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PRODUCT ION CROSS-SECTIONS FOR n*-AND n™-KESONS

BY 340 KEV PROTONS ON CARBON AND LEAD AT 90° TO THE BEAM*
C. Richmen, M. Weissbluth®, and H. A. Wilcox**

Radistion Laboratory, Department of Physics
University of California, Berkeley, California

September 20, 1951

ABSTRACT
Carbon and lead targets qere.bombarded by 340 Mev protons pro-

duced by the Berkeley 184-inch synchro-cyclotron, The spectrum of

‘w*eand § ~mesons produced at 900 + 120 to the beam was measured by

the use of huclear emulsioﬁe embedded in absorbers. The total cross-
section for the production of »" -mesons from carbon at this anglo ie
m3+mﬂ-1wwcﬂna4,mdmeutoﬁramiaslzoe
For 1ead the cross-section for n*-mesons at this angle. is (7 + 2.1)

. 1528 cmzster -1 and the ut to n“ratio is 1.5 £0.4,

I. Introduction
The artificial production of mesons was first achieved by E.

Gardner and C. M. G Lattes in 1948, 1 In their experiments they‘uéod :

“the 380 Mev internal,a-particle beam produced by the Berkeley 184 inch

synchro-cyclotron. The experiment was carried out by bombarding a
target on)a probe ineide the cyclotron. The charged mesons produced
by the team were bent aviay from the beam by the cyclotron magnet and

were detected in suitably rlaced nuclear emulsions.

* Some of the results of this’exporimeot were given at the Physical
Society meeting at Stanford University in December, 1949, and Phys. Rev.
78, 496 (1950).

. * Now at Stanford University, Stanford, California,

** Now at the Navel Ordnance Test Station, China Lake, California.
1 £. Gardner and C. M. G. Lattes, Science 107, 270 (1948).
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When the 184-inch cyclotron was converted so that protons could

' be accelerated to 340 Kev, and when subsequently these protons were

deflected out of the cyclotron tank, the experimental pqssibilitiea

- for studying production of mesons were greatly improved. First, all

~ the energy was concentrated in a single'huqleon so0 that meson produc-

tion cross~-sections could be expecfed to be much greater, Second, i£
was of great.help in these eiperiments to have the beam out of the
vacuum tenk and free of the cyciotrdn magnetic field even though one
lost a factor of about & thousand in {itensity in bringing the beam
out. | | ‘ 4

The problem of the production of charged w-mescms from e light and

. & heavy nucleus. by protons>was undertaksn:. For the 1light nucleus car-

bon was choseﬁ, and for the heavy nucleus lead was chosen. The method

ofﬁdeﬁection was by means of nuclear emulsions which had been found to

to very good for identifying mesoms.

1I. Experimental Method
‘The deflected proton beam from the cyclotron passes through a slit

:jnsﬁ outside of the c&clotrop tenk and then through a steering magnet.
The'begm then goes through a long evacuated pipe which paéhes-throﬁgh
- the maiﬂ concrete shielding‘around the cyclotfoﬁ. While passing through

. this shielding the beam is collimated once mare. It then stierges into

a_coﬁcrete shielded space known as the "cave® where the experiment 18:;

set up. The energy of the béam is 340 ¢ 5 Mev. For this;§£p§riment

~ the beam was collimated to a cross-section at the taiget;offébout 1-1/4

x 1-1/4 square inches. The current was approximately 4 {;iO'll aﬁperea;

1
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Tho'arrangement of the apparatus in the cave is shown schemati-
cally in Fig. 1. The beam enters the cave through the exit window of
_the evacuated pipe. It ohon passes through the target under investi--
gation. The targets used were graphita and load rectangular foils 3
in. x 5 in. and of varioua thicknesses. The beam continues in air and
is finally—c%ught-inAa Faraday cup of sufficient area and thickposs to
catch and atop all the protons.* The charge collected by the Faraday
cup was accumulated on & condenser whose voltage was meaaurod at. con~-
venient intervals. In this way the number of protochs bombarding the
target is known to 15 percent end one can calculate the abaoluto cross~
sections. One of the advantages of having the beam out of the tank 18
the ease with which the beam current can be integrated, _ ' B

When a nucleus like carbon or 1ead is bombarded by 340 uev protona,
one obtains at any angle to the beam a spectrum of a*-and' n -meeons. Tﬁf
studf such a spectrum the following scheme was used: The'meeons emitted
cby the target are slowed down by absorbers which are placﬁd at a given
angle foithe beam. ‘Nuclear emulsions ere embedded in thejjabsorbers,
:Tﬁe'masoos are observed and identified in these emulaioné?ﬁt thé gnda
of ﬁhoir tracke.. donseouentlyfthe position of a meson 14?%¥a:ouulaion
révaals its anergy,'aince it had to traverse a certain tﬁicknoaa'of ab-
sorber matérial to reach the particular point in the emﬁision.' Pﬁrﬁhor--
more a count of the number of mesons stopped in a cartain volume of e~
mulsion can be directly correlated to the number of modbna of a certain
energy interval emittad into a oertain solid angle byzﬂhe %arget.

Fig. 1 shows the absorber blocks with the embedded nuclear”plates

# The Faraday cup and associated circuits were kindly mado available by
Mr. V 2. Peterson. .
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that meke up the detectors. In this éxpariment the absorbers were
located at 90° to the beam. The absorber blocks were 3 in. x 3.5 in.
x 0,982 in. with & 159 cut to hold the plates. A4 plece of black mask~.
ing tape around the cut kept the plates from being light atyuck{ . The o
absorber block nearest the target was at a distance of 7.15 em, from -
the center of the target. It Qgs made of aluminum and stopped mesons
6f energies from O to 37 Mev. The next abaérbor ﬁlock which was placed
immediately behind thevfirst was made ocut of éopper ané was capable of
stopping mesons from 37?to 85 Mev. The third ébsorber was also made 6f
copper and‘covered the range between 85 and 125 Hev. The absorbers N
'were large enough.so that the scanned portions of the photogrephic plates
were effectively .surrounded by an infinite sea of ebscrber medium. .fhus
except near the extrems edges there was no significant loss of particles
from the absorber due to multiple scattering. | o

The photographie plates used were Ilford Nuclear Résearch plates,
type C-3, with an emulsion thickness of 100 microns. These platgs are
suffic;antiy gensitive to render visible the entire track of a u‘-ﬁeson
'Aoti%%%ﬁting from the decay of.a n*-meson in the emulsion; the plates axe
notvég‘sensitive, hcwever,_as to obliterate the characteristic 1ncgeéeq -
in ioﬁization whgn a meson approaches the end of 1£a range, Faét eleeéﬁgz'
trons are not observed in this type of emulsion.

In principle, it would be desirabla to expose the photographic
plates for e sufficiently 1ong time to give a high density of mesons
and make the counting very-rapi@. This, however, cannot be done in
pfacticea The crosa-eectibn'for the scaﬁtering of protens by the targét
nucle¥ is of the order of a.thonsand'times,larger than the meeon-pro; |

| duction cross-section. Consqﬁﬁently the duration of the exposure
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| necessary to produce & ﬁlate such that a mesen can be reliably recog-
nized amidst 6¢her tracks is entirely controlled by the background
rediation. v'

_  The background cdﬁaists,Afirst, of all charged pagticles.which
come directly from the target and second, ffom the ambient flux of
‘ radiation in the cave which arises from collimating and stopping the
;proton beam., The backgrcund fram the target is unevoidable in the
‘préeént arrangement, - The backg:onnd due to the ambient radiation is
reduced by lead shielding (not shown in Fig. 1) placed around the ab-
sorbers which hold the photographie %lates. These two sources of back-
ground lead to & quélitative difference in the appearance of.a plate
whicgnrecords low energy mesons from one which records high energy
mesons., At 900 to the beam, the low energy plates show background
" tracks with a.preferrea orientation, nsmely pointing to the target. On
- the other hand, the plates exposed in a posifion to record the high
energy mesons show baekgrﬁund tracks oriented in all directions; which<'
indicates_that_here the charged particles do not. come directly from the
:tafgeti .These charged particles are produced by the amb;ent.neutron
fhjx; vo' : |

A The experimental arrangement that we have described works well for.

studies of meson production at angles of 900 and larger with respect to
the direction of the beam. As one goes from 90° forwerd, thet is, toward
the direction of the besm, however, ome finds that the background of
scattered particleé increaéés ver& repldly; this makes the scanning af
the piééée diffieult excepﬂ for very light'eiposurea. For studying the
' production of mesons at the smaller angles it is best to use some methed
of reducing the direct backgrcund from the target such as bending the .
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mesons away from the beam in 'a chennel which is placed inside of a

‘magnetie fleld.2 -

I1X. Classifica of v

The ﬁéll-known characteristics of'meaoné in emuisibns eneble  one
to find the mesons and very often to sa& whﬁf kind of mesons they are.
The facts are as followﬁ:' 4 positive g-meson which comes to the end of
‘its EAnge decays into a positive u-meaon and another liéht neutral pdrti-
_:cis which is presumably a neutrino.3 On the other band, negative -
meeons whieh come to rest 1n the emulsion generally produce nuclear stars.‘
It has been found from studies on the prong distribution of sters from
.mégngticallylsorted mescns that 73 ¢ 2 pe;cent of the negative 's pro=
duce a ﬁnclear ster of one or more cbservable prongs in ehulaions of the
type used.héré. The remaining 27 percent of the n% mesons end in the
_'emuision withdnt ;nitiéting an obgervable nuclear sﬁar; in these cases,
presn@ably,-neutrons or photons ar§ emitted. Thus it ig seen that posi~
tive and negative n-mesons have characteristice which render ﬁhem dig-

tiﬁguishable when appearing together in an emulsion.

2 §. F. Ceftwright, C. Richman M. N. Whitehead, and H. &. Wilcoa:,
Phys. Rev. 78, 823 (1950). 4

3¢. u G. Lattes, B, Muirhead, G. P. S. Occhialini and C. F. Powell,
Nature 159, 694 (1947).

C. . G. I:.'attes,‘G. P..S. Occhialini and C. F. Powell, Nature 160 453,
486, (1947). .

J. Burfening, E. Qerdner, and C. . G. Lettes, Phys. Rev. 75, 382 (19/.9) «
4 D, H. Perkins, Nature 159, 126 (1947). '

C. . G. Lattes, G. P. 8. Occhialini, and C, F, Powell Nature __g, 453,
486 (1947).

5 F. L. Adelman and 8. B, Jones, Phys. Rev. 75, 1?68 {(a) (1949)f

T
o e sem T
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Ve now,cohsidef & more detailed cléssification based on the actual f;
.appeargnce'of mespéq in the emulsion:

1. ‘A meaan;enda:in a star of twoc or more préngs or of a single heévy
prong. This 1s identified as a n~-mescn. HNo stars have beén observed
ffom - ér~p*—mesons;' It haé been shown® that 8.7 ¢ 1.7 of the u--
meeqﬁs'stopped'in emﬁlsions far@ stars. - This gives a negligidble cor=-
rection in our experimenﬁ.

2. A mééoﬁfénds with the emission of anqtheﬁ meson. The'seeondary'-“
meson is identified es such by virtue of the cheracteristic small angle
acattering.gnd the rﬁpid increase in grain density near the en& of 1its
track, Furthermoré,.the track is about 600 microns 1oﬂg vhich is the
range in emulsion of & u-mesén originating frou a statiénary n-u decay.

;Thigwisithgn a ney deéay. A meu decay 1s counted as & n* -meson. |

| 3. Mesons appear in the émulsion and stop with no observable sub-
sequent eventf Such & meson, deéigpated as a‘k-meson may - be one.of the

xfollowing types: a) It may be a w*-meson originéting from a w*-meson
which hes éome to rest in the glass or absorber surrounding the emulsion,
Such mesons neéd‘ndt ﬁe_counted. b) It may be a negative n-meson which
does not 1nitiate‘é star with_observabie'prongs. This 6ccurs, as men- °
tioned ébove, for 27 percéﬁt of the stopped n"mesons. Such mesens aré";
taken into account by the correction applied to the number of definitgl&
identified negative w-mescns. o) The;oJmesonhﬁay‘be a poaiﬁive df éé@h-.
tiﬁe  from a pbsit;ve or negative n Qﬁich deceyed in flight. Aniéver- B
all correction for decay in flight is epplied and will be discussed in

ok

. 8ec. IV.

6 E. P. George and J. Evans, Proceedings of the Phys. Soc. 64, 193 (1951)

Lt e
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_4. 4 meson stops in tha emulsion with the emission of & particle
whioh makes 8 thin lightly 1onizing track., The secondary track leaves
the emulsion in a distance too short to make it possible to identify the
Micle which'ymoducea'it. It is clear that this i either a w-u decay
or it is e L -meson which produced a one prong lightly ionizing star., To
decide on the clasaification of these mesons,*we go back to scme data-
whlch has been obtained by F.'L. Adelman and S. B. Jones with magneti-
cally sorted » mesons. They have found that out of 65 one prong stars
_ produced by n"s, 14 had fast prongs and were eonfuaable with w-p endings.
However, out of these 14 cases, 12 had short heavy recoils which we call
"cluba" It is known that n=-p'e do not exhibit such elubs. Only 2 out
of the 65 n“ mesons did not exhibit such clubs .and would then be oonfus-
able with n-p events. So by examining these cases for "clubs" we will '
make léss:thaﬂ a1l pércent error in the totel number of n‘-mesoné and it

turné,out even less of an error in the total number of n*-meeons,

IV. Caleulation of osg-Section

LetJé_tbtal of n protons be incident on a tafget having m nuclei
per cm2, Lot the cross-gection for the production of mesons per unit
solid angle"atwihé angle'e to the beam and per unit energy interval at
the e;nergy E be denoted by do/dNdE. The mesons are observed by scanning -
& certain voiuﬁe of emulsion embedded in the absorber. Let a given volume
element be af'a distance R from the target and be at such a depth in the '
abaorber to stop mesone around the energy E. -It ie easy to show that if

~one observes N mesons per unit volume of emulsion then

de. w2 (1)

g

em, -
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vhere (dE/dx)éh.

E 4n emulsion.

is the energy loss per unit distance of mesons of energy

The'emuleiene wore scenned with e Spencer binocular mic¢roscope using
a magnification of about 600X. 'Thenmicroseopee were -equipped with a
‘epeoialketage designed and built by Mr. W. H. Brower of-fhe Fhysics Deeert-
ment machine ehop which enable an observer to reset the scope within about
two microns.

Since photographic emuleiens do not preserve their thicknesses upon
development it was neeeseary to devise a technique to determine the thick-
nesses prior to development. This was done in the following way: The nu-
clear platee to be used in the meson experiment were exposed to a very
weak been of 380 Mev a-particles which entered the plates at an accurately
‘ keoen angle of about 200 to the emulsion surface. The a-particle tracks
e%e»then found after the ﬁletes>have been used in the experiment ahd_de-:
velOped. By messuring the‘progected length, L, of such a track in the.
plane of the emuleientbe original thickness was easily calculated. In
this way emulsion thicknesses can be measured to an accuracy of about 3
percent,

There are two corrections. which need to be made to the cross-section
as. calculated by Equatien (1)s+ First, mesons produced in the terget will
decay during the time it takes them to go from the‘target to the end of
thedr ranges in the emulsion. The mesn life of the u*emeson 1s 2.54 ¢
0.12 « 108 gec.” The mean life of the y"-meson is 2.92 & 0.32 -'é-'-ld"*S
sec.8 The proper time which has elapsed from the time the meson is cre-
ated until it comes to rest is given by f ( .52 dx/fc) where 43 is the

7 0. Chemberlain, R. Mozeley, J. Steinberger, and C.. w1egand Phya. Rev,
79, 39 (1950). PO

8L, W. Lederman, E. T. Booth, H. Byfield and 3. Keesler, Phys. Rev. 83,
685 (1951).
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“velocity of the meson'divided-by ¢, the velocity of 1ight,.dx is the ele-
~ment of path length and the integrétion is carried out over the entire gath
of the meson. Tﬂia correction is never more thah A,pefcent of ﬁhe number
~ of observed mescns. Second, the method of detection ;sed in this experi- -
ment, namely, slowihg the mesons down until they'atop in the emuls;on in-
troduces an appreciable error in the cross-eécfion due to nuclear absorp-
tion in the stopping material. To show the effect of this correction the
absc:ptidn cross-gsection has been taken to be equai to the geometrical
cross-sectiog of the nucleus independent of the meson energy. The corrected
spectra are given'by'the.dashed curves. The‘effect of the nucleaf scatter~

1hg of the mesons would be to shift the whole spectrum to slightly lower

energies. No corrections have bteen made for this effect,

The differential cross=section in em? per Mev per steradian ﬁen. ;
nucleus for thg prbduction of q;-and_n'-mesons from carbon é¢ 90° ¢ 120
is éhown\in Fig.f2; The probable errors shown on;the'graph are the pure-
ly statistiéal érrofa. These are valid for the relative y;ihea of the
cross-séciiops. The whole curve is subject to an addea unéértainly of
about + 15 percent in the absolute values of the cross-sections. The.
vdaShed-bﬁrves are the experimental curves carrgctedffbf the~ébsorptioﬁ
of mesons assuming that the cross-section fof‘abaqrptibp is equal to the
nucléar érea independent of méson enefgy. ' | |

' The integral over energy of the ' spectrum (1ﬁc1udiné the absorp-
tion correction)-is (2.3 £ 0.5) - 10728 cmRster-l, The infegral over -

energy of the n~ spectrum is (4.5 + 1.3) 10729 onlster=l. This gives



ae average ratiOL of ﬁ*-.fo n--mesons at this angle of 5.1 & 0.8.
The uncertainty‘in this ratio is the stetistieal error.
Fig. 3 shows the equivalent curves for lead. The integral over
_ energy of the n* spectrum for this nucleus is (7 t 2.1) « 10-28 cmzeter°1,
A:Aend the integral over emergy of the n"epeetrum 1sl(£.7 +1,9) . 10-28
cmzster'l; en average positive to negative ratio of 1.5 ¢ 0 .4 is then
' obteined. ' |
. The decrease in the average w* to n” ratio ae one goes from carbon to |
lead is to be expected eince the reyio'ef neutrons to protons is much
greater for lead ‘than for. carbon. It ia interesting to look at the n*
%%o " ratio as a function of the energy of the mesons. For carbon the
topal number»ef-n - mesons found is low and so it is not clear what is
the b_ehavioh; of this retio except that there is scme. indication that 1t
1ncreases aeie'fuectien of the‘energy. In the case of lead this behaviour
becomes clearer. Fig. 4 ‘ghows & plot of the retio of ~-to w*emesons
from lead as'a function of meson energy, and here cne sees a definite
decrease in this ratio at the higher energies. It has been pointed out
by Chew and Steinberger? that when nehesons are produced in the collision”
~ of protons with complex nuclei #*-mesons would be favored over u -mesone
because of the Pauli exclusion principle. The opposite would be true 1f
-the bombarding earticie were a neﬁtron. Furthermore for a given proton
energy the n* to ™ ratio ahould inecrease with meeon energy. The data _ o

- from carbon and lead supports this eonclusion._ They slso conclude that

9 6. F. Chew and J. L. Steinberger, Phys. Rev. 78, 497¢(1950),
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for a given meson energy, the m* té n~ ratio should decrease as the pro-
ton energy is.incfeased. Recently Block, ?assman,_ahd Havenslo.haie
studied:the production of n*-and w--mesons from carbon by 381 ﬂév protons
at 90° to the beam. Théy fina contrary to the above ideds that the ever-
| age'ﬁ‘7to n; ratio has igcfeased to 11 :Aj}~ This increase hﬁa come about
R in the folléwinngay:. the n* .production cross-section has increased bf
_about a faétor of 2, but the n~ production cross-section has not changed f
- very much.: This .seems to indicatevthat the élpmeptary processes.of the
.prodﬁctidh'of~a n*-and a n--meson are perhaps of different character.
"Henleyuand'ﬁuddlestonell have tréated the production of n*-mesons by
protons on. carbon from a phenomenclogical point of view. They ﬁave as=-
sumed that thg{mesone are prdduced 1ﬁ nﬁcleoﬁ-nucleon coilisions, and have
used the measured cross-sections of the ﬁroduction of w*-mesons in pioton-
proton collisions without the contribution from deuteron formetion.2, 12 |
The resuiting speétrum of meéona at 90° to the beam depends rather criti- -
cally on the momentum distribution that cne takes for the nucleons. The
theoretical problem has also been conéidered by Passman, Block, and Havensl3
from & similer point of view. They havé used a Fefmi degenerate gas médel
for‘the targe£ nu91eana, and have asssumed that the fingl state nuc%ggn-
nﬁéleon interaction is such that the n*emeson always comes off with the
naximm availsble kinetic emergy. The sgreemerit #ith the n* éxpezyimental

data at 343 Mev and at 381 Mev turns out quite satiaf&ctofily.v

10 4, ¥, Block, S. Passman, and %. W. Havens Jr., Phyé.'Rév.igg; 167 (1951).
11 E. M. Henley and R, H. Huddlestone, Phys. Rev. 82, 754 (1§51):

12 M. N. Whitehead and C. Richman, Phys. Rev. 83, 855 (1951).

13 3. Passman, M. M. Block, and W; W. Havens Jr. Phys. Rev. 83, 167 (1951).

Y
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Figure Captions

Sphematie draﬁing of the arrangement of the apparatus in the
“éave". ‘ “

Diffarentialc@roae-sections for the.prbduction of,ﬁfeénd -

mesons by 340 Mev protons on carbon. 4ngle of cbservation =

90° £ 12° to the beam direction. The dashed curves are the ex-

~ perimental curves corrected for nuclear absorption of the mesoms. -

Differential %ross-sections for the production of w*-and ™~

mesons by 340 Mev protons on lead. Angle o£ obséfiation'-

909 4 12° to the beam direction. The dashed”éurveﬁﬂggggxhg_ex—

perimentel curves corrected for nuclear ebsorption of the mesons.
The ratio of n=-to n*-mesqns from lead at 909 & 120 to the beam

as & function of meson energy.
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