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: THE GAMMA RAY SPECTRUM RESUﬁTING'FROM CAPTURE OF MEGRTIVE n MESONS

IN HYDROCZN AND DEUTERTUM

Wolfgeng K. H., Panofsky, R, Lee Aamcdt snd JamesvHadley

: Radiation Laboratory, Départmeht of Physics,
University of California, Berkeley, California
September 26, 1950 -

Abstract’

37 mesons produ@éd,in an internal Wélfram target bomberded by 330 Mev protons in
“t 1fd-inch cyclotron are absorbed in a high_prgssﬁfe hyd?qgeﬁvtargetn The resuiting
CEnmma. TeY spécfrum isvaﬁalyzea outside the:shiélding of the cycluﬁrqﬁ by means of:a"
30 ﬂh;nhei eléé%ron-positrén pair spectrometer. The pringipal results éfeg 1. Ths
ZETLR. rayS'result}ffoﬁ ﬁwo”ccmpgting'reactiohszvnw +p=n + ¥ and n".+ p-* n o+’

Vn&~%VZB~.' 2. The ratio betwesn the n® yield to the single gemme ray yieid is

&

91 F .ZQn‘ 8.-The mass difference Between the 1~ meson ana the n~ més;n ié givé21 
L 10.6 2.0 electrén masées. 4o The 1™ mass is,é?ﬁ.ng 2,5 electron masges., Ihs
Larg@ mass difference between n~ snd ﬂé pfeciuﬂes the conéiusion ﬁhaﬁv%hé gnexpectéa;y
amall ﬁoztmaxffaﬁio is due to the small émouht.of mdmenﬁﬁm spasa availéble for 7
amission, It rather indicates that n° emissipn is slowsd dbﬁn by the ﬁature éf the
izgﬁpliﬁg"cf:thé n? field to the ﬁucleons. The experiment has beex repeaﬁed by"

substitusing Dy for Hy in the vessel. The result is that the reaction n™ ¢« D~¥»in

amd 1° 4+ D™>2n + ¥ compete in the ratic 231, -The reaction r™ + D= 2n + n” is shsaal,
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Prior to this-work the boSsibility for.proceese(é) rests of coerse on the bossibility

~ that the n-_mightfbe sufficiently heavier than fhe 1% to make the process_ehergetically
possiﬁle. évidence from digect'gamma ray production in a byclotroh farget bombarded
by 350 Mev pro_‘tbns4 points to the existence of a 1° of mass of tﬁe erder of the n~
rass, but the center of the gamma rey spectrum cannot be localized with:sufficient
aceuracy to decide the sign of the mass.difference. Cosmic fay evidence®® and
Jartvoularly tke obsereatlons of gemma-gemma 001ncidences observed frOm targets

| bomberaed in t}e x-ray beam of the Berkeley synchrotron9 have shown conclu31vely
“that a n° ex;sts.and.that it dlSlntegrates into two garma rays an@ thus cannot hayé
spin one, Recenﬁiy.Carlson, Cooper end King10 have succeeded invanalyzing positrone
electron palrs observed in nuclear emulsions exposed at 70, 000 feef in terms of
neutral meSOns.' They show that the observed energy spectrum.of such pairs'is‘eomnatible“
with their origin from gamma raye from a 1° meson of mass 295 % 20 electron masses,
wher'e only the statlstlcal error is 1ncluded-1n the mass estimate, Carlson, Coopefﬁ
end King also deduce the.mean life TV of the n° meson to be 1< 5 ijlom;% s6C.
Pfeliminary reports of the present expefiment11 Have qualitatively indicated fhet |

both processes (2) end (4) exist. "However no>aceurateﬂﬁaes determiﬁetion of thevno

was p0551ble and thus no very s1gn1f1cant branchlng ratio between the processes could
be 1nferred.v |

Thevevidence presented here exciudes any‘apprecieble'competition from process‘

(3).1 The reasonlis'firstly a theoretical ones It appears to be difficult to ﬂonstruct
a selection rule which would make double gamma emiss1on compete effectlvely with

slngle gamma em1881on. Secondly the double peaked energy distribution (see Flg. 10)

vof the emitted radiation practlcally excludes a two gamma process.

the details of the slow-down process of 17 in hydrogen have been discussed in .

considerable detail by I 1ghtman12 The significant sequence of the‘proceSS isg -
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"1, Slow down of the fasi weson by the <rdinary stopsing power mechanim i»alO”lG sec)

2 8low down by céllisions with orbital electrons of velocities comparsble with that

. P 5 ‘ . L '
of the meson (10717 zec). 3. Capturs of the mesons in an outer oroit leading tv an

- g 1% = . o - :
excited 1 - H  system”~, 4. Reduction of energy of the neutral n” - E* system to

.

tre lowest gusntun stote. This latter process principally is not radiative but is dus

¢ff the neutral system with bhydropon wmoleculss which leads by warious

. . N P - ) {* W B
mecisiisms ts f of an elastron, {10 Lo 17 aee i, o)

averull time Lo enter the I zhell is thue sufficientlv short

s
B
3

the n~p decay time . This is however truc only if the

lhls point hoz been verificd expericeantully (see

g . . ot o
Y COrTesDG ta o the ordsr of 107% to 109

ybiong as to ihs interactien,

conclade that at densities sporoximeting that of liquid hydrogsn

bat ot the order of 1078 of the secondary radistivms resulting from the capture

in H, result sither from absornticn of the u mwson from en inver shell or from
~ -
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+ie Geometrical Arrangement, The hydrogen system,

"he geometrical layout of the experiment is shown in Fig, 1., 330 ¥ev protons

nirouiating in the internal beam of the 184¢inch o

’ N . - . .. t e 1 .
1/2 ‘nch deap \parallel to the beam ) «nd G040 tuch thick {tr

TGS nnOS a5 YiGE tl"vr.\ -1-' Ay o by
D TAOE8N 3indsa Tne n (05 SERRC TR - S

Molfrae w

=
&
&

Larv weasurements on besm

that a heavy elemwnt fovors n preoduciicn, Hlsc

“tion and “scattering out® showed that & high density tergsht was desirasle hers from

the point of wisw of total meson wueid, Tirwlly, as 1atﬁr, the beskgrouna

is rrinecipally prod v seattered

troe hydvegan vessel, e Tri AL coattering At the anplass In Qu” stion
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is nry nnlpally dlf’raoblon scattorlng, heavy elements produce e smaller diffraction
angia,

The n” mesons enter the high presgure hydrogen through the walls of the presa ure’
ve'swl'shrwn in Fig. 2,. In order to produce maximum yield, the wall_thickness is
Zinited iﬁ,ordér thet the mesons absarbed'invthe hydrogen are those‘produced at a
”;;c?nﬁuly low energy to correspond to a rising portion of the meson yield curve
23 a funoction of me $on enengy. Such con31aeratlons llmlt the wall fhlckness +o

gm‘mng On the other hand a de“hlty close to that of liquid ﬁn'i" desirable
‘4. the caphure uﬁn' derations given above. The use of llquld Hy was not advisable
haré owing to.the_diffiéulty of cooling a-lpng'horizontel filliﬂg tube required by
thé gecmetry of the cyclotron., Ihe veééel shown in rlg. 2 operates ét a factor of
safety of abg?t 2.5 when ain tained at 2700 p.s.i. and at liqﬁid Ng temperatu;e.” Tﬁe
epesific gra§1byw? uncer theSe'conditions is .046. :The factér of éafety mentioned
above makes use ofvﬁhe appreciable incréase in strength of stainless steel at low
temperaﬁurels. The ouﬁér jacket is‘fed by an external liguid ﬁz Dewar vessél, The
bressure vessel is filled by an external oil piston pressure‘pump‘bfed;by;commereial
(£, dried and purified in s liquid N, trap. A flow diagrsm of the arrangement is shown
’im‘Fig.‘8. A similar systém’ié used for deuterium with oqftain:mcdifications te

vermit recovery.

III. The Pair Specﬁrbmeter.
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Since the expected pair spectra from processes (
sabisfactory analysis and algo good signal to backpround ratic réquires.a spectroumeter

with & large number of channels. ince the eounting rates in this eéxperiment ars

1y by Absclu e aveilsble intensity and wobt by errors introducsd by

e e . : 19
coincidences, ste., Golger ,cuntev" as used by Lawson seem ta offer the

fanufactured bys American Instrument Company, Superpressurse Division, Silver Spring, -
Marvland, ‘ ’ o - - -
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best solution to the multiple channel protlem, The geometrical laycul of the pair
sepctrometsr is hown in Fig. 4., The megnet has a useful gap of 3,5 inches ard s
maximun £i 1 of 14,00C geuss although for this experiment only fields of the order

of 5000 =~ 10,000 gauss were used, . ihe pcls riece is in the shape of e 90° triangle,

the hyveteause of the triangle being 3C inches. dihe pole is widened near the

convertar position iz erder %o impreve whe unifermity of the tield near the converter}

field uniformity is pat as essentis near the ¢ounters as it is near the converter.
There is no ~“€cif1c "cvaange to the choice of: 90 for the triangle apex angle;
e : : .

the aasle wes defineﬁ rrivelpally by arguments of size and weight, A 50° apex angle

»

2,

. " o R . . . .
{and hence a 507 defl ?c.iﬁn sngle!’) nrovides for first crder horizontal focusing

for particles cof the.é&ms grergy originating in diffesrent psrts of the converters

this iz aowever not en ecsential ~omsideratisn if one is interested cnly in the sum

of .the energy mf the two pair fr&gf“t N : ' .

The resolv:ng puwe r of = pair epectrometer of this type is essentially defined

by three fackorsy 1. Chennel width, 2, Multiple scettaring in the converter.
« B & :

3 Radiaﬁion3straggling of the pair menbers, A feature of the trishgular design is
the fast that the smergy width due o muitiniz scebttering is corstent, Tre converter

¥

ter tw. widthe spproxi mately

d‘

thickness has been shocen such that the combination of the la

cen only be ap proxiu%* Ty achiesed sirce the retio

matches the first.

by '

of the radistion error to the scattering error vories sg the vsir snergye. The choice

2

of converter material is not critical since veir conversicn efficisncy, multiple

scatterlng end radlatlon stragolzng only dgperd on the nunber of rsiistion lengths of

.

converter used. Tentalum converters were used in this sxperiment., ihe cheoice of

~

trisnguiar shape of magnet end She analysis of the resciution of sM'L % Menet are

due to Profescor Liwin M¢Millan, design of the pair spegtvoreter magnst

- was carried out by Herbert F, York end the mechanical anglnverlnb deSLg iz due to
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'RobertQMéﬁsérg the authors are greatly indebted to them for their contributions.
: Dué_ﬁo.the_high singles rates (abprbximatély 3 éouhts/sec) of the Geiger counters
'(Vibtoreen.tyﬁe 1885}.adq the low tfue pair rate (approximately-30.Q/hour),‘additional
sélection of events is né;essary. ~This is provided by.4 1argevp;opor€ional'COunters
(sge Fig. a) bécking up‘thenco;unte_r‘arrahgements_° .A pair event is %electeduby 8
éuédr@?le coincidéncé counﬁijn;phe propoitional COunferSg.this guadruple coiﬁcidénce
'opeh; a~gaté Whigh éésgeé'ﬁﬁe émplifiéd Geigéf.pulses into é recorder, . Tﬁis reéorder.'
consists of_so peﬁs @aik;ng vdltagé sensitiye‘paﬁer o£ a rotating drum, 'AAtypica1_ 
“gvent fhus %pﬁears.as fw&;doté inAthe apgroPriaté channels, vThé arréhgement §f.the' .
electronic combcnénts.ié sﬁéwn'in Fig. 5;. The cdﬁnﬁiné rﬁte is sufficientiy slow

to permit~thi§-ﬁeqhaﬁicél means of recording.' The proportional counter»éqﬁé width'

is 1,6 Ji-secs acbideﬁ%dljcoﬁnts.afe.eﬁtirély'negligiblez ﬁhe counting rate loss due fo
Geiger counter dead f&mé”is eétimated'a£ 1ess‘than 2 percent, -

,Thé magnet'is fed by a motor generétér set eiectr;hipally regulateds the magnetié :
field has been calibratéd’against the magnetic noment of?ﬁhe.prston;'duringAfuns the _>
fislds are momitored by currgnt‘rea@ings withfé sﬁﬁnﬁ anﬁ poﬁentiometer or with a
proton ﬁbment.appafatus'if the accuracy is needed;7;i  o

: ‘The seﬂsitiﬁity of & pair s?ectrcmeteruis ﬁéf;cénstént‘oyer‘fhe_enérgy'range
covered b&.thé insfrument. iThis,is dpé to'é)‘fhe'variaﬁiiit§lof'numberbof~§hénnei§'
availablé:fo ;écord tge pair fragmeﬁts of a'éiien\téfél_enéfgy, b) The varia#@oh
of peir p;oduéﬁién cross section with energy. ¢) The vériability of loss by
sdatterihg. It'can’be_shown easily that'c) can be neglected‘in tﬁis geome%ry. The

sorrection curve of.thé instrument . due to cause a) and b) is given in Fig, 6.
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IV, >Operaﬁipn;of'Runs,
Before everybrun the spectrometer is checked by using gamma‘rayg.direotlyl
' p:odﬁced in fhé cyclotron target4.' The yield of the direct gamma rays is sufficient
to,permit the plateaus of all counters to be checked with good statisﬁics;_ Also
all Geiger channels aré checkedzfor singles fates by removing thé:gate‘forméd by
the P?;portional>cégﬁtérs. ' The target and pressure vessel are then moved so that
ﬁh;;priﬁaiy tafget.is-wéli shieldéd_ffom the spebt;ometer and tﬁé-hydrogen vessel is
alignedeith ﬁhé éo11imatofs and the spectrometérr‘ (See ng, 1.) | !
Réadingé are mgﬁeﬁwith the pressure.vessel’either evacuaﬁed or pressurized wiﬁh
Hy, pr'Dz. If the vacuum runs are to represent the true backgrpund it‘is_necessary
.tﬁat ﬁo.othér process (e.g., scattering of pfotbns from the tgrget) préduces X/rays
inyhydr&gen; fhis.assumpﬁion receives support from experiments by Crandall, Hildebrand,
Moyer aﬁd*York?o;-indigating that the production cross section for gamma. ;ay produétion
| by bombeardment ﬁith 345 Me% protons.in hydrogen is less than 2 pefcent_of the cross
section in carson, ihis means that if é sufficient number of primary protons Wefe
.scattered into the hydrogen_tqypfodggejgammaﬂrays of significant iﬁtensity; thgn_
theleCkgréund due tb_gamma”gayé hitting the stéel véssél-wguld be:mucﬁ’highéro
it'fﬁerefore'éppears cerfain‘thgt the gamma fays dependiné on the introduction: of
the?Hé are not ﬁréduced by fast pafticle collisionévin H.. 'Thié srgunent is not‘as
éignificént in the casé of Dz; As é‘fufthér link in the qualitatifé interpretation
of thé'experiment_if was sh§Wn that no statistically significant gamma-ray counts
beyond'backgfound were produced by the.intrdduction of’Hé into the pressure vesse':ie
This‘ohepk was done.with reiatively poor stétisticsg a positive helium effect

in the form of a broad gamma ray spectrum of 10 percent total intensity of that

obServed‘iﬁ>H2 is not excluded by the data,
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The background has the genéral character of the gamma ray spectra cbserved by
Bjorklund, Crandall, Hoyer and York?* at 180° from the target. The background is almost
certainly due to protons scattered by the prlmary target onto +he steel J&C&Gt of

the pressure vessel and other parts of the cyclotron. J3he background is negligible

in the 1 O Msv reglon but” 1s of the seme order o; T'eaf_fﬂt,.c;zsa,‘t_ﬁl;u:r’e gemme

| rays in thé 70 Mev reglon.' 'w .

V; Gamma Ray Spectra from Hydrogen,

As can be seen ffdm the speptrometer response curvé (Fig, 6} it is not pbésible
tbvcover the eptiré spectrﬁm of the spectrometer with good_efficiency. Accordiﬁgly
diffefent-rﬁnsIWere méde with the spectrometer set with its central point at a3.single -
gamma ray peak, b) centef'betWQen the two peals to permit easy relative area
reasurement, and G)'“o peak. o

2. The high energy peak. Tae n” mass.

Figure 7 shows the spectrum observed with the snectroneter maximum set near the _
higﬁ energy peak. Note that the fno peek" also appear clearly.
| Since *the position of the Siﬁgle gomma pe;k gives & précise.measurehent of the
1" mass it is 8 mattef of considerable interest to analyze the observed peak esccurately
in termé of resolving power of the pair specirometer, Fig. g shows plctted individuélly'
&he resolving power curves due to the thrse pfiﬁcipal causes of finite resclving power,
The first céuse is the finite channél width, This gives rise to a triangular
resolution R, (E) of base equal to twice the chonnel ﬁidth,.which is 5,56 Mev. The

second cause is the multiple Coulomb scatbering in the converter. Ong can show

eesily that if (fe>-is the root mesen squere plene projected scattering angle st

Ox an electron of energy. of one ha;f the ~amma energy aft»r haVing passUd through

“the Ml converter thickﬂﬂss, then th~ ;racknnna; R M.S. error in gmmna ener gy is
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ro | | -
§ =5 = (VIde> /3 (s)
This gives a resolving power Ry (E) given by

-~

Cm a2
(B Ep)
Z'JEE.?

R (B) = o -9 S . (

o

~—?

' pl.j_tiédi'in Fig. 8b,
| The thifd.céﬁse is radiation straggling of the butgoing pair represented by a
resolving ?oWer»bﬁrve R, (B). Let, in the notation used by Heitler ot w(y)dy be the
pfdbability_that>the energy Qf’é single electfon hes decreasea fo o™ times its

!
initial value after traversing a thiqknésé t. Let W(p)dp be the resultent probabllity
vthat an.outéoing ﬁair fragmentvhas retained a fraction between p and p + dp of its |
%nefgy of fnfmatibﬁ.. W(p) cen be genefated by averaging w(y) over the-ccnvertér

thickﬁess. Let P(El,B)dE1 be the probabiliﬁy that.a pair Tr;gment have an energy
;befweenvﬂl and B, + dml for a total pair energy B. 1t>can be‘shown that the probability

RETAL that the resultant palr shall have retalned a fraction between f and f + df of

its initial energy'is given by

ol .rfdf=df ' w-‘ :
. L( ) - El (L)V
_ o (1 £) |

Hara E and EB are the valy fragment energy llm ts defwnpa by the spaskremeter,

B )n (7"

I . : ; . , A

[iis integral has besn evaluated using the fcrms P{E,, ByjaB, =

{.2.:

E:F snd

Y P lea . X - .
RESN g.m/(; - p) " where ¢ was fitted to the computed radiation curvsz. The resuih
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>éhow3'that3£he resolving power has the approximate forms
. - 1 .E}é E,' . ‘ o
(Byr E) :
: (8)

=0 : E>E

Ny

This is plbtted-ip‘fig. 8c‘for a‘é ,92; E35= 15é_nev. “This éér#espgnd;rto 8 .620 inph"
tantalum.fadiator,7 ‘The fhfee r¢so1ving powérs are then bombined.nﬁmerically:by & |
successive‘folding’ précéss;'the resﬁltant curve is shoﬁn in ?ig; 8d,

-
»

A'Fig.‘é shows Eoth the final’resoiving,poweffcurve aﬁa the ex?erimental‘daﬁé
supérimppsed to give optimum fit. A logaxithmio*sdale'is chosen for ;ba'i;tensity1to.
permit sat 1sfactory normallzatlcn. It is observed that the flt 1s qute fé Loy .

It is estlmaued that the probable error in f1tt1ng the curves is E 8 gercen+
The remalnlng errors deal w1th.the establlshment.of the'energy scéle.

'fhe.magnetic fiélﬁ wag monitoréd continuousiy during'opéfaﬁion by heans 5 a
mégnetic‘moment of the proton apparaﬁus. The probable error in megnet vfleld measures -
ﬁant of = chosen reference point is estimated at I ,03 percent The,ﬁagneﬁic field was -
mépped with a Pllp 0011 accurate 1n.relau1ve measﬁre to an accuracy of W1 percant ”
~ prebable error, Traaéctorles were laid out to determ;ne the-smal,_ccrrecﬁlons_fcr
fieid-ﬁbn—uniformitxi' It isvestimaﬁed that the error due ﬁé ugcgrtainfy.in
. trajectbry layout is 1 .3 pércent probable error, iTpe geometry was laid oub
accuraﬁely’to .l percent'probable error. As a ;esult.thé overall probablé e%ﬁ&r
is & ;é percent, the.prinéjpgl contribution being the'éc§ura§yvof curvelfitﬁing;

e thus obtain : o :
Mn»v= 27542 i 2.5 electron masses

A more accurate measureﬁent based on this method i planned.
* The "£o1d" f(x) of two functions g(x) arnd h(x) is defined by F(x) e-"[ g(t»r)h(**)w
. . - - T . o ey
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The excellent agreement. of this result with the photographic work??“”23 confirms

.also the argument that we are in fact observing process (Z)p
b. The low energy peak,
| fhe spectrﬁﬁ in the neighborhood of the low energy peak is shcwm in Fig. 10,
The reagolving power at this energy is principally defined by mu1ti§1e scatfering of
the pair frﬁgmehts, The_resol#ing power is again calculated as above and has been
plotted in Fig. 10, Note.that the resolutioh is §ufficientﬁto assu;; cha% the width
of the curve of Fig, 10 is reai,rather than instrumen_tal° Experimentally ﬁe take the
lower and uppef limits at Wy, = 53.6 % 2,8 Mev and Wy = | * 2.8 Mev, respectively.,
the probéble errors are estimated on the basis of the uncertainty in fit of thesa
computed cﬁrves to the etperlmental data,
Analysis of the process
T o+ p-#-n.+ n° _ | (9)
L?x' . ’
is oabed on the following physlca’ plcture, Since essentially all the oﬁserved
.radlatlon results from n” mesons of 1n1t1a1_velocity ﬁ'azl/137, we caﬁ assume that
tha kinetic energieé of the n° plus that of the neutron fn.process-(Q)‘are essenfial}y‘
vequal to the.mass,&ifferencaé inyolved, Since the Doppler wiatﬁ of tﬁe emitted éammé

ray is proportional to the momentum of the n®, the following equation can be deduceds
1/2
2(n= + Mp)Mn a
(o, o)

£10)

5 =A.+ (Mn’_m A) 1_.[1-

where : ot

Here 5‘1s the mass difference between n™ and n qlk is the neutron=-proton masé
i:fference?® and AW is the width of the peaks & ~{\depands thus essentielly on the

"
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width of the 'peék Jof Fig., 10,
It can easily be shown statistically that the eipected.distribution of ¥ energies
iz uniform on an éngrgy.scale between the two Doppler.limits. 'fhe sum of the lower
and upper limits of the 'U# peak represents the,total relativistic energy of the xOs
it is thus equal to the 7~ mass less the neuﬁron—proton mass differeacs and the neutren

recoil onergys thus if S.1is the sum of tine upper and lower spectral 1imitsé

- |
1 (AW "
8. -D-F -—-————‘M 7 (11)

Fige 1 shows graphically the relation between the energy limits and the masses involved. -
“ne crdinates and abscissae of Fig. 9 are VW, and W,, the upper and lower limits

o

respecsively, and the measured values are indicated,” Lines of Comstant n® = n° mass.

 &iffsrence (§ }'aré:préctiedlly~of the form W, - W, © cghst‘g'while lines of constant
1~ mass are cf the‘form Wé.+ W, = cbnst; Both thesse functions.have beenAplotted;Fin_
sddition to the lineé of constant n° mass. The measured values of W; and Wy and their
.Irébable errors generate an'eiliﬁge:of error in the Wé « W; plane which is givén here.,
Lineedingly | | »
| 4 . | B
S A B¢ o, 4 21,0 Mov = 106 £ 2.0 cloctron massss (12}
- Jrom the diagrams
"Moo 155 %4 Wev < 265 1 8 electron masgsé ,”
Uﬁing the mass values determinéd above for the %" mass, Eq, (12) leads to the ﬁ5’hass::\'
Mo T 26446 1 3.2 eum.
Furthér‘re&uction;of the probable erraré of the n” mass is,hoﬁevéryénﬁicipaiedzg;f
ER Brénchiﬁg ratio between n° andla'emission. | | .

A run was made with the peak of the pair spectrometer intensity curve located

a* 100 ¥ev. This gives somewhat poorer statistics on either the low energy cr the
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Hiéh é&%égy‘béQKS“bﬁt_permité'a ﬁéaSﬁrémént"of’fhe”branbh{ng"ratio. The resulting
carvs is shown in Fig., 12, Flg. 12 also shows = rectangular proflle of area equal

to the total 1nten31ty of the low energy group and of Wldth equal to the width of'thev

low eqsrgy peak in F;g. 10, Con51der1ng the pact th&t two photons are emltted pe;
ncvdlélnzﬁgr' tion we obtain a brachlhg ratio of
f;u
PF

'The probahie error quoted is due to the statlstlcs of the data and a reasonable

= .94 % .20 e Coo o (18)

allowsnce for the uncertainty in the spectrometer sensitivity curve, In interpreting

this branshing ratic it should be noted thet, from Fig. 10

. L ] . !: « ‘ ] . ’ l. '. v ! . . ‘
e e . Mﬁo S 023 & W03 . . e ,"(14) .
gives the momentum of the n® in process (4)e . .

d. Ehéfé&uéigﬁfabﬁtioﬁ>dfuﬁaif fragments,
The pair fragment energy of “he pa;rs enterlng 1nto the gemma ray spectrum of
?ig, 10 hps been tabulated as a check on the pcrformance of the pair spectrometer,,,

Alinggﬁjﬂthe-statistics are insufficlent to}provide data ofvinterest«to pair theory,

it is v 1’ rant to show that the probablllty of division of & pal*‘ﬂs essentlally

taﬁf £5 a functlon of the dlvlslonvpercentage 1, Flg, 13 shows a graphlcal
rgaresentat*on of the number op palrs of fragment.energy E- and o plotted as a funetlon«
,f the division fractlon El/(Eﬁ + Ez). The 1nstrumert does not perm~+ reﬂordlng oL 

all possibie division,ratios, since (sea Fig. 4) the counter arrangement does not_reaah

to the convefter and is 1imited in radial extent, Accordingly the-scaie of intensities

l'_zl -

of : g AS *s welghtcd 1nverse1v to the gamna ray energy lnterva* which contr¢batns

£

Yo the partlauLar a1v131on retic, D1v1s1un “atlus are glven only 1n the range

oo

C.E:/(El i By )L d. It is seeﬁ-that %duhin st flﬁtlvs the dlbtrlhdflon isg unlfcrm

as theors ticaily prediﬂted
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VI. Runs with meterial

or deuterium,

s

cf these :narlmnnts hydrogenour compounds are usdt An

Iﬁ the béginf

Alace of the'highvor srure Hg vess el The pair snectrometer ussd had

.
¢

chinrmel 30 percent wide but the instrunentation was sufficient bto shew the praserce or

A

zaswe rayv vield within c@rt?

“Let © o= fraction of 4™ sbsorbed whi

served 1nten5111<o are

.

Ty
e

Voo e b ad ey d
i OG0 0RI RGO

o= fraction of n” ress
T A, ~© abscrbed ultimately on a proton,

X:ray Sxnected Count ’ . Ohgerved Count
energy c/ﬁr c/hr

Absorbing

Mev 500G Cx2

le
)
payl
)]
—
Y
n

’ L¥H* - 135 Mev 1860 f G

o
jo
=g
4]
(o]
e
i
@
<.
)
0
<
2
N

e #

e Mexpected count' was computed Iro

2

evaluatLon oL the geonetry and tha

The calculaticns wers checked by observing

C 4 ‘ e o .
from the target™, The exnected count is estimated o
faetor of 3, e can conel

It is thus clear that the

S ~ B 1 s
chint =« grecial weochanism
e o 1 11 o8 Cnece o T e Y e 1N i oar oot
CEPRTNEE BE O O¥ LR nce 4N Tes0N 1 ¢ [SY A Lid 20X [N RAIHS
. - . - o LA - N
vald il t, the aiom loces its elscoru and nence L Lile-Time
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of the resuvlting axcltaa 1" - H system foward radiation intc the K shvz; is long
,' .1“ S LT | RIS - . - R . . .

covoered fo “the collaalon flm? wltn cthﬁr n401613 duvlng the callisinﬁ ¢f the n° -~ H

pon sl ey ; :
system with a heav1er nucleusq the probab1¢1ty is 1alge that the n”‘be vapturod Ly

the heavier nucleus with the.cogse@uenb’production of & -nuclear star, rather thun &

)
¥ ray. Approximate o5 thetes of the value of £ have been made on the basis of Th*ﬂ
;”{Gwzgu'm'xg“'” . el . R o R
mechianism and arse n0u_1ncons1stent with *he obgervations, ' .

¥ . . . 27 Ly o4 ek _—_ e el o
heon : suggested by Barkas®' that ° emission might compebe with nucleue

stars iinduced by a” capture. This'is energetically possibléaif the mass o1 the

oorturing nucleus (8,A) is.less than that of the resulting nucleus (“ 1 A) by less

} than the.n” - 1% mass differencey § . Inparticulsr 1f the COITabpondlng B t;an tion
(8-1)~-%2Z is allowed, the ¥ rays from thevdisintegration of thé‘nesulting:uJ might
be-observable,  ~This. uOSS¢hllltJ is now: being studlea._ A:specia17case in-thié.élasg
vig abscrptichgin deuterium, studied ﬁheoretically by Mafshak ang his ua%crkeszgg

wae ghall discuss the process in the next section,

. . . . . .

VII. Absorptwon in deuterium.

'i<>"~ .

a: Dis cussvcn “of the process.

he absorntlon of r” mesons in deuterium can 1ead tb processes ana-nbmus ta thoss
outllned abOve, in aadltlon to »ure: hnpvy parulcle eml- sion in fha f'rm'of-tWO 12Ut FOLLE
e uon51der thus Ehe proress s ’

4

i

o . A

2" + D = 2n (187
: n” 4 D ~yin o+ _ {(i6)
n” + D —»ika%‘no {17

p‘uCGS (15) w1l‘ lead trnrwpznevgﬂtlv n@utran>, At fiy st qlghf one m:gh expec%

- ‘ B N . .
tuat prooeN (LG) would leed to a wery broad 5” ray spe»tru Thls is arTua 1y not 5o,
v K ‘ . o i : v

oince 1f EhP 8 ray has low energy the conservation laws aremsatisfisiAonly'if the

neutrons are emitted pear1y axact y it opposite dirsstizas,.  Consequently largs



UCRL~614

-1

¥ ray energies will bé favored. Onme ban show easily that, in the absence of anguler
orrelation between the paiticles, the U ray distribution is given by

"
Ve

, e 1 o |

| ? , NydE = VW, -8 .+ E°aE e

where Wy = u o MD - zmn & 1/4 —== i the energetic upper limit,' (See Fig, 14.)
. ﬂ%c : -

'-”gctuﬁllyiweiﬁhall~see that the~spectrum'is,§tillfoonsidergbly.narﬂo%éré~‘

~ The speotrumgof_prooess (17) is expeoﬁed again»to 1ie?petween bougdariéé*&efined
by the Dopnler éhifé of fhe‘moving no;" Due to'ﬁhe'exérafégeréy:féouifed'in dissociating
uhe deuteron. the peak is expected t0o be narrower. U31ng the above . value for the »Y
massy the kinetic energy of the RO is anoroxxmately 1.9 # 1,0 Mev, Process (17) is
» éﬁusvenergetlcally permltted nomlnallv alt%ough thehniumoss accuraoy is not buff¢0¢ent
>.to establlsh this fact beyend reasonable doubt - w-—~~'~«~ [
. o) Experimental results.: .
”mTwo.oxperlmenoél runsron douterlom were performed in the 1dentlca1 geomptrybﬁreésure,,l
temperature and’ spectromEUer setting to the conditions under: vwhich the hlgh energy spoctrum
55 Iﬁ;méﬂég;;£i;£ of A~ in H2 was faken (Flg. 7) Accordlngly we ' lbel safe in compsaring
‘the yields of the two ‘processes by assuming that the same number of n mesons reach thb.
K shell in -bhe - two cases for & given proton bombardment of the orlmary target 'There-
nght‘be two ouallflcatlons to this statement: both with H, and D, we are dealing with
'_the same number of electrons/bn and thus comparable stopplng powe;. The tim required

e s

tn reach an outeo Bohr orblt is thuoyldgntlcal in the two cases, Howéver the tlme
reqoLfedvforitfoos¥£1oo to ioﬁer gtéﬁéQ dopeoos 05*5511ls£55 orooessoolz' *he SLtua vion
hore is tbus\gqt quite identical in the two cases. Furthermore poosible capturs frcm>f
anmorbit other‘than an S orbit depends of courée on thevopd‘product in the process
in,guestion.

An experlment was carrled out to dthVﬂlne mhether an appr601ab e numbe“ of n”
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masons were lost by nuﬂ decay before raaching the K shell, If the life tims of the energy

reductlon process by collléon were comparable to the nTP decay tlme (contrary tc the

Acalculatlon by Tightmanl‘), ahen the yleld of ZJ ray from HB would fall off mors

'

raoldly w1th reauced den51uy than the density 1+se1f The following. tebls (Tab&e 11)

shuwb the Jbserved ks ray 1ntens¢t1es et the usual operating pressure((2700‘pSi) and

at reuuch pressure. .
- Table II '

. .- Tabulation of the relative EJ-ray yields from Hy at 2700 psi
i .. - and 1300 psie Intensities are tabulated in terms of counts/
' minute. Total quadruple coincidences in the proportional
“ 4« = - counters total number of recorded pairs, and the pairs
con%spondlng to the high energy p@ak only are tabulatea.

Intensity in counts/hinute

2700 psi - 1300 psi | Ratio
) . . 1 R

| Total number of .
- quadruple coincidencesl  .853 ¥ 033 . .523 I ,042

2

b]

4
]

n
w
Y +
[ ]

o
BN

Tgfal number 6f3’rays 1 :
027 . 1.60 & .25

recorded on muxtlple .302 & 021 190 &

channel unit. -

er&ys recorded in T T
the high . energy 213 F ,013 .121 1 ,017 1,74 % .27
peak only

. C

Dénéiéy‘7“'f C - ‘ 046 028 - F 1,85

Clearly no 31gn1f1~ant non-linear décrease i§ observed, Accordingly we cone.uds

-~

'Eh t in agreement with ngntmanl , NG s;gnlflcant Reof Jose ogccurs and hence the intensity
7comparlson %etween H2 21 D, J7 yields are valid, The evidence for process £15) thus

re Qts on e good quantltatlve ba51s. A separate experiment in prog,ress29 alzo tentatively

a1 :‘r.

conflrms the existence of fast neutrons cor related to the Dresence of deuterium



"in the nres sure vessele

""" 'The. 'spectsfum “vorresponding to *the spectrum of Fig, 7 is shown in Pig, 15, The

first concludion is that its spectrum does not conform to the momentum spacs function
pYottedin Fig. 14, The reascn is that the two slow newtrons involved sannob be

considered free but will interact to favor a small relative velocity between the

néutr%ns.” This will result in a spectram péaked toward high energy. The effedt ic
. ~ e 3 . ot PSR PUPIPR2
analogous to t1e high energy peak cbserved in the s~ peak formed in p-p collisionms™ g

Lt

there the'n-p interaction favors a high m energy. The low binding energy of the

S e e B e im N N . . . : . e . - - o )
deuteroh will also favor low relative welocities betwsen the two neutrons,
3Thé’séc6nd'result”is the apparent absence of the n% peak. A separats run was

nade” w1th the snectrome er centered at 70 Mev in order to place more rigid limits on

the n¥ intensity, <The obse rved counts are tabulated below, Since the Hy spectrum shown
o TRE e Tl : [FE— - s s : ' . ~ o
in' Fig, 7 wds obtained under comparahle conditions we can directly compare the ) ray
¥7e1¥s, ' This comparison is given in the table below (Table III ).

AANLEL e e Table III
: : \
" Sunmary of rolative 1ntensvt1es of various processeo obtained as.a resu;+ of
. T capture in various materials, Tabulated values are given in counts per
' minute, In the case of single ¥=ray processes this represents the countLrg
rate of the spectrometery in the case of n® emission it represents Z times the
- ospeetrometer rate.  The "two fast neutrons" count does not represent direc
observation but only the intensity infsrred by balencing counts between
hydrogen and deuterium absorption. :

oo T T L H D
Particle -
:E A RO . . 46 f 08 g/h . 0o ;020 o
Single: & J470 7,046 o/m 276 1 034 ofn
two 'fast neutrons B S et

mn
[
[}
~
in
i3]

The intensity of the fast neutron yiz1d {(vrocs enly inferred fiwmm the

intensity balence with ‘fdrogen ‘and does not represent direct observation.,

’
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VIII.' Conclusxons.

e q
[ R N\
f

In a cualLtatlve sonse the Leqnl+s reoorted here confqu some of the already

§ v -

reg sonably Well estab11shed facts cone ernlng 1 mesonss ,1. The existence of the

.monochromatic high-sner Ty peak from hydrogen proves tbau the n~ meson is a boson,

10

RV

s

g o e B, . Cep e o
2. A n’ meson exlsts and it di 51nte£rahes into two photonsy it thus must be a spin

0 oartﬁcle. 3. The E ectrostatlo self crprgy or other causes make the n” heavisr

o . . RN

E ._-.'.< PR

than the n by about 11 eléctron nasses. 4. As long as emission of the n® sould be

in an S state onlv tﬁéfﬁgzand 1" must ﬁé part&éles qf'ideﬁticél périty propertieg:
ACon51der1ng the Iarge klnetlc ensrgy of the n° emitted in pfé%ess (4), this
'f;éﬁgi;sion is no;l&nger rigorbus;

A évan;ltgflve resul+ ;£1Ch mlch* permlt 1nterpretat10n at the 5rééént time
:;s‘the.grénchlng gé io between n® and aﬂ'emission and the ratro betweéh 20 and
emission in deuteron bapture.” By elémentarygnatioﬁsumeﬁons are strongly coupled to
hucleiawhile photons,aré weak1y coup1ad§ therefore a branchlng ratio close to uni ty
séaﬁsﬁpaﬁ&dOXicél;ﬂSince.the n° phase Spaﬂe'factdrﬂfigiﬁ,asflarge as 1/4. Pro@esses
&QﬁLgnd;(é},are”éSsentially the‘inverse of photo meson érpductioﬁ and:gf "sharge
:exchange \scatter;ng 6f. n ‘mesons on nucleons, By a detailed.balanglng argument.the
aratiolef*croaS section fér such processes would be of the order of uplty. Actuzlily,
at hﬂghhgnergieé, it appears as if the ﬁhoto.production cross sections for-mesbps are
well below;nuclear‘iqteraction grosé sectionsﬁ_of.mes:ons;;Z Thig argument is of soﬁrse
WEékened;by.the fact that the energies involved invphé daytu;e experiment and the
_invgrse;processes;mgﬂtioned are dissimila?.

‘Aivéry gng}ogoushdifficulty“appears-in the éa;e,of the deuteriwn results,

Process (15) is essentially the inverse 32 msson production in like par?ielé »ollisicns

and:processk(laj:is essentially the inverse of the shoboproduction of ﬁ“mesons' 5

zh sm&l]@r cross section than fhmf~
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production cross oectlon in llke na%tl 1e COlllSlOnS. Again & dependence of the '

. : W 4',—‘ g . . DA [ e
hiph ooy ;""-_ o ,v,1 Soar LIvE T ‘_ .o B o f . Lot P A IR R

matrix elements on n energy could remove the cont;adlctlon.
AL RN LA EA o . : S oo : . R
A ueflnlte result whlch can ba deduced from the 1nferred prnsence of the fast
T S Wk . : v ] ) ;

neutron yleld is the f&uu that uhe n” 1s“not a soalar partlcle. Thls is clear since
tbe process

Ve s ﬂb_H_ + 3D -———~—~—>1 "an . . o ' . (19)
-0orpolv ; S S (84 U'P .

vidlates either. parity or angular momentum conservation for a scalar n”, - Capture
from & p-state might weaken this selédtion‘rulégfh¢WéVer calculations by Brueckner

°1‘1nd10ate that the 11fet1me for radiation from a p orbit is very short

and Watson
comﬁared“to‘the~capture tine so that this effect“can be neglectéd,
‘Thie absetice’ 6f the n° peak in the case of »~ ‘capture by deuterium is not

surprisiﬁé;‘ﬁTf{théﬁnq‘and n° are particles of equal parity, then in thé process

P "t ¢ D=z o+ 2
S-orbit. 34 - 3p . . Pewave

‘both tﬁe 2° and the two neutron§ musf be emitted in odd states of engular momentum as
vindicated, in order to obey conservations of parity‘and angular momenﬁum'and fhé‘.
-exclusion princi ple. This effectS? produces a greatly. retarded yleld at the small n°
énergy available, - |
Direct calculations of the branéhinglratio based>on variouS'combinations of vectqr.
Cﬁarac#er and coupling have been made by several autﬁorsmgszo The férﬁal perturbation
&icﬁlé ions show that the number of p05510111t1es of meson character and coupllng
is greatly reduced bj the results of this experiment, In fact only a pseudcscalar
mason for both n° and »” meson gives redsonable numerical results. |
It has been shown gquantitatively by Brueskner, Serber and Watsonsi that the

veriability of the matrix element predicted by the comparison of branching ratio measure-’

ments reported here with the inverse processes is subject to experimental check by
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ﬁ%&éﬁ}éﬁgﬁts of the excitation function of meson production in p-p collisions.

As'a Tﬁfﬁ%éfﬂgéﬁafk‘iﬁ ﬁight be mentioned that-there exists here of course no

R
p051tive proof that the n° mesons observed here is 1dent1cal w1th the 1° observed as

produeed~by nuclear 00111s1ons ’10 and photo productlonl?, but the inference

sppears. justified.. .
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Figure Captions

Fig. ls Geométrical arrangement of n” capture éxperimént.~ 1~ mesons produced in a
primary wolfram -target ' of thé 384~inoh‘éYclotrpn“ére:captured”ih’the Hz
pressure . vessel. The resultant gamma rayé dre collimated and leave the

Jy%ioﬁfén shielding through'a.hble'taperiﬁg<from 2 inches to 3 inches in
diﬁmetarg “THe ggmma rays are then.analyzedjby‘a-pair SPéctrgmeter.'

Tl Lo 'Hféﬂwﬁré;sﬁfe.ves;ei ﬁééd-fé% ;Esofﬁtion‘of‘ﬁg and~D2.‘.Thé'vessel‘isv'
cbnstrﬁcﬁed of - stainléss’ steel machined: ss indicatéd.  The'ldad. is carried
.by'threads»with the weld serving es a seal only, The outer stainless s%éelt
liquid Ny jacket (.,010% thick) is soft solderéd‘x_&o-the thick portién “of the

main .vessel,

[E9]

ty. 3, Flow diagrem of Hj pressure system. Hp, purified in a liquid Ng}trap, is
admitted‘intbvthe pressure chamber adee‘pump end at tank preésure.. The
pressure is then raiséd by displacing«the Hy In thé-preséure chamber with
0il pumped as shown, . - . R

Mige te Ouﬁline diagram of pair spectrometer. .The converter, Geigdr counter array
,éﬂd‘zhe ppoportionai»counters are shown, ' Note the geomeLry bfvthe-pbie plecs

to give a uniform field in the area of the converter, B o .

5. Block disgram of electronic components. T

Yie 6.  Multiplication factor to be used to reduce observed cotnting rates tc,gamma'

ray intensity, This Tactor arieés froms a, variation of pair production

2 given total pair énergy zan divide,

flie Te Peir snectrum of gamma rays produced by cepture:of n” in Hy, Center of

spectrometer set near
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furves showing the components of the resolving power curve ol the spectrometerd

a} Resolving‘power'due~to finite channel widt

b) Rosolv1ng power due td multiple scatterin» of pa;rs in converte

sy
;

) RGSOLV1HV power due to radiation stragpllng o“ outg01ng palr,

1 "70‘d" of a, b, and c glVlng uotal resolv1nv power,

~ Pair spectra of gamma rays from the process n- 4 H>€>n + br/plotted on &

1

1
A

Q‘n

X %ithmic scale. Plotted (solid line) also is thn ~Jmeoretlcai resoiving

power curve edgusted for best fit, The'origin of the resolving .power curve

marks the energy v@lue of the gamma ray on the abscissa of the pair spectrum.

Pair spectrum of gamma rays presumably due to the process n +.H——§n + n°~ﬁ>
n + 2¥. Plotted also is fhe theoretical spectral shape assuming that the

spectrum lies between the limits of 53,6 Mev and 85 Mev, The estimated
L

probabie,errOrs of these limits are indicated,

Graphical representation of the relations defining the meson masses in Terms

of the lower and upper limit of the spectrum of Fig, 10, The ordinate and

abscissa afe the upper and lower limits respectively.. Flotted bn’this graph

are: a) The eXﬂerlmentai values and the probabLe errors cf the lower and

upper limits. b) The ellipse (a ¢ircle 4n this case) in ﬁhe coordinate

"1\

plene representing the area of 50 percent probability for the guoted masses,

c) The lines of constant n” mass. d) The lines of.constant n” - n” mass
e ¥ . . e i O {
difference. o) The curves of constant n° mass,
Pair spectrun resulting from the abso r,tlon of n mesons’ in hyd*o ren, The
centor of the spectrometer is sel nesr 100 Mev. The spectrum clearly shows
. e

the separation between the processes (2) and (4)., The branching ratio

between these reactions can ©e derived from this spectrum.
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2. Bnergy distribution of pair fragments., The frequency of occurrence of a

given energy division is plotted against the énefgy fractién 31/1E1'+:E2);
the meéasurements 00v§r the range .Z'C,EL/(E1A¥ Bo) < o8 The ordi#éte does

not represent the actual count butris:divided by'the\gémma ray.eﬁefgy;interval
sontributing to‘fhe particulgr divisiqn ratio-interval; Iﬁ is seen that the

distribution is unifiorm within stetistics,

o iR

e ]
it
Cr
<t
]

£ the function giving the energy distribution of gamme rays from the

process n + D=>2Zn + ¥ for a constant motrix element,
Pair spectrum resulting from s~ capture in deuterium. The spectrometer center

is set near 130 Meve

.
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