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I  INTRODUCTION.

:Within,two yeers aféer thé,pos#ulepemqf’Yukawdrthefﬂa perticle
ebout 300;times as heavy es the eleetrenimightdee'fespbneible for nuce
lear forses, evidence was found that positive and negative cﬁarged'pd}ti,
cles of this order of mass were pfeSentvin eoemic rayS‘(l)czj'

‘Measurements on~the absorption of these ﬂmesdes in the atmosphere
and in equal amnunts of eondensed matter gave dlfferences whleh'were ate
tributed to decay in flightg and Served to measpre the mean life as ap-=
proximately 2 TN (3) | |

© At about this same t:‘h’ne a powerful tool for the identification of ©

mesons and measurement of some of their properties was developed by Fo
Rasettlo( ) He set up a counter teleseope which deteeted the delayed
 electron emitted from mesons brought to rest in en iron abso;rbero Ublng

(5)

& gimilar system NereSOn and Rossi found‘that approximately 1/% of

the penetratlng cogsmic ray particles stopped in their absorber (lead

brasss or alumlnum) gove rige to delayed eleetronq This was as: expected
Sane negetive mesons were assumed to be captured by the p031t1vely charged
nuclei of the absorber before they could dec:a,y° G@nyer319 et al,, made

2 fundamental improvementvdn the experimentel arrangement by using meg=
netized iron plates to concentrate mesons of one sign in the absorber,

(6)

excluding those of opposite smgno They found the suprlslng result
that negative mesoms were not ebSOrbeu before decay 1f the ‘absorbing materi=-
al was carbon, although they wereiabSOrbed as expected in iron, ', ,

This result provided strong evidence for avfactiwhich hadsbeen'sugn

gested by the meson half-life end earlier.abeorption measurements: these

* The discoverers called them meeotrons“ but the notatlon used here has
apparently become establlshed in the literature, :
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" perimental and I'l;he@r’e_timgl. capture time,

.%o form stars when captured,

“ticless

t

mesons muid not be the ones postulated by Yukswa, Attanpts were made to

explain sway the results in some othe’x}’ maﬁnera but detai.vled_ s-i_:u{ly of 'éhe'

capture pra@essv("?) showed & discrepancy of the order of 1010 between ex-
Fortunately, & heavier meson which did interact strongly with nuclei
wes discovered at about this same time through the stu&y of nuclear emul-
- (8) e

sions exposed %o high altitude cosmic rays, These heavy mesons, desig-

nated "v" mesons, were short-lived and were formed in the upper atmosphere,

g0 very few of them were present at sea level, . Their deca’fy product was the

ordinary sea-level meson, ncw called the "." meson, The heavy negative
mesons were capbured in the nuclear emulsion to form "stars,” meny pronged

energetic nucleer explosioms, while the‘y,, mesons were only rarely observed

(9)

‘l’he discovery that mesons could be pr’odu;cedf_'axjtificially(10> led ,to'

‘better values for the meson masses, and it was found possiblé to set up a

' .

- consistent. meson decay and capture scheme with 2 minimum number of par=

(11) =~

 mesons are responsible for nuclear forces, The fact that

L
o

7= mesoms form stars when captured';in‘diéétes -f}ﬁ,aﬁ.the pro-

’ | ‘4©egs ‘goes like v~ 4 p—— n* and the 'e'nergy of the'~1;nes§n is
not taken away by & neutral barticl.eo' »The;."ﬁ-":i‘ne_ﬁson ‘has _iﬁteg;
ral spin, | | |

2, The p's from b déeay have definite ra.ngeg. so only one other

particle, wﬁi}@h may be taken for simplicity to be a neutrino, -

is emitted, *—o n® + Vv

3, In free space & y mescn deceys into an electron and two

neutrinos, g.z,ﬁ —— et e 2 v,
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4, Ap meson may be captured by & nucleus with the emission of
a neutral particle, which carries awsy nost of the emergy,
p,'” & p_--—>n * Voo .
'_ The p, meson has spln */2
' This scheme still seems va.lld‘at this wrltlng; o

An 1nterest1ng expemment from the Berkeley cyolotron Was the study

of ga.mme. rays of hlgh energy from the target (12) These 1ndloated the

' format:.on of neutral mesons which decayed 1nto two or more gamme. rays 1n

less tha.n 10 seo,, Study of gammawgamma ooxnoldences from neu’cre.l mesons

(13)

created by the synchrotron beam showed that the d1s1ntegratlon was by

two gammas,, so a Spln 1 neutral tr° inesbn is ruled out, (14)

.(15)

Cosm1c ra.y stuch.es set P llmn.t of 5 x 10"14 sec, on the lifetime

of the #° meson, and al'i”owed a neesurenent"of its mass, The experiment of

V.Panofsky,, et al,,,, on. the gamna speotrum from the absorptlon of‘ 1~ mesons

in hlgh pressure hydrogen(ls) showed that the reactlons ™ p — ne+y

A (E 130 Mev) a.nd ™ p___g n ¢ n°_..._> n + 2Y (EY 70 Mev) went w:.th

almost equal probabz.llty, and & bet‘ber value was set on the m° me.ssa as

well as the "~ mass,

The experlment to be descrlbed in thls peper was a loglcal extension

of the hydrogen capture exper:.ment Three rea_ctn_ons seemed posslble, “two

.of them 1ead1ng to observable ga.nnma. rays<= '(a)A " d"—.——>”'2n .Y 3

(b)n'v+d———) 2n+ﬂ°——)2n+2.'r 3 (c) 7+ d—> 2, If the last

process could go it was expected that it would be the ma jor pr'o'cess,, and

probably no ga.mma rays would be observed With the expected‘-oounting

“rates well 1movm from the hydrogen experlment thls would s’cn.ll be signi-

flcant,
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A, Geometrz° : )
| The physxcal setaup is shown in Flg, 1, Protons circulating in the

184m1nch cyclotron at 330 Mev 1mp1nge on the tungsten target parallel to

its w1de d1mens1on (1/2 1nch) MeSons formed in passage pass through the

040 1nch thlckness of the target through the 4 gm/cm walls xf the stain- |

less steel pressure vessel some of them flnally coming to rest in the deu~
.terlum gas, The dens1ty of the deuterlum is 0,098 gn/cm§ (17) at & press-
ure of 2700'903 1° and the temperature of 11qu1d nitrogen (77 K°) The
thlckness of the wall of the pressure vessel is 11m1ted by the r051rability
‘of capturlng mesons of 1n1t1a1 energy correSpondlng to the rlslng portlon
: of the meson yleld vs, meson energy curve (Appe A).
| Gamma rays from the deuterlum are colllmated 1nsrde the tank and the
target 1tse1f is screened off from the spectrometer by a copper slab on
the 31de of the colllmator It is important that this shleldlng be close
to the target so. that gemmas produceo in‘the target.(with intensities
about 100 times that of the capture gemmas) are prevented from scatter1ng
Wlnto the speotrometer except through large scatterlng angles° The gemme.
_rays are colllmated with a lead colllmator Just outs1de the cyclotron to
reduce the aree. of cyclotron wall near the_source that ;s v;51b1e from
the spectrometer° Final'collimation is done in the-lstfoot conorete shield-
;ngfsurrounding the cyclotron; | » | :

B, Pressure Vessel and Coollngrsystem,

A dramlng of the pressure vessel and a flow dlagram of the llquld

nitrogen coollng system is shown in F‘.Lg° 2. Three thermocouples are used

to indicate the pressure vessel temperature and the height of 11qu1d nitrogen.
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one set-up,

wBe

in the reservoir, ‘and are ccntinuously ré@ordea'f In addition, the press~ -

ure itself serves as a good indicator 1f fallure of the coollng system

‘ocours, Blow=out pateh@s lead to & 47 llter evacuated cyllnder in case

the pressure should rise “above 3500 posoxo )

C, Pair Spectrometer, .

The pair speetrometer is'bﬁilt»in'a,magnet with trisanguler pole faces

broadened at the apex, where the converter is piaceda_to'make the field more

 uniform, Two rows of geigér sounters are placed a“ong‘thé'sides of the

LN

pole face, 14 sounters on sach 51des making a total of 27 channels (Flgo 3)

Two proportlonal eounters on’ each side of the magnet prov1de 2 gate signael

'to‘qpen the gelger”counter_amplelers when anuelectrongpalr throggh the

proportional counters gives a quadruple ¢oinéi&ensa; :The doubles rates of

the proportional counters on each side of the magnet are récoraeavand‘proﬁ

vide a measure of the' slow neutron flux in the area, Tﬁe.&onbkﬁ‘rétqs

proved to be the most satisfactory monitor for interccmpgrisqn during any

The resolv1ng power of the spectrometer has been carefully analyzed

8 process made partlcularly sasy in the trlangular arrangement of the gei=

' ger counters, sinece the w1dth of the gaussian scatterlng*curve ls constant

~in energy (Appo B)° The thlekness of the @onverter is: chosen so the w1dth

of the scatter&ng gau851an is nearly the same as the channel w1dth (F:a.g°

:and F1g° 7Y Radlatlon straggllng is caleulat@d(le) fer ‘one of the p&lr

:under the assumptlon that equal numbers of electrons arlse 1n each equal

increment of converter thl¢kn9885 The resultant curve 13 fltted by a .-

mothematical expression, and the @ffe@t of'the straggllng on the measured -

”'energy of the palr calculated (Appo ¢), (Fg.. 5) Thé'fesélving power

curve far 8 sxngle ehannel is known (App° D) to be 8 trlangle oftbase]



| e9e

width equal to twﬁ channel units (Fig; 4). The resolﬁtion of the spectro-
meter is now calculated by "foldlng“ together the varloué curves.repre=' bﬂ
vsentlng scatterlng9 radlatlon straggllng and’ channel w1dth tovglve the
flnal resolv;ngipdwerlcurve_shown in Fig, 8, This is the.shape of the ex=
'_vperlﬁental'cufvé which ﬁould'be obtained'from‘a Spectral'liné .and a check
'w1th ‘the hydrogan spectruﬁ at high energy conflrms the theorefleal curve
(hgog) R »

' An additional'corréction is madd for the spectrometer sensitivity at
varioﬁs>energies; as‘deté;mined by the number of channelsvavéilable for
‘ pair§ in the varioué regions° The assumption is made that any division
§f energy between the members of.a paif'is equally probable, The cross
gection forlpalr production is included’ln this "™ factor (App., E),

4 An;slectronic block diagraﬁ'is éhown in‘Fivg° 10, which also shows the
fecording systexh° Déﬁa is recordédxﬁy‘sparkslon.a.special paper from &
r&w of ""pens-"’V stiff wireé conneéﬁed to fhe‘oﬁtput of the individual geiger
. tubes, When a gate signal opens the geiger ampllflersg the two tubesg on
opposmte sxdesa tnrough which the electron and p081tron have passed give
pulses resultlng in two black dots burned in the paper below the pens
Qorrespondlng to those channelsa

D, Pumping System,

The deuterlum pumping system is showm in Fig, 2 ané Fig, 20, Since
the deuterlum must be recovered after each run it is necessary to exhaust
vthe pressure-ténk to not more than one or two atmospheres in a reasonably
.short tlmeo Operatlﬁg pressure is 2700 PoS3 1.o and commerclal &euterlum‘
comes at 1 000 p,s i. This wxde range of pressures mugt be handled in as

" short a time as p0531b1e9 so a system of two pumps was usedo’ A large volume

(12 liter) 2,000 p,s.is meximum pressure oil piston was made up from



=10

~§tandard compressed gas cylinders to complement the oﬁg liter high préss=
uré.(6500 DoSoio) pﬁmﬁ used on hydrogen, The finel system will £ill the
600 cubié’centimeter‘pressure veésel to 2700 PoSoi. 8% iiqﬁi&‘niﬁrogéﬁ'
tempefafure'iﬁvabouf &0 minut653 and<pump %he gas dowﬁ to ome aﬁﬁosphere
gauge pressure in the same-ﬁ?meo fhe oil.used.in ﬁhe'pumpsvis ordinary.
diffusion pump oil, shosen for its low vapor pressure, Tﬁe purity of the
deutérim gésg af ter standing for 48 hoﬁrs over the oil ét 2,000 p,s.i,

was measured &t 99,75 percent by & mass spectrograph enalysis, indicating’

that hydrogen éﬁchange between dissolved gas and the oil'molecules_was neg-

4 P

ligible,
E. Procedure

Before a run the collimators are alignéd using a ?eieéqope”sightéd on’
tba pﬁessufe vessal, A% the beginning of a run‘ﬁhe'pfobe is-fun out to &
‘larger'radiusa and’thé‘high.intensit§‘gamma rays from the %aréet are used
to test the eqﬁipnent and run plateaus onmproportional‘@ountef vbltages |
and diseriminatéf seftinés;\ The terget is then run in and a short run made
on hydrogen to determine that operstion is normal and the system free from
Leals before introdusing the deuterium, k'baékgroundbrﬁnp folléWe& bj a8

'&éuﬁeriﬁm run and a second background rum takes up the remainder’of a 16

hour pericd, The background rate is approximately one peir per minute, The

rate with deuterium gas in the vessel is about 1,6 pairs per minute, and
with hydrogen, sbout 2,0 peirs per minute with the $péetroﬁetér centered
st 130 Mev, The ‘fti.na,l speoﬁrum;invo:ﬁ.ving_ Abqut forty :gm«m;é of running
time on dewterium smd twenty hours of vackground time, is shown in
Eigc 1L, .
The ratié of the yield in de@terium to that in\hydrogen was measured

—

with geometry unchenged, The hydrogen yield of “low energy™ gemmas near
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70 Iﬁévvwas' measured simultaneéusly wi.th tﬁe yield 'at ’ISO ﬁ'ev by centering
the 'séectror'neter at 100 Mev for one run (F‘i.Ag»o 12), From the total area
- under the deuteriwi curve and that’ under the ‘hydrogen curve with Ithe spectro=
‘metef set at 130 Mev, and with the known ra-tio of hydrogen "high® o "low® |
,énergy ga@asg the 'y‘ieid from the deuteri‘um was found to beAO,LBOAﬁ 0065 of hy
that in hy;irogéno » (W6 gemma. rays were 6bserfred‘in deuterium near 70- Vev, |
T;‘;e observed yield of ch'ﬁ# energy® gammas from hydrogen wes divided by 2 ’
_ to obtairi the .co.rresﬁoﬁding number of _110 emissions,) Table I gives “the ob-
‘ser’ved dats, | ’ |

.It was -necessar’y »fo chéék that the gamma rays from deuterium were not
ari:siné from. protons sc@:ttefed_fro_m;the target and étriking th‘g neutr’ons»iri
the deutériwna where they could creaté néutral mesons d.i.,x;«a'\c’t;ly° : A‘ ruﬁ mth
"helium should give twice as many gemmes from :this source, ar%d actually gave
.a null result Within statistical and moritor fluctuations, A limit of 10
perceut of fhe hydrogén effect was‘plac’:’ed on tize p?séible gamme. emivssion
from helium, The fact tha't'the "ba.ck‘grm‘znd” f_“rom scattered Pfotons is es= '
's,é‘ntially”af; *] ow enebrgyﬂﬁ effect, ..péa‘kinﬂg arc;pnq*il@ Mev and going to zére at
'130 Mevg while the deut.;rium’ gamﬁas are 'concentrated near 130 vMev and give
& null .effeét at 70 Mev is further evidenée that the backgroﬁnd fr’omv ‘scata
‘tered protons in the deuterium is small, |

Part of the process of capture of the = meson in the K 'shell .im‘rolves

. . - : .
the motion of the w™-pu* system as a whole with random thermal energieso(lo)

This could conceivabiy result in a lengthening of "eap‘bure time in deuterium,
the molecules moving with 0,7 of ‘the veloci’by of the hydrogén molecules, To
test this possibility, the rate of collisions of the hydrogen molecules was

cut down by reducing the density by a factor of fwoo It was found that

the gemma ray yield went down only by the seme factora.iﬁdicating thet ‘w=y

3
'
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decay was not seriously competing with capture, and was not a poésibie

explanation_for the smaller yvield of gammé rays in\deuterium, (Table II)

3
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IIT RESULTS AND CONCLUSIONS

A, Competing Processes,

.

- The main experlmental result of 1mmed1ate theoretlcal 1nterest is
' the inferred competltlon of the % d‘———ﬁZn process %1th the radiative
capture, Iflthe meson is captured by»the nucleus‘from a K orbit then it
cannot be a scalar pafticle°‘ (Table III), Brueckmer, Ser’b'er’,9 and Watson
have shown(lg).that‘the trensition time for radiétion_to-the,grouﬁd state.'
from p orbits is at 1§ast SO‘timés &ngller than the transition ﬁime fo%
fhe fwB hegtroh process, uﬁless thé.meson nﬁcléar inkeraction is so strong
as’to radicdlly chéngerthe form of-the‘p wavé fuﬁction‘negr'thelnﬁcléuso
Calculatlons w1th detailed meson theorles(zo) indicate that the ob=
vserved ratio of radlatlve te fast neutron captunm rules out both the scalar
and vector ® meson, 1n'agreement wmth experlmental observatloés of the
‘angular distribution of photo mesons ( 1)(22)

The absence of the “o is not of theoretlcal 1mportanee; The o = w°
v_mASS difference is 5,4 1 Mevo(ls) The kineticvenergy'availaﬁle in the
final state in the process ﬂ%.+ d—+32n * 70 is approximateiy'1°9 i 1,0 Mev,
A'Shift of two probable errors in the measﬁred vaEﬁe‘Would meke thé pro=
éess impossible, In addition, th;_n@‘certaiply does not have spin one, .
If;the o &nd.ﬂd both have Spin Zero, eitﬁer the w° or the two ﬁeutrons
- mash ﬁe in the p state, This is unlikely because of the low enérgy availe
abiéo |

B, The n-n Inbtsraction,

The shape of the déuterium spectrumb and in particular the location
of the peak on an. emergy scale in relatlon to thp hydrogen peak is also

of theoretical 1nterest As has been p01nted out, (20)(23) ~the gamma ray

1

.spectrum. from capbure in deuterlum is senSLtlve to the 1nteraet}on of the

~
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neutrons in the final state, ‘Watson .and Stuawt(“4) have éalculated theo=
retlcal spectre for various values of the ”blndlng‘energy of the hypo-

thetical di neutron(25)(26) lneludlng virtusl values (the phase shift d.
| is the actual parameter to whloh the speetrum is related but since the
OLndlng_energy is not semsitive to choiee of the radips:of the n-n inter-
xggtiog,itfhgs been.calculptég on phg basisvgf a radius the §§me as tha%v;
for pmp foreesméZOSE‘x 10“13 cm}o.

The theoretlcal spectwa are folded® into the resolv1ng power &ufve

of the spectrometera and'plotted 1o3+1 semlmlog paper for convenience of
normalization in the comparisqn with expgrimental values, (Figd 13)‘ The
resolving pdwer»cu;ve is so broad ﬁhatii;makes thé shape of all.the fem
sulting curvesvvery_éimiiara“Only the position of therpeak varies'apfreciwl.
ably from one curve to the next, The Shifts‘of-the’pgak are not great

enough, in view of the resolving power halfvwidth of 14 Mevw, to allow a

measurement of the "binding energy”™ of the two neutrons, However, to see

X

what inforﬁ%tion'@ight'reasdnably Ba derived from the data the'folldWing
analysis Wasiﬁades |
1. The energy scéle of the spectrometer is Well known, The
;geometry is accur&te to 1/64 inch in 20 inches, or O, 08
. :persentn The nagnetic fleldphmonltored_by a proton moment
‘“&pparatuss is known to 10 gauss in 9,000, or 0,1 percent,
20.,Sinee the shépe of the"curves fof_various binaing énergies.
. is obscured by_the,poor'resolutiona~the position of the
_ @urye on the energy scale is used for amalysis,

3, The position of the theoretical curves is uncertain by the

uncertainty in the w~ mass value used, The position

* The_fo%d h(t} of two curves £(x) and g(x)'is defimed to be:d/q?f(ﬁ)g(xet)dx o
. ' - > : ) T mm N ’ v

1
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relative té the hydrogen spectrum position is constant,
however, sofonljithe-uncertainty in the position of the
hydrogén_spectrum on the‘enérgy écale due to the>fitting
:of the ekperimen@al da£a‘enteré~here; This was taken as
1 M‘ev(.ls)'('mg; 9). | -
4, The\disélacemenﬁ of the theoretical curves from the curve
for By = 0 is'plotted'in.Fﬁ.go 14 as a function of EBOV
50‘ The experiméntal points‘are visually fitted to éhe surve EBgOS
and~the‘disp1acénent:6f the éxperimentél:enérgy écale-frém_the

‘Ep=0 energy scale, as estimated by, four different cbservers is

also plotted onifigo.14b together with their estimates of the
.prdbable error combined with the 1 Mev probable error mentione@
in 3, 7 ’ o ,

6, Unfortunately, the resolving power of the spectrometer is

not good enough to rule out the no=interactiqﬁ or "pléne
wﬁve“ curve, Thié means thaﬁ rio conciusion can be drawn
ﬁ,vébouﬁ the n-n interaction ﬁnless it is essumed that the
final neutron: state is a siﬁglet S state, where the 'two
neutrons are close enough together so their inferaction’caﬁ
\ A‘afféct ﬁhe spectrun, If,this is assumed, a limit on the
binding energy of ﬁhevtwo-neutrons of 200 ﬁev (real) may
rééSOnabl§jbe pleced, The assumption that the final state
is singlet means that one of‘the nucleons has flipped over
from the initial tfiplet staﬁe° Such behavior is consise
- teht with the dther'experimentél evidence that the 1~ meson
is not scalar, >
It i% evidently desirable.to repeat this experimenf with be£ter re=

|
solving power when it is attainable, : .
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3 Approximate _ _ T '
Geas Energy Process Counts/Minute
Hz 70 Mev w° —— 2y .90 % 18 (divide by 2)
130 Mev T e P —n kY ATO £ ,046
.92 £ .10 Total captures
' ‘Counted per
minute
. | \‘
Dy 70 Mev 0 2y -,007 % ,020
130 Mev - 7" +d—>2n Y | 275 % 034
,275 % oO4‘lTota1 captures
) : counted per
minute

captures in D

ratio

2 - 0,30 £ 0,05

captures in Hz

. Table I

Tabulation of totél couﬁfing rates of spectrometer
with Hp and D, in pressure vessel under identical
conditions of geometry and incident meson flux,

'
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P

Relative intensities
at two H, pressures,
has been subtracted,

'df~gamma rays
Background

i

' Recorder Intensity in counts/hinute _
2700 psi - 1300 psi ‘Ratio
Number gates R U / : .
recorded ?855 & 033 .523 % 0042 1,63 £ .14 -
‘Number high . o ‘
- energy gamme '.213 £ 013 | 121 % 017 1,74 £ ,27
rays recorded . ’ .
Density of H, , 046 1,028 1.65
© Table II
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Table III

i

\

Tabulation of possible combinations of parity and spin for a
scalar meson where the final state is the two neutron system,
Only in the case of capture from a p state can the conservation
rules for parity and angular momentum be simultenecusly satls=
For further explanatlon see Appendix F,

7f1ed

1

o ‘ Total | '
Scalar o . angular:|Parity|Remarks
e d =~ d gystem 2n momene=
‘ . .o . - {{tum
~ |Orbital . ||Angular | |0Orbital
Spin|angular [Parity|Spin Parityimomen~ [Parity||Spin |angular
- {momen= . - tum N " |momene~ A
tum : ‘ tum ’
o | o s |1 - 1 + o(s) || o » NG,
(s state) 1(p) || 0,1,2 | = - Na
ol 1 | - 1| ¢ lo,1,2 | - 0 0 . NG
1 . . )
@ state) 1 0,1,2:| - OK

.
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V APPENDICES

Discussion of the variation in the number of mesons stopped in - .

deuterium as a function of wall thickness of the pressure vessel,

Effect of Scattering of the electron pair on the spectromefer

characteristics,

"Effect of radiation étraggling of the electron pair on the medsured -

energy of the pair, : . _ S
'The resolving power of the spectrometer due to finite channel width,

Calculation of the "£" factor, which is multiplied into measured

gamma ray intensity to give actual intensity,

Explanation of Teble III, Selection rules,’
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APPENDICES

'

Mesons Stopgéd in :Deﬁter’im -

. Let 'bhe curve g;w1ng nuzber of mesons . per’ unit’ energy of the mesons

"be a rising straa.ght line, '[o'a kE and let the thlckness of deuterwm

in the vessel (in equivalent grams per' square cm»qf wal].) be AR, a
. | » ' { . :
constant small compared to the vessel wall thickness, R, Those mesons

“whose reanges lie between R and R + AR'Will be stopped in fhe deuterium,

The mdth of the energy r’eglon from Whlch they come is AE (—-—)EAR

Now ( >E goes approxlma'tely as K/E, so /OAE = number of mesons stopped

in the deuterium =< (kEh/E)AR kKAR a constant The number of mesons

Istoppe;d does not change gppreclably &s long as we are on the more or

" less straight rising part of the yie_id curve, regafdless of 0 ,

. Seattering . A

The triangular geometvry s:amp]if“les tl%;e célculation of two qﬁantitiesv
depéndeﬁt on scattering of the el,ectlzrjon;f pair in the Y-ray converter, '
(2) is the fra‘wtioﬁ of t’he eléctrohs 1os{:.by‘ striking the pole facses_
(vertical' scafbterin.g), (b) is the TolleS, width <E>»of the Gauséién |

curve givihg the probability of an electron of energy E arriving at a

point corresponding to E +AE because of hoﬁ_zontal scattefingc

- The symbols E = energy of an electron and o = its radius of curva- -

ture will-be u;:ed interchangeably, Let <@>,O t indicate the r.m,s, E
. 9. .

pié.ne projected scattering angle :for en electron of energy '/o passing

through a8 thickness t of 'scatterero .The basic formula to be used is

2 2 (27)
B° = t, t
ot ‘cons /,o

9

- (a) Consider the magnetic field fixed, The paﬁh length followed,

by an electron is /oﬁ ; where ﬁ is the apex angle of the pole face,

{

)
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(Flg, 15) In a dlsta.nce /m‘» .the electrm rises ,oﬁf sin @ ~ ,o¢ 6,
where 9 is the plene progected vertical scatterz.ng angle,. If 2d is the
separat_lon of the pole pieces the average electron can I"lS?'d before
striking the pole face, wa <& ~ 1/0 ~ so. >/<) <@ is app.:co:dmafl':elby
constant for high energy-electrons, and a coﬁs’gant frac;tion of‘.'the elec=
trons are los'b at all energ:.es, | | o

(b) An electron of ‘radius o scattered honzontally so that it
leaves the converter at an angle 8 with r’espect to the forward direction,

arrives at the seme point in the ‘detector as an electron of radius p+l0
vhich was not soa.ttered A/a depends on < ;8 , and the apex angle of the
spectrpmete‘r, }Zf . hs seen in Fig, 15, A,o 08 cot_é- . In the presén‘b
experiment f =1n/2 end Ao=,086, R ().

- The r.m,s, plane projeéted scattering angle <82 for an electron

of energy O péssirig through thickness t of material may be written

aVt . Coe | :
KO & — (2)
e - _
The - dlstrlbu't:.on of deflectlons is Gauss:.a.n,
62 : , .
. 1 5 _—
- P(@) = o 2¢8) . (3)

2

ZaEt)7/0 from (2),

or P(S) _\/_ J_ o .
P(@) may be written

1 - _Lee)? | o |
[ ot ¢ T ajos) - P(00)d(eB) = F(Apmmp) (4)

' P(A/o) is- 1ndependent of ,o in thls gecmetry, as mentloned prev:.ously,

For an electron palr 'bhe probabllity of scatterlng for each of the o
electrons is independent, so the r.m.s. dev:_.atn.on in the measured energy,
Pl ep,,isve < = J2a Jt. Let JZa=a, Then the
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" probability of a deviation A/o in tl\né'measure}‘d' gamme. rey energy be-

cause of scattering is .

, ' : 2
TS 1 ,Q}_e%_ o
PA0) = Frae © 1 (5)

This probability may be avefavgedA over the

P [

converter, under the assumption’
‘that equal numbers of pai‘:rs are formed in esch equal inér’ément of thick=
ness of cohverterg giving the totel pr’obability for the observed ene‘rgyv

" deviations for a converter of thickness T :

. 1 '1' T 1 Eé_’glz_ '
PR e T e ®
Yo ' ‘

T 2a,2 % A L | |
" Let——L—— = w2 , and the last equation becomes
(ap)? | - |

. 1 ‘ ';1\}21' , |
. ' p e . 2 ‘

Pad) = 5 ———2 A SN
: _ Jv a1 a1 _ -
: (s}

v , - , S v v
‘ f e /v, dv = £(v) may be integrated numerically, The result of such
o _ : - '
an integration is shown in Fig, 16,

Now E = kg , 56 <9 = Juft o I (8)

E

Define V2 ka = g, then E/q.z = J-—/.;: = /O/al . , (9)

SV

(7) may.be written

_ | 11“A— s Jar (AA 2 AEB. /2T )d AR
P dA = e f’(m a(=f) e —
(A/;ov). PURT a (45/0,)/“1> 1T RT ey \@EVay/ (BTa,

Let —2E . % . A plot of (10) in the form P(x) = 2% x £(1/x) is
: Jﬁ aa ) - :

- showm in Fig, 17.

\
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To use this universal curve, assume an electron of arbitrary energy Ej

passes through e converter of thickness T Determine {8) for this

X AE, L
-electron, Then 2E1<@)7 = dg ﬁ an,d P(A E) =7 FPCIZJ?_U}L A plot

of P(AE) for & 0,020 inch Ta converter is shown in Fig, 7,

Rediation Straggling

Hbitler(lz) glves the probabllity'w(y)dy that the energy of an elec=

tron has decreased to e=y of 1ts initial value in pa351ng through a

‘ thlckness t of material, The functlon.ﬁ%p)dp g1v1ng the probabllity '

that an electron from the gemme. ray converter w111 retaln 8 fractlon
between P and p + dp of its lnltigl epergys-may'be generated by changing

' ;o ' ,
the variable from y to p end ave;aging over the thickness of the con-
verter, Each of the curves W(y} for warious thicknesses of'convartér
has a form like @/&1““_bwhere.;’isbsmélla aﬁﬁ the finél aVeragéd curve
¢an be fitted by an expression of.the form'%/(lap)lmg » Note that

= E/Eog.dp = dE/Eoo E= ¢°ybg ~ (1-y)Eo for smell y, so 1=y:¥E/Eo.:H§3

and dy =~ «~dp to lst order in y, so it is reasonable that such a curve

vwduld give a good fit to the actual W(p) curve obtéined by the averaging '

pfocessa at least, if the converter is hotitoa thick, )

Besides W(p), there is » function P(E ,E )dEjL , giving the.proba=
blllty that a palr member have an energy between Ej and By + dEl for a
total pair enervy EY o Maklng the assumptlon that any division of pair

energy is equally probable as is approxmmately the case, P(ElaEY)dE

dEl /
xLet the meximum energy.of a pair member accepted by the spectro-
meter be Ep, and the mlnlmum E Let f be defined by the expression

£ BlEl_f_gégg.; thus £ ig the fraction of the initial energy messured
Ba, - J ) .
Y
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by tﬁe‘spect;Qmetér (in the ebsence of othér perturbing factors'such“
asvécattering and fiﬁite chanﬁel width:which are treated séparately)q’
The function which enters iﬁtofthe'resoiﬁinglfoWer curve is w(£)dr,
ﬁhe probabilitylthét a pair retains a fraction bétween.fland f+ df of
1ts 1n1t1al energy, It can be derlved as follows: | |
The probablllty that the energy d1v131on is E; and EZ and that the
‘pair members retaln a fractlon 12 and py of their initial energies such
that f has values in the reglon 4af is n(f)dr ,[yﬁ(pl)dplw(Pz)dPZP(ElaEY)dE1°
This is to be integrated over a reglon of E1,p1,P2 space subject to the

v llmlts L E on_Elg C and 1 on.pi‘and p2; and the relations

. _ p1E7 + poBs i M. . W o
£ = 11 22 E a.ndE1+E2-EY .o

i

By
For conveniencé the variébles are changed to pib f and‘Ellusing the

relati'ons .ebove and the Jacobian transformatlon of the volume element

| | (p1PpE;)
 dpydppdBy ,j 1P2F1) dp ddel .

n(f)df = W( )W‘__lf;___l;}. ‘——%———* dpq df
. =/ P E. =
1 _— ) By = By 1 -

1~EI(1=f) .

whéfe tﬁe,integration is over dEl'and dpy . The effective lower limit

f - ;1B '
on p1 is given by the requlrement that py = E%ir:réﬁfl; must be equsal

"to or less ‘then 1, i.e,, Py > 1-; (1-f)

For the partlcular case of a O, 020 inch Ta converter it Was foumd

X
that'ng) =1 - )1=a where a = 0,08, No effort.was mede to normallze

the resolvxng power curve since 1t wes fltted to the experlmental date

plotted on semi-log paper, so K is‘arbitrary° After 1ntegrat1ng, w(f)

1
I

-

-



‘end the other along the y exis, Let
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was fomd to-be Pyl-2a * £ <& \1-
0. L, £ >
or P(E) = ®y - E)laZQ, for E < Ey - (Fig, 5)
0 for E By ,

N

This turns out to be, for a converter‘_a's ‘thin as 0,62 inches Ta a;l: v
least, the same Straggling as would be experiénced by an electron of

energfy E‘Y‘ passing thro_ugh the full thickness of the converter,

Channel Width.

Consider a gamme ray of energy Ey,'and the two electrons of energy

Ey and By to which it gives rise, Assume equal probability for smy
divisiori of the pair energies, Represent.EY' by a line OEY‘9 Ey by OEq

and E2. by EIE‘Y" Divide OE+ into NY equal incremeni_:s ‘ AE‘Y‘; OEl may

- equally probably end and E,Ey begin in any of them, If a pai-r spectro~

meter acoepts Ey from N of these 'energy intervals (a.nd :‘i.'l: must accept

both members of the palr), the measured 1ntens1ty at the energy EY must

be multiplied by & factor N /N to represent the true spectrum., A con-

venient way to derive this correction value is as follows (Fl_g, 18)3

Plot the radius of curvature of one electron al ong the x axis
| 14 ° 1B resp-ectlvely be
the limits of the spectrometer aperture on side 1, and similarly for-

/2 gy and @gp on side 2, (/alA,,oer‘),‘_ (_/o«m, ﬂZB) ete, represen"t the

4 corners of a rectangle, Lines o':f'slope\neal are lines Ra = Ry =
constent, Lines of sl‘ope =1 are lines ;ol & .,02 ‘= constant, ‘For

egéh energy Oy + Qg = Ry “,, ‘there is a line on the graph, and some

‘of these lines pass. through the rectangle, These are the energies ac- -

cepted by the ‘spectrometer; and the number of squares passed thrdugh

WS

-



triengle if thevrectangle is a square, If_/DY:vﬁries appreciably over

. to 00

H

. ‘ﬂ=27; . ' N

insidé the rectangle is the number N él/o is determlned by the fineav

ness of the graph paper, and in the limit N will rise along a stralght

line to = m311mum9'descend1ng 1mmed1ately on the other side to form a

the rectangle this must be taken into account by dividing N by Ny 325%-°
Fig, 4 shows*the finite resolving power of the pair spectrometer due to
fihife,geiger counter width, The apgrtﬁre considered i§vone tube on each

side, i.,e,, one ”ehannelo“

"£Y Factor
In addition to the resolving, power of the spectrometer due to

finite channel width, a éorrection must be made.for thé,variation of

- sensitivity of the spectrometer over a wide region of energy from O ;.

approxiﬁately‘S to 1 in this spectrometero 'This correction,
]
the " factor, is arrived at as 1n Appendlx D, with the exception that

max?

AE ls now fixed by the finite width of the gelger tubes themselves,
and the correction for the varietion. in /O nust be made° In &ddltlan&
o , the cross seetlon for pair production at eadh energy, lS divided :
into the quahtity N&/N to correct for the_variation in crozs se¢tion°
Thus £ = Nyfﬁﬁ.g usually normalized-to.i at the sensitivity peako_ This
quantlty (Fig, 19) is multlplled into the observed. spectrum to get the

true geamme ray spectrum.o /Oy‘nay convenlently be expressed in MSV/%\IOQ.

gauss as in the figure,

Explanation of Table III, Selection Rules,

1 o Pari'ty
Consider a system of n particles, at ry, Ty, ccecosrye It can be’
shoWn(zs) that any éh&sically_importgnt eigenfunctioﬁ of the system has

Al
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- the»proberty that yV (rl, Yo ceoos ?ﬁ) = i'3p (ﬂrla =r2;‘oao°o Frn) o (1)‘
(Note that only the spécé coordinatés are reflééted in the origin,
parity is not concernea with séino) A state may'be said Yo have posi-
tive. or negative parity in accordance with the 81gn in (1),
In the calculation of the probablllty of a tran51tlon between

states the matrix element'for the transition enters, ' This is defined
‘ i * ‘ ' ' : R
. as |H12| =,J/}V2 HY qfi aT , . (2)

where H?»ié the Hamiltonian operator of’the‘pérturbatipn causing the
transition, and in general -will be unaffected by a reflection in the
origin, If |H12| is zero the direct transition is forbidden, Let'

Vow, s o  w

Bery) =2V (EY)) = ) @

ﬁ(ri) has definite parity properties the product of the parities of

the initial and final state, Now |lel '=4/36(ri)d1j

fﬁ(r )I“l dnldrlrz d—Q dr’z ao00o0
Integrate first over the solid angles dfl,,

. - '\‘ :
fs?f(,ri)d’t’ - [Bry) « #lerg)] aT (5)
T Ve

The expression on-the right is obtained by'integrating twice over a

hemisphere inétegd of once over a spherés replacing r; by -r; for the

SeGOnd integration, ﬂﬂri) must have positive parity or the integrand

will venish, Thus the selection rule is obtained:

1, The initial and finél state must have the same parity in order that
a trénsition may occur,

In addition to this selection rule there is the conservation of
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anguler momentum rules -  ‘
2, ._Th-e‘ initial and final states must have the séme total angular momen=

tum, in order that a ﬁrénsitic_m mey oceur, | |

In wri‘ti‘ng the rules in this way it is required that all wave
functions invélve_d be con_sideréd 1n .e‘ac_:h_ state, i.e,, the gamma ray in
gamma. ' emission may 'bak.ev off a cefté.in. angular momentun and have odd
parity, lléaving behind a system of particles with differ.e‘nt anguiar momene
tum and parity than the i\nitial syst‘emc‘ "I'he‘ total parity of the whole
system is 'the\product';)f the bparities ;)f its bpart‘s., if they may be de~-
sczfibed by separate wave‘ functions and therefore .be‘said to have a defin=-
ite par’ityc |

In Table III, the initival state is a meson in a Bohr orbit about a '
deuteron, - ?he interaétion of the Wélnucleons in the deuteroh is not
gonsidered to involve the coofdina;tes of;the meszobn‘D -and similarly or_l'ly
the center of mass of the .deuferc.)ﬁ is Iinv.o'lved in i:he meson wave func-
tion, so the wave function for the initial state may be ﬁritten as. the
product 'qf two v#ave functions==the h)fdrogerilike ‘wave function of the
méson=deuteron system —,/M mulfiplie_d into lthe deﬁteron Wﬁve function,
Y e |

The deuteron wave function i_sv mostly S wave, and its spin is 1,

.An S wave function only involves r), and therefore hés even parity, A P

-

wave function has odd parity, a D even, etc,, as may be seen by examining
the corresponding spherical harmonics, The above rules are for particles

2

possessing what may be defined as positive "intrinsic parity,” i.e.,

like nucleons, Ger’taii; types of particles obey the opposite rule, i.e.,
the so-called "pseudoscalar™ and "vector” particles, and may be defined -

to have negative "intrinsic parityo“’ A particle which in a K orbit about

’

’
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‘& nucleon forms a system with the opposite parity from that of a
deuterong for example is said to have negatxve,1ntr1n31c parity,

With the understanding thaﬁ "scalar® and "pseudovector® types of

‘particles have positive intrinsic parity; Tablé'III may be understood

_as follows:

’

Case 1, The meson is in an § orbit about the deuterono_;yumfthérem'
fore has 9051t1ve parlty g&nd zero angular momentum, . de has posxtlve

parlty'and one unit of splno Then the initial state y%w has p051=

d
tive parity. and one unlt of total angular m.omentumo In the final state,
the two neutron wave functlong }Vn s may represent a.siﬁglét's state 
with zero angulér momentum ahd p;sitive parity or a tfiplet'P‘state with-
zefog one, or two units of anguler momentum and negatlve parity, (The
exclu81on prlnclple allows only singlet S, trlplet Pg singlet D, etc, 5
The 51nglet 5 final state does not conserve momentgmo The trlpletnp
fihal»state doés not conserve parity, } | |

Case 2, The meson is in a P orbit about the'deutergho; }ﬁm has.
negative pafity apd one’ﬁéit of angular momentum, -V}dy as ﬁefoges‘has
positive parity aﬁd one unit of spin, The initial sta#e Yiiy%_ has
ﬁéggtive parity and zero, one, or two units of tb%al aﬁgular:mdmen%umo
The final stabtes are the’same as in Case 1, and the transition to the

1

triplet P state of the two neutroﬁ system is permitted,
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VII TFIGURES -

Geometrical arrangement of apparatus

Flow diagram of llquld Nz and - gaseous D system, with detail ef.

. pressure vessel,

Pole face of spectrometer magnet, showing geiger counter and'dbuble

'proportional counter‘ar’rang‘ement°

Expected distribution of measured ensrgy values because of finite
channel w1dth :

Expected distribution of measured energy values because of radiation
straggling of electrons .

EYpeeted distribution of measured energy values because of flnlte
chennel width and radiation straggllng combined, '

i

Expected dlstributlon of measured energy values because of scattering

of electronso

Expeeted'distribﬁtioﬁ of measured energy values because of finite
channel width, radiation straggling, and scattering of electrons,,
combined, :

Comparison of theoretical distribution of measured energy values

" with experimental points from the hydrogen*mono=energet1c gamma.

ray, plotted on semi-logarithmic paper,

Final deuterium spectr’umo

Hydrogen run from which ratlo of Thigh® to "low" energy gamms rays
was measured,

Theoretical deuterium spectrs for various nen binding energiesg
"folded" into the resolving power curve of the spectrometer and
plotted on semi-logarithmic paper, with the experimental points,

Displacement of theoretical curves from "E, = 0" curve, plotted
against E,, The four points wiﬁh probable errors are the values
estimated Ey four observers by visually fitting the experimental
points to the "E = 0" curve,

Geometry used to estimate the measured energy of scattered electrons
as ‘a functlon of the apex angle of the pole face and the scattering
angle, For the 90° apex angle used, a0 = Q6 (App. B),

The function £(v) (App. B).
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‘18,

19,

20,

B

Universal'scatﬁéring curve P(x), TFor explanation seé App, B,

Lattice used to céléulate resolving power of speétrometer with
arbitrary apertures on.each side, Equal apertures give triangular

. resolving power as shown in Fig. 4,

T

The "f£" factdr;curve (App,'E)9

The high pressure'pumping system,
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