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 aluminum to lead it is proportional to (N/A) A

I. ABSTRACT

The relative yieid of neutral mesons from various elements in
the reaction (p, /) has been determineds' Single photons from neutral
meson decay were observed at'135° to the proton beam in the laboratory
system. Detection was by means of a pair scattering detector composed
of>a converter and two anthracene crystal telescopes in juxtaposition.

The yield in the range of elements from hydrogen to sodium is
essentially proportional to the number of neutrons; in the elements
2/30 These results are
compatiﬁle with a mean free path in nuclear matter for the neutral mesons
of approximately 10 a, where a, is given by the fatio R/Al/B, R being the

radius of the nucleus.



IT.- INTRODUCTION

A, Artificial Production of Mesons

‘Since the last war a great deal has been done in experimental
‘ meson physics to determine the fundamental properties of mesons and the
nature of their interactiohvwith other matter; Artificially produced
mesons were first feported in 1948 by Gardner and Lattee(l) when they
detected negative pions from the Berkeley synchrocyclotrono Under con-
tfolled 1eboratory_eonditione‘certain information has been obtainable
withAgreater'accuracy than was possible in cosmic ray worke

i L Neutral mesons were first observed by BJorklund Crandall,
«_f,Meyer and York(Z) when targets were bombarded by 340 Mev protons.

(3)

:“QSStelnbergery Panefslgyy and Steller ~° observed coincidences between decay

' gamma rays from photo=produced neutral_mesong veriﬂying the decay scheme.

_77—v—->27/

h postulated by Tanlkawa(é) Maqy experlmenters have contrlbuted to the

'i knowledge of the phy51cal propertles of pions; such as charge, spiny

?intrlns;c par;ty and llfetlmeo Of additional interest is the interaction

" of these mesons with matter. =

B. Interactions of Mesons with Matter

(5)

. Mesons were originally postulated by Yukawa'?’ to explain the
“forces between nucleons. The’interaétlon of mesons with matter in meson
"production, scattering from nﬁclei, eﬁd absofption will yield information

53oﬁ'meson~nuc1eon forces which any field.theory must be tailored to fit.
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In general the pion-nucleon interaction is a Strong one, of the
fype necessary to account for nucleon=nucleon forces in termsqu partieie
exchange. 'Single Rioﬁs ere produced in the laboratory With,pfesently,avéilu
" able energies in ei£her nucleon or photon initiated‘eventso' Multiple pion
productlon occurs in cosmic ray events where the necessary - energles are
avallableo In comparison with this the muonmnucleon interaction is weak;
there seems to be no-evidence for muon production during events of the
' typeementioned’ab0yeo The capture of negative pions at.rest to form stars

is another indication of strong interaction. Negative muons, on the other
hand, decay when stopped in material of low atomic number, Z, and even
though the probability of capture incfeases7with Z {the probability for
decay and'capture are equal at Z_10) there is no eyidenee=for pro-
:duction of stars of ionizing particles. Instead the nﬁcleus;seems to be -
left with little excitation, eapable only of neutron and4gammg ray emission.
Thus the preduction and mode of disappearing while at reet~indiea§e_that
the pion is of primany;intereét as far es nucleonmnuéleon'forces are con-

. cerned, and that the muon is not directly related to nuclear ‘forces.

In keeping with this strong interactionQ;informationﬂan the
scettering of charged pions(7) by protons indicates that this reaction ie
very energy dependent and is compatible with a fourth power dependence

on the pion momentumo The absorptlon and 1nelastlc scattering of pions

(8)(9)(10)

(11)(12)
,cross sectlons being geometrlc at energies of 85 Mev and above

by other nuclel also 1ndlcate a strong energy dependence

Co ~ A=Dependence of Production’ -

It is entirely possible for the meson to scatter or be absorbed

. - 1
in the same nucleus in which it is produced. szley(i3) and McMillan
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p01nted out the 1@pllcatlons of thle poss1b111ty in connection with meson
productlon from complex nuclelo' In a'recent artlcle9 R, WllSOD(B ) has in=
dicated that for high energy mesoﬁs (5770 Mev)'ﬁhefe is a near 90 per cent
probability of being reabsorbed by the pereht9 and a neighboring, nucleon.
Under these conditions oﬁly those nucleons on tﬁe surface would essentially

contribute to the meson yieldo Studies of charged ph@temeeon production

from varxous nuclei ranging from hydrogen to leadp at meson energles of

(13) (14)

42, 50, and 76 Me show yields which are generally proportional to

the nuclear surface. Since nuclear matter is incompressible)the:volume of

the nucleus is proportional to A, the number of nucleons in the nucleus°

2/3

Thus the surface is proportional to A7 7. The neutral photomeson yield,

versus 4, also shows an A 2/3 dependence in elements from llthlum to lead( 5)

1
The relative yields of charged pions from protons on variocus nuclei at OO( 6)

17
d 1350(, ) to the beam is not yet done with good statlstlcso Indications
to date are that the yleld is not proportional to the number of nucleons

and that there 1s strong,absorptlon in the high 2 mucleio

Do Neutral Mescn Yield:versus A from Protons

Neutral pionsvproduced from protons are presumed to be the same

ves those produced by photons and by proton capture of negative pions. Due

~ to experimental difficulties coincident decay gammavrays have not been ob-

served from proton produced //%s; however, the photon energy spectrum

from these 772's shows quite definitely that they are the same as those
'produced By[the other reactionss 'It was of interest to see how the yield

- of 779s from various targets compared with other work done as given above.

Specifically, the question arose as to how absorption effects in the nucleus,
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if any, manifest themselves in terms of cross sections.
Work already done on the lighﬁ nuclei(lg) indicated a yield
from only the neutrons in thé nucleus. The reason for this can be seen

by considering the reaction

FtP — prpr7°

where the 7%s assumed to be a,pseudoscalér mesoﬁ; ﬁvidence to'aate in=
dicates that mesons ffom nucleon-nucleon collisions are created into P
states. The available energies are such that the resuiting nucleons should
be leff in S stateso There is no initial stéte for the two protons; in
this case, which will allow this final combinationbof mesén And proton
éﬁgular momenta. It is possible for the meson ﬁo come off in an S state,
but this reéuires either the incoming protons or the resulting pretons

(32)

to be in a triplet P stateo Whitehead and Richman set an upper 1limit
of 9 per cent for‘the'ratio of meson yield in the S state to P state in

the reacﬁion

7o+ 72 —> Tt
If this same ratio is applicable to the Zroproduction reactions, one would
assume the Zrayield from protons in the nucleus to be down by a factor of
approximately ten compared with the yield from neutrons where prcductidn
of ﬂhe_mesons in the"P‘sﬁate is gllowedo Such a favoring of production
from neutrons was seen to hold true in the nuclei Be99 gl0 Bll, and CT2,
The yield from hydroéen is further reduced because it is a free nucleon
" and has no internal nuclear momentum to add to'the momentum of the bom=

barding proton to raise the available energy.
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It was hoped that further work might show whether or not this
‘effect continues in the heavier elementso Beceuseltue production process
 is so energy dependent there were 1nd1cat10ns that the effect of the in-
ternal momenta of the nucleons - especlally in the lightest puclel -
f'might manlfest 1tself in the comparlson of cross sections. It was also
thought that perhaps nuclear shell structure mlght have some notlceable

effect°



III; EROCEDURE - »

| Targets wete bombarded in the external proton beam of the 184"
synchrocyclotron by protons of approx1mately 340 Mevo ThlS external beam
is obtained by scatterlng the protons of the circulatlng beam 1nto a mag=
netic channel whlch deflects them through the frlnglng magnetlc field into
. an evacuated pipe. The beam is colllmated° its direction changeg\by an
auxiliary steering magnet; which causes it to pass (inside the pipe)
through the fifteen feet of concrete shielding surrounding the cyclotron‘
into the experimental area called the "cave". (See Figo 1.) The end of
the evacuated pipe (the "snout")'just'protrﬁdes into the cave from the con=
crete shieldingo The last 40 inches of the plpe precedlng the snout is
fllled w1th brass capable of adgustable collimation from to 2 1nch
d;ametero | | B | »
An lonizatlon chamber wvas placed 1mmed1ately behind the snout to
record the proton beam ourrento |

A lead wall fourteen 1nches thlck with a 3 inch dlameter hole

- was erected to help attenuate neutrons and-otherupartlcles coming from

reactions in the Cyclotron itself and iﬁ the coliimating system. Targets
were placed at appfozimatelyjeight inches following this lead wall.
At an angle of 135°'to the beam direction two sets of photon

counters viewed theltgrgeto' Eaehveounter consisted of four anthracene

erystal = 1P21 photomﬁltipiief tube units. (See Fig. 2.) The outputs of

the phototubes were'miXed.iﬁ fast double coincidence in.the-cave; the two
coincidence pulses‘iromaeach counter were mixed in slow double coinci-

dence in‘the.counting‘afea’after amplification and pulse shaping. This
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meant that time coincident pulses from each of the four units in a counter
were required to register an event; namely, the detection of a single pho-
v‘tono The use of two counters had a dual purposeo In addition to speeding
i up the collectlon of data, it permitted mixing of the outputs of the two
:counters to check on the p0331bility of c01ncidences between gamma rayso
A calculation assuming 1sotrop1c meson distribution shows that less than
'one coinc1dence count in 70 hours is to be expectedo ‘That there were no
1nd1cated real 7’ 7’ colncidences in all the runs of this experiment,
therefore 1s not surprlsingo

) A corroboratory run was performed using the pair spectrometer
'arrangement of Crandall and Moyero The arrangement of the components is
shown in Flgo 30 A target was bombarded at the rear of the caveo, Photons
emitted at 90° passed through a colllmated hole in the cave wall, through
a second collimation placed in a magnetic fleld, and then to the pair

spectrometer magneto A 41. 4 mil tantalum radiator was used to convert

o _the photons into electron pairso_ Detection of the electrons'was in double

chamber proportional tubes filled wlth 002 and Argon.

The pair spectrometer was placed at the 1ntersect10n of the high

: u'energy neutron beam line (this line is tangent to the 81 inch radius) and

:-the 90 angle to the cave targeto. By hav1ng the pair spectrometer look at
an 1nternal target at the 8L 1nch radius, proportional counter plateaus
could be determined with high counting rateso‘ The pair spectrometer was

'then turned to 1ook at the cave targeto
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V.  DETAILS OF THE EXPERTMENT '
liA; 'T' gets e

In designing targets for thls experlment it was necessany to
._con51der the loss of energy of the 1ncom1ng protons in pas31ng through
'the target matter, convers1on of the neutral meson decay gamma rays into
'iielectron pairs in the target, productlon of background partlcles, and
the llmltatlon lmposed by available sizes and shapes of some elements
| in thelr pure form. The targets were not speclflcally des1gned to keep_'
a 31ngle factor constantob Instead the targets 1n a given comparlson
-‘”group were made w1th approx;nately the same gm/cm thlcknesso This meant
- that in the same reglon of the perlodlc table the energy degradation
v"would be nearly the same and the background events would be simllaro The
thlckest targets were five gms/cm thicke Thls corresponds to a maximum
energy degradaton (for 1ith1um) of 14 Mevo Thlcknesses of thls order of
magnltude and less, comblned with small Lateral extent kept corrections
for palr conversion in the target to ten per cent or less except for car-
bon tetrachlorlde and calclumo_ A dlscuss1on of palr productlon cor=
‘rectlons 1s glven in another sectiono | ,v ‘
. | The dlver51ty -of pnys1cal states and geometrlcal shapes avail-
tiable nece831tated the use of the follow1ng six series of targetso Various
‘.ielements from nydrogen to lead were bombardedo Yields were compared to
‘carbon as & references | | o
Series . lo H20, D 0, C O2 This.series was'run b& ﬁildebrand

(18)

and Knable The use of liquid oxygeh necesSitated’use.of-a dewar

vessel. This was constructed of aluminum with a four mil inner wall,
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14 mil outer wall, and,iwo inch diaméterlliquid chamber. The liquids'were

call qubarded injthis!container;"tﬁe carboﬁ'was machined in the shape of a
¢y linder oficomparable size and ‘shape.

Series 2. B0, Dzo,»c‘(craphite);aCH (polyethylene), and 6C1, o

" These materlals were contained in. brass cyllnders 3~ inches outside dia-

'~lmeter, 3% 1nches 1nside dlametero Alum;num’f01l of 0.003 inch thickness
was cemented over the faces of the cylinder withvara‘ld‘ite‘° Because of the
vdifferent thermal coefficients of‘eipansioﬁfof the'braSS qyliﬁdér and
aluminﬁm foils, the foils were stretched taut during the process of baking
the araldite and the.subseqﬁent coolings -

' The'tafget-thickﬁesses were-éﬁch'that.correctiéns for pair pro-
1:ﬁué£16n wér¢'nece5sa1y~in some cases (See section on corrections). This
‘vis‘shown_in Table I; ﬁhere ﬁ[s target.thickness; /X = mean free path for

- peir production by 100 Mev photons, and & 2_450'3 acute angle of observa-

: tion’with‘reSpeét:tp-target surface normal.

o - T A 3 LfE:, I ”' L
bmﬂ .MML_ Az mefepe . XA ;4m§ ;&£§4/-e*whﬁ
B0 0,750 in. 3105 in. 0,024 0.017 1,017
H,0 ;osoo._  frj31¢5_   f":Q°o43 3T00034 : '_ 1,034
D,0 0750  3L.5 ;‘ 0.024 0,017 |  15017
D0 1500 | ‘3195 '05048r 0.034" 10034
c.. 0,500 - 23 0,022 0.0155 | 0,016
C  1.000 23 | 00044 0,031 . 1.031
CHy,  .1.000 . 467 . . 0,021 . 0,015 1.015
- CH, © 1.500 4607. . ‘000323,;5 000226’ ~ " 1.023
€01, 0750 8.2 . 0,089 0.063 L 1.064

CCL, . 1.500 842 . 0178 0,126 1,131
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" The . H yield was:cbtained.by. GH29 :C:subtraction; the D yield by

D20 H?Q subtraction (where the H2 yield was neglected); 'the Cl by GCl4
C subtractlon, and the 0 yleld,was-taken tc.pe;equalhto that,of~H20 because
of the small hydrogen cross sectlono_ | | |

Series 3. C ,0as - Calcium was avellable.ln elemental form large
enough to permit a target 00928 inch dlameter x 3/16 inch and of mass
20044, gms to be machined. A graphite.target of similar dimensions and
mass 2l.42 gms was also made. -When not in use the calcium target was kept
immersed in a light.minefal 0il to retard the rate of oxidation.

The pair prqduction.correction fectors.were loOBA and 1,118 for
cdrbon and calcium respectivelyo- Theee corrections ere the cylinder cor-
_rectlons (See sectlon on correctlons)

Serles Lo Ll, Be, Blo9 B(natural)9 c, Na, Ko The lithium tar-
.éetrwaslmachlned under a llght mineral 011~ana siored in the 011 to pre=
vect ox;gation; The benylllum target was prepared by the Radiation
Laboratony machlne shop 1n a spe01ally ventllated roomo_ The two boron
1sotopes were each avallable as one inch dlameter x e 1nch compressed
,powder cyllnders of less than one per cent oxygen 1mpur1tyo . There were
| four dises of each isctope maklng & one lnch thlckness for the targetso
'Carbon was obtalned in one lnch diameter StOCkoi

Sodlum and potass1um could not be machined because of their.
softness and- great chemlcal act1v1tyo ‘By maklng uge of the low melting
p01nts which these" metals have, it was possible to cast. themo Sodium
has a den81ty of C. 97 gm/cm o :Potassium has a solid den31ty of 0.86

m/cm .and a llquld den31ty of 0,83 gm/cm o It 1s:necessary, therefore;

to have an oil of‘densltylless than"OOSBpgm/cmBO The melting points of
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the two elements are 97.5 G and 62 3 % respectlvely.‘ The metal to be

'_cast was ‘placed in a beaker of sultable size and covered with mineral

.“ :0110_'A gas flame was used to heat the contents of the besker above the

';metaillc meltlng p01nto. Upon meltlng, the metal and oxide stratlfled into
metal and slago The contents -of the beaker were poured into a glass cen-
}.trlfuge ‘tube of one inch inside dlameter and approxlmately l/32 inch
thickness. After the metal had Solldlfled the excess oil was poured off,
'the glass tube broken and removed, the solld metal target cut to the
desired length and reimmersed in oil. '
| When in use these targets'were suspended on a 0.001 inch alum=

'inumvfoil (to.protect the'rest of the support fromnthevchemical‘activitj)o
The alkaline netai targets werevbombarded'in the openlair for periods up
:-to thirﬁy minutes at a_timeos Before_each use of these.targets the oxide
was,scraped.froh the;ends with a scalpel and'the oilqwiped'fromfthem.
During the time-the sodium and-potassium werevexposed to air, the oxide
coatlng at no time: became more than a few mils’ thlck or the ‘mass increase
more. than a fractxon of one per centa Because the beam was collimated to
a smaller dlameter than the targets, nly the ox1datlon on the ends needed
_to be cons1dered°- ThlS was- negllglble.vf‘

For all but llthlum, sodlum9 and potass1um, the cyllndrlcal pair
_‘productlon correctlon was.usedoifFor‘therthree;named,.the cyl;ndrlcal cor=
rection was taken with the radius increased byuthepﬁactor l/cos ® where
6= 450 is the angle between the‘targetfaxishand direction"of the counter.
The correctiens are given.in Table II, where t = thickness, R = radius,

A = mean free paths.
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TABLE II

Correction Factor

B v _R . _A M [Tarlkd

Li  3.505 in.  0.50L in. 156 im  0.0032 1,006
Be. 0,750 0,500 33.8  0.0148 1,026
lo - s N B . : BRI - . . N ' .

B 1.023 04500 2402 0.0206 1,036
B(nat) 0,916 0500 2508 0.0194 1.032

G 0896 0509 . 23 0.0221 1038

© Na . 1483 0.515 22.2 000232- - L.058
LK 1.630 0505 139 ’000363 | 1.096

Series 56 C. AL, Cu; Pb. These four of the‘"usual" elements
were de51gned with palr convers1on in the target belng the maJor consideraw
tlono The mean free paths’ for pair’ conversicn of 100 Mev photons in these
elements are 22 6o 7, 1o OZr.and 0. 342 1nches respectlvely (as ‘calculated
:from eurves glven by Heltler( 19) and checked within 25 per cent by measur=
. ing’ the photon attenuatlon 1n these materlals by .a pair spectrometer). It
was experlmentally determlnedjthat the photon yield from lead was roughly
'p}oberinnallﬁo the“target'thieﬁnessefor tﬁiéknesses ﬁp to 1/4 ‘A o The
'ieéﬁvtarget was chosen ﬁo:be”lle‘k\fthick to be well within the region of
‘héalculable corrections fhe”otﬁef’téfgets'Were then chosen to have approxi-=
mately the same number of gms/cmgo o |

‘The data of targets used is contained in Table IIT.
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TABLE ITII

Correction Factor

. Elem . .t S t o «.(\‘:mo'f;g_n oA ﬁ_'ﬁg SE A
C . 1.02 gm/gmz:'d;zso in. 2 ¢ 0011 . . 1.008
AL 0.86 025 67 0,019 1013
Cu 073 - 0.032 .02 0.03L . 1.022
P 0.98  0.034 0342 0,09 1.072
Series 6. Dé, He, Né, Aol These gases were bombarded in a stain-

(20)
less steel pressure chamber designed by R. Stephen White o (Figures

4 and 5.) The target,structurevconsisted,ef threeﬁceneentric,chambers,
| the;iqper,for'target'gas, middle for coolant, and outer for an insulat-

. ing‘vecuum; The gases deuterlum .and helium were comparedo Liquid
-‘nitrogen was used as a coolant in the “target and in a vapor trep in the
ahlgh'pressure pumplng system. ‘The stalnless steel strength ofethe tar—

get-at 77°K-allowed pressures oft2200 psi‘vte.befr’riaintafined° A second

: comparlson between nltrogen and argon was attempted using ice water as

the target and trap coolanto The gas characterlstlcs and decllne in steel

. strength - w1th use at O°C permltted only 1000 ps1 ‘and 900 ps1 pressures,

'respectlvelg to. be malntalned in the heavier gaseso "The densities of
the four gasesuused,aaleng w1thuhydrogen (which was not bombarded), under
. ‘the conditions met,:are,given~in-Ta51e Iv. These.densitieS]ﬁere calculated

from pressure‘voluhe relationships»refepred to in Table IV.
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"TABLE-IV

Gas 1,jErés§ure“,i“;'Temegrature  Coolant | Density

B 2200 psi . 77.6% o Liquid Ny 0:0420(21) gn/cn?
Dy 2200 " 77.6 Con o o.0es3t®Y)
He 2200 S 77:6 LI : vooo745(22)
N, 1000 o 10% | ;'Icé Water ,0.0832(23)

A 900 10°C o | 0.110 (24)

X ‘Series 7. C, Al PbaﬁfThis-seriéétof.targets was. viewed by the

- pair spectrometer rather thsn the cfystalsm-,Because'of'the,small solid

" angle subtended by the-tantalum converter in the .pair spectrometer, as

- $een from the targét;iand<bécau9e‘bf!the-large.protqnvbeam size (3% inches
diameter), it was necessaryito haveﬂrelativelynlarge-targets.in'order to
bbtaih\a-reasonable cOunﬂiﬁg rate. -.These éargetS'werealarge'both in terms
of epé;gybdegradatidn of the proton beam and pair,production in the target
"'byAthe'néutréiYMéséthﬁmmaf}s&soi'The’targéts:were deéigned to have the
"Same‘total,eﬁergy'loss'fariproteﬁso- In«a~compariSOn9vtheh5 of relative
'“éroSé'sections the difféféht targets. would éach sée‘the sémeﬁproton energy
" spectrume Thié eiiﬁinétéd ﬁhe needifof aacorréction?due to the dependence
of'theﬁmeSOn’prbduét10n§érbss:Seéﬁion“0n~pr§tonfenergyp‘ A large correction .
‘Was required for the pair goﬁverSidnof:See~sec£ionuon.corréctionso These

‘corrections are given in Table Vo o -
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K

WTAB?? v
‘Elem ._i_Thick#GSS'AldngrBeam " .. "AQE - .. Pair Conversion Correction
- C ”.f"3'ihchés'11.9 gm/cm? © 36.6Mev . . 1170
AL 2.04 " 145 gnfen”  36.6 - 1.620
P 0,383 " 11.1 gn/om® - 183 -~ . 1.560
| 0.766 " 22.1 gn/em® 366 2.26

‘Be Couhters
The oounter scheme used_has:heentreported previously(zs), but for
" completeness will be brlefly descflbed; ” |
| Each photon detector consists of fouh anthracene- erystals,each
':v1ewed by a lP21 photomultlpller tube (Flg. 6)s These were arrenged in
two adgacent telescopes w1th the crystals 81de by side. The crystals were
/8 1nch in thickness, the front cnystals being one lnch by two inches in
area, the rear ones l=3/4 X ZL 1ncheso These crystal sizes were chosen
to reduce background w1thout decrea51ng photon detectlon eff1c1encyo The
effectlve part of the converter was approx1mately 1% 1ncheso‘ The coinci-
_;dence counts from thls strlp were llmlted 1n solid angle by the size of
;the rear cnystals.v By ch0051ng the front orystals to subtend approx1mately
" the same solid angle as the rear ones it was p0831ble to cut down their
. volume and oonsequently the number of counts due to stray partlcles coming
from the target. | |
. The thlckness of these crystals is such that an electron of three

Mev will just get through the first cxystal,‘ Assumlng the palr is produced

in the rear layer of the converter, 1s not scattered in the first crystal,
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and counts upon just reachlng the second° it would require a six Mev pho-
ton to produce a coincidence in the telescopeo Meking allowances for these
;iassumptiqnsﬁe meﬁe realistie¢threshold¥wpu;dfpe;}jfe_ZO“MevoneThis is out
of the region of nuclear-eicipation'andpeli phopensvseen should then be
from 7°'s. The validity of this argument.is borne outvby the agreement
with the pair Spectrometer‘run in whiehﬂthe lowest energy photon accepted
was 65,Meva

They were covered on five sides with 0.00l inch aluminum foil forp
Thigh reflectivity. The covered cnystel was’theu téped in a light=tight
manner toda I%iiheh diameﬁef seft iron:cylihdef of‘l/ie inch ‘wall thick-
ness. This iron cyllnder flt snugly over the 1P21 phototube unit and pro=
vided magnetlc shleldlng from the appr0x1mately 18 gauss stray field from
the cyelotron encountered in the caveo' Each photomultlpller glass envel=
ope was tlghtly wrapped w1th Q. 003 1nch copper foil which was tied electri-
cally te the photo=cathodeo. This seems to help reduce tube noise. This
foil was covered by electrlcal tape to prOV1de 1nsulatlon agalnst the ap=
| prox1mately 1500 volte whlch it carrledo The tube_was then inserted in
the maguetic Shield;cnpetalHceubiuetien;fclamped“iuhplaee'with a set screw
and the anit made light-tight; When“iu use the iron shield was grounded
as a precaupion‘againetlfaiiurejef phe insulation ou'the copper foil
inside. o o

Lead“endecarbeu'sﬁeete'of-%'end l%dinchee;feSpeetiuefiﬁiekness
were placed ope at a tiue between the target andﬁeounfers; with the target
face belng two 1nches from the front cnystalso' These”eheetsy or converters,
served two purpose_s° Flrstly, they caused ‘the high energy photons to form

eleetren.paifs which were then typically separated by scattering; and
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" secondly, they.attenuated_the~flux of charged particles coming from fhe
" target. The thicknesses werelchosen for‘equal stopping power for charged
'perticlesu - The number of pairs from 1eadAas_compared to carbon for these
thicknesses should be ten to. oneo Thusy_bj:subtracting.the_number of
counts with a carbon converter from the number with lead converter, the.
background is essentially'subtfacted out and one has a measure of pairs'
produced and, consequently; an'iﬁdication of the relative number of phen

" tons coming from the target. The transition curve for lead showed a peak
&t approximately 4 inch which is to be -expected of photons of the order of
" 100 Mev whereas that for éarbon'showed a dfop from zero converter thick-
ness to lﬁ inches, then a gradual rise, which is compatible with the stop-

page of charged particles and small pair cross section in carbon.

Co Electronlcs
N Pulses from the 1P2l phototube were cllpped and shaped in a tube

base unlt of electronlc de31gn due pr1nc1pally to Re Madey . Cllpplng to
5 x lO - Second was done in l 1nches of RG 65/U delay line cable. The
_pulses were llmlted in pulse helght by cuttlng off a 6AH6 pentodee
| 001n01dences were mades as shown 1nF1go 2, in crystal dicde bridge
ce1n01dence unlts with time- resolutlon of 5 x 107 -2 second. The schematic
drawlng for thls circuit is shown in Flgo 70 By careful balan01ng of cire
vcult ‘elements it was con31stent1y p0351ble to obtaln 001nc1dent (two in-
puts) to feed—through (single input) pulse helght ratios of 16 to 1.

The 5 x 10 9second 001n01dence pulses were ampllfled to approxi=
_ mately 002_velt in a two stage llnear ampllfler in the same chassis with'

the coincidence tube. These pulses were then cabled to the couhting room
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of the cyclotron“ﬁhererthey.were further-emplified and shaped.-..The second
amplifioation'was'BbO%AOO'timés, givinguooincidence pulses up.to 80 volts.
Thevfeedthrough'pulsefheights-Were five volts or less. The linear amplifier
outputsltriggefedxgate;oirouitssiﬁ whioh‘neafly sqﬁare'wefe,pulses of
0.5 x lOfé‘secoﬁd’were.formedo‘ Two-such pulses from a given counter were
joined in a Rossi type coincidence circuit of'lo=§ second resolution.

In order to cut down thevaccidental eousts due to the -individual
eantél counting rates, th9,Scaling circuits were gated on .with each cy=- |
clotron pulse. The scattered-deflected cyclotron beam emerges ffom the
1Vaouum chamber of the cyclotron into ‘the air of the cave in pulses ap-
proximately 25 microseconds long; 60 times per second.. The same redio=
frequency pulse which is used to pulse the cyclotron injector &as made to |
trigger a gating cifcuit which generated a lOO microsecond square wave
gateo ThlS could then be made to straddle the cyclotron beam in time
and turned the scalers on only durlng thls tlmeo

| mh.e pulses sent to the countlng room by the.bridge coincidence
'units were a mlxture of 001ncldenoes from electron palrs farmed by a single
photontand a001dental c01n01dences fonmed by all counts in the phototubeo
These counts are oaused not only by the charged partlcles g01ng through
the cnystals (electronsg mesons5 and protons), but also by the noise in=-
herent in the tube. Pulses fron the electrons. flnd competltlon in the
hlgh pulse height reglon from other charged partlcles and in the low
region from the tube neiseo The eleotrons are of minimum 1onlzatlon
energy so their pulse helghts do not extend as hlgh as those of protons
and mesonse. As a consequenceg there was no set of operatlng condltlons

under which all counts that would give rise to a001dentals could be
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discrimiuated against. Instead the beam intensity had to be set at such a
level that the counting rate per unlt time of extraneous counts was low
enough that acc1dentals were a small fractlon of the coincidence counts
‘from electron palrsov Thus, there was no blateau reglon of operation and
‘actual operatlng condltlons were somewhat arbltrany, trustworthiness of
results depended upon satlsfactony stablllty of‘the conditions.
4“(3.perational conditions were picked by setting the photomultiplier

voltage at 1.4 to 1.5 kllovolts and the llnear ampllfler galns at such a
level (ampllficatlon of 300 = 400 tlmes) that five volt maximum output
pulses were given by the llnear ampllfler for feedthrough pulses (single
| input ﬁo‘bhe bridge coincidence)o .The discfimination levels of the variable
gates were then set at 10 volts, or double this value.

| Wlth thls operatlonal setmup it became necessary to choose a bean
1nten51ty such that the acc1dental c01nc1dences were a small fraction of
'those soughto The a001dental c01nc1dence countlng rate per unit charge
vln the proton beam is llnear w1th the beam 1nten31ty (or of hlgher order
>1f the a001dental 001n01dence is betWeen more than two partlcles), whereas
the electron palr counts.are constant per unlt beam charge. Thus by lower-
?1ng the beam 1nten31ty to a sultable value the ratlo of ac01dentals to
| non-accldentals could be reduced to an arbltrarlly small valueo In these

ll

experlments beam currents of O 8 = 3.2 x 10 ampere were used, depend-

1ng on the target thlckness°
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v " CORRECTIONS
o : As stated in prev1ousvsectlons theimaln correctlon to be applied
was for the decrease 1n number of photons reachlng the counters owing to
productlon of palrs 1n the target mattero An upper llmlt to the mean
‘llfe for decay of the /' has been set at 5 X lO second(2 ), his
vmeans that one can con81der all the decays as taklng place 1n the target
matter and hence the photons emanatlng from the targeto |
The.correction to be applied wasldetermined'by‘finding the ratio
of the number of photons produced to the number leav1ng the targeto Cer-
| taln 81mp11ﬁying assumptlons were madeo It was assumed that neutral
mesons (and consequently photons) were produced in equal numbers throughs
‘out the target volume 1rrad1ated by the proton beam. Thls volume was
.determlned elther by the target geometry or an X-ray £ilm exposed ime
_ medlately behlnd the targeto Actually the spa01al den51ty of protons in
‘ the colllmated beam area is not constant but is 2 good approx1mat10n in
\,thls case Where target dlmensions are small compared to photon mean free
pathso_ Included 1n thls bas1c assumptlon is a second one, namely, theat
hthe energy of the proton beam is not degraded to the p01nt of cutting
down the number of mesons produeed 1n the rear: sectlon of the targeto
Mbst of the targets were thln, w1th less than four Mev energy losso This
small change in energy would correspond to only a few per cent dropmoff
in production. Because the targets in a glven comparlson group had the
same geometry, were approximately the same thickness in terms of energj
loss, and because the fractional drop in production was small (in most

cases) this was considered a legitimate assumption.
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'Twoﬁgeneral geometriesowere considered and in additdon the speci-
fic cases which applied to the targets used in the paic spectrometer run.
.+ The two general cases weré'for a flét slab with its surface perpendicular
| to}the beam and:a‘cylinder wifh axisfperpendicular to the‘beamo
| Slab. Cons1der the photons produced in a target sheet of thick=
~ness, t. ln-the elemental thlckness dx and whlch are observed at an angle
9 to the normal of the target (See Flgo 8)0 |

Let n % number oflphotons produced per unit thicknesé.'
A= ‘mean free path for pair productlone

ngén thc number of photons produced in d%z}s n-dx and the number produced

\
in dx and leaving the target isndxe *we6.

’The totai number leav1ng the target is
H= o fTe IE—QM
- /\'n"cné[/_—-é %4 q"’97

.The total number produced ds

"/%=va_

Therefore, the correctlon factor is glven as the ratio of those produced

tor those actually leav1ng the target or

| /
/V//V ,\cne = e~z‘Ac«a.e

“i'For(t//\)(cosg),\_, 0,05 thls s:.mpllfles to

MWz 1+5 tfene
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. Cylindérs

Agein;  consider' the photons produced in the element
Caxag x|

of a eircular section of radius'R (Fig. 8) : o
“Let = mﬁnber'of phqtbns produced per unit.area in the. circle.
' \'= mean free path for pair production = .- -

The number of phdtd_ns leaving the target from dx d? is

Cy _z/

‘é‘ “"T"

and' the number from the whole ‘target is
l s e - % & 1 =
= f-;'efo

Integrating over x and us:..ng the symmetry in. f one gets .

/\/,:o'l'vu\fole[I—G —%—t ]ﬂ’f

Aﬁé’f

The integral may be simplified somewhat by making the substitution

P = R sine
df = R cos e.dé_
% pr = Rcos &

‘The integral then becomes

N= 2 A ’?‘/677/;[ 'e L'?;ihajméo/é

Upon expanding the exponentlal in series form

/V-4w€f 7[ e~ -_}Sc@“@+—(ija=35+—-_7mede'
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and whenhintegrated~gives,. o  ;={. , 'a.‘ -
W 2R L0818 R T
. . ..; ”4. o S R B
AR L= o) A O T
The totel number of-photoheeﬁredecea is .
M= nrer

. Therefore, the correction factor-becomes

/
Moy =
= T Vi) e

which for Re<A becomes

/V‘/V""-' / +(/%,,-) %-:— - e_

This correction is not really applicable to the case in whlch
the cylinder axis is parallel to the proton beam, as in Series 4. There
are two additional features 1n thls orlentationo The boundarles of the
'reglon of 1ntegratlon are ne-longer{the‘01rcularveros$ sections of the
cylinder, but instead areeafeefies ofjtrﬁncated_eilipees. The ellipses
are_dﬁe to the_observaﬁion 55 450 to the cylinder axis; the truncation is
.ceused‘by the cylinder ends. -Tﬁis would tend to give a smaller correction

than that calculated for axis perpendiculaf to the proton beamq‘ The

- second feature is that all dlstances, traveled in the target become longer

1
Sos B Where 9 45 = angle between axis and direction of

by a factor
_'observationo ‘The integral for this case was set up but not‘eveluated.
Instead the»assumptibn was @ade that these two new effects would approxe

imately cancel. An argument for this is as followss
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For a long cylinder in this orienﬂation (axis paralleél. to beam)
the ends. can ,,péfinegiéb,ted dnd the correction would just be that of a
cylinder w1th axis perpendlcular to the beam but w1th a L/cos 6 factor

to take care of the elllpt101tyo; Hence, for t>> R, where t = thickness

Nofpy = A
A /-(/%,-,»-y(%,;é y
/

= /-a.4 4/

Also for a short cyllnder the slab correction should be good; so for

ZaR o
_ ;22?:',/__ ;%2 ,:é%:;;e;

= /-0707 B4

" ‘Between these 'twd is the perpendicularly oriented cylinder

N,y = -
= T 0 R
A '«"/.-70 /\”A -

- 'Therefore the :latter correction was uséd'fdr Benglo, Bnat *C.and Ca

. where t 2 2R and the- long cylinder:case was. applied to Li, Na, and K
" wheré 3R< b TR.

?fTargetS'for'Paif Spectfdmeter“Run; The beaﬁ diemetér.in this

" case was 3} inches dt‘theLtargets; " The carbon and aluminum targets were

‘placed square with the' beam with oré inch of targét overlapping the beam
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in the direction of the pair spectrometer (at 90°) (See Fig. 9).
Agan let )} o
n= number of photons produced per unit strip
)\ = mean free path for pair production . .
_ 'S dlstance from edge of target to bea.m (See Flg. 9)

Umng the same sort of integration t.he correction factor is seen to be

t l‘
Mae Py Zyompe7y

' The factor for lead was dlfferent only in the value of S 5 = 0 for

/vo - iR -

lead .
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VI | mESTLIS
N The relatlve cross.sectlons and relatlve cross sections per

neutron in the nucleus are tabulated 1n Table VIo The comparisons, in
each case, are made to carbon whlch has an arbltrary value of 6.00 as-
31gned for the cross sectlon (thls 1s to allow comparlson with neutron
number) and 10000 for cross sectlon per neutrono The best value for the
absolute oarbon cross section is‘givennbyvcrandall andﬁMbyer(27) as
1.8 4 0a4 mbo -

The relatlve cross sections for elements up to alumlnum are
plotted in Figo 10. It can be seen from this that the yleld continues
to bebnearly proportional to.the number of neutrons up to aluminum. For
thehheauier_elements this;ceases:to hold true‘as shown in Fig. lio. In.
thislcase comparison is nadevtofthe number of neutrons on the nuclear
:surface, whlch is. proportlonal to ‘N (Az/é/A) This seems to be a good
fit to the data. R ‘ )

These features of the ZV‘&leld, namely,

1o Productlon from neutrons

N\

J

e .29‘ Production from _;l neutrons at low p/ and shleldlng of the
1nterlor neutrons at hlgh Z o ”
,show up qulte clearly in a plot of /N as a functlon of A as seen in

~1/3

Flgo'12o The surface effect, represented by A" ,.now becomes a straight
‘1line on the logarithmic plot.

The possibility of seeing other events due to the low energy
threshold of the crystal counters is discounted by a comparison with the

- data obtained using the pair spectrometer at 9000_ These results are alsc



.. Elem". A N
BE . 1 0.
- H2 R 1
e 42
L 6:92  3.92
Be 9 5
3% 10 5
Bl 1 6
c 12 K
o 16 8
N 23 2
n 27 1
C1 355 185
K 39 20
Ca 40 20
Cu 63.5 - 3Le5
Po  207.2  125.2
Pair spectrometer |
c 12 6
A 27 14 |

Po  207.2  125.2
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" TABLE VI

7
D

, Relative 0~

Relative 0~

_Relative T7/A

0,072 & 0.060
10,856 4 04020

2022 & 0.25
498
4086

£ 0.13
5.93 & 0.19
6.000

7.51 4 0.31
11.96 4 0.40
12,78
13.72 % 0.62
16.61 4 0.60
15.79 % 0.96
25.1 £ 1.9
58,7 & 3.2

6.000

13.32 & 1.02

) | 1.‘,802 t 30A8 ’ |

i Ct)o13.' _

4 0,13

4 0.70

2,63

10,012 & 0,010
00143 & 00034

00369 & 0.041

0,569 & 0,021

0.830 ¢ 0,022

0.810 & 0.022

0.928 i 0.032

- 1,000

1.252 4 0,051

1.991 ¢ 0.067
2.13 4 0.12

2.29 % 0.10

277 & 0.10

3 0.16

4.18 & 0.32

9.79 4 0.53

1.000
2.22 % 0.17
8.64 4 0.62

0.856 % 0.020

©1.106 £ 0.123

0.871 & 0.032

'vé.9é6 $ 0,027

0.973 3 0.027
0.988 4 0.032

1.000

0.940 4 0,038

0,996 & 0.047

0.914 4 0.050
0,782 4 0,044

0.830 £ 0.042
0.788 4 0.046
0.727 % 0.057

o.46é 4+ 0.026

1.000
0,952 4 0.072
0.384 4 0.029



givén in Table VI. The aluminup pgsults from the two methods overlap,

" whereas the lead yield from‘théiééif épéctrometér is approximatelyl20
| per cent lgﬁer thanffrpm crystalspA.Iheﬁerrors,listed are the-standard
deviationsiéﬁe to random douhté énd;dolnot includé aﬁy estimate of sys-
tem errors. ' 'The grossness of the corrections made in the case of the
pair spectrometer targets and the number of different measurements and
l-assumptioﬁs‘that went into the calculations for these corrections do not
" permit one to say the lead yields from the fwo"methods of measurement
are signifiéantly different.

The results of the nitrogen = argon comparison. are ngt listed

because'insufficient'cycloﬁron time‘wéé available to get worthwhile

statisticse.
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VII.  CONCLUSIONS

The most striking feature of thelcross section is the way it
differs‘from the'cross section for photonwproduced nentral mesons as ob=
served by Panofsky et al(ls)*o For comparison;‘the cross section per
relevant nucleon (proton gg neutron for the photo=produced reactlon) is

plotted agalnst A on a logarlthmlc plot for the two cases in Flgo 13.

‘For thls comparlson of shape the two curves: have been arbltrarily nor=
mallzed for lithiume. |

For the heavy elements both curves fall off as A 1/30' The dif=-
_ference lles in the fact that the curve also goes as A” /3 in the light
elements for the photomproductlon case, whereas it becomes constant for
the proton 1nduced reactlono- _ v

Brueckner, Serber, and Watson(zg) have puplished‘a paper on
this subgect in whlch they point out that & meson yleld .per nucleon which
_depends on A L/B, from llthlum to lead, sets an upper llmlt of 2 &, (where
o‘ﬁv A 1.37 x lO 13 cm) on the meson absorptlon mean free path in nuclear
mattero The fact that the yleld per nucleon ;g constant for the llght
‘elements in the proton—produced process means that thls upper limit no
-longer applleSo ) '} | | . o

There are - three separate effectsg each of which could cause a
yield dependent on (N/A) AZ/B, as seen among the heav1er elementso These

'effects are:

1. Absorption of the incoming protons.

* Silverman in experiments on neutral meson production at the Cornell
" synchrotron does not see a decline in the yield per nucleon in the:low
Z elements. The upper limit to the Cornell bremsstrahlung spectrum is
310 Hev.
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Ro 4Reabsorption of the meson by the parent‘nucleon‘end a near
mwmwo j"w-v
, 30_'Reabsorptlon by.some other nucleon as the ‘meson moves to
| the nuclear surfaceo - - B -
KProtons are absorbed 1n nuclear matter w1th a mean free path
of‘approximately 2o 5 845 where the{nuclear radlus is glven by R a, Al/Bo
The effect of this absorptlon 1s shown in Flgo lA The s1ngly shaded
:sectlon 1ndlcates that part of the nucleus in whlch the proton beam in=
‘_ tensity is down by more than a factor of o In the doubly shaded portion
it is down o& more than e2; From the flgurey_then, one can see that as
vthe nucleus gets blgger9 the tendency is to produce mesons in a volume
whlch is of the order ‘AF‘ deep and A /3 in area. The number of neutrons
per unit volume is just N/Ao Henoe the dependence (N/A) A2/3v v
- | The second effect; as was mentloned earller, depends on the
“degree to which the neson pos1tlon can be locallzed at the tlme of its

(31)

creatlono As Wllson polnts out; the reabsorptlon is of the order of

.90 per cent for mesons of greater than 70 Mevo ThlS frectlon should be
'p'less only for those nucleons on. the nuolear surface where there is not

fthe near unit probablllty of flndlng a nelghborlng nucleon w1th1n the
dlstance tﬁlc This effect allows only mesons from the surfaoe nucleons
ito be seen in reasonsble- numberso. | o o

| The third effect is shown in Fig. 15. Here again the s.ingle and

double shading represents reglons in whlch the meson probablllty of es=
cape is less than l/e and l/e respect1Velyo A mean free path of 2a

is shown for the meson reabsorptlono Agalnyas the nucleus becomes larger,

:the greatest probablllty is to see mesons created .near the surfaceo
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'»h These several effects amount to a screening1of<somefof the
neutronsfin the heavier nuclei. - This ‘screening c¢an be due either to ab-
sorption of the incoming‘protons by other inelastic processes (thus re-
ducing the probability of having cellisions at=the rear of the nucleus
produce mesons)- or to feabsorption-of the mesons before they can leave
the nucleus (thus.reducing the probebility of escape for mesons .produced
in the center of the nucleus); Lét,us:assume thét the mesons have an
infinite mean free péth for sbsorption and investigate the variation of
the yield to be expected as a function of A. By assuming an infinite
meson mean free path we can see the effect 6f the first sereening.

The proton absorption cross section (includiné everything but
elastic scatterihg) is given in'a formula derived in the appendix and

(29)

previously. given by Fernbach, Serber, and Taylor ;. nemely,

a2 A1 1 € ALY+ OA) ]

where

]

mean free path for abSorption of protons in nuclear matter.

A
34

'f?n’4’3 |

K= & A;/B_é ngqlegr rgdius

" - A curve of'relative'protcﬁ abéorption.cross sections per nucleon,
as calculated above, is shown in Fig. 16 as a comparison with the
yiéldjdata 6btained-in this‘experimenﬁé- It cannot be -said ﬁﬁat»there is
any substantial difference betweenfthe two curves. -Even.when one considers

“the errors of appfoximately»lo_per cent associated with the calculated
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proton.absorption:cross. section:and the observed 3.- 8 per cent of the

meson cross.section the agreement of the two curves is not appreciably

changed. .
If one assumes an infinite mean freé_path.for‘the;?rgpon one has
~ the case considered in Brueckner%28) et al. They set
M: 7(70—'&-
where

CT‘/:: cross” section of nucleus of mass number A for producing

77‘0 Ise

i

'7 - effect of nuclear binding ..

U~ = nucleon production cross section for 77%s .

£

~ probebility of a mescon leaving the nucleus in which iﬁ
is produced '

A plot-of f,, for variouS'assumed;valueS'df meson meaﬁ free path,'is given
in Fig. 17. If there were no proton screening one could say the curve of
Figa 12 could be described by

La, < A< Fa,

) .

approximately.

| To get a goadvestimafé of tﬁe e#pected §ieldeould require &
'.coﬁplicated integral‘covering the absorption of both protons and mescns.
(A first approximation would be to multiply the-results,of the separately
integrated effects. ‘This should be good for A-meson very large. This
epproximation is shown for )\le‘ao as the broken curve and for A= &,

~as the dotted curve in Fig. 14. A second approximation, assuming the
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" micleus “to be & slab, gave the same result when mesons coming out in both
the forward and backward directions werevconsidergdgk‘Using.tpe slab model
 ahd considering only thoSe‘mesons:éoming out in the bgckward direction,

a lower limit of )\:::4’a5 may be set. These rbugh‘comparisons would seem
to indicate a meSon:mean free path JX==:lO,ab or }aréérg

| TheKQﬁestion»fémainsg then, as to'why the s@;ller_gbsorption
“cross section for the (p, 7°) r_eacﬁiori 88 compared with (7,”'”)? - The
best ékplanatibn seems to be in the .energy dependeﬁce of the cross sections.
The -detection schemeiofrPanofékyg et ai,.waé such as to define a minimum
energy J7 2 accepted. The detection of ?-7 coincidences in two telescopes

separated by angle ¢ is such as to give the minimum meson velocity as'
/é?min = cos?&?

_For their case of fZ=759 the minimum energy is given as Emin :.85 Mev.

'-'Thé éxperiments‘on charged mesons indicate that for energies_of 85 Mev and

. L L o (11)(12) . . : ,
above the cross sections are geometric - -~ - ' but decrease below this

ergy(S)(9)(lO)o

The energy'spectrum of neutral mesons in the proﬁqg'initiated.
events is given by Crandall(Bo) to have a'peak»at 40 Mév,'with_about'ZS
per‘ceﬁt having energies of 85 Mev or over. Thus the great bulk of the
meséns'obsefved in this eipéfimenf‘éré of energies at which the absorption
cross section should be less than geometricp Whe;evthe'engrgy.écceptance
is so'wide and.the variation in ebsorption cross sections so greﬁt, as
is phe case hefé» the detection of low energy mesons.is.fgvgred as shown
in Fig; 17 (tﬁe‘large mean free paﬁhs~areAassociated,with small energies)p
It thus appears reasonable that the.diﬁference between the absdrption of

neutral mesons in the case of proton initiated as compared with photon
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iﬁitiated reectiope may be attributed to the vafiation in W” absorption
cross *’sectioﬁ with energy. |
| In Fig. 16 it is seen that the meson corve turns down at low A
‘ whereee the pro'toﬁ absorption‘cﬁrve contimes to rise -‘with decneese in
mass numbe_r;.“ Tﬁs would 'seem to be the only.indication of any effect due
to internal momenta in the nuclei. For the elements from beryllium on up
‘there seems to be no evidencev fofr such a dependence on nucleon momentum
’change‘s, tiﬁe e_ffecﬁ of" momentum distributions seems constant. Deuterium:
and 1i'thium are low-‘possibly because of lower -inter.nal_' momenta, especially.
‘ -invthe_ case of deuterium. |
- There was no indication of dependence on binding energy or shell
stfuétui'eo The beryllium yield was not anomalous as would be expected :.f
blndlng energles were 1mportant°
| '-A_summary of conclusions, then, :is"
o l. Wlth the present detection method, and at ‘the 7 energles
' -ava::.lable here the reaction (ps 7%) shows llttle effect of . 77'- reabsorp-
.tion, ‘with the mean free path )\ -10 8y ‘This would give T = 8
m].}_._lj,’b.a']:',ns*l:as fohe }7' T absorptlon cross’ section per nucleon in nuclear
”2°. The reaction (9’ m shows st.rong effects of A2 reabsorptlon,
w:.th )‘Wr\- 2 a or. 0" = 40 mllllbarns for nuclear pertlcles, when re-
' 'latively high energy /4 ’-',s are ob’servedo
| 3.." The: dlfference is presumed to be due to the energy dependence
of 77 absorption, with (7’ 70) taking place at meson energles over 85 Mev |
and (p,r) over a ra.nge of meson energies from zero to approximately
156 ~Me_v,'_ with‘ a- peak ‘at 40 ‘Meve

"
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Lo The relatlvely low yields of deuterium and lithium might be
due to thelr having lower internal momenta thankthe heav1er elements. The
'productlon cross section rlses rapidly with energy, therefore a slightly
ﬁlower value of the average nucleon momentum on the part of these two par=
'tlcles as compared to the rest of the perlodlc serles could result in the
vlower yleldo | | . | - -

50 There seems to be no effect of blnding energy or shell

structure, except as these are related to nucleon momentao
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VIIL PROPOSED EXTENSION OF 77’ YIELD VERSUS "A" EXPERIMENT
' -1/

' The neutral plon characterlstlcs (no charge,?L 10 % second

' mean life) make it 1mp0531ble to form a 77"beam to stu@y 1ts “absorption
v1n matter. However, as’ seen from the arguments of Brueckner, et al, the

' shape of the yield of 77"s as a function of nuclear mass is a crude means
of determlnlng Just this effect. The problem is most clean-cut in the
reactlon (?ﬁ ﬂra where one need ‘not be concerned with the bcreenlng of
the 1nterior ‘nucleons from the hlgh energy 4’ 'so The change in efficiency
. of nucleons.for producing mesons is then attributed solely to meson re-
absorptiong‘

.It is proposed that this be done as an extension of the work of
Panofsky; et alvby observing the reletive cross sections for Zfoproduction
_ of elements from hydrogen to leed - uith special attention to. the low
mass region - at various meson energieea 'The energy range can be brecketed
by the follouing meansu- _Det_ecti.on of ¥-¥ coincidences permits determina-
tion ofﬂa low'energy boundary through proper choice of the engle between
detectorso 'The‘upper limit of the eynchrotron bremsstrahlung energy
spectrum can be varled to give an upper energy limit. |

The fixing of energy llmlts has as a consequence the reduction
of the numher of events which w1ll,be observed. Compensations might be
mnde'throuéh usehof'more efficient counters (a Cerenkov counter system

is proposed),‘faster electronics, and greater solid angles.
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X, APPENDIX

A, Calculation 6f;ProtonéAbsor'tionfGross'Sections

4“7GoﬁSider5aﬁﬁuéiéﬁé@bfﬁﬁééé5A¢éﬁ&*fddiﬁéwﬁ!fJThe£cros§ section
‘[for”pfoton'inﬁeracpign'with'the nicleons in the nucleus is assumed to be.
given by the free particlé:pép and bén'crossisections; Theée are both

" teken as 30 millibarns at the BLO:Mev-energies ihvolvedo The,nucléar

- mean free path for interaction is given as .

K==L

= 0.0926 X /0 g

3
37FR
where ‘
~.Jﬂ__...numerlcal density of nucleons in the nucleus
ﬁrK
W
K= «, /4‘}3

for
g~ = 30 millibarns, as above.
A= 3,60 x 10713 cm.

Thevprobability'of a'protonghaving no interaction while travel-

ing a distance x in a nucleus is

e';x/’\

Thelprpbability of being ébsorbed in the cylindrical annulus of radius P

is.

2.7r§>(/ -2 /)‘)df



where

2 5-: thlckness of,‘ the nucleus traversed at radlus

s-é?"?

Then the tdtal -absorption cross section \is .the integral over ?

zrz:f /- e""’ )v/f

The flrst term 1ntegrates dlrectly, t.he second may be :Lntegrated by parts

= 7 {/‘ Jk) + ‘3‘7{[ 24)7F

77—%_01/}/3{]_ (,\ » _z'fqul('? ]}

to glve

("
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 TLLUSTRATIONS

General'layoﬁt of'the eiperimentg‘

~ Counter- arrangement and schematlc of electronicso

Arrangement for palr spectrometer runs

. High pressure target in position in cave, showihg from right to

left — concrete shielding wall of the cyclotron, snout, lead
collimating wall, ionization chamber, target and counter bases,
and rack containing brldge coincidence circuits and llmlter povwer
supplies. : -

High pfeésure pumping system - located outside the cave entrance.
Counter detail.

Schematic draw1ng for the crystal diode bridge coincidence cir-
CUlto

' Method of integrating to obtain pair production corrections in a

slab or cyllndrlcal targetc

Method of integrating to obtaln palr productlon correctlons in
pair spectrometer targets.

Relative yield of high energy photons (ﬂ‘ﬂé) from 340:Mev proton
bombardment of nuclei up to alumlnum.

Relatlve yleld of hlgh energy photons (Zr s) from 340 Mev proton
bombardment of nuclei up to lead.

. . : . ) .
Relative yield per neutron of high energy photons (Z’as) from
340 Mev proton bombardment.

Comparison of the: relative yleld per relevant nucleon from the
reactions (p, 77°) and (%, 7°).

Schematic representatlon of the absorptlon of 340 Mev protons
in the nuclei C, Al, Cu, and Pb.

Schematic representation of the reabsorpticn of high energy mesons
before leaving the nucleus in which they are formed. A mean free

‘path of 2 a, is illustrated as being characteristic of this reab-

sorption for high energies.

Probability of producing and seeing a meson, given in terms of
proton absorption cross sections per nucleon. A curve is given
for the mescon mean free path assumed infinite and approximate
curves for meson values of 10 a, and 4 a .
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17. | Probability of a meson leaving the nucleus in which it is formed,
given for various values of mean free path.
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General layout of the experiment.
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Figo llr

High pressure gas target.
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Pumping system for high pressure target.
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Photon counter detail.
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