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ABSTRACT

I

t

Pin* -minus ratios for pion production by >40 Mov proton bomhardmem were 
measured at 13 Mev, 18 Mev, and 42 Mev with th* use of the spiral orbit spectro- 
meter.

Mesons of known energy intervals emitted at 90° produced by th* proton 
beam at the target on the axis were efficiently detected by the C2, 200 plates 
located near th* outer edge of the pole pieces.

Out of the results obtained by scanning the plates, the =*/m ratio* at three 
energies from Be, C. Ai. Cu, Ag. and Pb target* were obtained. A rough esti- 
mate of the z dependence of m* production at 42 Mev was also made.

Since the spiral orbit spectrometer was found to be quite useful for thie 
kind of experiment, experimental detail* and some of the results of th* teata are 
given.
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INTRODUCTION

la the study of the production of charged w-mesons in nucleon-nucleus col- 
lisions, the =*/= ratio is a quantity suitable for the comparison of experimental 

results and the theoretical calculations
Generally speaking, the mechanism of the meson production due to nucleon- 

nucleus collision is too complicated to be compared with theories and to gather 
information about the choice of assumptions or approximationa in djfferent 
theories. Yet it has been pointed out that not only the bas^c production processes 
to nucleon-nucleus collisions, but also some more detailed effects should be 
taken into account. For example, the effect due to the finite nucleon momenta 
inside of nuclei, the effect due to the Coulomb field, and the effect due to the 
nucleon collisions with the produced mesons before emission are among the 
factor* to be taken into consideration. As far as these effects are concerned, 
some developments of theories have been made and are about ready to compare 
with experiments .

F rom the experimental point of view. ratios have been measured
since shortly after the discovery of the artificial mesons. Most of these earlier 
experiments were made inside the cyclotron vacuum chamber with the use of 
separate channels and different plates for •* and w* mesons. Since these two 

points have introduced ooms ambiguities and inaccuracies, the later experiments 
were made mostly with the use of the same detector plates for both • and •’ 
mesons

Two kinds of techniques have been used on this line. The first one was 
developed by Dre C Eichman and H A. Wilcox using the external proton

beam. Mesons produced at the target and emitted at from the target were
detected by nuclear plates embedded in a set of coppsr wedge absorbers. The
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- 3second one woe developed by Dr W - Barkas et al. using the internal beam of 
the cyclotron. The detector plates were put several inches below the plane of 
the circulating beam. embedded in a set of copper wedge absorbers. Both pos- 
itive and negative mesons emitted downward from the target were thus detected. 
Since the lines of force of the magnetic field of the cyclotron are parallel to the
motion of the - the imfluence of the magnetic field is small and. conse-
quently. the difference of the effects for the •* and wis nearly negligible The 

proton beam intensity was monitored by the use of the induced radioactivity pro- 
duced in the thin polystyrene foils placed in front of the targets. Almost the 
same technique was adopted by the Colombia University group. Bloch et al. 3. 

later.
The data obtained so far gave mostly some rough ideas of the meson spec- 

tra and the =*/= ratios, but in most of the cases. the accuracies were not al

ways satisfactory, mainly because of the poor statistics. In general, the ex- 
posed plates in the two kinds of techniques suffered from high background and 
this not only made the scanning harder but also limited the exposure time of 
the bombardment .

Since the spiral orbit spectrometer provides almost 2= angular focusing, 
and has other features which make it well adapted for the measurement of the 
• /w ratios, the author has carried out a number of measurements to improve 
the accuracies of some of the results on the =*/u" ratios.

The present experiments cover only three energies and data are lacking 
at high energies to compute w*/st ratios for the total cross sections An ex
periment on the Z -dependence of =* and w* production as a function of energies 

s now being carried out. however. From the data on Z-depenience, one can 
automatically calculate the v*/w' ratios at each energy so that one can expect 

that more accurate information on the integral ration will be provided

The 340 Mev protons deflected out from the cyclotron were collimated 
to either 1 inch or 1/2 inch O. D. and were passed through a 1-1/2 inch l. D. 
hole on the rxis of the 20-inch O. D. pole pieces of a large ehctrnw aynot. 
Focusing of 8 Mev pions was obtained with a 2-5/8 inch gap, and of 13 Mev 
pions with a 1-1/8 inch gap. Energy losa through the target material was more 
significant for the energy spread than the resolution of the spectrometer. As
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a result, these settings corresponded to average energies cf 13 Mev and 18 Mev, 
respectively. Use of a tubular absorber (10 num wall. Cu) at the 8 Mev setting 
made possible th* detection of 42 Mev mesons.

Two l-inch a 3-inch Ilford C2, 200 plates were put together with emulsion 
side face to face, so that a thickness of WO* of emulsion covered by 1 mm thick 
glass absorbers on each side was available for pion detection of tooth signs. Since 
the range of 8 Mev pion* is ■toot 1. 5 mm in emulsion, one or two layer* of 5 mil 
copper foils were added so that the number of pion endings would too * gmally shared 
by the plates. As shown in Fig. 1. mesons of right momentum approach the stable 
orbit, following the illustrated type cf • spiral trajectory, and hit the plate* mount-
ed behind the radiation shield with surfaces pe mesons.

Because of the fact that the detectors were located about 11 inches from the 
target at 90° relative to the proton beam and shielded against radiation from the 

target by a 2-inch lead brick and a stack of wolfram plate* of about -inch thick, . - 
the background proton tracks caused by neutrons were quite email in number. 
As a result. it was possible to make ample exposure* so that the density of 
mesons in the plates was quite high and still hooping the background reasonably 
low. Scanning of about 50 -200 pions per eight hours was easily made for the 
plate* properly exposed

Scanning was made over the same central area on the plates with a cri
terion not to count the events which occurred within 10 microns from the top 
and bottom surfaces of the emulsion. The number of z-p decay was taken as. 
the number of w endings. The number of m stars with one or more prong* 
(w stars with one club were not taken as one prong stars) were counted. The 
number of z endings was derived by dividing this numb s r by a factor 0.69. 
which is the known (and also checked) probability of having one or more prong* 
in m stars (as shown in Fig. • and discussed later).

Determination of detection efficiencies for e*-p* decay and e* stars was 

made by scanning the same plates several times. The results were not always 
the same. but 90 percent for #-j decay* and 97 percent for • * stars seems to 
be adequate for ovaluafioe of e /« ratios.

The main features of the present technique adopt *d here are at follows: 
(1) Conditions for absorption through the target and for focusing close to 

the stable orbit are symmetric for both signs of pious.
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» (2) Both energy resolution and angular acceptances ar* the same for both 
signs. (Both the masses and the life times foz **aad w ar* assumed to be ex • 
actly the same. )

(3) Since the same emulsion is used for detection at both signs of pions, 
the results obtaimed ar* entirely free from ambiguities due to the differences in 
emulsion thickness and developments, although the detection efficiencies for #-u 

endings and w stars ar* not the same.
(4) * /w ratios can be obtained baned on the nurnbers of * and * detected 

on the same rw. on the same target and with the use of the same absorber .
(5) Vary low proton background tracks.
Accordingly, the spiral orbit spectrometer is deemed to be quite suited 

for the study of w*/= ratios. Of course, it is also suited for meson production 

studies. But, due to the effect of scattering through the absorbers and the tar- 
get itself, calibrations for solid angles corr*speaittag to each energy setting 
are always required for this purpose.

RESULTS

The results of the scanning and the dimensions of the targets used were 
tabu 1st erf la Table I and Table II.
1. * /*~ Ratios.

The Table HI gives the summary of the =*/u ratio at three different ener- 

gies on Pb, Ag (Su). Cu. Al. C. and Be. This shows the following tendencies:
(a) The effect of Coulomb field of nuclei reduces the number of * at low 
energies. As a result. »*/•' ratios are all relatively low for 13 Mev. At 

even Ml Mev this effect is evident for heavy elements such as Pb. Ag. and 

Cu.
(b) For each of the elements the ratios were highest at 42 Mev and lowest 
at 13 Mev.
(c) For each of the energies the ratios are high for Al and C and relatively 
low for Ph. Ag. and also for Be.
Due to the effectiveness of the spiral orbit spectrometer, these results 

were obtainsd with better statistical accuracies than most of the results so far 
reported Furthermore, because of the very low intensity of background proton 
tracks, as mentioned sbovs. the probability of the accidental coincidence of a
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proton track beginning at the end of as meson trach was negligible Actually, the 
nurnber at meson tracks and the number at background proton tracks were inmost 
cases aroung one to one or. in the worst case, one to fire in ratio

The results obtained here for w */u ratios are in general in rough agree- 
3 ment with most at the results so far reported But there are several r ses which 

disagree by a factor of two or three An effort has been made to lash for aaaaaa 
of these discrepancies, but no effect at sufficient importance has been found ez- 
cept the statistical errors The author expects to gather the same type of infor- 
mation in the course of the experiment on X -dependence which is now anger way 
He expects that this will give more defimite information

The choice at the shapes and the dimensions of the targets was made so as 
to have the same order at energy loss for the incident profane in each target and 
also to have approximately the same absorption for outgoing meuons. As are- 
sult, cylindrical or tubular shapes were adopt e A for light el am emo and a central 
shape of proper thickness area adopred for heavy elements as shown in Table I 
and II The energy resolutions of the present experiment were calculated aa the 
sum at the resolution of the spectrometer and the energy spread caused by the 
absorption through the targets. The half widths at the energy spread correspond- 
ing to each energy are given in the tables.
2 Z-D dence of ** Production at 42 Mev.

Although the monitoring of the proton beam imtensity was not properly made, 
the relative umber of protons for each exposure made on the same day can be 
roughly estimated from the exposure time, since the proton beam intensity stay
ed almost constant within 10-15 percent at accuracy during an hour or two at 
running on the lame day Relative cross sections of =* production at 42 Mev 
were calculated from the results at scanning and ploted versun the atomic num
ber at the target materiai. Aa shown in Fig. 2. the plot shows s clear X^ Jde- 
pendence rather than X1 dependence for high X elements and a little ambiguous 
for low X olem emo Further experiments aa this problem are nor going on as 
mentioned above.

FURTHER EXPERIMENTAL DETAILS

1- y<>c—Obtained by the Spiral Orbit Spectrometer.
The magnetic field intensity distributions on the median plane versum dis-

tance from the axis on the 2-5/8 inch gap and 1-1/8 inch gap are given in Fin 
and Fig- 4 respectively. Corresponding to each distrbution, J Hrdr and Hr

3
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were plotted as shown to the figures The imte sectiom of these plots gives the 
value of p which satisfies the condition for the stable orbit of the epiral orbit 
spectrometer 1

Hrr - Hp2

As has well known, the position of • the pomitiom of the "‘mtabie orbir". cor - 
responds to the position of L/rj Hrdr • max, or A a, (the vector potential) 
The radiun of curvature at the poimt p of the piot ot the vector potential A versus 
radius is rather important tn the theory cf the spirai orbit spectrometer

A parameter X , UlwH by the LozmuiaX • 2/n-1 where m o -r/H
dH/dr, has been antzoduced m the theory The parameter X is proportionas to 
the radius of curvature of the pion of the vector potemtial versus radius at r • p

Depending on the field distribuzon close zo the stable orbit, the rate of 
approach to the stabie orbit by the trajectory of a charged particle emitted on
the axis is different. I, the trajectory approaches the stabie orbit grad
wally if X “ 1, the approach is muc h more r apid •

na has not been thoroughiy studied as yet whaz value of Kmay give the
best compromise between resolution an um and adequate density on the

la Fig- 5 ba showm a plot of the mumnber of mesonm found in the emulmion 
aa a function af distance from the amc (The value uf X for Maa case was?- • 
1. 5, corresponding to the case of the 2-5/8 inch gap. ) This plot gives a rough 
idea of the focuning of charged particies with the use of the spiral orbit spectro- 
meter

Since the — field ntensizy ba decreasing for increamins r. the dis-
faaro from she axis, a veztical focusing is also expected. According to the 
theory of the spiral orbit spectrometer. the Z -comnponent of the trajectory makes
an up and down omcillatiom relative to the ■ dian pin in the course of approach-

ling the stable orbit . The formuia for this oscillation has been given as

Z -C1 min ( Vi
— c, min (, V1•

2_ x2“I xz 0

t • timne

• • angie of revolution
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This mease that charged particles emitted a little off in direction from 90° or 
charged particles emitted somewhat off in position from the median plane are ex- 
pected to oscillate up and down relative to the median plane as they approach close 
to the stable orbit

if X e1 as to the 1-1/8 inch gap. the period of this vertical oscillation la 
much shorter than the period of angular revolution, while ifX1 or X • 1 l ae 
to the 2-5/8 imch gap. the period of this vertical oscillation is comparable to or 
longer than the period of revolution As a result, use of X 3-1 should yield a high 
density of charged particles close to the mer an plane. while the cate X - I should 
give almost umiform intensity across the gap hecaume moat of the mesone will os- 
cillate up and down several times before they react to the detector

The plots given to Fig- 6 represent the number of mesons found In the plates 
as a function of J . These two plots support nicely the predictiom derived from 
the theory of the spiral orbit spectrometer

This focusing effect to rat bar important because one can gain by at least 
a factor 3-10 by focusing particles emitted within an interval of several degrees 
from 90°. and also focusing particles emitted in an interval of several centimeters 

from the median plane. The latter indicates he advantage of using a reasonably 
wide gap with a target traversing the whole gap for neutron runa and also for z- 
ray runs Because of the focusing, the mesons created apart from the median 
plane may still be collected close to the median plan*
2. c :i>n of a Gain in Intensity in the Present Espertment

The intensity distrbution versus the distance from the median plane, as 
shown in Fig 6, gives a rough idea of the gain in intensity due to the vertical fo- 
cueing compared with the can with no focusing. A factor of three is obtained if 
(al the scanning is done a 7 mm only, relative to the median plane. and (b) the 
intensity w-thout the vertical focusing is aseumed to be tbs mean value of the to- 
tal integral of the plot

Aa far the horizontal focusing, near! r 315 degree focusing was accomplished, 
which me net a factor of 20-60 compared with the usual 15°-5° coverage But the
mom resolution of the spectrometer was roughly a * percent. which was 
better then necessary compared with the enersy spread C-used by some other rea- 
sons. This reduces the intensity by a factor 3-10 (especially for ike high energy 
settings using absorbers). Iz has been found that a special type of magnetc field 
distribution may give a larger AHp. so that one can reduce this fector almost to
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unity By taking into accousi the effect due to the life time of pions dimcussed 
later, the overall improvement la intensity or density at mesons gained toy th* 
present technique le ah am 3-30 compared with th* case of mere deflection

Furthermore, the area of emulsion of having th* above density ta usu-lly 
of the order of 15 mm x 20 mm or mor*, which ia larger by a factor J-20 com- 
pared with the use of a 15° wedge absorber in the deflection method

As a result, the presenz technique seems to reduce by a factor of 10-600 
th* exposure time required in order to get the sare number of pions at the de- 
tector 
> Effect of the Lute Time

Since the mean life for -mesons ha* been measured a* 2 55 x 10-8 mc. 

some of the pions were lost due to their decay in flight. For this reason. It 
1* desirable to use higher magnetic field and to reduce the distance from the 
source to the detector The loss due to the life time amounted in the present 
experiment to from 15 percent up to 45 percent, depending on the azimnuthal 
angle of emiasion from the target relative to the position of the plates As can 
be seen clearly ta Fig l. lengths of path for pions eery from 15 inch** up to 60 

inches 
4. Me*oa* with Perpendicular incidence into thr Plate*

It is to be mentioned that the conditions ar* quite different for detecion
of almost energetic and nearly paraliel mesons compared with the case of
usual poor geometry experiments. The reasons why the naual tilted (15°-20°) 

position of plates relative to the direction at incoming meson flux was not adopted 

here are as follow*
(a) The denisty of mesons to be found in the emulsion is proportion*! to ata 
• and 0 a 90° gives maximum density
(to) Due to the scattering at the absorber in fron of th* emulsion, incident 
angles for mesons into th* emulsion are mostly quite different from 90°. 

The probability of making am only emall angie scatterings tom makns large 
angle scatterings is also appreciable, expecially toward the end of the range- As 
a result, one can expect fairiy long average path lengths of pions inside of the 
emulsior before they stop Chi the other hand, due to th* low background, not 
much amb:guity exists for moot of the meson tracha so tnaz the required minimum 
path length to identify tracks a* those of pions is relatively shorter than in th* 
case with high barhgmowd.
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Yet, one should admit that the probability of having very short pion tracks 

associaed with very short muon track* or nucleon track* is certainly high com- 

pared with th* case for tilted plates This may cause a low detection efficiency 

but this loss is only a few percent
The author is of the opinion that the sain of a factor of about 3 (arising 

from the larger value of sin Q). which increased the number of events and de • 
creased the statistical error, compensated the decrease in detection efficiency

(c) Th* thickness of glass plates of C2 plate* was about 1 mm The 

most efficient use of the magnet was obtained st 8 Mev setting The range of 

• Mev pions is about 1 5 mm m emulsion This fact was the main reason for 
selecting 0 = 90° 

5 Th* Projected Mange Straggling Curve for S Mev Pio**
Il ha* been well known that meeons suffer mostly small angle scattering 

during their passage through the absorber, and when they approach close to the 

end of their ranges they also suffer from large angle scattering
Since mesons were detected by identifying their endings only, some rough 

idea about the projected range straggling curve is needed in order to calculate 

the absolute detection efficiency for the incoming meson flux.
This was done by adjusting ths slit system of the spiral orbit spectrometer 

so that the energy resolution was a 2 percent for • Mev mesons This mono- 

energetic meson beam was passed through a 50 mil glass plat* and 200u C2 

emulsion Next to this plate three 200u NTB stripped emulsions were added. all 
perpendicular to the meson beam Then* emulsions were scanned and th* mesons 

were grouped for each 65 micron depth of emulsion Th* result is shown in Fig 
7

As will be seen in the figure, th* endings of the parallel beam of mesons 
spreads over 800u depth If th* adjustment of thickmess of absorbers is made 
correctly, then one cm detect over 60 percent of th* mesons with an emulsion 
thickness of 400 microns.

Comparison of th* number of piona on each member of the pair of plates 
exposed for • /= experiments at the same timne Eives a criterion whether the 
adjustment of the thickness of the copper foil absorber in front of the glass 
plates was right or not Then, based on the study of this projected rang* strag- 
gling curve, one can estimate the efficiency of pion detection with two layer* of 
200, thick emulsion
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For the case of experiments of poor geometry, the conditions have not been 
well established as yet. In most cases the projected range straggling curves cor
responding to slightly different energies are superposed and compensate each 
other, so that the resultant curve is almost flat.

The author should like to mention here that the broad spread of this pro
jected range straggling curve indicates how complicated is the observation of 
single line spectrum such as the peak observed in the p ♦ p—„D + z* reaction^ 

with the technique of a poor geometry. Not only the energy resolution but es
pecially the computation of cross sections is expected to be fairly inaccurate. 
6 StudY °* ^*ron8 Distribution of « Stars

This study has been already accomplis bed by several authors.^ The same 

statistics were also made on the results obtained here. The author should men
tion here that he admits that due to the lack of experience, especially in his early 
stage of scanning. be suffered some confusion in the definition of clubs.

Nevertheless, as shown in Fig. 8 the statistics were in good agreement 
with the results obtained by Adelman and Jones. 6 The accuracy for the value 

of 69 percent for the probability of having one or more prongs on v stars is 
good enough for the present work.
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Table 1

Table II

Table QI

T ABLES

Summary of results and target dimensions used for Al. C. and Ba.

Summary of results and target dimensions used for Pb, Ag. and Cu 

The list of the w /m ratios for six element* at three energies -
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FIGURE CAPTIONS

Fig 1

Fig 2

4

Fig •

Schematic diagram showing the experimental arrangement
Plot of the m* production cross sections against atomic number 

of the targets
Plot of the intensity distribution of the magnetic field against 
radius from the axis at 2-5/8 inch gap with magnetic field shapers 
in position
Plot of the intensity distribution of the magnetic field against radius 
from the axis at 1-1/8 inch gap with simple cylindrical pole pieces

Plot of the number of = endings against a -coordinate on the plate- 
The same wo* replotted against radius from the beam axis 
Plot of the number of w* endings against a -coordinate along the am* 

of the magnetic field The sectional views of the pole pieces ar* also 
shown to give some idea of sharpness of vertical focuming relative 
to the gap distance -
Th* projected range stragsling curve for • Mev =0.3= mesons 
in emulaion
Comparison of the data obtained in this experiment and those pub- 
lished by Adelman and Jones on number of prong distributions of 
m" stars

Information Division
5/27/53 Am
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