of the gate at an angle of 45° to the incident meson fluxo This line is the 

locus of 90° points on the circular orbits of mesons of different momenta~ 

so that the 'mes.ons ~nter the absorbers at an angle of' 45° o ~ince mesons 

entering the gate initially parallel willD to a first approximationD conv.e.rge 
. 0 . ·. . 

at the 90 positionD this geometry serves to concentrate the mesons in the 

photographic plateo It is especially useful in this case since the angular 

acceptance is v·ery small o 

In this run the gate width was 2 inches at a distance of 36~1/2 inches 

from the sourceD limiting the angular acceptance at 30° to :! l=l/2°a .The 

photographic plates imbedded at an angle of 15° to the horizontal in copper 

absorbers were placed in the median plane of the 1~5/8 inch gap of the 

14o8l kilogauss magnetic field shovvn in Figo 8a Three 6 inch long absorber= 

holdersp each containing two 3 inch platesD were placed along the 90°~focus 

position ;from 2 inchei:i~'to · 20··inches from the gate centero The mesons energies 

thus cove:r:ed a range. 'f'rbm:l to 70 Mev~ well above the 55 Mev meson energy 

limit ca~culated for 3.40·:Mev<protonsa The minimum thickness of absorbers 
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through which mesons must pass to be detected was 1.3 mm Cu equivalent, 

corresponding to an '11 Mev meson at the source. 

In the ideal case of a perfectly constant magnetic field and infinitely 

narrow angular acceptance, the position of the meson endings in the photographic 

plates would be described by a line whose distance from the edge of the plate 

varied approximately as the fourth power of the distance from the gate. A finite 

angular acceptance /),. e tends to spread out the endings of equal momenta mesons 

over a distance f 6. e along this line and therefore also spreads the line 

into a band. Since the actual magnetic field falls off near the gate entrance 

to 65 percent its maximum value and persists to some extent beyond the geometrical 

boundary, the orbits are further perturbed from circular paths and addit~ional 

spreading of the line is to be expected. An actual plot of 472 meson endings 

in the two plates between 11 inches and 17 inches from the gate is shm:m in 

Fig. 13» with the direction of increasing momentum indicated by the arrow. 

The area scanned 'is outlined. It can be seen that mesons are spread along 

the plates in a band whose distance from the plate edge increases with momenttml. 

The variation in density of meson endings with momentum gives a rough measure 

of the variation of the cross-section, although because of the spreading of 

the orbits the energy assignment is better obtained from the range of the 

meson in the copper absorber. Unfortunately at an angle of incidence of 45° 

the calculated range is rather sensitive to variations in angle of incidence» 

since 

1 dR 
- - = - cote R de 

Thus a variation of 5° from 45° incidence will mean a 5 percent change in the 

meson energy as calculated from the position of the ending. The width of the 

band of mesons in Fig. 13 is a result of the variation of the angles of 

'-
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incidence of orbits plotted in accordance with the actual magnetic field 

distributiono Careful shimming of the magnetic field and orientation of the 

absorbers ,to give normal meson incidence will narrow the width of this band 

and therefore improve the energy resolutiono 

If we count the number of mesons ending in a 1 mm wide strip of constant 

mean distance d from the incident edge of the plate» we select mesons of a 

single band of energieso (The straggling in position mentioned above is 

about 1 rnm in distance ~o) Plotting the number of mesons per mm strip as a 

function of distance d we obtain the range distribution shown in Figo 14o 

Although the energy resolution is no better than the line source experimehtv 

because of the straggling in position of the meson endings 9 the statistics 

are very much bettero 

This range distribution may be converted into a Plot of the differential 

cross section vso meson kinetic energy 9 as shown in Figo 15o Absolute values 

are assigned from a knowledge of the charge collected by the ion chamber~ target 

thickness (1-1/2 inchs of liquid hydrogen or o27 gm/cm2 ) 9 and the solid angle­

energy interval defined by the geometryo The correction factor for the decay 

of the n-mesons in flight becomes considerable due to the long path" ranging 

from L35 at 30 Mev to L25 at 70 Mevo A mean lifetime at rest of 2 x 10-8 

seco was ~ssumed17 o The.emulsion thickness was nearly uniform at 110 microns 

as dete.rmined by the range of calibration tracks o 

The effects of the fringing magnetic field in the initial portion of the 

orbits of the mesons has been estimated from the measured variation of the 

normal component of the magnetic field transverse to the orbit paths in the 

median plane of the magneto Mesons above or below the plane of symmetry of 

17
Eo Martinelli and WoKoHo Panofsky 9 Physo Revo 77v 465 (1950)o 
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the magnetic field will experience a force {toward the symmetry plane in this 

case) approximately proportional to their distance from this plane times the 

gradient of the field. This focusing action is equivalent to the action of 

a lens in geometrical optics~ and in the case that the region in which the 

transverse gradient exists is short a thin lens 11focal length" can be calculated. "' 

In this case the gradient is about 2.3 percent per inch along 5 inches of the 

path, giving an equivalent thin lens focal length of 110 inches. This increases 

the number of mesons found in the plate by about 7 percent. 

The energy spectrum shovm in Fig. 15 has been corrected for the above 

effects. The points are shovm with their standard deviations from the 
( 

counting statistics. The results show the sharp peak in the spectrum at 

higher meson energies, in agreement with the line source run. The width of 

the peak at half-maximum (12 Mev) is slightly broader and the height of the 

peak is lower than those of the line source run. However. the cross-section 

integrated over energy from 32 to 70 Mev is almost identical with the integrated 

value for the line source run (~7-1/2 x lo-29 cm2 steradian-1). This is 

reasonable in view of the greater energy straggling in the point source run. 

D. Angular distribution of ~-mesons. Although the experimental arrange­
; 

ments were not designed to favor the search for possible asymmetries in the 

angular distribution of r-mesons resulting from n-p decays. it is a relatively 

simple job to measure the fl direction._ This has been done for the runs 

discussed here and since the results do not show the expected isotropic distri-

bution within statistical errorsp the detailed numbers will be given. 

Angular distributions for the u-mesons can be obtained under two very 

different conditions in this experiment. In the line source run, the plates 

were in a region of essentially zero magnetic field (~20 gauss). In the 
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point source run~ the plates were placed between the poles of a magnet whose 

field was about 15 9 000 gausso The geometrical arrangements of the plates 

with respect. to the meson arid proton beam directions may be obtained from 

Figso 8 and lOo In both cases the plane of the emulsion intersects at an 

angle of 15° the plane defined by the proton beam and the line of flight of 

the mesons ending in the plate o 'rherefore asymmetries with respect to either 

the proton beam direction or the direction of the n-meson incident upon the 

absorber can be determined from the distribution of p-mesons with plane 

projected angle in the emulsiono 

0 
The numbers of p 1 s per 45 sector have been tabulated against angle e 

in Figo 16 ~ listing the results of the 11no-fieldu and 15 9 000 gauss ·runs o 

The angle is defined with respect to the direction of the incident n=mesons 

as it enters the absorbers 9 and angles are measured clockvvise as viewed in the 

microscope field of viewo Since the optical system of the microscope preserves 

relative angular orientations 9 this is the same as viewing directly the decay 

process from the top of the emulsiono 

The errors plotted are standard deviations based upon the number of n7U 

decaJ'S observedo A total of 115 decays are included in the no-field case 9 and 

472 decays in the 15 9 .000 gauss caseo The angles were measured with a goniometer 

eyepiece attachment and each measurement is good to;!' 1°o The definition of 

the incident n-meson angle is good to ! 3° in the no~field case 9 and better 

than ;!: 5° in the 15"000 gauss caseo 

The most striking feature of Fig o Hi is the apparent minimum J.n the angular 

distribution at 180° o In the 15 9 000 gauss case a least squares fit assuming 

a flat distribution is indicated by the horizontal lineo The root-mean-square 

deviation of the points from this fit is twice the standard deviation of the 

individual pointsn indicating that the odds against 'obtaining the experimental 
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distribution. {isotropic distribution assumed to be the true distribution) due 

to statistics alone are 21 to l. The much poorer statistics of the no-field 

case do not justify such an analysiso 

y4t· 
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IV" DISCUSSION OF RESULTS 

A. Interpretation of peaked spectrQmo Calculations made by Taylor and 

Chew18 of the energy spectrum of mesons produced by nucleons bombarding free 

nucleons on the basis of scalar interaction yielded bow~shaped curves whose 

mean energy was approximately half the maximum energyo Brueckner19 has also 

calculated the results to be expected on the basis of pseudoscalar theory which 

gives a b:oad peak shifted slightly toward higher energieso Both of these 

calculations were made on the assumntion that the final proton and neutron 

did not interact and therefore could be described by plane waveso 

The experimental energy spectrum differs markedly from these theoretical 

predictions in that the peak is very sharp and occurs at the upper end of the 

spectrumo A reasonable explanation has been suggested by Chew20 v~o points 

out that at the low final nucleon energies involved the proton and neutron 

cannot be treated as free particlesu Indeed. since the meson takes most of 

the 20 Mev kinetic energy available in the center-of-mass system" the proton 

ar1d neutron each have only about one Mev kinetic energy 0 At these energies 

the n-p spattering cross-section is knovm to be large 21 and this strong inter-

action at low nucloon energies increased the probability that the corresponding 

high energy mesons will be emi ttedo Calculations on this assumption by 

Brueckner and Noyes 22 give good agreement wii;:h the observed energy spectrumo 

The .energy spectrum observed by Cartwright 9 Ricmnan 9 Whitehead and 

Wilcox at 0° is in good agreement with the present results and with the 

explanation given aboveo In general the 0° results show a higher and broader 

18 Tu Bo Taylor and Go Fo ChewD Physo Revo ~" 86(A) (l950)o 
19Ko Brueckner~ UCRL-630o 
20

Go Fo Chew 9 private communicationo 
21

Bailey,, Bennett 9 et a.l 9 Physo Revo 'J2..9 583 (1946)o 
22

Ko Brueckner and Po NoyesD private communicationo 
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peak and the expected shift of the maximum towards higher meson energies. 

B. Existence of deuterons. If the proton and neutron in the final state r,~ 

are moving with low relative momenta~ a deuteron may be formed as one of the 

resultant particles of the collision. In such events the meson has a single 

definite energy in the center-of-mass system which will give a 11 line1~ when 

observed at any laboratory angle. Since the binding energy of the deuteron 

provides the meson with ~pproximately 2.2 Mev additi~nal kinetic energy in 

the center-of-mass system» this line will in princi-ple be separated from the 

continuous meson energy spectrum. The separation amounts to about 3 Mev at 

30° observation angle in the laboratory system. 

Experimentally it would be extremely difficult to determine the 

existences or non-existence of real deuterons by observing this gap in the 

meson energy spectrum» since the energy resolution would have to be significantly 

less than 3 Mev. The statistics would also have to be very good to prove the ~ 

existence of even a dip in the distribution near the upper energy limit. 

Certainly these two conditions are not met by the experiments reported here. 

On the basis of Figs. 11 and 14 one can neither confirm nor deny the possible 

existence of deuterons in the production process. However 1 if the actual 

energy spread of the proton beam is less than the estimate given here it may 

be possible to achieve the required energy resolution. 

The incentive for attempting to improve the energy resolution certainly 

exists» since the existence and relative magnitude of the •'deuteron line" 

may lead to some restrictions on the choice of meson-nucleon interactions. 

The initial proton-proton system is limited to 1s» 3p» ln» etc.» states 

because of the Pauli exclusion principle» and have even or odd parity 

depending on whether ~ is even or odd. The bound state of the deuteron 

• 
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is a 3s state. The mesons formed at these proton energies will be in an S 

state a large fraction of the time since the wavelength ~ of a 20 Mev meson 

is about twice as long as the range of the meson~nucleon·interaction 

(assumed ~/~c). To this extent we may say that the parity of the final 

state will be even, and that the assumed interaction must be capable of 

conserving or changing parity depending on whether the protons collide in a 

singlet or triplet state. Furthermore" if the meson spin is 0 conservation 

of angular momentum rules out collisions in the 1s state. 

C, Total cross-section. The experimental energy spectrum of positive 

n~mesons at 30° when integrated over meson energy gives a value of at least 

7=1/2 x lo- 29 cm2 steradian per proton. Due to the fact that the mesons are 

observed to have nearly a single energy at this angle in the laboratory 

system~ we may readily estimate a total cross=section by assuming a spherically-

symmetric angular distribution in the center-of-mass system. l'hen the yield 

may be expected to vary with laboratory angle in much the same way as S~wave 

p~p scattering (the upper limit on meson energies goes nearly to zero beyond 

90°). Using the ratio of solid angles from p-p scatterings 

= 4 cos e "" 3.46 

and assuming spherical symmetry in the center~of-mass system 9 the total cross-

section becomes 9 

D. Angular distribution of the u-mesons. It has been shovm in experiments 

with photo-mesons 23 that neutral mesons decay into two gamma~ rays and therefore 

23 J. Steinberger» W.K.H. Panofsky and J. Steller, UCRL=674. 
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the neutral meson must have spin zero. It seems reasonable to assume that both 

charged and neutral mesons are of the same type. and that photon and proton 

produced mesons have the same characteristics. Therefore it would be both 

surprising and interesting if any effect. such as an asymmetry in the direction 

ofjU-mesons in n-u decay. were found. Previous studies by Richman and 

Vnlcox24 and by Weissbluth4 of decays of positive mesons from carbon and lead 

showed isotropic angular distributions of the)U 9 s. However. in these 

experiments only of the order of 15 mesons per 45° sector were obtained. 

Furthermore. whereas Wentzel 25 predicts a maximum effect near threshold these 

experiments were carried out 150 Mev above threshold. 

The present experiment comes much closer to satisfying the conditions 

as laid down by Wentzel. namely that it was carried out near threshold where 

the final nucleon and meson momenta are small compared to those of the initial 

protons. In fact. as has been pointed out before. the nucleons have only 

about 1 Mev each in the center-of-mass system. whereas the average meson 

momentum is less than 1/7 of the momentum of each of the colliding protons. 

The present results certainly do not prove that the n-positive meson 

has a non~zero spin. but they do show an asymmetry in the angular distribution 

of the)U-mesons which is not easily explained on the basis of statistics. 

If the true distribution were isotropic. then the probability that the 

observed distribution would occur is only 4.5 percent. Furthermore. this 

does hot take account of the fact that the extreme points are grouped together. 

An arbitrary division of the angular distribution (which happens to correspond 

to a forward-backward separation with respect to the proton beam) at 1350 

24 C. Richman and H. Wilcox. private communication. 
25G. Wentzel. Phys. Rev. 75. 1810 (1949). 
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into two hemicircles gives a ratio of 1.41 i .13 9 or a probability of only 1 

in 4:00 of being due to an isotropic distribution. 

If the meson possesses a magnetic moment as large as one mesonic magneton 0 

howeverD it would require a very strong asymmetry to withstand the effects of 

precession of the moment in a 15 9 000 gauss field during the lifetime for decay 

of the n-meson. A particle having one mesonic magneton will precess about 1 

complete revolution during the half-life for meson decay. Although the 

angular distribution observed falls off in the rotation direction expected 

of a precessing positive moment 9 the magnitude which must be assumed for the· 

initial asymmetry is so great that the effect should have been noticed on 

the no-field plates. 

The results9 while ~nconclusiveD justify further experimental work with 

plates placed inside and outside a region of magnetic field • 
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