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T ABSTRACT

In en effort to gain. 1nformatlon on the nature of the photon—meson

and photon—nucleon interactlon, 8 study of the artificial production

of mesons by photons has been made at the Berkeley synchrotron. The
' magor effort qf'this research wasjooncentrated on g measurement of the

" energy and angular distribution of w*—mesons produced when the photons

strike a targetiof“liquid hydrogen, 7Déﬁectioh of the mesons is actom- .
plished électronicglly-by'ﬁhe teoﬁniqoe'of deleyed coincidence, |
‘Since the photons aro_complotély absorbed in the proooSé of mosonv
creation (¥ + p —>n + ﬂ*); oonservation.of energy and momentum re-
quires that, for o given engle of emission of meson, thers be an exact

rélationohip'betweeﬁ the energy of the meson and the energy of the photon -

‘responsible for its creation, Thus, from the measured energy distribu-

tioﬁ-of'the”mesona:at'96°,(see'fig. 15), and the theoretical energy dis-

: trlbutlon of the photons from the synchrotron, it is possible to deter-

mine tne exc;tatlon function (Flg, 16) for photoproduction of mesons at
9\—‘. . |
Phls exoltatlon function 1s seen to increase rather slowly from

threshold end tn -flatten off somewhat with increa31ng photon energy.

~Modification of the data which may be required as s result of nuclear

_ absorvtlon 1s 1ndloated

.

" The angular distribution of mesons  was neasured for a single photon

: energy'of 250 Hev, the absorber thickness being varied with the angle of

measdremént; Thie distribu.tion,'gl‘q'tted in Fig. 19 as a .f‘unctionvo_f

-angle in the center of meass system, is‘séen to be roughly isctropic but
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“peaked slightly in the baclkward direction,

Included in this report is an outline 6f the several meson theories
whiqh‘héve been developed to dété,'%ogeﬁher‘with graphs of the energy and
angular distfibﬁtioﬁs‘of’phdtoméscns which would be predicted on the
basis of some of thésewiheories. The experimentel data are then com-
‘pared with the results of these various theorieé. v

Such ﬁ"comparison provides evidence that ﬁf-ﬁésons have zero spin
aﬁd’ﬁhat°they are fightly'coupled.to.nuclééns; These properties are cdn-s
sistent with»#he pseudoscaiar-mgson theory, It must be stressed, however,
" that at the present time no meson theory is completely free of experi-

" mental contradictions or theoretical complications, and hence these re-
éults'cénngt be said to be a striking confirmation of any meson theory
yet déveloped. Rether it seems probable that & revisiqn'of the basic

formulation of meson theory is necessarily in the offing.,
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II INTRODUCTION

A, History and Background
‘Ever since mesons were predicted by Yukawa in 1935 and subsequently
discovered by Anderson in cosmic rays in 1937, a vast amount of theo=-

retical and experimental effort has been expended upon the study of these

‘particles and the force fields associated with them, With the passage of

time, additional types of mesons have been discovered and the entire inter-

‘pretation'of the role of mesons has become increasingly complicated, if

not somewhat confused

For & long time (1937 - 1948), the experlmental study of mesons was

' conflned to those produced in cosm;c rays, and the consequent lack of

controlled experiments resulted in a slow accumulation of experimental

data, Progress was further hindered by the faot thet no accurate or

queantitative predlctlons could be made, Even up to the present time no
general theory of fundamental particles has been developed which is ca-

pable of predicting even such basic characteristics as mass or spin, to

say nothlng of such involved propertles as 1nteractlon with other par-

tloles. In addition, the generally accepted method of expressing the

1nteract10n between partlcles that of formulating a quantized field them

ory of nucleer forces based on analogy W1th quantized electromegnetic

field theory, has problems of divergences which appear to date to be much

more serious in nuclear field theory them in quantum electrodynsmics,
Present theories are based on the assumption that m-mesons (rather
than the eariier di scovered p—mesons) constitute the quanta of the nuc-

lear force field and are hence 1nt1mate1y related to nuclear forces,

Y'However a knowledge of the types of 1nteractlons which ex1st between



fundamental particles, as well as the strength of these interactions,

‘has been almost wholly lacking,

The experimentel determination of such basic'propérties as mass and
lifetime of mesons is essentially straightforward, The determination of

‘the interactions between them and other fundamental particles is, however,

a great deal more complicated, since the experimental date must be cor-

rq}gtgd'with theory, :ﬁecently, artificial production of mesons by high

energy nucleonsl and by high energy x-reys? has made it possible to per-
form basic experiments, under controlled conditions, on the mode of inter-

action of mesons,

B, Photoproduction of Mesons; Energy and Angle of BEmission

‘Probably the simplest* type of nuclear process which yields infor-

mation on meson interaction is that of photoproduction of mesons from a

“ single nucleon, (The presence of other nucleons within the target nuc-
~leus produces &n interfereénce in the production of mesons; severely come=

‘plicating the experimental and'fheoretidai resuifs: See'Section IV, B,)

For thls reason a study of the productlon of w*_mesons by photons in

'hydrogenvwas underteaken, the.Source of photons being the 322'Mév Berkeley

synchrotron, Initial expériments were performed by. successively inter-

changing targets of polyethylene (cu)¥ and carbon, the hydrogen results

' being obtained by subtraction, Sﬁbééqubnt experiments were performed

with liquid hydrogen ss a target,

The process which is believed to occur is the interaction of a

* The production of mesons by pro%on-proton collision prov1des enother
fundamental source of studying meson interactions, However, the inter-
pretation of the energy and angular distribution of the mesons® is com-
plicated by the interaction between the resultant neutron and proton,
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photon with & proton, with the subsequent emission of & n*-meson and

‘the conversion of the proton into & neutron, Symbolically,

Y4p—0pnt sn
Application of the equations of conservetion of energy end momentum pro=-
vide the following relationship (derived in Appendix A):

1,236 x10° « 9387 T,

o 797.7 - Ty 4 cos @ (T,° + 282 q’z'"A)l/2 (1)
where R C
v‘ k = photon'energy in 1ABorat6fy system in Mev
T = meson kinetic energy (1laboratory system) in Mev
o = angle of meson emission (laborétory syséem) |

_This relationship is plotted in Fig., 1 for several engles © of meson
,emission.. The energy threshold in the laboratory system for meson pro-

. duction, found by setting T, = 0, is easily found to be 155 Mev, (In

the center of mass system, the threshold is 152 Mev,)

C, Characteristics of n* and p*-mesons; Use of p* - e* Decay for

Tdentification

The w*-meson constitutes a particularly favorable species of meson

on which to perform experiments, since it initiates a train of distinctive

A

‘events which may be used .for its identificetion, Because of its positive

charge, a n*-meson which has been brought to rest ﬁithin matter is re=-

.pelied_By the Coulomb field of the surrounding nuclei, with the result

that, unlika a n -meson, its absorption by nuclei is very unlikely, In-
stead, it decays sponteneously with a mean-life of about 107° seconds?

into a p*-meson (and a single neutral particle, probably & neutrino),

The p*-meson is emitted with an emergy of 4 Mev and has a renge of about
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02 grams/cmz_,‘ Upon being brought to rest, it in turn decays mth the

5 into o positive electron

well-known mean-life of 2,15 x ‘1'0"6_ seconds
(and probably two neutrinos)., The electron emitted in u* decay has an {
upper energy limit of 56 Mev, Thus, the life history of the m*-meson

may be desi gnated schemeticelly as follows:

- ~1078 5, 2.15x 1075 s,
‘ (+ V) (#2 V).

.Either one or both of ‘Eheée‘decayé may be used in pracfi'de to provide

a sa’ci’sfaétbrjr means of electronic meson detection, At the time that
fhis.résearch was carried out,, stable electronics capable. of resolving
*'Ehe,'ﬁf-g" decay intervel were not aveilable here and we contented our-

selves with the p*-e* decay as a means of meson indentification,

D. :Qhalra¢ferié;bics of Sdintiiia'&ion Counters; Reésons for Use
Sciﬁtiilaﬁibn counters have been used for a numbei'_ of years for

the d“'eft;e.‘c’"l':'io# of charged particles. Pé.s’saéb of"any charged particle
‘through the AéryS%a{I causes excitation of the molecules within the 6'x:'ys-b
tal, and the _subsequént e‘leéf'tirbni'd transitions back to the groumi state
 result in the emission of light quants. In the case of stilbens and
anthracene, the transition to the groﬁnd state occurs in a time less
than 10_'.-7 seconds ,* and hezicé these crystalé mey be used in conjuncti on
with a phcﬁ:of)ube to resolve the p_ul'sés initiated by two particles sepa-
| 'i'é.téd by 10=7 séédnds or more in tﬁne, as ip required for the electronic
| 'ide,nﬁ'_.f_iqationn of a - r;xe'son by means of its d'ecaly electron.

' The principal reason for using scintillation counters es against

*In stilbene the time is ~8 x 1079 sec,
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photographic plates is, of course, the rapidity with which mesons cen

be counted, With the usual synchrotron intensity of about 10% ergs/second,

- end the geometry used in these experiments (see Fig, 9, for example), the

meson counting rate.ié about 15 counts/minute, Offsetting'Sbgewha% this

' advantage of high counting rates, deever,'is the féct thet to date no
‘reliable method has been developed for counting negative mesons with cryse

"%Qis.‘ (Thigfdoes'no%, howévér,.cdnéti%dté’a'disa&véﬁﬁégé'in this parti=-

'cuiar-applica%ioﬁ, since it is not believed possible to produce negative

mesons by photoproduction from hydrogen,)
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IIT METHOD OF MESON DETECTION

A.» The X;ray Besm

‘The locataon of the apparatus with respect to the synchrotron is.

"shown_ln Fig. 2. Electrons_are accelerated 1n_the.synohrotron to an o
'energy:of‘322’*‘6,miilioh electron volts and stike a 0,020 inch platinum
"terget.pisoed within'ﬁhe evacuated accelerating doughnut, The photons

pv'produced by'bremssﬁrahluhg in the terget are emitted in & narrow cone

which has o width (at half’intensity) of 0,77 degrees, A tapered hole
in a'biock of leadrplaced 65 inches from the'target serves to collimate

the beam, In these experlments the entrance dlameter of the colllmator

hole wes usually selected to be one inch,

Behlnd the colllmator, end as close to it as practloable, is situ-

-'ated the photon target 1n which the mesons are created, In this region

is also housed the meson detectlng spparatus,-embedded in heavy shielding,

 which serves to’eiiminate.fhe mejor part of the radiation which envelopes

the synchrotron during bombardmen‘b°

B, Method of Obtaining the Spread-out Beem

In usual synchrotron operation the rediofrequency aocelerating volt-
age is cut off when the magnetic fleld is at its peak and the eleotrons
spiral inward to strlke the target over a period of'about 10 mlcroseconds°

'Forgthehpurposegfof meson counting, however, it is advantageous to spreed

~ the beam out over several thousand microseconds, since the background

coﬁnting"rate'is'ihVerseiy proportionai to.the duty cyocle of fhe'beam.
This spread-out beam is best acoompllshed6 by changing the shape of the
r, f ‘pulse from a square wave form to one which approaches exponantially

the voltage needed to barely:susteln the electrons-in the equlllbrlum
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orbif; As early, then; as 10 degrees before peak mégnetic field,bthe

mqgnitude of fhe r.f, is not sufficient tovprévent some of the electrons
from spireling into the target, with the result that the electrons strike
the target over a period of'sevéral thousand microsecondé, as shown in
Fig, 3.'>Thefelectrons striking the target have an associated spread in

‘energy from 295 to 322 Mev,:

C. - Electronic Detection Technique
The identification of the mesons is aCcomplished_by the method of
delayed cgincidences,7 éhpwn échematically in_Fig, 4, Three crystals,

with accompanying phototubes and emplifiers, are'utilizéd. In order for

- an iniﬁiating partiele‘to be counted electronically as a mesdn, Wo Yo

quire that it lose more than 6 Mev in pessing through the first crystal,
that it stop in the second crystal with a release of more than 5 Mev, .

and that it give no pulse in the third, Thus, electronically, the first

’“tw0‘c:ystals'are'connected in,coincidencé, and the-outputvof this coine

cidence circﬁit is connected in'anticoincidénce with the third crysteal,
A particle which satisfies these requirements succeeds in initiating a

"

series of four successive delayed "oates,” each of about 2 microseconds

duration, . The'ﬁirst gate opens about 0,6 microseconds after the initi-

ating pulse, remains open for 2 miérosaeonds, and. closes, vamédiately

the second géte'opens,_remains‘open.fdr 2 microseconds, andadlosésa ete,
A ﬂ*—mesoﬁ from tha5target which stops invfhe'seoond crystal.will -
pfoduce three successive pulses in this crystal: the fi;st'pulse con-

stitutes the n"~meson slowing down and coming to rest; the second pulse,

| about 10~% microseconds later (and indis%inguishable from the first as

fer as our electronics are concerned), constitutes the pt-meson being



‘since the half-life of the w*-meson is 2,15 microseconds,”

wlbem

am;tteq.and being - brought %o_;esﬁ;'fhe third pulse, several microseconds
later, corresponds to the emission of the decay electron.

Thus the pulse from & m*-meson which has stopped in the second crys-

tal (thereby initiating the set of four delayed gates) will be followed

in a few microseconds by & pulse from the decay electron, again in the

same second crystal, This pulse is then placed elecﬁronically in coin-
cidence with eéch of the four delade gates, _Since the'gAtes extend over
the region of 0.5 to 8,5 microseconds after the initiating puise, and
5 about 80 per-

cent of the decay éiectrons will be "caught" in one or enother of the de-

- layed gates; Coincidences with these gates are registered on scalers and

constitute an indication of the mesons counted, In addition, single

counting rates of the crystals are also registered both as a matter of
interest and as a meens of background determination, (A typicel data

sheet, together with a definition of the notation, is given in Appendix

‘B, A phbtogrgph of the electronic apparatus is given in Fig, 5, and the

‘circuits are given in Appendix C,)

D.: Background betermination

It is éleaf, hdwever,ltha% events other then the capture of & meson
may be fegisted~with the electronic apperatus described above, For ox~
ample;'an event such as the passage of & proton through the first crys-
tel and stopping in the second, followed in a few microseconds by, éay,

an electron from the target or from the synchrotron, will satisfy all of

" the above requirements end will hence be registered as a meson., Such

counts constitute‘"babkground," and must be subtracted off to give the
real meson counts,

Two indepéndent nethods of determining the background counting
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rate have been used in theeedexperimeﬁtsi

| 2) A measured gate of approximately z'micfoeeoonds is"delayed for
an interval of 15 microseconds, at which time the number of delayed élec~
trons originating'from mesons will be negligible,  If fhis gate is initi=~
ated each fime the "meson" gates are initiated, and.IIb pulses (i.e,, low
» ievei‘pulses'- mostly electrons - detected in crysfel II) are set in eoin-
cidence with this gate, the number of eoincideoeesdregiEbered will consti_
| tofe essentially pufe beckground.*

b) The second method”is bo'comgﬁte the number of random coiﬁeidenCes'
which would be expected; In a time interval T, the total time a meson
'gba.te is opened is given by GO , Where A is the gate width, and G is
the number of gates initiated in time T If there are II, "electron"
counts in tlme T placed randomly in 001ncldence with these gates, the
number of coincidence counts in T is

. o GAIIb |
background T x duby cycle .

The duty cycle, i.e,, the fraction of time that the x-ray beam exists,

_can be measured and remains constent to within 10 percent.

'Such a method of background determlnatlon will in general have rather
large statlstlcal errors due to the small background counting rate,
A method of overcoming this difficulty is to increase artificially
- the number of gates by & known factor, and thereby decrease the statis-
tical error of the coincidence counts, In practice, this long-delayed
gate was initiated by single pulses. (III) from the third crystel, The
number of actual background counts is then given by:

G
Nbackground (no. of coincidences between gate and IIb) x III ’

where G = number of pulses from the output of the c01ncldence~
anticoincidence circuit., (See Flg. 4,)
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E..'Corrections for'Nucléar Abso}ption
In addition to background subtragtion,“the'observed counting rates
nust be doffécted‘fdfiguclear‘aﬁsdfpfion.

.MNuglééf ébsdrption is:definé& here to be the interaction between the
mesons in flight gnd”the atomic nuclei of the absorbefé fhrough which they
‘pass,“résulfing'eiﬁher_in absorption of the mesons or in wide angle scat-
tering, The cross section for nucleer interaction for meson energies of
<50 Mev is not yet accurately known and hence final corrections cannot be
made at this time, However, the experimental’work of Fowler et al,® indi-
cate that in this enérgyffegion'the cross section may be as great as the
nudléar area, Such & large cross section will fesult in sizable corréé-
tions to the éxperiméﬁtal data, since mesons which pass through & large ;
smount of ébéofbér will have a greater probability of nuclear interaction
than ﬁhose,Which baSS'thrbugh e small amount with such & cross section;
~ Corrections have been computed for nuclear interactions with cross sections
| eéual to nuclear area (R = 1,38 Al/é*x 10~1%3 om), and are shown in the

final results,

'F, Evidence of Meson Counting

'?hp'gountiég teépniqué"having béen de?eloped, cne must convince one-
- self that, in truth, mesons are being detected rather then, for exemple,
é?me ofhervﬁuclear evént which occufs with a:comparable half-life to that
of the'mesoﬁ, The following eVidencégis therefore presented as rather
‘substential proof that the equipment isvdéfécﬁiﬁg ™ p— e* events,
| a) The measured mean-life (see Appendix F) is equai to the accepted

valﬁé_df the ptemeson within expérimenfal error,
b) 'ﬁitﬁin experimental error, the measured upper limit of the

enéergy (at a given angle) of the emitted particles agrees with



the theoretical value to be expected (from energy and mementum

*

con81deratlons) if the partlcles are ﬂ-mesons.

c) The measured energy and angular distribution from carbon agree,
within experimental error, with those found by J, Peterson,9
using photographic plates,

d) The measured energy distribution from hydrogen agrees, within

experimental error, with the data of Cook, 10

who mede preliminary
measurements with photographic plates,

,

G. Determination of Discriminator Levels; Plateau Curves; Counting

'ﬁfficiépcy-

An'impertant factor in counting mesonS'electronicaliy is the proper
.eetﬁing of the discriminator levels of the various shaping circuits, . These
levels determine the minimum amount of energy which a particle nmust lose
in the orystels if it is to be counted,

In order to set theee di scriminator levels inteliigentiy, one must
estimafe_the minimﬁm energy'lose to be expected in‘crystals I and 1T
when & n*-meson is broeght'fé rest in crystal II, Since the p*-mesoh
has such a short range, it will almost always lose its entire kinetic .
" energy of 4,05 Mev in the second crvstal - The additional amount nf

venergy whlch the w*-meson will lose in thls seme crystal will depend
upon its depth of penetration before it is brought to rest, In &py

oaSe, one should expect a total energy loss of more than 4 Mev'When
a n*;@esoe.stops.in orystal II, .
From range-enefgy relaﬁienships, it is easy to show that the minimum
| energy loeﬁ in crystal i (0,75 inch thick) by & m-meson passing all the |
way thfqegh crystal I end sfopping in crystel II is about 6'Mey.

‘The discriminators of channele I and II, should thus be set to
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accept only pulses which chréspond to enefgy losses in éxcess of these

minimum values, The acceptance of.smaller pulses would result in an

~ increase of background (due to additional gates)7without a corresponding

increase in meson yield,

The dlscrlmlnator settlng for the delayed electron pulse (II{) in

, crystal IT must of course be separate from that fbr the meson pulse (I1,),

since the energy loss by the- electron in escaplng from the crystal will

in general be appreciably lower than 4 Mev, In settlng this bias level
‘one must select & value whioh will provide,thé optimum number of mesons

without an excessive number of background counts.

As an aid in the settlng of the proper discrlmlnator levels, bom=
bardments were mede in which the number of mesons was determined as &
function of thé minimum accepted pulsevheight in channelé I, II,, and IIy,
Thesa'ﬁplatéaumdurves" are shown in Figs, 6, 7 and 8 respectively, As
would be expected, these cur&es Shdw1a definite plateau for the délayed
céinciden;e (i.e,, mesons) when the-discriminator levels of channels I
and II are varied but 1ittle or no plateau for the IIb (electron)chan—
nel.- Also indicabed in these f;gures are the single counting rates, which,
ofvoourse, 1ncrease rapidly_as the dlscrimlnator level is lowered.

In order to hchieve éimuitaneously good repeatability'of data, &
large number of mesons and a low background it is clear that the dis- .
criminator levelg of chgnnels»I and II snould be seleoted to 11e at
the high end of ‘the plateeu region, as indicated in the figures. In' the
case of the IIb channel ita setting is somewhat more arbitrary, to some

extent it is dependent upon the intenaity of the synchrotron begm. In

_view of the lack of e plateau, sluw drifts in B+ and tube voltages in

channel IT ocould cause slow drifts in the delayed coincidence counting
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rate, For this reason, the discriminator level was checked periodically
tﬁroughout any bombardment . by placing & fé&ium’éoufbé a given distance awsay
from the crystal and adjust’ing the discriminator, when necéssary, to
give a predetermined céunting rate of the single pulses,
Th,e_s-'é_ 'plat‘ea.ucurves: serve also s a.n aid in estimating the effin-
'§ieno$r of the orystals in counting mesons under a paf‘ticula.i" get of dis-
c'finii@ator settings, They'iﬁdiéa;t'é‘ , for example, that under the usual

operating conditions the counting efficiency is approximately 50 ‘percent,



w2 O

IV METHOD OF CARBON-POLYETHYLENE SUBTRACTION

Since the method of subtractién was used primarily as a preliminary
experiment, and since the results were in iérge‘part‘éupérseded by the
1a%§rvexperiment-with liquid hydrogén, fhe expéfiﬁéntal procedure will
only be outlined here and the results given mainly for comparison with
the later date, | | |

The experimental setup is shown in Fig, 9, Mesons produced af-the
target lose energy in the ol uminum absorber and entéfffhe_scintillaiion
- orystals, where they are detected by the method described above, The
aluminum channel was inSerte&vto decrease the possibility of mesons scat-
tered at smell angles from the lead having sufficient emergy to reach
the orystals, : - | o

The cylindrical targets of cerbon and deyethyléne-Were'succéssively
 interchanged duriﬁg the bombardment in order'to reduce the systemeatic
errors caused by vcltage drift of ‘the electronic equlpment

In order that the two targets be of the seme size and also that the
energy_loss of the mesons=esodpingvfrdm'the target be identical, it was
‘necessary td.build the carbon target in cylindrical form out of thin
laminations of carbon, with planes perpendlcular to the direction of the

crystals.

A, Energy Distribution

. The energy diStfibﬁtibn was measured siméiy‘by recording the number
of‘hésons étopping in the crysﬁél-as a function of the thickness of the
eluminum absorber; the meson energy is detérmined; of course, by f&nge-
epgrgyrrelationﬁhips. :Fig, 10 shows the relativé.number of mesons ﬁro-

duced by carbon atoms aﬁd'hydrogen'atbms at 90° in the laboratory system,
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as a'function.of'the mesoo energy.,l1 ‘The incident photons héve approxie
~mately a bromssﬁrahlung spectrum of 322 Mev maximum energy,* The carbon
deta agree, within s“bé.tistioal erx;or, with the results of Pete'rson,g who
used photographic plofes to measure tho energy diétribution‘at 90° from

carbon,

B, Effects of Nuclear Interference on Meson Production from Carbon

The most interesfiﬁg,_if not suprising, result of this measurément
is'thdf the cross section of the-six-bound protonsAin a carbon atom is
only about twice as great as that of a single ffee.proton, sﬁch a result
cean only be caused by nuclear binding, and can, in fact, be interpreted
" as a consequence of the Pauli exclusion principle, since the recoil nuc-
leons have energies not greatlj'in excess of the Fermi energy, A calcu-
lation of_the effeoi; of nuclear binding to be found in helium targets’
has been made by Chew and Lewis,l2 These computations show that in oelium
it is possible to account for a ratio o (free proton)/ & (bound proton)

as large as three, Slmllar computatlons for carbon have not ‘yet been |

made, but one would expect a sumllar_ratlo.

C. Angular Distribution

In the case of angular dlstrlbutlon, the measurement which cen’
most easily be compared with theory is that in which e single photon
energy is selected, Thus,'a different thickness absorber wes used at '
_each of the five anglos measured, such that‘those mesons produced from
8 free proton were created by 250 Mev photons, This photon energy wasl

selected in view of the fact that, at 96°,'the maximum of the energy

* , .
For a detailed computation of the photon spectrum, see Section V, C.
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distribution chufs roughly at this photon energy,

The various angles were obtained by roﬁating fhe detection apparatus
about'the target as an‘axis. ‘The megsured cross section,ll_as a function
of angle in the cénterVQf'mass.system,'is shown in Fig,'11 for both hydro-
5§n and carbon, (For the carbon points, the analysis has been carried
‘through in the seame way as fOr'the hydrogen, although there the binding
of tﬁe nucleons mekes the momentum end energy conservafion arguments in-
falid.) While the cross sections have been plotted in absolute units, the
error of the absolute value was known to be quite large, since the count-

ing efficiency of the cryétais'had not been accurately determined et this

time,
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'V ENERGY DISTRIBUTION AND EXCITATION FUNGTION FRQM LIGUID HYDROGEN

A, Adventage of Using Hydrogen over the Subtraction Method

Preliminary data'héving been obtained by the methéd'of:subtrac%ion,
it was desirsble to repeat the experiments with iiqﬁid"hydrogen,as the
target, The advantages of obtaining results from hydrogen directly rather
then by the subtraction method are the following:

a) bpbause.there is no subtraction, the statistical errors are much
lower for the seme number of mesons counted, TFor exemple, to obtain 5 per-
cent statistics by aireéf production from hydrogen requires only 400 real
 mesqn.counts (if background counts'are'ﬁegléctéd),’wheréas in the sub-
traction method, over 1000 real counts are needed,

b) With hydrogen as target the background from the target is lower,
due to the fact thet the ¢ross sections for pair production and Compton
scattering increase, respectively, with 22 and Z, and there are no ex-

cited nuclei to evaporate nucleons,

B, Description of Line-source Target

The hydrogen target (Fig, 12) used in the energy distribution measure-
ments was designed by Cook,10 TFig, 13 presents a cross-sectional diagrem
of -the target and of the shielﬁing which was built to channel the mesons
and to house the crystal counters, The target constitutes a "line source"
of mesons, and channelling of the mesons is tﬁus essenfial. (The shield-
ing is designed to accommodéte the measurémenf of energy disﬁfibutiohs of
mesﬁns at 45°, 90°, end 1350; however, complete date were taken only at
002

“_";Thgdliquid“hydrogen;under'bombardmenfﬂis enclosed in a horizontal

steel tube 2 inches in diemeter, with walls 0,035 inch thick, To this
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tube is connected a reservoir of liquid hydrogen sufficient to keep the
target chember filled for about four successive days wiﬁhout Eefilling,
Insulation of the reservoir is.accomplished by'ﬁhree concentriec chambers,
the inner end outer chembers being evacuated, the middle one filled with
liquid nitrogen. In order‘tb avoid excessive aBsérption of the mesonss.
the nitrogen chember does not surround the target; instead, three céppef
foils, 5 mils in thickness, provide heat shielding around the target and
are atta&hed'%o the liquid nitrogen jacket°
In view of the possibiiity offexplcsion, great carg was taken to ex~ .

clude.all air from the reserﬁoir before filling it with hydrogen; care-
ful ¢onsider;tion was also giﬁén to the.method of venting the hydrogen

gas evolved during the experiment.,

Co Energy Distribution of Photons in the X-ray Beam

If the electrons in the synchrotron were to all strike an infinitely
thin target with the same energy, the energy distribution of the photons
produced would theoretically have the characteristic bremsstrahlung spec=
trumig ghown in Curve A of Fig, 14, Modification'of’this spectrummust be
mede, however, for the following reasonss /

a) The electron target is not infinitely thin, but consists of 20
mils of platimum,

.“ b) Only that part of the photon beem is used which is contained in
& cone having a half angle of about 1/%; collimation removes the remeinder
of the beam, |

The correction to the bremsstrahlung distribution necessitated By

&) and b) was computed by Steinberger and Christienl? and is plotted in

Curve B of Fig, 14,



_;9) ”Béqause gf the éﬁread-out character of‘the electron beam (see
Section TII,B), the electrons do not all have the same energy upon striking
the target, The energy distribution of the electron beam wes determined
expérimentaily,* however, and the corresponding correction toithe photon
distribuﬁiqn (Gurve C of Fig, 14) was calculated by numerical integration,

Thus faf.wé'Béve'fouﬁd'fhe'éhergy distribution of photons in the };r;y
beem, However, the fact that there is an engular spread in the méé;ﬂs which
cen reach the crystal necessitates a further computation, What is needed
is the numbir'of photons'ﬁhich cen produce mesons of & given energy, This
‘necessitates a geometrical analysis of the target and crystal layout, in
order to provide an intensityuversus-gngle»piot. Since at each angle
there is a different relationship betwesn meson energy and photon energy,
enother numerical integration is necessary in order to determine the nume
. ber of éhotbns per unit meson energy, As would be expected, the corrected

distribution (see Curve B of Fig, 15) shows a knee at the high energy end,

D, Ene;gy’ﬁis%fibution of Mesons

" The experimental results of the éﬁergy distribution measurements
from hydrogen are shown in Curve A of Fig. iS,.as a functien of meson
energy, As before, the different meson energies were obtained by placing
.ﬁaryihg emounts of absorber between tﬂe target_ahd the crystals, The
computations leading to the determinetion of the cross sections are given

in Appendix E,

E; BExcitation Function for Meson Production

As has already been pointed out, the prihcipal value of & measure-

ment of the energy distribution from hydrogen is that the excitation‘

* . :
See Appendix D,
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f‘ﬁnction_ fo'_r meson production (i,e,, cross section as a function of
photon energy) ‘may be derived "Eﬁereffozh. Since the mumber of mesons
produced has "rf)een measured as & fiz_n;::ﬁion' of energy and the mumber of
photons of & given energy in the x-ray be@ may be calculated, the ratio
, pfoﬁdes & measure of the excitation function, Thz.s function is pre-

sented in Fig, 16, and again the computations are outlined in Appendix E,
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VI ANGULAR DISTRIBUTION FRGH LIQUID HYDROGEN

A, Description of Point-source Target

iﬁy:fhé %ime'%he-measu;émentjdf:fﬁe’ex¢itation function was cdmpléﬁéd; a
#ey hygrﬁgen ﬁérggt (Fig,’17), &e?elbped”ﬁy V.,'Péterson?3 wa.s availéble
for meson research, Whereas the earlier target constituted a "line S§ur¢e;r
the new target is effectively a "point source,” since the hydrogen under
‘bombardmept is contained in a small cylindrical cup of duraluminum, 1 1/2
inches in diesmeter, 2 inches in height, and with walls 0,002 inch thick,
'iS"that,“with the point source, identically the same target volume is
seen by the crystals at each angle,

The geometry used in the measurement of anguler distribution is

shown in Fig, 18, The crystals end accqmpanying elécfronics for meson
detection were mounted in an aluminum box which pivoted, via a track,
about the target as a center, such that measurements could be made at any
desired angle, '8incé no collimation was needed for the mesons, it wes
possible ﬁb'use'éoaéiliedlfbad" geometry: the absorbers were several times
“the area of the crystals, with the result that errors due to Coulomb
" scattering couid be neglected, .
Geometrical limitations made if'impbésible at the 45° position to
place the crystals any closer than about 1l inches from the target, end
still have room for the necessary amount of absorber, This fact, in
‘conjunction with the Sméiinéss of the point-source cup,.reéulbed in &
rether low meson counting rate, For this reason, the smgular distribu-
tion was'measu#é& at 30° intervals for only a éinéle photon energy, agein

that of 250 Mev,
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B, Angﬁiar”Distfibution

The results of the angular &isiriﬁﬁﬁion are shown in Fig, 19,
together with the data from the subtraction method,” plotted in terms
of the angle of emission in the center of mass system, The data from
the “two methb&é-arélin excellent agreement, ”As'Seen,'fhé distribution
is roughly iéoﬁrépi§, but with a meximum in the backward direction. The

" theoretical interpretation of this distribution is discussed in Section VIII

The absolute values from the subtraction method have been revised from
those given in Fig. 11, as a result of the recent determination of the
counting efficiency of the erystals (see Section II, G,
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ViI OUTLINE OF MESON THEORIES

In aﬁalogy with the highly successful quantum theory of electro-
dynemics, in which inﬁeraction Between charged particles is accomplished
through the mé&ium of photon exchenge, nuclear field theory is based on

the assumption that interchange of mw-mesons between nucleons is responsible
for nuclear forces, The Shortgbange of these forces results immediately
 from non-zero mass of the w-meson,

The weight of‘experimentél evidencé accumulated to date indicates
that, like the photon, the w-méson is e Bose particle (with integrel spin).,
Under_th;s éséumption four types of meson fields are géneraily considered
accepteble: scalar, pseudoscalar, vector, end pseudovector, The method
by which these meson fields are coupled to the nuolear fiéldsdis also open
to choice, | ‘

‘ It is possible to make: computations, on the basis of these theories,
of thetresults_to be éxpectéd.for various processes in which nuclear forcés
are involved, It will be attempted here to sketch extremely briefly the
predictions of each of these theories, particularly as applied to photo~
meson production,
| "Two pfincipai methods have been used in an attempt to solve the
field-equatiéns: a) the ordinary perturbation method (weak coupling
method) stumes thaf‘the'kinetic energies‘of the emitted particles are
large, and treats the coupling emergy as a perturbation, Thus, as in
.‘electfodynami083 the coupling constant gz/ic 'is assumed to be small,*

" end the perturbation is expanded in temms of increasing powers of this

coupling constant, This method may be appliéd.straightfdrwardly‘for the

* In electrodynamics, the coupling constant e2/hc = 1/137 .
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case of the scalar meson, but in the case of the pseudoscalar; pseudo~-
vector, anﬁ véctor_meson, the terms of second and higher order are no
longer small, but instead are large or infinite, Recently, the subtraction
method of Schwinger and Tomqnéga, sé successfully applied in electrodynamics
have been applied to the pseudoscaler tﬁeory (with pseudoscelar coupling)

to give exact results, Weelk coupling theory hes not, however, been success-
ful in dealing with mesons having unit spin,

b)(An altemative procedure in performing the computations is that of
introducing the concept of strong coupling: the coupling-is assumed to be
%gége,rand the kinetic energy of the emitted parﬁicieé is treated as a per-

‘tu:batioﬁ. Here the perturbation éipénéion_is made in terms of decreasing
powers of the coupling constant, Such & scheme, however, suffers frqm'thé
severe difficulty of not being relgtivisticéily invarient, since the nucleon
can no longef.be described as a point source, The self-energy of the meson
figld, wri§ten in terms of an extended nuclear éource of dimensions a,
béqqmes infinite as a—> 0, To date, no method of overcoming this diffi-
culty of relativistic invariaﬁcé'has been defelbped.

‘These two widely differing procedures constitute the principal methods
of attack in meson theory, It is now clear that the agtuai value of the
coupling coﬁstant iies somewhere between ﬁhe.extremes aﬁsumed in these two
methods, Hence the predictea.results are surely not to be teken too seri-
ously, but used rather as a guide to aid in the selection of the correct

type of meson field end meson interaction,

A, :Spalar Theory

The pure scalar theory, by definition, infers e meson without a

megneticmoment (i,e,, spin 0), If one were to assume that only ome kind
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of mesen field is allowed, one could immediately reject the pure scalar
theory, since scalar mesonslare not coupled to the spin of the nucleon,
aﬁd hencg'caﬁndfemphﬁnﬁﬂﬁ spin aepenéence of nuclear forces, Nor could
one begin to explain, on the basis of such a theory, the ancmolous mage-
netic moment of the proton and neutron, |

In this theory, the meson is symmetrically distributed ebout the nuce-
leon and is loosely coupled to‘itg much as fhe electron is coupled to an
atom, Hence, an.electromagnetic wave interaéts more strongly with the
meson than with the nucleon, with the result that the angular distribution.

of the emitted mesons is analagous to that observed in- the photoeffect,

The computed angular distributioﬂugﬁrf2SO'Mev»photons is approximately
the sin” @ 5 distribution of a simple electric dipole photoeffect,

(1 ~-%'cds )"
It is shown in Fig, 20,

The excitation function at 90° to be expected18 on the basis of the scalar
theory increases rather slowly from threshold and flattens off, as shown

in Fig, 21,

B, Pseudoscalar Theory

In order to éxplain,vamong_other’thingsa the energy difference Dbe=
tween the tripletkand singlet state of the deuteron, nuclear fbrces mﬁst
clearly‘be at 1east‘partially.épin dependent, This spin dependence may
be introduced into the theory eithef through the introduction of a meson
with spin'different'from‘zerog or, alternatively and less obviously, one
may mathemati¢a11j describe the wave function §f 8 zero-spin meson as an
antisymmetric tensor instead‘of a scalar, This degcriptions which satise
fies the séme wave equation as theISCalar meson and differs from if only

in its inversion property #(r) = = @#(-r), is called the pseudoscalar

Ay
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meson theory,
The meson field # ‘may now be coupled to the spin of the nucleus

in one of two different 'w_ays:

a) "};?egdpvector' coupling: B since is a péeu&p-sc"alé.r in this
théo_ry, 'Vﬁf:i's & pseudovector, Since the spin T of the nucleoﬁ :
is é.r_pseudovect‘of (see below), the interaction emérgy is given
by the scaj_.a.r quan%ity S/ A

b)’ Pg_eudéscaiar couplinig: here the interaction energy is assumed

to be b‘fff‘re form {g* 75‘ ﬁ)}d ., again a scalar, as required,

Thile the‘f'oxi'ivn of the coupling of the mesén to the nucleon is uncertain,
it may be shown that 'ﬁhe‘resulﬁs, for a pseudoscalar meson field, are »
.,nof affected to order g2,

In this theory of the pseudoscalar meson, the meson mﬁy' be shown to
bbe closely Bbﬁﬁd to the nucleon, As a result, the interaction betweén
& photon and the current produced by the motion of ‘bﬂe’ méson would be
smé.ll, and the-’photon is thus predominantly coupled t§ the magnetic moment
of fhe nuclet}n. Th_is" interaction may result in a flipping of the spin of
the nucleon, with the accompenying rediation of & meson, Such an inter=
action, iﬁvoiﬁn_g absorption of the photon by & nearly stationary n'ucleus,‘

will provide a rather isotropic angular distribution of radiated mesons,

This disi;z'j.bu‘l:i.on:"8 is plotted in Fig, 20, for photons of 250 Mev, |

The .,excitatiél-m'fuhc'tion 'a'.t"Q'O& to be éxpecﬁ'eallsnfmnthe Iseudoscahrﬁwory
is shown in Fig.Zl. _'lf'b z"”i's'e's'ﬁmre”‘. abruptly from threshold them does the .
svc'a.\lar’t'}ieory, and sgain flattens off at roughly tﬁe same photon energy,
However, these theories which involve.'a close coupling between meson and
'nucl'veonb ie‘ad“bo incorrect predictions of sc#tfering,phenbmepa. They pre=-

dict, in vf'a;ct, nuclear radii of the dimensions of the Compton wave-length
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of the nucleons and are therefore hardly to be taken seriously,

C. Vector Theory

The vector meson‘fheqry?'in:which the meson is assumed to have unit
spin, is merely the genérélizaﬁibn of the theory of quantum élecfrodynamics,
in which the:f}eld particle possesses a finite, rather then a zero, mess,

As in electromagnetic theqry, field isAdeécribed in terms of & four-vector
potential A,

Comparatively little atﬁéﬁtioﬁ has been péid to vector theory alome,
since it predicts the wrong sign for the quadfupole‘moment of the deuferdn.
Theories involving mixtures of §ector and pseudoscalar fields have, however,
received a fair smount of attention, Under the assumption that the mass
of the vector meson is slightly greater than that of the pseudoscalar mesen,
it is possible to concoct a'mixture which will provide the correct'éigﬁ of
the qgadfupdle mcmént. The computed value, however, is sevéral times too
small, |

In addition, other results are in complete disagreement with experi-
ment, = The exéitati&h function for photomeSonbproduction, for example,
increases continually with increase of photon energy aﬁd exhibits no

turning point, Moreover, the dngulaf'&iétribution turns out to be strongly

peaked in the forward direction,

D, Pseudovector Theory

By the term "pseudovector” is meant & vector which does not changé
#ign upon inversiéﬁ iﬁ the origin, Any axial vector (formed by. the |
eross-ﬁrodﬁﬁtfcf two ordinary vectors) constitutes a pseudovector end
hence spin § is a pseudovector, If, as is assumed in this theory, the

interaction is presented in the form § « g , the field g must be &
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pseudovéd?cr if'ﬁhéginteracfion'énérgyris to be a scalar,
The pseudovector theory has excited comparatively little enthusiasm,
p‘rbbaﬁly because, under wésk coupling approximations, it gives rise to

repulsive forces in both the singlet and triplet state of the deuteron,

and is therefore totally wnacceptable in this approximation,

The angﬁlér"distribution which results from photoproduction of mesons
according t6 this theory is féasénably isotropic and somewhat similar to
that of the éseu&dscalar theory, The excitation function, howsver, in-

creases continuously and'very'répidly"fﬁom'ﬁhfeshoid end is clearly wrong.



VIII INTERPRETATION OF RESULTS; CONCLUSIONS

The resulté of the angular distribution (Fig. 19) show & rather
flat disfribution, With a slight peak in the backward direction. Such
a distribution is quite incompatible with that predicted by tﬁe scalar
theory (Fig. 20). 1In fact, the only theories which predict such a flat
disfribution are those in which the electromagnetic interaction is |
‘chigfly with the magﬁetic moment of the'nucleons, rather than with the
“electric chaige of the meson. This is so for the pseudoscalar meson
-theory with botﬁ types‘of couplin’g;15 However, these theofies which |
involve tight coupling of the mesons to the magnetic moment:of the
nucleon can hardly be taken seriously, in view of their incorrect pre-
dictions of nucleon-nucleon scattering, as mentioned in Section.VII.

The energy distribution at 90° (Fig. 15) does.not. disagree violéntl&
wifh fhe predicted results of eithef"the scalar or pseudoscalar theory,

(Fig. 21) but is incompatible with the predictions of the vector and
pseudovector theories, which show a rapid rise in cross section as a -
function of phéton energy, and do not exhibit an& sign of a iurning,
point. Thése theories cannot, however, be completely rejected, since
there remains the possibility tﬁat the theoreticai computations are
incorrect due to the fact that relativity and the largeness. of the
coupling gonstant are not simultaneously_taken>into account.

Comparison of the results of this expériment with theory is thus
seen to indicate that n’-mesons have zero spin and are tightly coupled
to theAﬁucleons. As discussed, the theoreticai computations are not‘to
be'truéted in view of the fact that the magnitude of the coupling of

mesons to nucleons lies somewhere between the extremes assumed in the
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approximatibns of gtrong‘and weak coupling. In fact, it may be seen

- R 6 . | |
that the experimental data are best fitted,” for pseudoscalar mesons
with pseudoscalar coupling, if the coupling constant gZ/Aﬁhc is chosen

to be about 20.
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IX APPENDIX

A, Calculation of Relationship between (k, T., @) -

Using the notation

rest mass-of struck particle (a proton, in this case) .

o

=
n

rest mess of struck partlcle after collision (a neutron,-
in this case)

rest mass of the meson

=
=
u

-
]

energy in laboratory system of the incident particle (here
2 photon)

E. = total énergy in laboratory system of the neutron
T, ésﬁihe%ié'éﬁéfgy of the meson
AN =My - My

' @ = engle in laboratory system between the emltted meson and -
the direction of the incident photon

etc.!
we have the following relati onships:
a) energy conservation: k *‘M'Cz =By + Ey

b) momentum conservations ?k P + Py,

where P&q = V'Tﬂz + ZTnMﬁcz
ete,
solving for k in terms of @ and Ty We have

(2u,0? + AucBIAUC? - MECH 4 A cPu 0% + 27 CP

ke

‘ : ' . . o - 1/2
. | 2{M§CZ -'Mﬂcz,- ?ﬂ + cos 8 [?nz + ngMhC?] /'}

Equation (1) of page 7 is derived immediately from this relationship.

wd



B. Typical Data Sheet
(Angular Distribution of Mesons by Carbon-Polyethylene Subtraction)
Run Beam Time in| Absorber |Target|Angle I II, 1Ty G Delayed Calcu-
No. | Integrator |Minutes| Thickness| - Coincidence |lated
' 1i2 |3 |4 |Back-
' : ground
. n .
98-1, 20.0 16.5 % Alum. |Carbon {135° 37.3X256 21.0x256| 147.8x256]13.3x256{133|50(41 |27 | 18.2
98-2| 20.0 14.1 n Poly | "™ |34.0x256|19.7x256|139.7x256|10.5%256|178(72(34 |25 | 18.7
98-3| 20.0 |14.2 12,1'" Alum, |Carbon [1121°|34.5x256 |21.2x256] 98.4x256|11.2x256| 92|44/20 |19 | 14.0
2 - - . - .
98-4| 20.0 15.8 n Poly " 132.4%256(19.8x256| 89.5x256|11.8x256|167|63|27 (16 | 12.0
98-5 2070 18.5 |2" Alum. Carb?n 90° 35.0x256 21.6x256) 119.1x256{10.7x256| 94!33(13 17| 12.5
98-6| 20.0 19.5 n Poly | " |33.2x256|21.0x256| 106.1x256|11.1x256|138|53|19 |17 | 10.8
rNotation; . »
I = number of large pulses (energy loss > 6 Mev) in crystal No. I
II, = number of large pulses (energy loss >5 Mev) in crystal No. II

IIp = number of smaller pulses (energy loss > about 2 Mev) in

G

.Delayed‘coincidences No. 1 =

= number of coincidences between pulses I and IIg

crystal No. II

coincidences between the first delayed gate and IIp. These

coincidences include both mesons and random background (computed in the last colum).
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C. Outline of the Electronics

1, Phototube Circuit and Cathode Follower

, ruIn:all of this :eéeardh,'Ile:phbtctubés were used, connected
in the convéptional ﬁayfshOWn’ih F{g;'ZZ.‘\A'negativé'?61tag;’of 600-1000
volts was appiiéd'tovtye first collestor plate, The purpose of the cathode
follower was merely to ensure transmission of the signal through the 60 odd
feef‘of'c§3xidi cgbié_ruﬁning from the bombardment room to the electronics
room, (It was found possible, actually, to dispense with the cathode fol-
lower and to connect the output of the phototube directly into the coaxial
line, if desired,)’ |

2, Linear Amplification

‘A linear mnplifiéation stage (Fig, 22), with a gein of about
100, and a band width of 10 mc, was used between the photomultiplier cir-
cuit and the pulse shaping circuit,

3, Pulse Shaper and Discriminator

A very effective pulse shaper and &iscriminaﬁor,jdevelopéd
pfincipaily'by'Mr.”Louis Wputérs; was used inwthis’reséaf¢h”and is shown
in ?ig. 23, fhisrcircui# accepts négétive pulses 'of 0,1 - 0,2 volts,
emplifies fhém;wiﬁh e wide Saﬁd-pgss‘atpiifiér; performs the discrimination
befween-the third and fourth stages'a%-a level of about 30 volts, and pro-
~yides positive feedback from the fourth stage to the second stage to square
up the pulses, The potentiometers at the input and output of the linear
amplifief stage served to set the level of discrimination,

4, Coincidence-anticoincidence Ciréuit

The coincidence-anticoindidence circuit used in this work is
shown in Fig, 24, This circuit, together with a simplified version which

‘omits the anticoincidéncé'function,‘has 8 coincidence ratio (defined as



~40=-

output. voltage with coinecidence

output voltage without coincidence ) of about 7 : 1,

5, Gate Circuit
The electronics for constructing the four successively-delayed
’ggﬁes_is shown in_fig._zs. Since there was no need for adjustment of the

gate lengths, they were determined by delay lines built into the circuit,

D, Correction to the Energy Distribution of Pﬁotons

_ The intensi%yvof the eleétron beem as a function of time (as seen
with a beam monitor oscilloscope) is given in Fig, 3, By compériéon with
" the theoretical variation of the beam energy versus time (also given in
Fig, 3), & plot of beam intensity versus beam énergy wasvﬁade,‘ Utilizing
Curve B of Tig, 14, a numerical integration was fhen made over the vari=
‘ation in intensity and energy, . The corrected curve is given in Curve C of

Fige 14,

E., Calculation of Absslute Cross Section

By definition, U{Eph), the excitation function at 90° for photomeson
production from protons, constitutes the probability that a photon of
energy'Eph,'interacting with a proton, will produce & meson at 90° in the
laboratory system, Thus, the number of mesons produced per unit meson

" energy per unit steradian per Q, from a single proton in the target (i.e.,

didé; x Q1) = (the mmber of photons per unit meson emergy per Q) x
_ do(E h) R where Q is defined below,
i '

The,abSOIute values of these quentities will now bé'detérmined.

1, Evaluation of the number of photons per unit meson energy per Q

Tf the total energy in the beam is Ep, and if the energy dis=
tribution of photons in the synchrotron besm followed a k/E distribution,

-
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_ ‘then 'the number of photons per unit photon energy would te snnply

n(Eph) = Em xE E (where q is defined® to be ET/Emax since

o =Ep, | | |
&y f TikE R dE = k' Byoay o Thus the number of photons per unit
Jpo - |

- L . 4E
meson energy per Q would be n(E; ) = 1/& __Ph
—————mm. ) d -

‘The energy distribution of the photons does.‘no't, however, follow
exactly a k/E distribution, but possesses, after the various corrections
" are ma'de ‘i:hé Shape shown in Fig. 15‘ In effect, n(Em) -,-—S_FZE_ F(Em)
for meson energies’ in the region of 60 Me‘ir;_ hence, in the qssignment of'
absolute values in Fig, 15, _the correct distribution was normelized to the

' l/E dlstnbutlon in this energy region,
2
d N

2,  FEvaluation of.

FrT
The experimental date provide the number (M/ﬁ“) of mesons

counted in the crystal, per r, where the r is the unit of exposure as

‘measured by the large ionization chember used to monitor the beam,
o q?
The number —
dadE,

steradian per Q, from & single target proton, is thus related to the mum~

x Q-1 of mesons produced per unit energy per unit

ber of mesons counted, per .r., by the equation:

a2 |
. / (no. qf hydrogen atomS) x ot AQAE x (W)

where AE_ =%?m- AR is determined by the thickness AR'df the crys-
tal; for thls expenmen'b AR = 2,5 grams/cm of carbon, The quantity

Q is determined from the experlmental data of Blocker, Kenney and Panofsky

Q may be regarded as the number of photons" of energy Emax which
are equivalent to the total energy of the beam,



wd Qe

and from geometrical considerations to have a value of 1,4 x 10° photons
per . r ,

3, Evaluation of the excitation function.

The excitation function éfﬁ?Ehz_'is evaluated merely by
) "_. . ! . - - dn’ ‘ '
division of the two quantities found above,

F, Lifetime Data

No{aﬁfembt was‘ﬁdde_in theée experiments to determine the lifetime of
the.pf_mesgn'with eny precision, The gate'iéngths were never measured to
better than 5 percent, and no atteﬁpt was made to provide fast riée and
fail times for the gate pulses;' Nor was aﬁy serious éfforﬁ made to mini-
mize the "dead time" of the Shéping circuit for the IT} pulse.

In view of these facts the measured mean lifetiﬁé, as read from the
. four "meson® scalars (éfter background subtraction) serves mainly as an
ergument to conviﬁde oneself that the apparatus isfactﬁaiiy counting mesons,
Fig, 26 presents the lifetime data from the three sets of runs: é) energy
distribution by subtraction; b) energy distribution from hydrogens c) angu=-
lar distribution from hydrogen, The three mean-life values of 2,17 s,
2,39 us, and 2,36 Bs, (with probaﬁle efrors of about ¥ 0,20 ps) are in

satisfactory agreement‘withvthe accepted mean-life value of Z,iﬁ.ps.
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Generé% experimental layout, showing the synchrotron, collima-
tion o? the photon beam, and the‘mesonvcountiﬁg apparatus, as
used in the subtraction method.

Variation in time of the magnetic field of the synchrotron and

.of the photon beam,

Block diagram of the electronics for meson identification.
Photograph of the electronic equipment.

Single counts in crystal I, and delayed coincidence counfs, as
a function of the minimum voltage required of the pulse in
crystal I. -

Single.coﬁnts in crystal I1I, and delayed’coincidencé counts,
as a function of tﬁe minimum voltage required of the first pulse
in crystal II. |
Delayed coincidence counts és a function of the minimum voltage

required of the second pulse in crystal II.

Detection geometry used in the subtraction method.

Energy distribution of mesons produced from carbon and hydrogen.
The hydrogen data were obtained by subtracticn.

Angular distribution of mesons from carbon and hydrogen.

Photograph of the "line-source" hydrogen tafget, '

Cross sectional diagram of the "line-source" hydrogen target.

Bremsstrahlung distribution from the synchrotron.
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Energy distributioen bf nt-mesons, produced at 90° from hydrogen
and of thé-photﬁns responsible for their produétion.' The |
quantity Q is defined to be the énergy‘in the x-ray beam
divided by the ﬁaximum energy.

Excitation function for meson productibn at 90° ffom hydrogen,
with and without corrections for nuclear absorption.

Photograph of the point-source target.'

Cross sectional view of the point-source target.

Angular distribution (in center of mass system) of n+—mesons
produced in hydrogen by 250 Mev photoné (1aboratofy system),‘
with and without corrections for nuclear absorption,_’
Thecretical angular distribution of scalar and pseudoscalar
mesons pfoduced by 250 Mev (laboratory system) photons on
hydrogen., ’ | |
Theoreticai cross section for the photoproduction of scaiar

and pseudoscalar mesons from hydrogen, as a function of photoﬁ
energy. |

Photomultiplier circuit and linear amplifier.

Pulse shaper and discriminator circuit.

Coincidence-anticoincidence circuit.
Four channel gate circuit,
Relative number of counts in the four delayed channels, for

three sets of data.
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