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I. ABSTRACT 

Neutral mesons have been produced by bombarding various nuclei in 

the external 341 Mev proton beam of the Berkeley synchro-cyclotron. 

The yield from hydrogen has been compared with that from deuterium, 

obtained in a heavy water - ordinary water difference measurement, for 

the purpose of investigating a selection rule forbidding the production 

of neutral mesons from proton-proton collisions. 

A new type photon detector, which discriminated against detection 

of the large neutron and proton background, was employed to detect the 

decay photons of neutral mesons. In performing the water-heavy water 

difference experiment it was noted that the yield of neutral mesons 

appeared to be determined only by the number of neutrons in.the bom~ 

barded nucleus. This was verified in other nuclei up to ol6. 

By comparing the neutral meson yields from polyethylene, carbon, 

H~O, H~O and liquid oxygen, an upper limit on the ratios of the cross 

sections for the reactions which yield neutral mesons froin proton- . 

proton collisions and proton..:deuteron collisions could be det~rmined 

and was found in this case to be 0.08.:!: O.CJ7. 
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II. ll~TRODUCTION 

A. History of Neutral Meson Investigation 

In order to account for the charge independence of nuclear forces 
2 ·, 

Yukawa, Sakata, Kobayasi and Taketani as early ,as 1938 extended the 

meson theory of nuclear forces to postulate the existence of a neutral 

particle which would have a rest mass approxi~ately equal to that of 

the charged meson with other properties similar to ~he charged meson. 

Thus a neutral meson can be emitted and abs.orbed by a proton or neutron 

as follows: 

The forces» other than electromagnetic, between two protons can then be 

considered as due to mutual emission and reabsorption of this particle. 

At this time little wa.s known of the properties of the charged 

meson, and no experimental evidence to verify the existence of the 

neutral me~on had been presented, so that the methods of decay postu

lated were many, as were the expec~ed half-lives. The first paper to 

estimate the half-life of a neutral meson of p~eudo~$Calar type aga~nst 

decay into two photons (which method of decay is now cqnsidered to be 
3 

correct) was presented by Tanikawa in 1942 who estimated the mean life 

to. be betwe~n lo=l3 and 10~16 second.· At the writing of the present 

paper experiments have only been able to establish an upper limit on 

the half-life as lo-13 second.4 . 

The implications of the photon decay of neutral mesons for the 

soft component in cosmic radiation were pointed out by J. R. Oppenheimer 

in 1947.
5 

It was assumed that in high energy nuclear events neutral 

mesons are emitted with multiplicities similar to those for charged 
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mesons~ The neutral mesons decay into photons and account for the early 

development of extensive showers as well as the large total amount of 

soft radiation. Th~se bursts of soft radiation were then actually ob-
6 7 

served in the cloud chamber by Fretter in 1948 and Chao in 1949 as 
8 

well as in nuclear emulsions by Kaplan, Peters, and Bradt. Both the 

cloud chamber pictures and the photographic stars show that showers begin 

with photons rather than electrons. 

The discovery of high energy photons produced by bombarding 

various nuclei in the Berkeley synchro-cyclotron by 340 Mev protons and 

tentatively described as neutral meson decay photons by·Bjorklund, 
9 

Crandall» Moyer and York was followed by the production of neutral 
. 10 

mesons by 320 Mev bremsstrahlung from the Berkeley synchrotron, . then 

by a measurement of the neutral meson spectrum produced in high alti

tude cosmic-ray stars by Carlson, Hooper; and King4 and by other experi= 
. 11. 

ments involving production by capture of n- mesons in hydrogen and 

recently by a detailed structure of the photon spectrum produced in the 
1 

Berkeley cyclotron. 

Production of neutral mesons from various nuclei had been investi-
9 . 

gated by Bjorklund et al •. by bombarding internal probes but uncertainties 
12 

in the yields due to multiple traversals indicated the need for doing 

the experiment in. the, external proton beam. 

The differences involved in n• and n° production may be best under~ 

stood by considering the experiments of Cartwright, Richman, Whitehead, 
.1.3 14 . 

and Wilcox, and Peterson who measured the n+ energy spectrum at 

various angles from the reactions 

':. 
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IA 

and 

IB 

This work indicated that reactions IA and IB occurred in such a way 

that 90 percent of the n+ mesons were emitted in a P angular momentum 

15,16 
state when hydrogen was bombarded by 341 Mev protons. . Evidence 

that the n+ meson is a pseudo-scalar meson is obtained from the experi-
29 

ments of Bishop, Cook, and Steinberger and Panofsky~ Aamodt, and 
. 17118 

Hadley so that if one considers the analogous reaction 

Hl + Hl--Hl+ HJ: + no II 

and assumes the n° to be a pseudo-scalar meson, and further that nuclear 

forces are not charge dependent, he observes that if the n° were to be 

given off with one unit of angular momentum and, to complete the analogy1 

the protons emitted in a singlet S state, if parity1 is conserved, it is 

not possible-to conserve angular momentum. Thus reaction II is not a 

possible reaction under the above conditions. However, if the n° is 

given of'f in an S state the reaction is possible but in analogy with 

the n+ case we should expect the probability of it occurring to be one-

tenth of the cross section for the reaction III 

H1 + N--- H1 + N + n° III 

. Not only does experimental work tell us that the n+ meson is given 
19 

off predominantly in the P state but we learn from meson theory that 
' 

the ratio of cross section of reaction III to cross section of reaction 

II should be equal to the ratio of the proton mass to the mesori mass • 

. The investigation of the selection rule forbidding reaction II 

with the n° in a P state was the purpose of the work described in the 
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following pages and it will be seen that making the cross section meas-

urements by subtracting molecular yields lead to measurement of yields 

from light nuclei disclosing apparently neutral meson yields from only 

the neutrons in these nuclei. 

B. Description of Neutral Meson Properties 

Tfieproperties of the neutral meson will be described here with 

reference to the preceding subsection which contains references to all 

the' sources from which these properties are derived. 

The neutral meson is an uncharged n meson. By n meson we mean 

that it .has a strong interaction with nucleons as opposed to the J.1. meson 

which is weakly interacting~ The n° has a shorter mean life than the 

charged meson whose mean life is of the order of lo-8 second; it is 

in fact so short that experiments to determine it have only been suc-cess

ful in establishing an upper limit of lo-13 second~ on it. A calcula

tion of the expected mean life by phenomenological methods
20 

'leads us 

to believe that the mean life might be as low as lo-17 second. The 

products of the spontaneous decay of the n° are two photons each having 

one-half the, rest energy of the meson in its rest frame. 
11 

The mass of the n° meson has been measured in the reaction 

n- + H1~ N + n° 

' in·terms of then mass by measurement of the mean energy of the decay 

photons and the width of the photon spectrum due to the Doppler shift 

of the photons. This value was determined to be 266 electron masses. 

Since mesons are created in nucleon-nucleon collisions the mesons 

are expected to 'emanate from a system of high veiocity in the direction 
. ' 

of the proton beam. The observed spectra of photons in the forward and· 
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backward direction should exhibit large shifts in mean energy according 

to the well known formula 

hv 1 = yhv(l •·(3cos9) 

where hv 1 is the observed energy in the lab frame and.Y and p the con

ventional Lorentz factors for the neutral meson velocity in the lab · 

system while 9 is the angle between the meson path and the.photon path 

in the meson frame. In a later section a description of the observed 

and expected spectra will be given in detail as a demonstration of the 

validity of neutral meson detection •. 

The n° has zero spin and is a pseudo-scalar meson • 

. -
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III. EXPERIMENTAL PROCEDURE 

A. Arrangement of Apparatus 

The source of high energy protons for this experiment was the 341 
21 

.;!: 1 Mev · external proton beam of the Berkeley 184-inch•synchro=cyclo-

tron. In order "to perform experiments with electronic counting appara

tus the external beam was·obtained. not by electrostatic deflec::tion (in 

which case the beam,is·deflected in pulses of lo-7 second time duration) 

but was scattered, by means of .. an internal carbon target; .. into the 

magnetic channel of the cyclotron and then.through a·steering and focus-: 

ing magnet along an evac;uated tube to_,be emitted into th.e air in an area 

enclosed b~ concrete shielding known as the 11 cave 11 • This scattering 

deflection permits the beam to be removed from the cyclotron at the 

normal repetition rate of 60 pulses per second with a pulse duration of 

25 microseconds. 

Scattering of the primary proton bea.ni from the final collimators 

used in the experiment was avoided by using a 1/4-inch x 1/2-inch brass 

collimator preceding the focusing magnet. After passing through the 

focusing magnet the beam entered a large hole in the concrete shielding 

and finally passed through a 48-inch long, 2-inch inside diameter brass 

tube, whose walls it was not supposed to strike, at the end of which it 

left the evacuated tube through a 10-mil aluminum window to. enter the 

cave. 

Reduction of the stray background radiation in the cave ih the 

region of the detectors was accomplished by constructing a 24-inch thick 

wall of concrete and lead, through which passed a 3-inch diameter hole, 

following the end of the evacuated proton tube (the end of this tube 
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shall in the following discussion be called the 11 snout 11 ). To imderstand 

the need for such a wall we must remember that the detectors were designed 

to count high energy pair electrons which lost relatively small amounts 

of energy in the detectors. It will be shown below that the cross sec-

tions for production of neutral mesons of the nuclei of some targets 

bombarded were at least 1000 times as small as the cross sections for 

other processes involving the production of neutrons and charged parti~. 

cles. Thus because of the small yield of neu:tral mesons it was necessary 

not only to insure not counting the neutrons and protons coming directly 

from the target but also the large numbers of thermal and epithermal 

neutrons and y-rays ·comging from the concrete shielding whose primary 

shource was the sea of neutrons, y-rays, and charged particles inside 

the shielded area of the cyclotron. 

Between the second wall and the snout was placed an ionization 
. . . 

chamber constructed with thin walls (3 mils beryllium-copper), so as to 

scatter the beam as little as possible, and filled with argon. This 

chamberwhich produced about 500 ion pairs for each 341 Mev proton that 

passed through it was used to monitor the intensity of the proton beam. 

The charge collected from-it was stored on low leakage polystyrene con

densers and periodicaliy dumped when it exceeded the capacity of a re-

cording electrometer which gave a continuous indication of the charge · 

collected and the amount dumped. 

The second collimating wall described above was constructed on a 

4-foot x 4-foot steel table which rested upon a platform which could be 

moved by motor-driven gears to locate the target and detector assembly 

in the proton beam. The targ-et was located 24 inches back from the.· 
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second collimator and the detector usually about 6 inches from the,target 

at ari angle of 135° tothe,protcm ~earn. Fig. la. 

Alignment of the apparatus was effected by exposing ,x-ray film at 

the front and back of the cave to the proton beam. A stri!J.g .was then 

stretched between centers of the_ two images. This process was used for 

a first alignment and a check was made by exposing two more films; one, 

to obtain a shadow of the ta!'get in the beam, the other to make sure 
• • ' • • . • i 

.that the second c.ollimator did not intercept ,any part of the beam. 

B: beteictors 

Thef detector used. in this experiment is a new type* and has been 
. . .. 

called tentatiVely the "pair-scattering· detector". ·Because this is the 

first time the detector has been used'it will be described in some 

.detaiL 

·Fig. 2. is a schematic drawing illustrating the following text. 

Actually there are four individual counters which are electronically 

connected in quadruple coincidence. Each counter consists of a tank 

of liquid scintillator to which is attached an R.C.A. 1P21 photomulti-

plier tube. The tank is made by soldering 2-mil berylliurn~copper win

dows to ~ l/16 .. inch brass frame. 

The 1 1/4-inch thick tanks are filled with a solution which is 

composed of 5 grams of p~diphenylbenzene dissolved in 1 liter of tel.: 

uene. The tanks are lined with aluminum foil to make the walls good 

reflectors of the light produced in the scintillator when traversed by 

a: charged particle, and a glass window is located at the' surface which 
. , 

faces the photomultiplier. The whole arrangement is then securely 

* The design of this detector was first suggested by Mr. Cecil E. Leith. 
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fastened and made light tight by black scotch tape. 

The four counters are placed in position as shown in Fig. 2 .and 

the two sets of two counters are.each connected in double c~incidence 

by coincidence circuits of very short resolution time and the outputs 

of these two circuits are fed into a coincidence circuit of medium fast 

resolution time. These circuits will be described later in the text. 

A 1/4-inch lead converter is placed one inch in front of the coun

ters. In practice the difference counting rate from a lead converter 

and from a carbon converter with the same stopping power for charged 

particles is used as a measure of the number of photons striking the 

converter. 

The scattering detector is actually a miniature pair counter. It 

departs from the conventional pair counter employing a thin converter 

to change photons to electron pairs, a magnetic field to separate the 

pairs, and a circuit to detect them in time coincidence, by dispensing 

with the magnetic field and obtaining the required separation of the 

pairs in the converter itself by making it thick enough for multiple 

coulomb scattering to perform the operation. It is seen that those 

pairs of electrons and positrons which happen to be coulomb scattered 

in such a way that the positron enters one counter telescope and the 

electron enters the other, cause events to be recorded which events are 

a measure of the photon intensity. 

The minimum energy photon that can be detected with this system is 

JO Mev and is a consequence of electron and positron energy loss by 

ionization in the converter and the counters. The high energy limita

tion on detection efficiency comes about by the decrease in mean scatter-



.. ing angle of the electron""positron pair with photon energy. If the 

small non-detecting area between counters subtends a small fraction of 

the .mean .. solid· angle into which the pairs are f:lCattered~ then over the 

photon.energy range that this condition is satisfied, the efficiency of 

detection is insensitive to energy. Thus in the photon energy_range, 

~rom 50 to 120 Mev~ considered in this experiment, we may expect· the. 

· condition to hold. 

The reasons for the·development of this type of detectorare l!lany 

and ~hey involve the problems of counting the relatively rare neut~~l 

meson photons in the presence of.other radiations of much higher inten~ 

sity. One of the most satisfactory ways of counting a neutral meson is 

to detect in time coincidence the two photons which are formed in its 

decay as shown in Fig. 1. The factor of time coincidence and angu~ar 

correlation of the photons.is convincing-evidence of the presence of 

the neutral meson. Indeed, such detection.has been accomplished by . 
I • ' • 

10 22 
Panofsky et al. and by Steinberger. . The problems of detection, of 

these experimenters differed from those at the cyclotron in that Panof-

sky's experiment was performed with a synchrotron with little heavy 

pa~ticle background and a duty cycle of 3 percent and electron back~ 

ground predominantly in the forward direction ~nd Steinberger 0 s experi-

ment was done in a low intensity n~ meson beam with littl~.backgro1lllq. 

This method was investigated at the cyclotr~n but was .found to be 

. of limited use since the counting rate of coincident photon13 was about 

2 perminut~ when the cyclotron was operated at such intensi~y that 

accidental coincidences from protons did not exceed the photon true 

coincidence rate. ., . 
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The detection of a single photon by means of this pair-scattering 

type of detector was found to be able to give counting rates of 75 

counts per minute due to single photons. Investigations by other ex.,. 

perimenters have shown that vitually all of the photons produced in 

proton-nucleus collisions are from neutral meson decay so that detec

tion of this type is valid. A discussion of these experiments and the 

relation of photon angular distribution to the actual meson production 

will be given in a'later section. 

In devising a scheme for detecting the photons arising,from the 

decay of neutral mesons in production experiments at the cyclotron it 

must be remembered that there are several radiations emanating from a 

target -struck by 341 Mev protons. They are enumerated below. 

1. Elastically scattered protons of high energy. 

2. Several medium energy protons, deuterons, a.-particles, etc-~ in time 

coincidence from spallation collisions. 

3. Several medium energy neutrons in time coincidence from spallation 

reactions and combinations of 2 and 3. 

4. Charged mesons. 

5. Low order multipoJ:e radiation. 

6. Photons from the decay of neutral mesons. 

Obviously under _such conditions there is a limiting intensity of 

decay photons below which we cannot detect because of the background 

of sptirious counts. Little is known of the energy distribution of 

spallation products especially at large angles so that predetermina

tion of the feasiblity of the detection scheme was not possible but 

experimentally the system proved to be sound. 
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It appeared from measurements of the efficiency of the scattering 

detector in the beam of neutrons and n° photons produced by b01nbarding 

an internal probe that the photons could easily be detected in the 

presence of neutrons. This efficiency measurement was accomplishe~ by 

placing the scattering detector behind the pair spectrometer of the 
23 

184-inch cyclotron in view of the· internal target. The efficiency of 

the spectromete! was calculated in a straight forward manner and the 

scattering detector efficiency determined from it. After determining 

the efficiency of the system it was easily understood why .the neutrons 
~ ' . . 

gave no trouble as the converter had only an 8 percent efficiency_ for 

producing protons from neutrons and the probability of forming protons 

from two separate neutrons together with the necessity of having two 

neutrons directed toward two separate telescopes with no angular corre-

lation reduced the effici~ncy for neutron detection.to a very low value. 

Indeed the counting rate for neutron detection was less than 5 percent 

of the photon counting rate when the internal probe material was carbon, 

and the direction of viewing was 180° to the beam. 

The background counting rate for protons is even more difficult 

to estimate since here the requirement on conversion in the converter 

is not necessary. Thus we must know the energy distribution well for 

the number of time coincident protons greater than 90 Mev. Typical 

results showed a contamination of background to be 12 percent indicat-

ing that the.protons were principally responsible for the spurious 

countso 

The background described above was caused by two charged particles 

in time coincidence entering the individual telescopes. Presumably 
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they originated in a single event at the target. The other source of 

background is that due to two charged particles originating from sepa-

rate events in the target but close enough in time so that they fall 

within the resolution time of the detectors and are recorded as being 

in time coincidence. In the case that the.charged particle intensity 

is much greater than the photon intensity a very short time resolution 

scheme must be used to avoid.this background. An alternative solution 

is to operate the cyclotron at very low intensity. The low. counting 
.. ::'' . 

rate for neutral mesons makes this an unsatisfactory solution. 

C. Electronic Apparatus 

·'Short pulses of light produced in the liquid scintillators by 

traversal of charged particles cause electrons to be emitted from the 

photo cathodes of the 1P21 photomultipliers. The electrons are directed 

around ·a. series of electrodes each of which constitutes a stage of· ampli-

fication byvirtue of secondary emission. The resulting current pulse 

if collected on a low impedance electrode may be less than lo-9 second 

in duration. The two principal reasons for the length of the pulse are 

differences in path lengths of electrons in the tube and the decay of 

the scintillator after it.has been excited. Such pulses may be used 

with a short resolution coincidence circuit to suppress the accidental 

coincidence rate background described above. In practice, however, the 

large variation in pulse height from the scintillators due to the varia-

tion in energy loss in the scintillator from low energy protons and high 
.; 

energy electrons made it necessary to limit and shape the pulses in the 

following manner. The collected charge is delivered into a 1000-ohm 

shorted delay line which was fastened to the grid of a 6AH6 pentode 
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amplifier. The output of this tube was fed through 125-ohin coaxial 

cable to the coincidence circuit. Fig. 3. The pulse width was about 

5 X io-9 second and the phototube voltage was such that the 6AH6 was 

cut off by electrons passing through the scintillators thus insuring a 

pulse height 'indep~ndent of. energy· or type of particle. 

The coincidence circuit is known as the crystal bridge type and 

is shown in Fig. 4. This circuit has the advantage over conventional 

·.-multi grid tube circuits or conventional crystal circuits that :i.t will 

operate at voltages as low as 0.1 volt and-may be constructed with a 

resolution time as low as lo-10 second. The low voltage operation 

eliminates the necessity for amplifiers which are required with present 

photomultipliers to-· reach voltages necessary to operate conventional 

circuits. S.ince present distributed amplifiers have bandwidths not 

exceeding 200 megacycles per second an amplifier is a serious limita-

.tion on overall resolution time and the excellent resolution of the 

coincidence circuit may be fully utiliZed only if amplifiers are not 

u·sed. Although the coincidence circuit was specifically designed for 
24 

this work more than a year ago, a recent paper has_been published 

describing its princj,.ple of operation and it will be sufficient to 

merely state that its virtues, namely g.ood resolution,. low voltage 

operation ~d quick recovery time are due to use of low capacity crys-

. tals, unbiased crystals and short time constant_ of the upper bridge arm 

-.- impedances • 

Since the frequency of double coincidences was not high, a conven

tionl:l,l laboratory Rossi type c.oincidence circuit with a 1 microsecond 

resolution was used to mix the output .of the tw0 fast doubles circuits. 



-18-

By connecting A and B in fast coincidence and C and D i~ fast coinci-

dence the doubles rate was held down to ten times the quadruple rate. 

If the telescopes AC and BD had been conne'cted in double coincidence 

the Rossi circuit could not have been use~for the doubles rates would 

have been excessive. 

D. Conversion of Neutral Meson Photons 

The position of the 1/4-inch lead converter relative to the scin-

tillation counters was determined experimentally to give the highest 

counting rate. _It will be noted t,hat t~e distribution function of the 

scattered pair electrons is gaussian in angle and as the counters are 

displaced from the converter the small nondetecting are between counters 
- ' , 

A and Bj due to the brass frame, subtends a smaller fraction of the 

tot?-1 solid angle i!lto which the electrons are scattered. At-tthe same 

time the effi~iency of. the counter ~s de\creased because it subtend,s ~·-~ 

smaller solid angle so that an optimum position exists. The optimum 

position for the converter was determined to be 1 1/4 inches from the 

front fac~s of the counters A and B. The variation of counting rate 
- ' 

with position is shown in Fig. 5. 

Another para.lileter which requiresl investigation was. the converter 
+ .. . 

thickness. The usual transition effects ta~e place, in which the 
·,, 

particle to be detected ~s creat,ed from the incident radiation in the 

converter but is also able to be absorbed or scattered in the same con-
-' 

verter so that the detection rate increases with converter thickne,ss, 

reaches a maximum and then decreases. Actually an electron shower is 

created in the converter ·and we should expect the optimum thickness to 

be about one radiation length. This argument is modified somewhat by 

) 
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the increase in efficiency of the scattering detector with thickness of 

converter due to the larger separation of the pair electrons by coulomb 

scattering. The optimum thickness of converter as shown in Fig. 6 was 

determined to be 1/4 inch which is ciose to one radiation thickness. 

E. Targets. 

The targets used in the experiment varied in size. In·order to 

determine the relative yields from carbon, hydrogen, deuterium and 

o:zygen, targets of H~O, H~O, graphite, polyethylene, and liquid oXygen 

were used. Other targets investigated were B10, B11, and Be9. The 

containers for the ordinary and heavy water and liquid oxygen were 2..; 

inch diameter duraluminum vacuum dewars with a 4.-mil inside wall and a 

14-mil outside wall. The ~or on targets were made of compressed powder, 

carefully stamped into l-inch diameter, 1/4-inch long cylinders (4 of 

each). These were obtained from Oak Ridge and were of a high degree of 

purity. The graphite, polyethylene, and beryllium targets were machined 

from materials of high purity. 

In view of the rather high background in this experiment and the 

. attempt to measure very small differences in cross sections per mole-

cule: the physical properties of the targets and their positions (when 

they were smaller than the beam diameter, as in the case of B10) were 

of extreme importance arid the effect of differences of stopping power 

~or the background charged particles in the target, and displacement in 

the beam were investigated. The results of these tests will be des-

cribed in a later section. 
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F. Accidental Coincidences 

The large counting rates in the individual counters made it neces

sary to operate the cyclotron at less than· its maximum .intensity~ .. The 

intensity was reduced so that the number of accidental coincidences was 

a small fraction of the true coincidence rate. The contamination due 

to accidentals was determined by the variation of detected counts per 

unit of integrated beam with the cyclotron intensity. The same results 

could have been obtained by inserting delay lines between counters 

equal .in time delay to the.radiofrequency period of the cyclotron os-
... 

cilla~or, assuming successive rf pulses of beam to be equivalent • 

. ' 

., 
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IV. VALIDITY OF NEUTRAL MESON IDENTIFICATION 

A. Background of Protons and Neutrons 

It has already been shown that the radiation detected by the scat

tering detector is principally due to high energy photons. The evidence 

that the .background from neutron and ~rotons is a small fraction of the 

photon yield seems convincing.a?d the ev~dence that high energy photons 

are being detected is apparent from the shape of the intensity versus 

converter position curve and the shape a~d slope of the transition curve 

for the converter. The characteristic length ~or a transition curve 

detecting neutrons would be at least five times the length of that ob

served and the background due to protons would not exhibit the proper

ties of a transition curve at all, since the detected particle is not 

created in the converter, but would be monotonically decreasing·with 

converter thickness. The shape of the intensity versus converter posi

tion curve is added proof that the detected event is not two time coin

cident events originating at the target which would cause little or no 

variation of intensity with converter position but is as described earlier 

a single event originating in the target which causes two or more ioniz

ing particles to be initiated in the converter and is presumably a 

photon. 

Another convincing proof of the validity of deteqtion is the varia

tion of counting rate with converter area. Experiments done by viewing 

an internal cyclotron target (as described in Sec. III-B) show that only 

a narrow strip of the converter 3/4 inch on each side of the centerline 

in Fig. 1 is effective in detection. 
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B. Photon Background 

After one is convinced that the detected radiation consists of 

high energy photons it remains to establish the origin of the photons 

and -to determine what other reactions than the decay of neutral mesons 

give rise to high energy photons. We have available to us for such an 
. 9 

investigation the experiments of Bjorklund, Crandall, Moyer, and York 

who first measured the photon.spectra at the cyclotron and the later 
. 1 . 

work of Crandall and Panofsky who obtained detailed structure of the. 

photon spectra which enable us to determine the amount of contamination. 

The possibility of bremsstrahlung due to proton-proton collisions 

is ruled out because of its small cross section both on .theoretical 

25 9 
grounds and by actual measurement. Nuclear excitation photo~s are 

ruled out because the photons are not produced in high energy a.-particle 

collisions with nuclei.
9 

The possibilities of excited states of n 

mesons and excited states of nucleons are ruled out by the threshold 

measurements for production of the photons and by the requirement of 

impossibly higA nuclear translational kinetic energies to produce the 

measured Doppler shift of the photons. 

C. The Characteristics of Neutral Meson Photons 

Because of the unique kinematics associated with neutral meson 

decay it is possible to recognize the characteristic photon spectra 

assOciated with the decay, and consequently to differentiate between 
.. 

the photon spectra of neutral meson decay and other photons which may 

be present. 

The first discussion of the properties of the neutral meson photon 

. b 1 4 . 1 1 
spectrum was given y Carlson et a . and ~ndependent y by Panofsky. 
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A brief resume of the results of these calculations 'will be given. 

'If weassume a system in which neutral mesons are emitted isotrop-

ically from a poirit source with· momentum p, then an observer "in the · 

same reference frame as the soUrce will measure a rectangular spectrum 

of decay photons n(kl)dkl = dk1 with limits of k1 upper}= k0y(l,:!: (3). 
p lower 

The constant distribution function comes about from the factthat'if 

one has a number of sources of unique energy-photons and the sources 

all have the same speed with their velocities enclosed in an increment 

-of solid angle, then the energy increment of the Doppier-shifted phot-

ons is proportional to the solid angle ·enclosing ther:source velocities. 

This formuia'may be easily extended to give the spectrum in the case 

that the mesons have a momentum distribution~' Having accomplished that 

'it can be shown that the solution to the above problem is also the· solu-

tion to the spectrum of photons observed from an anisotropic distribu-' 

tion of mesons having an arbitrary momentum distribution provided the·· 

spectrum has·been averagedover all observer angles of view. Figs. 8 

and 9 describe the foregoing text and define the notation used.·' -

There are several salient features of such-neutral meson spectra 

which enable us to distinguish them from other photon phenomena and also 

enable us to measure neutral meson properties. If we measure any two 

energies at wh~ch (in.the angular averagedspectra) the photon inten-

sities ar~ equal we may determine the rest mass of the neutral meson 
•• • < ••• • ' ' 

to be 2 /E1 E2. Another feature of the averaged spectra_ is that they 

are symmetrical in the logarithm of the photon energy. The third out-

s~anding feature of the spectra, is that t~ey show_ the char~cteristic 

frequency shift from forward to backward directions of viewing which 
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indicates that the radiation emanates from a rapidly movinp. system 

which could only correspond to a nucleon-nucleon collision. 

Carlson4 et al. who measured the photon spectra in the cores of 

high enerf:'Y cosmic-ray stars showed that the origin of these photons 

was the decay of neutral mesons by observing that the spectra conformed 

to the expected type described above. Indeed, several mass measurements 

made'on one spectrum by means of the second feature described above gave 

very consistent results and their mean value of about 300 electron masses 

agreed with the value obtained at this .i.aboratory9 from the spectra pro-

duced ~n proton nucleus collisions. A typical example of these latter 

spectra is shown in Figure 9a. More precise spectra are currently being 

obtained by Crandall and Panofsky by means of an improved pair spectro-

meter. 

Another way that·neutral mesons might contribute photons is by ab-

sorption of the meson in the same nucleus from which it is formed. The 

process is essentially a radiative capture with the emission of a high 

energy photon. The inverse process which is the production of neutral 

mesons in nuclei by high energy photons has been studied in the brems-

10 strahlung beam of the Berkeley synchrotron and a detailed balancing 

calculation26 shows that the original process together with similar 

processes such as n• and n- capture in nuclei giving rise to a high 

energy photon, contribute less than 5 percent of the photons produced 

in a proton·carbon collision. 

An .analysis of the photon spectrum by Crandall and Panofsky appears 

to indicate a small deviation from the symmetry properties which would 

be expected on the basis of the above arguments. The source of this .. 
~ 

~~( small contamination has not been certainly identified but it has ten-
~/ 

tatively been labeled as radiation due to meson capture in nuclei. The 

amount of this contamination need not exceed the 5 percent expected from 
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such a source so that we can say the detection of a single photon'·lh .. · 

the present work is an adeqtiate measure. of the neutral' m~son yieTd.·' :,-. 

The limits of error in the experiment will of co'Urse be marked by this 

factor along with oth~rs which will be describe-d in a later section.· 

I 
I~-· " -'....:il" 
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V. ANALYSIS OF DATA 

Because of the large neutron and proton. background in the forward 

hemisphere it was not possible with the apparatus used to obtain angUlar 

distributions of the photons. The data consist of observations at. only 
1 

one angle to the beam, 135°. For this reason one could not with confi-

dence compare the yields of photons at 135° from ol6 and from H1 beca~se 

of the variation of energy and angular distribution from these nuclei. 

However, we shall show that the comparison of such nuclei as B11 and cl2 

without correction of the data may give an adequate comparison of neu

tral meson yieids, and that a comparison of H1 and H2 with reasonable· 

corrections is quite significant. Speculation as to the value of com

paring the yields from all nuclei up to ol6 seems important as the data 

show internal consistency when so compared. 

The comparison of neutral meson spectra of tantalum and carbon 
. 1 

shows that the two spectra are identical in structure. This indi-

cates that in carbon the momentum distribution of nucleons in the 

nucleus has already attained a character similar to that in the heavy 

nuclei. This being the case, it is legitmate to say that since mesons 

are formed in nucleon-nucleon collisions no variation should be expected 

in angular distribution of the mesons and no variations in the spectra · 

from nucleus to nucleus in this ran~e of nuclei, furthermore the method 

of detection of this experiment is·proportional to the total yield of 

neutral mesons. 

Let us now see if an estimate of the yields as measured by our 

detector from the light nuclei such as hydrogen and deuterium is very 

different from the actual total neutral meson yields. This can be done 



from actual measurements of the average energy available in proton-

nucleus collisions for producing mesons and by calcu~ating the varia-

tion of energy of the photons observed at a fiXe~ laboratory angle with 

different mes.on energy distributions and by calculating the variation 

of solid angle in the laboratory from these various energy distribu-

tions. 

We can estimate from the charged meson excitation function of pro-
27 

tons on carbon by means of the measured threshold that neutral mesons 

of about 60 Mev kinetic energy may be produced in carbon in the nucleon-

n~cleon center of mass system. In producing neutral mesons by bombarding 

hydrogen by protons, only 20 Mev of kinetic energy is available after 

production and in bombarding deuterium by protons a theoretical calcu-

lation shows that a maximum of 38 Mev is avajlable and on the average 

considerably less. 

In the energy range of neutral mesons which we estimate is involved 

in these measurements, and at the angle chosen for detection, there 

appears to be a fortuitous compensation of factors, allowing the varia-

tion of photon energy and solid angle to remain quite insensitive to the 

variation of momentum of the mesons from 20 Mev to 60 Mev. We estimate 

this variation to be less than 10 percent. 

For example, in the following formula 

hv' 
hv 

= -y"7(.,....1-+---=-~-co-s-Q"""'"r....-) 

where hv' is the observed energy in the_ lab system of a photon of energy 

hv in the meson system, and 9 1 is the angle in the lab system between 

the observed photon and the velocity of the meson from which it origi-
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nated, values of ~-andy corresponding to meson energies in th~ lab 

system of 20 Mev and 60 Mev are. inserted and the observed angle is 

allowed to be 135°. Results are given in Table I. 

Table I 

Meson energy y (3 y(l- h) 
20.Mev 1.147 0.490 0~750 

60 Mev 1.441 0.721 0.710 

The last factor to be considered is the variation in the angular 

distribution of the neutral mesons in thevery lightnuclei. Here 

again the problem is not as serious as might be supposed since because 

of the isotropic emanation of decay photons in the rest frame of the 

neutral meson, a photon detector at any angle to the direction of the 

neutral meson velocity will detect its decay photons. However the 

efficiency of detection depends on the energy of the Doppler shifted 

photons, which has already been discussed above, and the ratio ·or solid 

angles in the laboratory and meson frames which is a function of the 

angle between the meson direction and the observer as well as the meson 

energy. 

Consider a source which emits mesons in narrow cones at 180° and 

at 0°. If the extreme cases are considered where a photon detector is 

pointed along the biconical distribution and at 90° to it it is ob

served that for a meson p of 0.5, the difference in effective solid 

angle seen by the detector in these two cases is only 20 percent. It 

is .seen that the photon decay process tends to make the angular varia

tion of photons in the laboratory system, a relatively insensitive 
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function of the meson angular distribution. . ,•: 

., 
With these qualifications in mi~d it was considered that the 

yields from nuclei such as., Be 9 and heavier could be compared wi thotit · 

correction and that suitable limits. c.ould be placed on the production 

from hydrogen and deuterium. 

'. 

. -. 
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VI. CORRECTIONS 

It was not necessary to make corrections for photon conversion in 

the targets as this factor was chosen to be small enough so that the 

fraction of photons converted in the target was less than 3 percent. 

Because the efficienc~ of the detector· depended upon the angle at 

which the photons struck the converte~, the lengths of the targets were 

kept short enough to avoid making any corrections. The length of the 

target also determined the mean energy loss of the bombarding protons. 

In most of the targets the mean energy loss was .less than 4 Mev and the 

largest mean energy loss 7 Mev was in the water target. This decreased 

the energy available for meson production by only 2.5 Mev. 

The other factor which limited the accuracy of the experiment was 

the ~ariation in energy of the proton and neutron background from the 

target, with diameter of target. 

The accuracy of the results stated in Section VII is not limited 

by the factors of target length and diameter due to the first two 

sources of error which fact was computed from the excitation function 

for meson production 
27 

and the known cross sections for pair produc-
28 

tion. 

Corrections for the variation· of proton and neutron background with 

target size and density could not be computed nor could the variation 

of converter efficiency with target length. The effect of these two 

factors was measured experimentally by observing the variations of the 

detected counts per unit target length with target length and the varia-

tion of target background with target diameter and length. The errors 

so incurred do not affect the accuracy of the stated results. 
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During the course of a day, several different targets.were compared 

by repeating operations in which all targets were bombarded in rotation. 

This cycling process prevented any systematic error such as change of 

proton beam characteristics, change of monitor efficiency, counter volt

ages or electronic intermittent failure from escaping unnoticed. For 

this reason it is believed no such errors are present in the work. 
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VII. RESULTS 

A. Typical Operating Data 

A typical set of data taken from the operations log is shown in 

Table II below. It refers to targets of Be9, B10, boron in its natural 

isotopic proportions, and cl2. 

Table II 

At Monitor Converter Tgt D12 D34 Q y 

minutes X 1 X 64 x64 X 1 X 1 

3.11 2 c Be 20 13 18 4.6 

8.62 5 Pb Be 72 46 414 42.7 

8.CJ7 5 Pb BlO 90 57 '520 41.5 

3.23 2 c B10 24 16 32 6.65 

3 .en 2 c B 24 17 3.2 7.93 

7.87 5 Pb B 87 55 489 48.4 

7.74 5 Pb c 79 47 417 53.0 

3.11 2 c c 22 14 30 9.43 

In Table II above the weights of the cylindrical targets placed 

with their symmetry axes along.the proton beam were 

Be 17.48 gm 

BlO 24.12 gm 

B 21.86 gm 

c 19.17 gm 

The proton current was 0.8 x lo-12 ampere. The double coincidence 

rates are shown as D12' D34 in units of 64 and are used only as a 

secondary monitor. · The monitor counts are given in terms of a con-
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venient collected charge unit which operates a Leeds and Northrup re-

cording galvanometer full scale. Q indicates th~ number of quadruple .. 
. ' ·. - ... ·. . . 

coincid~nces and Y is the number of quad~uples per monitor unit per 

gram _atom of target. .-

It is to be noted that the operating time is less with the ,carbon 

converter than with the lead converter. This procedure has been used 

to make the most efficient use of the counting time with the smallest 

possible counting error. The results of several cycles of the type 

'shown above·' are given in Table III. 

Table III . 
Target Converter Yield/Monitor/Gram Atom Pb - C 

' 

Be9 Pb ., .41.4 + 0.78 36.2 + 0.9 - ' . 

-Be9 
- ' c 5.16 .! 0.43 

BlO Pb- 41.4 .:!: 0.70 36.0.:!: 0.8 

BlO c 5.35 .! 0.39 

B Pb 49.1 .:!: 0.82 41.7 .! -o. 9 

J3 c 7.43 .! 0.48 

cl2 Pb 51.1 + 0.96 43,;3 .! 1.1 -
cl2 c 7.8 + 0.59 

' 

none \ Pb 2.67 .! 0.55 

The errors shown in the last column are standard deviations due to 

the statistical nature of counting. The systematic errors are estimated 

to be ~ess_ than the counting_ errors in all cases. .The background com-

prises about 0.125 of the measure_ment •. The yiel? of pairs from t};le 

carbon _eonverter should be 0.110 of. the yield_ from the . lead conver.ter ~ 
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Although the scattering angle in the carbon converter is smaller than 

~~· in lead it seems reasonable from these data to estimate the proton and 

neutron background to be of the order of 0. 05 of the total yield. 

B. Final Results 

The final data on elements from Hl to ol6 are given in Table IV, 

in which the c12 yield is normalized to 6.00. Graphically they·are 
~ 

displayed in Figure 10. 

.. 

Nucleus 

Hl 

H2 

Be9 

BlO 

B111 

c12 

016 

Table IV 
• I 

Relative cross sections for neutral 
meson production by 341 Mev protons 

0.07 .: 0.06 

0.85 .: 0.20 

5.01 .: 0.12 

4· 99 .: 0-:.11 

5.95 :!:. 0.13 

6.00 .: 0.16 

7.46 .: 0.28 
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VIII. CONCLUSIONS 

It may be con·cluded fr.om Table IV that the ratio ,of cros.s sections 

of hydrQgen and deuterium .althol.lgh n.ot of the highest ac.cur.acy is not 

in disagr·eement with the pr.edicted values .d.es.cri:bed ,earlier· in the text. 

'Th·e pr.esen.c·e .of a :sele·cti.on rule di~scrLmin~ting :e.:g.airist the :production 

,C,f neutr.al me.~s:on·s .in pr.<:lt.on-pr.oton ,c·olli:s.J..o.ns s~eems lt.o ·lbe .clearly indi-

1cated but ·only :an upper limit can be established on the ratio of cross 

:sections. ''I'<o obtain a better value of this _ratio by the presf.mt method 

1one mi;ght use more cyclotron time ~o improve· the~ stati·stigal e~r.ors. but 

:itt :is fielt ·that :·~Y.:stema:it·i.c :e::rror.s ·de·scribed. in :pre_ceding. sections. pre-
. . . . ' . . 

.. ·tc"ilude ·th~ :1poss:ii'bill.ity :Of .betterin,g :this number :~y thE! pre.sent techniques • 

. A ibett:er :way t:o improve this nunlber wou1d be to c-ompar.e yields 

:f::r\om :liquid !hydr;ogen al)d- 'liquid .deuteri'Ulll. t.artgets thereby :eliminating 
. . . . . 

the need .f:or ,subtr,acting tl:e high yields fr.om :car,bon .and qxygen anQ. at 

·tthe ;Same ·time •C:UttiD:g the intensity :Of spallation. ~product~ SO that 

ran:g:u!Lar :mea,stmemen:t;·s ,can 1be ,made. One diff:L9u:Lty involv:ed here is in 

:the r.eonstructiron ,of :a ·system to handle liquid deilt~erium whi.ch .because 

cof .·it:s :h·~gh _C()St ;COUld not be :allowed to :eVaporate. r!J.\he U,Se ·Of ~ 'high 

:rpr.es,sur,e ;ga·s .ta~get is -not attractive because the ~hick ·walls required 

,w.o:Ullid lcomnert ,'a '!large. fraction .of the ,photons. 

'.The (exicst.ence rof ,the ,above mentioned ·Selection rule may ·be taken 

,a,s .'fur.ther fe:Vide.nce ::for .the .f:act -~hat the 1n meson is .pseudo-scalar 

1.thtis rc:orr..Obor.a.t:d.ng ~th:e :most rec.ent .evidence :en this .point ''l?Y Panofsky, 
. _a:l?., [L8 

;Aamodt,, <and .Hadtl~y .• 

1An~:rt.h:er l.conclu-s·:Lon ;tJ:lat ~m~ght 1be tdr,awn fr,OJI! :tbe ,data is that in· 

I 

l 
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production of neutral mesons and further that there is very little ab

sorption of n° mesons in nuclei of weight 12 or lighter. The result 

that only neut~ons. contribute to neutral meson production seems apparent 

from the yields of the isotones Be9 and BlO and the isotones :Bi1 a~d 

cl2, and may be attributed to the selection rule described above being 

applied to proton-nucleus collisions in which only proton-nucleon inter-

actions give rise to mesons. The apparent lack of absorption of the TTo's 

in the light nuclei which is indicated by thelinear relation of the 

cross sections with neutron number is not incompatible with data of 

30 31 
other experimenters at Rochester and Berkeley concerning the produc-

tion of charged mesons by protons. 

/ 

I. 
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XI. ILLUSTRATIONS 

Fig. la. Schematic layout of the essential components. 

Fig. lb. Schematic drawing of counters and electrical connect ions. 

Fig. 2. Drawing of the scattering detector. 

Fig. 3. Schematic drawing of the limiter. 

Fig. 4. Schematic drawing of the bridge coincidence circuit. 

Fig. 5. Displacement curve for the scattering detector~ 

Fig. 6. Transition curve for the scattering detector. 

Fig. 7. Photon-photon coincidence detection scheme. 

Fig. 8. Illustration of text on spectra of n° decay photons. 

Fig. 9. Ph·oton spectra and notation. 

Fig. 9a. Typical spectra from internal target. 
1 

Bjorklund et al. 

Fig. 10. Cross sections for neutral meson production. 
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