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ABSTRACT

A part of the ehergy spectrum of n -mesons generated with the
Berkeley 184~inch cyclotron by the bombardment of Q.1 gm/cm2 of carboh
with 390 Mev alpha-particles has been investigated, The n -mescns were
registered in nuclear emulsions,- Relétive values'for-the nurbers of n;
‘mmesons with energies up to 14 Hev were determined‘at angles up~t6 60°
with the beam direction, The maximum of the enérgy‘distribution function
apparently oceurs at an‘energy greater than 12 Mev, Some information
gbout the star prong spectrum for uawmésohs is obtained from a region of

the emulsion forbidden, except for scattering, to n -mesons,

* - . . ; . 2 s
Now &t California Research Corporation, La Habra, California
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Stanley B, Jones and R, Stephen White -

Radiation Labdratory, Department of Physics
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August 30, 1950

INTRODUCTION

A few months after mesons Werglfirst ertificially produced by
+the 184-inch Berkeley cyclotron by alpha—particie bom‘bardment,1 an ex-
periment was undertaken to determine the relative energy %Pd angle
distribution functions for n”-mesons generated by the 390 Mev alpha~
particle beam incident upon a carboﬁ targét. It was expected that the
meson energies ﬁould extend up to a maximum of only a few Mev for an alpha-
particle energy of 390 Mev, Such an energy spectrum could be conveniently
studied with the then available cyclotron air lock, Results of the ex-
periment, concluded some time ago, appear to indicate that the most
probable-ﬁeéon energy lies above the part of the spectrum studied, Pub-
lication of results has been withheld because thé range-energy curve for -
. emulsion and glass in the pertinent energy region were in questiocn,
‘Recentiy, these curves have beenvexperimentally de%ermined over the
necessary region_byBradner2 et al, and, in addition.LAron3 has recalcula-
ted the glass curve. The portions of the energy and engle distribution

spectra on which the apparatus supplied data have now been calculated,

L E, Gardner and C, M, G, Lattes, Science 107, 210. (1948).
2 H, Bradner, F; Smith, W. Barkas and A, Bishop, Phys, Rev, 77, 462 (1950),
“ W. Aron, private communication, '
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A]tnoagh the most probabln ' " -meson energy'was apparently not reaéhed
pubilcatlon ‘of results‘seems Worthwhlle because at the present time no

meson experiments w1th the alpha—partlcle beam are in progress and none

are contemplated invthe‘near future,

.QESERVATION OF THE MESONS

The n -mesons were generated in the 18/-inch cyclotron by an
‘alphe-particle beamjstriking a carbon target and were registefed in nuelear
~ emulsions, A schematic diagram of the experimental arrangement is pre-

- sented in Fige l; The .alpha~particle beam is shown circulating in the

- clockwise direction and striking a carbon target at a radius of 81 inches
where the b;am energy is 390 Mev,' Some of the n” -mesons produced leave
the target‘in the plane Qf the alpha-particle beam, moving in the general
direction of the beam and then are deflected in the counterclockwise
directiop'into the nuclear emulsions as illﬁstréted, ‘The path of these
mesons may>make‘an aﬁéle © with the beam direction at the target from

" either side of the beam, We definéd 8 as posifiﬁe if the meson initially
started inward and pegaﬁive otherwise, as.shown in Fig;' io

Thevcarbon t;rget was one inch sqﬁare.and had a ﬁhicknéss of 0,1
'gm/cm2e Most of the alphéaparticiesiwereVféund tp hit: a region of the.
nﬁargét less thanvl/siinch from iﬁé leading edge when.the target was moni-
tdred‘with thin polystyrene. vThe activity’of the polystyrene was due. to
positrons from ﬁhe Cll formed by ﬁhé reaction Clz(a,an)lclllno

 The nuclear emulsions uéed>WGre_of the one inch by three inch
I1ford C-2 100 micron type. They were placed in stacks of 4 high with
‘a blank glass plate on the tOﬂ and bottcm, After expésure in the plate

'holder9 the plates were developed accordlng to standard procedure, A
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pliate from the center of tﬁe stack was selected for exa@inationvwith the
aid of;a,binocula:,mi@roscopeVat é‘magﬁification of about 6002{o

A11 meson tracks found'endiﬁgiin the éﬁuléion were recorded and
labeled either cﬂ(star—forming)'of )P (non-star-forming), Only o~mesons
were used for determining the éﬁergy”diétribution'function'for the nimesons
since there was a possibility that a few n*wmesons and u+~mesons Stbppéd
in the emlsions and since some of the meséns Wefe*certaiﬁly‘ﬁmmmesoné}q : 
The o’~meson count ,Should.“t.)e representative of the number of "nf=mes§ns '.
éinae a fixed'fraction; 73,2 * 2,0 percentA, of the n -mesons form.stars,
‘g#?mesons and'n*=mesons do not form stars, and there is e#idence to be |
diécussed later fhat 1 -mesons seldom if ever initiate stérs;. It may‘be
worth While‘ﬁo point cit that in the group of,o%er AbO mesonsvobserved>in

. . . T . . +
~this experiment, no n=-ii ending, indicative of a n -meson, was seen,

- ANALYSIS OF THE DATA

Tﬁe function n(E,8) that was iﬁvestigatedvin this exéeriment

fepresents the felative ﬁumber of n”-mesons ieaving the target per unit
mesén energy interval pef unit solid angle as a function of n"=-meson energy,
E, and:angléy 8, when a 390 Mev alpha-particle bean is incident upon a 0,1
,.gm/cmz carbon target, The Study was restricted to angles, 8, within 60°

»0f,§he beag direction. It was anticipated that the nm%mesonvenergy intervalﬂ.
taken from 2 to 14 Mev, would be adequate for cbtaining the major parts of .
the énérgy spectra, The procedure'usedlin finding thé function from the |
data Waé to éorrelate a region of the photoéraphic plates with an energy
and‘angle intervel for n -mésons leaving the fa:geto' The meson density

in the region provided a measure of the desired function. The analysis

4 F. L. hdelman?and S. B. Jones; Science 111, 226 (1950),
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was eomplicated, flrat by the scafterlng of the mesons in the photographlc
”,plates and9 seccnd by the fact that the meson enerwles and angles were
doub e valued functlons of fhe p031t10ns of the meson end p01nts on the
piaﬁes since mesons of a partlcular energy , E, leav1ng at a particular
angle, +9,.do not end ét the same positipﬁ on the pléie aé those leaving
at =B, |
Details of the analysis follow. The positions of all the mesons

observed were plotted with respect to the target With the assumption

that the plot represented thevmeson density in ﬁhe central plane béfween
the qyclotfon dees, This.plot is showh in Fig. 2. Thé next step was to-
'mark ot areés on the méson plot that corresponded to paftiéular n -meson
‘energy énd angle intervals, First, meson orblts for particular angles
and energies at the target were laid éut byvstepwise graphieai construction
since the rapidly falling off magnetic field in this region very much com-
plicated a mathemstical treatment. ¥When the point and'angle at which a
meson would strike the photographic plates was éstablishedg the position
where it Wduid end in the emulsion was computedo‘ This was done by -taking

a group of 100 mesons and observing the fractions of the range traveled

in glass and emulsion for each energy. Then the pepet? stion into the

| plate, neglecting scatiering, could be determined from % \ﬁe range energy
} éurves in emulsion and glass%fao Aronﬂs_thesretlcal curve for protons in
glass of a composition similar to thaf used by Ilford is within the
probable error of'the éxperimental curve measured by Bradner et al,29

and was ased in @btalnlng the ranges in glabs, Once the endings for
partﬂealar energles and angles were establlsned a ﬂhart such as that
shown in Fig, 39 denotlng the bounderies éi particular Pnﬂrgy and angle

1ntervalsg was constructed, Because mesons leaving the target st angles
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equai in.magnitude but differént'in sign did not stop at the same position
in the phOfographiéAplaﬁes,btﬁe lines re?resenting conétént energy and angle
values had to Be drawn as ﬁeightéd mean valueso:4A point determining a
boundary Wﬁs teken on the straight iine connecting thevpoints.fof the plus
and minus angles, The ratio of its disiahceé'froﬁ the eﬁa.pOints was i
welghted inversely as ‘the fatig of the nuﬁbers’éf mesons of positivg and
ﬂ@gativ&'Q that stop {nifhe emulsion, The Weighﬁingv?aﬁtorg W, is the -
product of D, the fractlon whlch survive decaJ in fLLght, ‘Fg the ratio of
the meson density to the meson den81+y that would be ob nained if the fo-
cusing effect of the horlzonna; component of the magnetlc.flela were not
effective; and 1/8, fhevreciprocal of the length of the meson orbit, the

solid angle correchtion:

- DF
3 o
5,6,7

D was calculated using the mean-life of the m-meson

to be R.6 x 1Om8'secqb The D values were @aleulatéd relative @o 1,00 for

which was taken

n -mesons leaving at zero degrees to the beam direction, The focusing
factor, F, representiné the familiar focusing effect of the fringing of

a chlotranﬂs“magnetic.field on a charged beam was fquhd gréphicallyo

An initial smell vertical velocity was assumed for_a nwémeson of energy, E,
 ;and angle, @,'andithe vertical displacement was numerically integrated
point by point along the trajectory, The net displacement divided intb»
the displacement without focusing gave the focusing factor,AF; Thebry

and empirieal trials showed that the fractional foéusjng is independent

of the pariicular value of a small vertical velocity and the vertical

position of +the point of origin at the target, It was found in all cases t

Jo R, Richardson, Fhys. Rev. 74, 1720 (1948), : e

g E, Martinelli and W, Panofsky, Phys., Rev, 74, 465 (19 ’70)°

£ Q, Chamberlain, R.F, Mogley, J. Steinberger, C. Wiegand, FPhys.Rev. 79
394 (1950)
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the magnetic field fell off so slowly in the first half of the trajectory that

~ the defocusing was less than 1 percent; however, in the last half of the

v tr‘égec:“’éyo:ry‘g: the. mégnétic'. field fell ,--bf‘f?j-.f{-very rapi‘d];y' for the higher energy

" mesons and for a 14 Mev meson with @ = +60? the focusing was 33 percent,
’lﬁypic_:al vertical trajectori.es are shown in Fig. 3. The solid angle, an ,
that a small region of the nzlc;ear- emilsion subtends for meson of energy E
and awgle 6 is given by dedg Whére d¢ is the vertieal a'ngle'and d8 is the cor=
responding horizontal angle., Since @ appears on the diagram, the effect
of the value of A® on the solid angle 1s éx;foﬁatically teken into account.
- - It is necessér’y“tg meke a separate correction for 4, The values of these

corrections for representative energies are given in Tsble I for plus and

. + -
minus angles from which one finds the final weighting factors W and W ,

TABLE I
Energy of Angle with Beam F+ D+ S+ = F- D= S=
n"-Mesong(lWev) Direction(degs) {cm) {em)
1 +60 1,33 L,91 30,5 1,00 1,09 6,80
11 1,26 91 27,0 1,00 1,09 5,85
8 1,19 .91 23,0  1.00 1.09 4,87
-5 1,11 .91 18,9 1,00 1,09 3,80
2 1.04 .91 11,3 1,00 - 1,09 2.26
14 +30 © 1,23 096 - R5.3 1,00 1,04 13.6
11 : 1.17 096 22,3 1,00 1,04 11.7
8 1,12 096 19,0 1,00 1,04 9,74
5 1.08 .96 15,1 1,00 1,04 7.5
2 1,04 096 9,05 1,00 1.04  4.52
_. | F D s |
i4 0 1.2 1,00 19.4
i1l 1,09 1,00 17,0
8 1,07 1.00 1402
5 1.04 1,00 1i.3
2 1.02 1.00 6,79

D
Once thé Weighted points were determined for integral values of
the n"-meson energy in Mev and for values of & equal to 00, + 309, + 45,
and * é@"? s a dbiagram such a8 that shown in Fig., 2 W;as'drawn in, The weight-

ing factors combined so that the resultant curves lie very close to the
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negative € curves, . This was due to the sti’c;ng influence of the short
trajectorie.s-'o,f the_bmesons with @ negative,
n(E,8), the number of n -mesons per unit energy interval per unit
solid angle leaving the target, is found in the following way, LetO\N
be the number of g-mesons in the intervel Ae, AE, Then i
AN = ONgw + ANg. |

o ae W
and AN, = AN o

AN@* is the number of 0-mesons in AN that had © positive, and similerly
for ANQM By definition

ne+ ~s AN@* ‘ - ' ) ‘ )

et

whers . AQ =A 3

t 1s the emu_lsioh thickness and S is the length of the meson trajectory,

It f ollows that

. 1 AN
n4 N T —
8 tABLE <W6"" + W@"”) |

L:'ii\ceywise n,- end n, -are proportional to the same quentity. If mesons

9~ 8
v ¢ _ ‘

from two or more plates are counted in a single angle and energy interval,
the proper formula, then, is

n(8)E) ~, = (li‘m >

8AE (ZR.t. ) \W, + W
4 (i ii) et 8"

o

where Ri is the ratio of the area scanned on plate 1 to the total area

accessible to mesons in this interval,
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The thickness, t, of the emulsion after development was mea-

~sured,  As only relative distributions were measured, the fractional
d D IS T A S o R e A Y S o T

[EE

~shrinkage of the emlsion during development was not needed, It was
aséumed; however, that the fractional shrinkage was constant for all
"~ of the plateé; The emulsion’ thicknesses aftér aevelopment grevtabula-

" ted in Table II,

TABLE 11 .

Plate No, - : Distance from Target (in.) t (microns)
357 N L R 51,6
354 ' L =T ‘ . - 53.8
351 S 7-10 42
348 10 - 13 52.4

In order to thain suffiqignt statistics, the values‘of YA N0v
~were combined into groups. - This was done in two ways. One grouping
vwas made Such'that n’—meson‘enefgy diétfibution functiOHS could be
determined, Calculations were made for energy intervals of 2 to 6 lev,
6 to 10 Mev, and 10 to 14 Eev'§0r ranges of © of‘OofBO?,,Booééoo, and
0°-60°, Ihé‘other grouping was chosen so that calculations of angular
distributipn functions could‘be done, .The angular infgrvals”used were
0°-30°, 30%-45°, and 45°-60° and the energy intervals were taken to be
2 to 8 Mev, 8 ﬁo 14 Mev, and 2 to 14 Mev. These two groupings of the
‘'date sre-tesbulated in Tablé III, The-calculated values.of n together

with the statistical probable error are also given,
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CABLE TIT

e A Energy Dlstrlbutlon |

AE E ‘A6 AN&’ ZRit;  W+W  n(e,E)
(Mev) . (Degrees).A (Arbltrany Unit) (Arbltra:y Unit) (Arbltrany Unit)
2-6 4 09-30° 30,5 25,8 . 23,1 . 4.3+ 0,5
6"10 8 : .5565 ’ 41-2 - . 1595 . 702 I Oo7
10-14 12 72 31,8 © 12,6 15 *1
2-6 4 30°-60° 25 29.7 30,3 2.3 + 0.3
6-10 8 35 30,7 20,2 Loe7 * 0,5
L 10-1, 12 - 39 . 30,7 - 16.3 . 6.5 % 0,7
2-6 4 0%60° 55,5 28,1 28,6 2,9 * 0.3
. 6-10 8 ' 90,5 34,7 : 19.1 5,7 * 0.4
10-14 12 9,6 + 0,6

111.0 31,2 155,

B. Angular Distribution

Ae  § AE F AN, IRyt W n(e,E)

(Degrees) (Mev) (Arbltrdny Unlt) (Arbitrary Unit) (Arbitrary Unit),
030 15 2-8 5 59 32,3 20 481 0.4
30-45 37.5 29 27.6 24,5 4.8 % 0.6
45-60 52,5 9 . 31,5 ' 32,2 . 1,0+ 0,2
0-30 15  e8-1411 99 ° - 347 . 13,2 12,0+ 0.8
©30-45  37.5 46 35,3 15,2 . 9.5 % 0.9
45-60 - 52.5 e ”15 26,3 . 20,2 3.1+ 0,6
0-30 15 2-14 & 158 340 - 173 Tob * 0ol
30-45  37.5 75 33.2 20,0 6.3 % 0.8
1.8 * 0,2

45-60 52,5 24 275 2637

-fhe values Qf‘n(Q,E)'are plotted in arbitraryFunits in Figs. 4 and 50.
The enérgf distribution function is. shomn in Fig. 4 and the angular distri-
5u£ion-£unctipn in Fig. 5. One may see frqm Fig, 4 that a maximﬁm of the
enefgy distribution ﬁas probably ﬁot been reached at an energy of 12 Mev,
Fig, 5 1nd1cates that the meson den51ty faTls off markedly when 8 is in-

. ereased from O to 52 5
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'STUDY OF p -KESONE . - .

rJ3F@Theirééidﬁfbeléwéiheadeﬁfeﬁi;iﬁeﬁ%ﬁgﬁigggggé§¢igac¢es$ibie 0

n ~mesons unless they experience a lerge'scattero,_There were 15 mesons

; ﬁhich ended in the part of ‘this lower regicn ﬁhich,waS‘scanned; only one
0f these made a star, - Of “the' 14.non-star forming mescns there were fwo
which had at their ends a "club", A "club® has been arbitrarily defined
‘as-a group of-grains‘Without,directien,WhiCH“has.a spatial extent in the
-emilsion of at 1east twice the 'width - of ‘the meson track near its ending.
These are possibly grains due to receil of the product nucleus on the
ejection of a neutron., E. Gardnerg, using a technique similar to that
ldescrlbed in thls paper, found 13 mesono, one of which formea a star. Two

_ of the nonwstar formjng mesons formed a "club" Pe has klndly permitted

us to ada hlS statlstlcs to our ownn ThlS 1nformat10n is summed up in

‘Table IVo
. TABLE- IV
Observer -Meésons ending . No,. of- ‘No,. of © No,of me~ Fractlon . Fraction
in p” area cf-mesons fwmesons sons hav- of ¢ -mesons of p -me-
x ' - _ing clubs which form,  sons that
stars have clubs
Authors 15 1 14 2
Gardner 13 1 12 2
Total ¢ 28 2 : 26 L, <=0,07 * 0,03 <0,14 + 0,05

The number of p*-mesons_that stopped iﬁ the fegion forbidden to
n -mesons is estimated to be <5 percent of the u -mesons, _This is
’ o ‘10 :
in part due to the small value of 0,2, for the ratio of the cross section for pro

daction of low energy1Femesons to that for n"-mesons and in part to the geo-~

8 B, Gardner, private communication,
W. H, Barkas, Fhys. Rev. 75, 1467(4) 1949. .

|
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metry which was favorable for registering p -mesons rather than p -mesons.

It should beﬁémphasized=that this experiment:cannot be mede entifely
free from ébntamination by'n_—mesons-as.therefis a finite probability for
large scattering anywhere along a meson's path; therefore, ﬁhe twb star-
‘~forming:mesons mentioned above‘couldAbe-nf-mesons which have undergone large .
- scatters. This’experimentfdoes, however, put=an uppef limit of -about 10
percent .. on the fraction of'uf—meSOns which form étags. These results
are im essential agreement with those of Changll_pﬁ_gosmic ray méspns.

Further sﬁudy of p ~mesons is planned at this Laboratory, -
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Figure 1
Schematic view of the exposure arrangement
with the plate holder, carbon target and nuclear
emuls:l.ons in place,
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Figure 2 ' 1

Plot of lMeson endings in the photographic emulsions,
An "x" represents the ending of a ¥ -meson (star-
forming meson) and an "o" represents the ending of a
{* =meson (non-star forming meson)
The analysis curves are drawn in solid lines., Below
the dotted line is the region of the plate which
should not contain n”-mesons unless they experience
large scatters. The dottéd line was drawn in arbi-

trarily.
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Flgure 3

Vértlcal focusing of n"~-mesons of 133-Mev leaving
at various horizontal angles, 8, with the beam
direction, ,
The dotted lines are the vertical tragectorles which
would be followed in a constant magnetic field, The
solid lines are the vertical trajectories calculated
for the actual magnetic field of the 184-inch cyclo-
tron., The assumed vertical velocity was different
for each_angle but all were of the order of 5 x 107
in, sec™, :
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Figure 4
Relative values of the energy dlstrlbutlon functlons
measured for n"-mesons produced by 390 Mev alpha-par-
ticles bombarding O,1 Eﬁ% of carbon, Functions are

given for angles of .09 - 300, 30° - 60O and 0° - 60°¢ -
with the beam direction, - The ordinate is in arbitrary
units,



g T T ]
% ANGLE INTERVAL O0-30° (IS8 o - MESONS)
I8 - © ANGLE INTERVAL 30-60° (99 o- MESONS) —|
4 ANGLE INTERVAL 0-60° (257 o- MESONS).

[ STATISTICAL PROBABLE ERROR

°
14 :‘.
12
10 | -
A I |

[ ]

o
e ® aman o=

N
O8>  —t

0 . 4 . 8 12
ENERGY T~ MESONS (MEV)

MU 734 165541

Figure 5

Relative values of the angle distribu-
tion functions measured for n~-mesons
produced by 390 %ev alpha-particles
bombarding 0,1 ¢32 of carbon. Functions
are given for energy ranges of 2-8,
8-14, and 2-14 lMev., The ordinate is

in arbitrary units,





