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THE G.AliMA RAY SPECTRtJM RESGLTING 'FROM CAT"TURE OF' r!EGJ:TH'"E n UESONS 

LN HYDF~OCr:N M.lD DEUTERIUM 

Wolfgang Ko Ho Panofsky, R. Lee Aamt:dt and JamAs He.dley 

Radiation· Laboratory, Department of' Physics 11 

University of Cal ii'ornia, Berkeley~ Ca.l:i.fornia 

September 26, 1950 

Abstract·· 

l! ~ mesons produced in an internal wolfram target bombarded by 330 Mev pr.:;.tons ir~ 

--l.,o, l84-inoh cyclotron are absorbed in ,a high pressure hydrogen tarr;e+. o The rcs,;;1.'~-.ir.g; 

;;f.':.r1'.!l:.a ray spectrum is analyzed outside the shielding of the cycbtron by means of a 

E• .· .. ::-.. c..ruieJ. electron-positron pair spectrome~er. The principe.l results arf.J: l. The 

::;!:lr.;l~tt:. rays result from tv.ro.comp~ting.reactions.: n + p-+r.. + "t' and n'· ..;- p---+n + r'.r,-~ 

·,-: :._;, 2 o o 2. The ratio between the n° yield to. the single gBmma ray y::..Ald is 

. 1 0 ~ +· ..., 0 , t ;j Th = • ',.,r;r.: "' + 2 5 l t . '--'~.f."" on ~ c;. e~ec ron masses. ±o 11?. n rnas.s :i.S . .;;to,c; .• ·o• e eo -:ror... mG.sses • 

. arg;: mass difference between n- s.nd n° precl;;.-des the conclusio:r.:: ·that: +~he lmexp9Ctedly 

3IT!8.1'l n° to<)'": ratio is due to the small amount of !1'!-omentum spa.oe av-ailable fot' n° 

emiss~:mo It rather indicates that n° emission is slowsd. down by the nature ;:,f th-s 

. :;:·;;!pl~:tg· of the n° field to the nucleons. The experiinen.t has bee:ri repeate,i by 

':i'i.l.bstit.u-:;ing D2 for H2 in the vesseL The result is that the rsact.io::';. n"' -!· D ~ 2;'1 

-m·:1 n= + D~ 2n + 'tr compete in the ratio 2~1. The rea.ctbn n~~ + D~ 2n + 
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Prior to this work the po~sibility for process .(4) rests of course on the possibility 

that the n- might- be sufficiently heavier tha."l the n ° to make the process Eine rgetically 

I possible. Evidence from direct ·gamma ray production in a cyclotron target bombarded 

by 350 Mev protons4 points to the existence of a n° of mass of the order of the n-

r;ass$ but the center of the garmna ray spectrUII'j. cannot be localized with sufficient 

acr;urs.cy to decide the sign of the mass difference • Cosmic ray evidence 5-8 and 
·'·•. • > 

particularly the observations of ga.mma.-ga.til.ma coincidences observed from targets 

bombt:>.rded in the x•ray beam of the Berkeley synchrotron9 have shown conclusively 
~ j • ' 

that a n° exists and. that it disintegrates into two ganma rays and thus cannot have 

spin one. Recently .Carlson, Cooper and King
10 

have succeeded in analyzing positron-

electron pairs observed in nuclear emulsions exposed at 70,000 feet. in terms of 

neutral mesons. They show that the observed energy .spectrum of such pairs is compatible· 

with their origin from garruna rays .from a_ n° meson of mass 295 ! 20 electron masses, 

wher'e only the statistical error is included in the mass estimate. Carlson, Cooper 

. .,... ,) ·-14 
and King also deduce the mean life"\ of the n° meson to be 1 ( 5 x 10 . sec. 

PreHminary reports of the present experiment11 have qualitatively indicated that 
·l.• ........ , .• 

both processes (2) and (4) exist. However no accurate mass determination of the n° 

was possible and thus no very significant branching ratio between the processes could 

be inferred. 

The evidence presented here excludes any appreci.able competition from process 

(3). The reason is firstly a theoretical onea It appears to be difficult to construct 

a selection rule which would make dcuble gamma emission compete effectively with· 

single gamma emission. Secondly the double peaked energy distribution (see Fig. ~0) 

of the emitted radiation practically excludes a two gamma process. 

'l'he details of the slow-down process of n- in hydrogen have been discussed i:ri 

considerable detail by ifightman12 • The significB:,llt sequence of tt.e process is: 
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1 '"'1 d r th f' · h ,_ · · t · ,_ · 1 • ~1o- 1C ' • ;j ow own o · . e _r:.st. meson .-V 1;rw '>1·u1na.:r;:v s op~1.ng pov1er rn.eC11e.:rusE< ,-, sec.). 
~ v 

2. Slow down by collisicns with orbitEd electrons of velocities compare.ble with that 

; f t . I ·1o-12 ) n ne meson. ~""' . · sec • 3. Capture of t:1e mesons in an outer; oroi t ·leading to an 

- ·. t:r'~- l ~~ P.Xc:l. ted rt - ... systeJm ~ , 4. Reduction of energy of the ne,:utral n~ - r.:+ system to 

ti'-f< lowest quF,mtura ttote, This latter :process principally is not radiative but is due.• 

., 
S\:..-.,. ) • 

V''>-.·.~ .,_~ .. +.·. '1',· ....... -;_,_·,'·' ·.r'. l_. ".·. •:~.·.r . .-t.·} ~:1 (., ') ...-·~·.;· ,..., r, ~- i""··"~ {~ 
- -' .. "'' ..: J. \) ~! ... : ... ! ._,_ ....... ~ 

··:;.;; ·:::ln .·i·)·;c:-.;dc·r:o -:,oncl·.lde that at densities rpproximating that of liquid hydrog"'n 

_n ... p dece.y; the n~p decay branching :: :c sm:::>.l1. 

tion and ~~scattering out" showed that a higJ: .. den:;;i ty ttcrg~t; was 'iesi;·,-.::::;le her-: fr;om 
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i.e pnacipally diffraction scattering; heavy elements produce a smaller diffraction 

angle. 

The n~ mesons· enter the high pressure hydrogen through the walls of the pressure 

Yezs,:;} shown i.rl Fig. 2. In order to produce maximum yield, the wall thiclmess is 

.::.1-r.i-ted. ii::t order that the .mesons absorbBd in the hydrogen are those produced at a 

::E+~'f:,_::'.ently low energy to corre-si)ond to a rising portion of the meson yield curve 

3.~ '"- fu.nction of me iron ene1':gy. Such considerations limit the vrall thickness to 

I ~ . . 
-....- :::- @>V em~. Or. the other hand a. de:1si ty close to. ths.t of liquid H2 is desirable 

··· the c9pture considerations gi-ven above. The use of' liquid H2 \vas not advisable 

h&:-€> or.ring to the difficulty of cooling a long horizonte.l filling tube required by 

.-the geometry of the cyclotron. l'he vessel shov::J. in Fig. 2 operates at a factor of' 

s>S.f'~tf of ab,;u.t 2.;5 >•!hen maintained at 2700 p.s.i. ond at liquid N2 temperature. The 

spE:l~ific gra:v:lty!''l under these condit.ions is .046 •. The factor of safety m·entioned 

above ma·kes use of the ap·preciable increase in strength of_ stainless steel at low 

•' . . ..... 18 
ternpero.vur-e • The outer jacket is fed by an external li.qq.id N2 Dewar V6!3f:;el. The 

.. 
til'•~ssure vessel is filledby an external oil piston pressure pump fed by comm~rcial 

£:;<!·' d:ieJ and purified· in e. liquid N~f trap. A flow diagram of the ar-rangement is. shown 

:.~ Figo 3. A similar system is used for deuterium vorith 0ertain m.::dif.ications to 

III.. The :P~ir Sr;ectrometer. 

Since the expected pair spectra from processes (2) 3nd ("'1) exhici t discon-th;.uities, 

c;s.-tisfactory analysin and ~lso good signal to he.ckground ratio requires a spec.trometa;r 

wl.:t-:h a large number cf channels. Since the counting rates in this experi!nent r-;.ra 

)0 
by- .Lawson ·" seem to 0ffer· the 

*Ma:n·Jfa.-:;tured bya American Instrument Company, Superpres,s·,n·e D-l.vision~ Silver Spring, 
Jo:[az ... :.~ land o 
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; 
best solution to the multipJ.e charmel pr·oblem. The geometr·ical layou.t of the ::e5r 

The ma.gnet has a useful gap of 3.5 inches and e. 

maximum field of 14~000 ge:uss although for th:i s experiment only fields of the order 
.. 
' 

of 5000 - 10.000 gauss were used. 'l'he pcle riece is in the shape ,;:..f e. 90° triangle, 

:i'he polt. is widened near the .•. 

conver·ter ;>ositi.ou L-.;: C'"'t'e:r to imp:rt:v;;;; ~.;'be 1mifcmity cf the field near the converter; 

field uniformity is :t::/:'t <;>,s •Jssentis.I near the cou.n'ters as it is near the converter. 

There is no s~~E'·cific [Cdvantage to the choice of 90° for the tri.a.ngle apex angle; ... 

(and hence a~(._') ~ef.>:.:r.tic.n a.ngle!) ·::):·~-v-Id.es fo:r first order horizontal focusing 

this .iz tH)Wever 'r..ot (:_11. ec-~sntia.l ~'J>:d.0eruti~n :Lf one is interes-ted only in the sum 

of :the energy c:f the t.wo p9.ir .f'rag}D.nLt:::. 

by three factc.rsa 1. Che.n..n.el wic.th. 2. I;1u.lt.ip1e sc.etter:i:Li£, in thP. c onvertt:or. 

3. Re.diat:lon straggl:.~'1{; of the pair me;n'bers. ·A feature c.f the trif'llgttlar· design is 

thickness h~::.s beer~ cl:o::.:m such that the c.ombinB.tion nf th<::t lat"t;:e::- tv:._ tndtlu: <.:~.pproximately 

of converter rr..ate:rial is not critica.l since na.i.r con-.·ersi.::n offi<.1ie:r:H;:y, multiple 

scattering and radiatiot.L straggling only de;pend on tl.~c mil.1ber of y;~~:i.l:lt~.;)n lengths of 

converter used. Tantalt:nn converters we1·e used in tnis :eXpl';ri:nent. L'hE' ch.cice of 

triangular shape of' magnet and 'Che analysis of' the re.sc:'.:rtion c·f f>llch ~ JT',e.gnet. are 

due to Profescor 23>tin l~cMillan. ':he inl t:~al de; sign of the paiY' spe¢'t~crr:at.er magnet 

· vras carrie~ out by Herbert F. York e.nd the mecha.n5.cal ~ngineerihg design i~. due to 
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·Robert ,Me\.1s~n the authors are ~reatly indebted to them for their contributions~ 

· Due to. the high single's rates (approximat~ly 3 counts/sec) of the Geig.er counters 

(Victo'reen type 1B'85) ro1d the low true pai.:;· rate (approximately 30. c/hour ), ·additional 

selection· o.f ev·ents is necef'sary. Thi's :!:s provided by 4 large proportional"counters 

(see Fig. 4) backing up the counte.r e.rrangements.o A pair event is selected by a 

quadruple coincidence coun~ j.n: .. ~he prop.ortio:p.al counters~ this quadruple coincidence 

'opens ·a· 'gate which passes the amplified Geiger pulses into a recorder •. 'l'his recorder . 

consists of 30 paris marking; voltage sensitive pa::_:>er on a rotating drum. A typical. 
. . 

·event thus a;:>!iears as two dots in the appropriate channels. The atrangement of the· 

electronic compcnents .is sho·wn in F::.ge 5. The counting rate is sufficiently slow 

to permit·this· m~chanical means of recording. The proportional counter gette width 
. . 

is 1~5 p-sec~ accidental. counts a.re entirely neglie;ible 0 .the counting rate loss due to 

Geiger counter' dead time ·is estimated· at less than 2 per·cent • 

. The magnet is fed by a motor generator set electronically regula:tedJ the magnetic 
., . 

field has been calibrated against the mP..gnetic rnomi:mt of the proton.: during runs the 

fields are' moni to~ed :by current rea~ings with a shunt and potentiometer or yfith a. 

proton moment ap~aratus if the accuracy is n!3ededo ·: 

T'.o.e serist ti Vi ty of a pa:i r spectrometer is no.t· constant o...-er the energy range 

covered by the instrument. 'fhis is. d~~ to a). the. variaoiiity~ of .number of -chiinnels: 

a-vaile.ble to record the pair fragments of a given tote:l energyo 1)) The variation 
. ' 

of pa1r p;oduction cross section wi'th energy~ c) The Va.dabilj,ty of' loss by 

scattering~ It·c.an.be shown ea.sily that c) can be neglected in this geometry. The 

:~orrection cur-ie of. the inr;trument, due to· cause a) and b) is gi van in Fig. 6. 

'· . 
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IV. Opera~ion'of Runs. 

Before every run the spectrometer is checked by using ga.mma.rays directly 

,. produced in the cyclotron target4 • The yield of the direct· gamma rays is sufficient 

to permit the plateaus of all counters to be checked with good s-t~tistics." Also 

'· 
all Geig~r channels ar'e checked for singles rates by removing the gate formed by 

the proportional counters. Thetarget and pressure vessel are then moved so that 

the primary target is well shielded {rom the spectrometer and the hydrogen vessel is 

aligned with the coi1imators and the spectrometer. (See Ffg. 1.) 

Readings are made with the pressure vessel either evacuated or pressurized with 

H2 or'~. If the vacuum runs are to represent the true background it is necessary 

that no other process (e.gu scattering of protons from the target) produces '('rays 

in hydrogen. This assumption receives support frbm experiments by Crandall, Hildebrand.., 

; 
Moyer and York 20 ~ indicating that the production cross. section for gamma ray production 

by bombardment with 345 Mev protons in hydrogen is less than 2 percent of the cross 

section in carbon.. This means tLat if a sufficient number of primary protons were 

scattered into the hydrogen to. prod~oe :_~amma rays of significant intensity~ then 

the background due to gamma r:ays hitting the steel vessel wc;mld be much higher o 

It therefore appears certain that the g~ma rays depending on the introduction of 

the H2 are not produce~ by fast particle collisions in H2 o This argument is not as 

significant in the case of D~. As a further link in the qualitative interj)retation 

of the experiment it was shoWn that no statistically significant ganuna· ray counts 

beyond background were produced by the introduction of He into the pressure vessel., 

This check was done with relatively poor statisticsJ a positive helimn. effect 

in the fonn of a br:oad gamma ray spectrum of 10 percent total intensity of that 

0bserved ·in H2 is not excluded by the do. tao 
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The background has the general character of the gamma ray spectra observed by 

Bjorklund, Crandall .• Moyer and York4 e.t 180° from the target. The background is almost 

ce~ainly due to protons scattered by the primary target onto the steel jacket of 

the pressure vessel and other parts of' the cyclotron.. 'lne background is n,egligible 

V. Gamma Ray Spectra from Hydrogen. 

As can be seen from the spectrometer response curve (Fig. 6) it is not possible 

to cover the entire spectrum of the spectrometer wit.h good efficiency. Accordingly 

different runs were made with the spectrometer set with·its central point at a) single 

gamma ray peak, b) center· between the two peaks to penni t easy relati"tre area 

measurement~ and c·) n° peak. 

a. 1be high energy peak. T~e n- mass. 

Figure 7 shows the spectrum observed with the spectrom~;?ter maximum set near the 

;·l:i.gh energy peak. Note that the ••n° peak" also appear clearly~ 

Since the position of the single ga1nma peak gives a precise mei:isurement of the 

n- mass it is a matter of considerable interest to tmal;p:e the obse:rved peak accurately 

in terms of resolving power of the pair spectrometer. Fig. 8 showEr plotted individually 

th':l resolving power curves due to the three princip1l causes of- finite resolving powero 

The first cause is the finite channel width. This gives rise to a triangular 

resolution R1 (E) of base equal to t·wice the channel vndth, which is. 5o36 Me·~l. ThE< 

second cause is the multiple Coulomb sM.tt('!:ring :i.n the converter. One can sho''' 
I 
er?.sily that if ( e> is the root mean square plane prcjected scattering anglE> 2"1-

~f an electron of energy-of''one ha.lf the. ganima'eTJ-ergy after hinng passed through 
• . ~.. • ,. • ..•. 'l • • 

the full converter thickness, then th•': i'rac.t.:i.orlal :R.M:.:s. e~·~~~ {n gamxna erier&Y is 



'· 

,, 

given by 

=-E = ( -fl(e) )/ 3 

This gives a resolving power R2 (E) given by 

R .(E) .. e 1G ' 

pl Jtted in Fig• Sb. 

2 
(E . .., 13~) ·· 

2cf E 2 
.o' 

(5) 

(r ·~ 
. - I 

'l'he third cause is radiation straggling of the outgoing pair represented by a 

resolving power curve R6 (E). Let, in the notation used by Heitler21 w(y)dy be the 

- r.».,r 
probability that the energy of a single electron has decreased to e J times its 

I 

L'li tial value after traversing a thickness t. Let W(p )dp be the result~t p:robabi·li ty 

that e.n 0tJ.tGoing pa::r fragment has retained a fraction between p and p + dp of its 

3nergy 6f formation. W(p) can be generated by averaging w(y) over the ccnverter 

thickness. Let P(E1 ,.E)dE1 he the probability that a pair fragment have an energy 

.bet·ween E1 and E1 + dE1 for a total pair energy Ji!~ It can be. shown that the probability 

n U )df that tl'le resultant pair shall have retained a fraction betwee.ri f and f + df of 

its initial energy·is given by: 

I
EB 

n(f)df = df 
. E 

A 

Hsre EA and ~ are the r"o.ir fragment engrgy 1 imj_ts defined by the r:.:p<:: :.:t!'omete:r ~ 

TLis integral has been evaluated usir1c the forms P(E1 , 'StjdE1 "" dE:.JE t' and 

)
l··G. 

p ·. where c:. was fitted tc: the computed T.b.~ 
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shmvs that the resolving power has the approximate forna 

1 
R ·(E) .. 

3 · ·)l-2a E.t.. E 0 

-13-

(Eli- E 
(8) 

... 0 

This is plotted in Fig. 8c for a.= .92, EJ""= 132 Mev. This corresponds to a .020 inch 

ta.ntall.llll radiator. 'lhe three resolving powers are then combined numerically by a 

successive foldingl!t process; the resultant curve is shown in Fig. Sd .. · 

Fig. ·g shows both the final resolving power curve and the expe4imental data 

superimposed to give optimum fit. A logalithmic 'scale 'is cho.sen for the b--~t<S~~sity to 

permit satisfactory nonnalization.- It is ·observed that the fit is quite sa-tLd·act.oi:t~. 

It is estimated that the probable error in fitting the curves is ;J: .8 fer.cent .. 

'The :remaining errors deal with the establishment of the energy scale. 

The magnetic field was monitored continuously during operation by mea.'1.s of a 

·.·· 'magnetic. moment of the proton apparatus. The probable error in magnetic fi'eld meast1.re= 

1:1ent of a chosen reference point is estimated ~:tt ! .03 percent. The magnet'ic field w-as· 

... mapped vri th a flip coil accurate in relative measure to an accu:ra~y ;:Jf .3. percent 

probable error. Trajectories were laid out to detennine the small. corrections for 

field non-unifonnity. It is estimated that the error due to uncert~inty i:r. I. 
trajectory layout is 2: .3 percent probable error. ~e geometry wa~· }.a.id O';;.t 

accurately to :! .1 percent probable error. As n result the overall probable er-r'\.'7" 

is :t .9 perceritlt the prind pal contribution being the accuracy of cu.1·1m ~i ttinr;. 

'ilfe thus obtain 
1\t- = 275.2 :t 2.5 electron masses 

A more accurate measurement based on this method is planned. 

Jt The 11 foldfl f(x) of two functions g(x J ar~d h(x) is· defined by 

+04 -. 

t(x) • L. g(t-x)h(t)dt 
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The excellent agre~rnent of this result vrith the photogra,phic work
22

, 23 confirms 

also the argument that we are in fact observing process (2}o 

b. The low energy peak. 

l'he spectrum in the neighborhood of the low energ,y peak is she-wn in Figo lOo 

The resolving power at this energy is principally defined by multiple scattering of 

the pai.:r fragments 0 The :resolving DOWer is again calculated as above and has been 
·;Y' 

plotted in Fig. 10. Note ,that the resolution is sufficient to assure chat t·he width 

of the cunre of Fig. 10 is real .rather than instrumental o Experimentally we tak~ the 

lower and upper limits at W1 = 53.6 ;!: 2.8 Mev and W2 = 85 :: 2.8 Mev 9 respectively. 

'l'he probable errors are estimated on the basis of the uncertainty in f:l.t of these 

computed curves to the experimental data. 

A.'lalysis of the .process 

n- + p4 n + n° (9) 

L2t' 
is based on the following physical picture: Since essentially all the observed 

radiation results from n- mesons of initial velocity ~"""' 1/137, we can assume that 

th,:< kinetic energies of the n° plus that of the neutron in process (9) are essentially 

equal to the mass differences in;:olved. Since the Doppler width of the emitted gamma 

r&.y is proport:i.ortal to the momentum of the n°.o the following equation can be dedu0ed: 

where 

{ 
1

_ [ 
1

_ 2(n~ + Mp)Mn 

l . 0-\t ~~)2 

Her€: $ is the mass difference between n~ and n° .• 6. is the neutron~proton mass 

. ii£'fer~nce 25 and /:lw is the width of the peak: cS' ~~depends- t,hu.s essentially or.. the 
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width of the ·peak .. of Fig. 10 .. 

It .can easily be shown statistically that the expected distribution of '( energies 

is uniform on an energy sca.le between the two Doppler limits •. The sum of the lower 

Y' 1 1 .L> th . 0 ancl upper limits of the o peak represents the. tot a re ati vistic energy OJ. e n g 

i.t. ~s thus equal to the n'"' "ilass les~ the neutron-proton mass difference and the neutron 

r<?.e;,)L ~1nerg,y; thu~ if S. ·is the sum of tne 'upper and lower spectral limits 

(11) 

:7lg. ll Bh.Y.'Tt:> graphically the relation between the energy limits and the masses involved. 

'2ne C1!"d).n::ttGs a..'1.d abscissae of Fig. 9 are W2 and W1 , tl~e upper and lower limits 

!"GS[J8C~ively, and the m'easured values e.re .indicated.· Lines of Consta...flt n- ~ n° mass. 

\-;iff·;jrence ( ~ ) a.re practictilly of the fonn W2 ~ W1 = const,;D while lines of constant 

11= mass are cf the form W2 + W1 "' canst. Doth these functions have been plotted, in 

~ddition to the lines of constant n° mass• The measured values of W1 and W~ and their 

, · :.·rc1::·able errors generate a:n ellipse :of error in the W2 - W1 plane which is given here. 

-+1.1 
5.4 M:ev. -+- 1.0 Mev == 10.6 : 2.0 electron me.sses (1~) 

~ .9 

' A\to -= 135 ! 4 Mev = 265 ! 8 electron masses 

ue:tng th0 mass values determined abo.ve for the n- mass, Eq. (12) leads t:o the r.~ mass: 

. . . . . ..... . . . 23 
further reduction. of the probable errors of the n~ mass ~s6 howe-.rerr·an .,lclpated 

"'• Branching ratio between n° and ?remission. 

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

.: .. "- 100 ~:1ev. This gives ·somewhat pool'"er st.atistics on either the· low energy ~r the 
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high .;ri~--!."~' 'peaks·b,::t pe'nnitt:< a fneasiirement·or-"t:he branching ratio. The resulting 

fY.:lrY'~ is sho~'-in Fi·g. 12~ Fig. 12 also shows a rectangular profile of area equal 

to the'total intensity of the low energy group and of width ~qual to the widt~ of the 
.... 

Considering the fact that tvvo photons are emitted per 

C' . ' 
r.. disim:;::;gr·ation we obtain a bra.chil:g ra.tio of 

' ~ . -.. · 

= e94 ;t .20 (13) 

The proba'tl.e error quoted is due to the statistics of the data. and a reasonable 

all•)Wru:ce for the uncertainty in the_ spectrometer sensitivity curve. In interpreting 

th1s bra.n::Jhinr; ratio it sl:loul.d be noted thatD from' Fig~ 10 

P = _._23 __ + _.o_ 3 __ _ 
M 0 -C' n 

. - (14}. 

:· .r. 

giores the momentum of the n° in process .(4 ). 

The pair fragment energy of ·':.he pairs ent~ring into the ga...ilina ray spectrum of 

:hg .. lO has been tabulated as a check on the perfonnance of the pair spectrometero 

A.~'~!!:.?-~~!'t ... ~he ~t~ti sties are, ~nsuf_ficient to provide data of interest to pair .the_ory, 
r 

~ it is. ;:-sl6Yant to show that the probability of division of a pair- is essentially 

:}On.sta.nt as a fu...'lction of the division percentaga21 
o Figo 13 shows a graphical 

r:-,presentation of the number of pairs of fragment energy E1 and-E2 plotted as a function-

::f the division fraction E1/(E:t .s. E2 )., The instrument does not pe:nnit recording· of. 

all possible division ratios:o since (see Figo 4) the counter arrangement does not rt?auh 

to the converter and is limited in radial extent., Accordingly the scale of intensities 

cf F:i.g. l3 is weighted inversely to the ga.m.11a ray _energy interval which contributes 

-':<• the pa.rti:mlar division ratio: Divisbn ratios are giv!3n only in the range 

.2<. Ej(E1 ·+ E2 )<. .8. It is seen that '"rithin statistics the dibtribution is uniform 

as theoretically predicted. 
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~ d.t.J o.l .J. Ul•'-'•· V.>.",.. t.:.l......, ~.-;.,, 

loc.oz its cl ~mical binding, 'Ll fn ... -~~·in:.~ 
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of the resulting a.xci t<?Jd Tl-

-: .. J:_ •· 

compe.red to 
c ~·.; ,.~ .. !, .: 
system with 

the collision ti.me with othbr·n~.wlEJi~ during the c.ollisio:::i cf the n ~ :a: 
, .... :,, ,, 

a hea·vier nucletls .• the probability is large that the nu'~be :::aptured. ·:::y 

the heavier nucleus with the co:qsequen~: production of a ·nuclear star P ra::her· thu.~, ~ 

4 !'ayo Ar.prox~.tae.te e.sb.mates of the value of f have been made on the basis of this 
... <t ~ .. -' l; ~,·.· 

me::,):w,nizm anc fl:::'S not inCOi1Sistertt with i,:he observations,; 
{ 

(s-3..) -"~>Z j.s e,lJowed, the Jf rays from the disintegration of th'e r:el:nHt:i.ng .n° .might 

b:~·~-bse-r.vable. · ·~~is ;}os.sibili ty is now .being studied:; · A· special .case ir. this ola.ss 

i~ abf:C.rption .i:n de<;rt;.er·h.oo~ s·tudied thf;oretically by Marshak and his co'"C!'kers 2f3; 

''re shall ,di~.c·mrs the process in the next sectio:r... 

VII. ~Qsorption in deuterium. 
~ •I '.~· j'•''~' l ·:: .... ·~ •, ~· 

a) Discussicn of the process. 

Th.e absorption of n- mesons in deuterium can lead to proeesses atl&Jogcn.A.s to +11os(? 

•. 

outlined above" in addition to nure heavy particle emis cion in the f::·rm of tw0 r:>?.".;;.t:rons .. 

We consider thus the proces2es 

n + D ~2n +"{"" (2.6) 

i;~ : , .. 
that process (113) would lst.d to a very broad 0 ray T.'lis is s.r;tual1.y rcr:·.;,. &.: 11 

;. ,. 1 

since· if the o ray ho.s i.vw enel'f:Y t.f:e ,~onservat,io:n. 1aws are sa:tisfied o:r.:ly :Li tho 
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''(ray e'n~rgies will be favored •. 6ne :;:).n show easily that, in the absence of angular 

e'orreiation betWeen the 'particles, the r ray distrfbtitiori. is given by 

• (18) 

is the energetic upper limit'.: (See Fig. 14.) 

! " : ~- : : . ' 

· ~ctually we eyhall see that t~e spectrum is _stil~ ,qon.sid,er.:a_bly na.rr·owe r., 

'l'he spectr~11. of process ( 17) is e?Cpected again to lie. between boun.darie s defined 
. ·. . . .· ' . . . ., - ' . 

by the Dop~ler ~,;hift of the 'moving n°. 
. :. ., 

Due to· the extra. energy r~quired in dissociating 
' . 

the deuteron, the peilk is e,:x:pected t() be narrower •. ·.· Us~ng the. above, value .for the ,.o . . . . 

ma.~s, the kinetic. energy of the n° is approximately 1.9 ;t 1.0 Mev;. Process (i7) if) 

' . 
~hus energetically penni tted nominally altho1,1gh the n° mass accuracy is not sufficient 

to establish this fact peyE>nd reasonable doubt. 

b) Bxpsrimnntal results.· 

Tvvo experimental runs on deuterium were performed in the identical geomet:ry~pressurec-

· .. ' ' . . 
temp'erat~e and spectrometer setting to the condi tion.s un9.er· "lA!hich the high energy spectrum 

L,'l!'o :..~; ...... •··~· ~·· ~. ', .. ;.• •, <0 •. ;; '• •.I• m. ,- M,., ;,. ~ 1 "I 

?f t~~_,abs?rp~ion_of n~ in H2 was taken (Fig. ?)• Accordingly we lt;el safe in comparing, 

th~· }i~lds ~-f th~ two. ·processes by assuming that the same number of n- mesons reach the 
. I_;; . I ' .. 

k··shelt:-:l:n ·the tvro case·s for a given proton b-ombardment of the primary target. ·There 
•. ~:: ;v,. .. 
~dght.'be two qunlification.s to this statement: both v.'ith H:2. and D2 we are C:[ealing 'With 
~ · .. ! .. . . . ':, 

th.e· samentimber of electrons/cn. 3 and thus comparable stopping power. T'he time required 

to reach. an outer Bohr orbit is thus id~n.tical in the bvo cases. Hovrever the time 
~·,. 

requir~d ror. transition to lower states depends. on collision processes12: the sit;:.:.ation 

hera is thu9 .Il.o.t quite identical in the two cases. Furt!).errnore rossible capture from 

an_ orbit other, ·than. an S orbi:t depenQ.s of; course on the. end. product in the process 

in ,:guesti on. 

An e:l<p eriment was carried out to deterwine whether an appreciable m.unber of n 
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mesons were lost by n~f- decay before re.aching the K shell. If the gf'e tims of the energy 
' . J':" ~ .. " . 

reduction process by collison were comparable to the n-p decay time· (contrary· to the 

,~al~~lation by ~ightm~12 ), th~n the yield of ( ray from H~ would fall off more 
. ·•· : '\ .~· . 

rapidly with reduced density than the density itself. The following. table (Table II) 
., 

~~~ws. the, vbserved. o··ray intensities a:t the usual operating pres s~re ( (2700 psi) ar1d . 
. ; . \ . ~ : ( 

at reduc0d pressure. , 
·Table II 

T!lbulation of the relative f'-ray yields from H2 at 2700 psi 

~·. ¢.' 

·.and ... 1300 psi. Intensities are t.abulated in terms of counts/ 
minute. Total quadruple coincidences in the proportional 
counters total number of recorded pairs.., and the pairs 
corresponding to t.he high energy peak oniy are tabulated. 

Total number of 
quadr:u:ple· coinciden~es . 

. 7"! : • ·, ~. ~ . "' 

. ~ .; ...... 
-~~ ... ~ ........ ,. .. 

Total': number of,f'rays 
recorded· ·on multiple 
cha.Iin~1 unit 

' .. ~ 

\". T';z.a.y~· :.;recoide<r··in. · 
the hi.~rr ... energy 

. peak only 

' ~ ·~:. . . . ~ 

j 

Intensity in counts/~inute 

2700 psi 1300 psi Ratio 

.853 + .033 .523 :!: .042 1.53 + .. 14 

.302 + .021 .190 + .027 

, 213 + .Ol3 ol21 ;!: ,017 1.?4 :t .27 

.046 1..65 

· · · CleartY:'nc) 'sign'ifioimt non···linear decrease is' observsd, Accordingly v,re cono:~ud~ 
,.(#0 . 

. tha·f in \agreement 1-vith Wightman12 » ncl significaht ·n~p. I·os:s •?CCurs and hence 'the intecsity 

'c(;inj~a~ison.'.'b.eti..-r~en H2 ari:i· D2 . 0 yields ttre ·va.Ud. The evidencefo::-· pro•Je!5s (15) th->.s 

rests· on a good quantitative basis. A separate experinent in rrogress2:1 A.}.so tentatively 

confirms the existen~e of fast neutrons correlated to the presence of deuterium 
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in the pressure vessel., 

first ·to~clusion is that itB spect~ut:1 does not conform to the momentum space funct.ior. 

p:fofi%'ci· 'in ,E'ig. 14;·· The ·reason is that the two slow neu'tron:o imrohred .:;arm.ot be 

conii.dered free btit ·will interact to favor a small relative velocity between the 

neutrons. · 'This ·will result in a spoctrcun peak8d tovm.rd high energ~r., The effec·c i.s 

tL'1.a1ogou~s to thEl higl:t, energy;pe,e,k cbs.erved in the n + peak formed in p-p collisic,ns28 ; 
... ···.. ' . •.·. .. ···.: ~·--.·.: .. ·:., ... ,.. ... . ·--:...' . . '. 

there theh1-p 1nt·etact'ion favors a high n + energy. The low binding energ;y of the 

de.trtleroh v'fil:I. also fa•ror lO'VJ relati ITe velocities betYreen the trro neutrons., 

,.· "'' -''the 'second result is the apparent abse~ce of the n C> peak. A separate run Vlaz 

:mo.ae · ~vith the· spec.trometer centered at. 70 Mev in order to place more :rigid limits on 

the nQii:rfensi'ty. 'l'lv;ob:;;erv;ed COUll~;} '..1.1"8 tabt~lrtted below. SincE: the h;a spectrum sh0'\11/Tl 

:i.n' Fig·. ·7,. was obtained under comparable. cnnd it ions we can d~rectly comPare the oray 

:ti!eltBs<. This·'com.parisoil is given b. the table belov1 ('rab~e III). 

:·: i.r .. ::: Table I1I 
' ' 

'.. Summary of relative intensities of var~ous pr.ocesses obtained as a result of 
n-.capture in various.materials. Tabulated vaJ,ues are given in counts per 

1 . rr!inute. In the· case of single ((..ray processes this represents the countir•g 
rate of the spectrometerJ in the ca.se of n° emission it represents 2 times the 

·· · :-- 'speetr6trteter rate. The 11 tYvo fast neutrons" count does not· represent dire(~t 
observation but only the intensity inferred by balancing .counts between 
hydrogen and deuteriUm. ab~orptior1. 

H D 

o ·i.E~ + .09 c/m -· .ocY' ·+ 
0 020 •.:/m 

Single 0' .470 .;.. 
.046 c/m .275 o034 :;/m 

ti'fO 'fast neutrons o65 + on. 

·.!.1i:e intensity of the fast nt<:!utron yi:·l:3. ( proc<:s s J 5) is only i.:nf-erred fj'':lln the 
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·v:rii. Conclusionsa 

;n a. qua"li tati ve so~1se the :r-e su.l ts reuorted here confina some of' the alrea,.dy 

:re\lsonablY: well esta.bli shed facts concer·ning n mesons: 1. The existence of the 
-. ·/' . ~ . ·. :~~. 

n.0nochromatic high enerr;y peak from hydrogen pro'Tes that the n~ meson is a boson. 
<, ·) 

. 0 . • 5 10 .. . ... 
2. An meson ezJ"sts ' and :.tt dJ..s:.tntegrates into two photons; :;.t thas must be a spin 

. ~ 

0 particle. 3. The electrostatic self ene:rQ! or other causes make the n':" li.eavi.e:r· 
·····'\...,- ·:--~-·~ .• -':?•·,~i....,.,_;; ........... :- .. ,-,•':: .. .,..... '•.to ·~· ... ;-'v.';,· 

th~~---the ·~o b'J; about 11 electrorJ masses. 4. As long as emi~sion of the nO [..Jould be 
. . . : ~ ... ~ ·. / \ . :· ." '-o ·., - . , 

i~ an S state only, the 1'. and n must be particles of identical parity properties: 

Considering the large kinetic energy of the n ° emitted in process (4 ).~ th:l.s 

conclusion is no longer rigorous • 
.. .:,• 

A quantitative result 1;\"h.ich might penTtit .interpretation at the present time 
"'· , ... ·. 

'j_~ the,··b;~~ching ratio between ~ 0 and (" em.issbn ~d the rat:i.•o between 2n a;::d "'(;' 

em~ssion in deuteron capt1.1ree By elementary_ notions- mesons are strong:y cbupled tc• 

'nuclei while photons. are weakly coupled~ therefore a, branching ratio. close to unity 
•. 

0 . p . . 
s-eems. ... pat_~ado:;i.·ca:l,; since .the ~ .• ph,ase space .-factor ~bC is as large {il.s 1/4. Pro'?esses 

'{2•},,$.n:d':(4) are·~:S'Sentially the in;rerse of 'photo meson produc\-ion en.d of 11 charge 

:e.xchange 11 :s~att'er,irig of. n .. m,esons on nucleons. By e. detailed ba1arw5.ng argument thE"; 

rat.~o o:t:·c:l"9s.s ·s~ection for such processes would be of the order of lL."l.ity. Ac.tu.ali.yD 

o.t h:i:'gh·'.'Qnergi::es, it appears as. if the ~hoto production cros_s sections for mesons ar€' 

well below. nuclea:r. interaction croi)s sections. of. mesons·. This argwnent is •~f ovu.rse 

Vf!3'a.kened -by. the faqt. that the energies involved in the. caP.ture .experiment and th~ 

inv~rs.e. processes, 1f!ent;i.oned are dis-simiiar· • 

. A,. ·.very ~a.,logo11s ,difficulty a·~y~ea.r·s in the ca.$~ of the deuted w:-: resv.lt2. 
,. 

Proce.s's (15) i.s e.ssentially the inverse: >':: f:'la,son production in ;Liko ;:;nr(ide '.'(·l.l::sions28 

., 16 ) . + 1- ... .. . f' ' 1- j, L. - t . ' ,. <; 0 ru.1.<1 ,p-roce.ss ., ,, · ~s essen ... ia 1y ~;,w :1:q Y8r·s131 o -c.~SJ r.;.lov;pro.d.uc ,1.o:c. or n . l>teson.s'"' ; 
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production cross section in like -particle collisions. Again a dependence of the · 
·:·.'' '· ', ,·,·· 

matrix elements on n·- energy could remove the contradiction • 
.. : .. :, ·- ;:.1~_:·~~>-~~r ~ · 

A definite result which can be ded,uced from the inferred presence of the fast 
·'·:-

~23-

neutron yield is the fact that th.e n~ is not a scalar particlee T:his is clear since 
- :, i, ... ~ •·, .. .,·· .. ·: 

the process 
11 - D )> 2n + (19) 

S-orbit 3s ls o:::· 3p 
··,· ... ·. ·~ t· ~t· .. ·~ "·.! .• ~.·: 

vi'oi.at-e~~:~~~itll:~~··pa-:Pity or angular momentum conservation for a scalar n .... Capture 

from a.."p:stit{'might'· tveaken this selection rule f hov;ever calc'ulati ons .by Brueckner 

and \ia.t·son31 ·;ilici{cate that the lifetime for radi.&tioh rtcin a 'p orbit is very sh'ort'' 

compared to 1the capture tirrie so that thi~s effect' can be neglect~d .. 

. ·. · 'The ab's.~tice·· ·or :the n° ~eak in the case of n- ·c~ptu;~ by deutE;ir.ium is n'ot 

surj:>ri:si:ri.g~ .:·1J:'
1

the n-and n° are partiCles of equal paritY~ theri in th~ process· 

n- + D ~2n + no 
."~ 
."'; ·. ··.tzo) 

S-orbit. 3s 3p P-wave 
,!' ,,· 

both the n° and the two neutrons must be emitted in odd states of angular momentum as 

incicated, in order to obey conservations of parity and angular momentum and the · 

. exclusion principle. This effect3 2 produces a greatly retarded yield at the small n° 

energy available.· 

Direct ca.lculations of the branching ratio based on various combinations of vector 

3lg32 
·character and coupling have been made by several authors o 1"ne .fo:tmal perturbation 

otdcula.tions show that the number of pos sibili ties of me son character and coupling 

is greatly reduced by the results of this experiment. In fact only a pseudoscala~':' 

meson for both n° and nu' meson gives re!:lsonable n1..llnerica1 resultso 

It has been shovm quantitatively by Brueekne:r, Serber and Yfatson31 that the 

vo.riability of the matrix element pred:l.cted by the comparison of branching ratio measure~ 

ments reported here with the inverse processes is subject to experimental 9heck by 
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-; .:_; ·~·· <.' • .... :='·:. ' ' . f1 ; ~ 
m~a/fut'~!lfents of the excitation function of meson production in p-p collisions • 

.. ' A~'- a 'i,;rthe~~: ~~~a:fk it ~ight be ment:ioned that· there e~i;sts here of course no 

·. : . . . :;. ·.J ·~ (. :-~, ~ ~·:!;l.n_ :. ~ .: . -~ ... 
positive proof that the. n-0 mesons observed here' is i'dentical with 'the n° observed as 

:·. . " >:--.,: :· '- -~ . ,- ; ·' ' .-. . 4-8 10 ' . . '., 19 
produ~.ed:- __ qy. __ !t\lclear c.ollisions » and p~oto, produc:t.ion , , but the inference 

- < 

appears- j,ul;!~;l.Ueq •. 

.:.:... 

·The 'author's 'ha~e benefited greatly by the a.cti ve cooperation of many members 

' 
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\' l· ,:..· 
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''' 
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Fig. 1., Geometrical arrangement of n- capture experiment •. n"' mesons produced in a 

primary· wolfram -target of the 1'84--inoh cyclot:ron··a.re- captured iri the H2 

pressure-vessel. The :tesultant-gam.rna ray~-a::re·col:limated and leave the 

::ycloh'on shielding through a hOle tapering from 2 inches to 3 inches- in 

.. 
dii3..1T.eter~ Th8 ganuna rn.js are then analyzed by a pair spectrometer. 

;'. ·.,;.. . 
1righ pressure vessel used for absorption of H2 and D2 • The vessel is 

';onstructed of· stainless steel-machined as indicated.· The 'load is carried 

1)y threads vr:i th the weld serving as a seal only. The ou'ter stainless s-teel· 

liquid N2 jf:l.cke't (.010" thick) i:s soft solden)d to the thick po:r:ti&n :of the 

. - ~ 

ma~n -vesse.1.e 

Flow diagram: of H2 pressure system. H2 ,, purified in a liquid N2 trap, is 

admitted into.the pressure chao"ll.ber 8.boire ptimp and at tank pressure •. The 

pressure is· then ·raised by displacing- the H2 in the pressure chamber with 

oil pumped as sho-wn. .' ... ~ 

Outline diagram of pair specttomet(:)r. The converter', Gei·ger counter ·array 

and the pPoportional counters are shown. · Note the geometry of the pole piece 

t-o giye a uniform field in \}he area of the convet-ter. 

Blo~k diagram of.electroni~ components. 

Mul ti.plica:tion factor to· be used to reduce observed counting rates to. gamrr:a 

ray intensity. This factor ari Ees from a a~ variation of pur produ-:;t·l.:m 

C.!"OSS section v;ith energy, and b,, number of avFtilable channels in.to V-'hicb 

a given total pair energy r:.an divide. 

·~' :-L·{l . o 'Pair s~ectrlin of gamr-"n. rays prodtJ.e>:id D;'/ cHptu.re •of n~ in H2 • Center ·:::>f' 

spectrom.eter set n8ar 130 :!-/E! ·;r. 
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;·l[,e 8o Curvss showing the componsntr of t~'le resolvi.ng ::1oner curve of the spectrometer.· 

a) Resolving_ power due to finite ch<~.11nel width. 
.. 

" 

b) Reso;l ving power due to multiple scattering of pairs in converter. 
. ·, 

c) Resolving power due to radiation straggling of outgoing pair. 

1.1 "Fold" of a, b,':and c giving; total resolving power. 

?.~.g., 'J" Pair spectra of r;a.>·!'"•na rays from the process rt- + H~ n + )"'"'plotted on. a 

Isg·~;:f:tthm.ic scale o Plotted (solid line) a.l so is the theoretical resolving 

power curve adjusted for best fit. The origin of the resolving .power curve 

marks the energy value of the gamma ray on the abscissa of the pair spectrum., 

."-i0~ J.O. Pair spectr'um of ge.mma. rays presunably due to the process n 

n + 2 '0. Plotted also is the theoretical spectral shape assuming that the 

spectrum lies between the limits of 53.6 Mev a.....'1.d 85 Mev. The estimate:1 

probable errors of these limits are indic.ated. 

~:'i.t;;., ll. Graphic~l representation of the relations defining the meson masses in terms 

of the lower and upper limit of the spectru.."ll. of Fig, 10. The ordinate a::1d. 

f.tbscissa are the upper and lower limits res~')ecti vely. P1otted on thj s graph 
. . 

are.: ;;;,) The experimental values and the probable errors of the'lower- and 

upper· limits. b) The ellipse (a circle in this case) in -t1-,e coordinate 

fclane representing the area of 50 perce?-t prob'ability r·or. the quoted masses. 

c) The lines of constant n- mass. d) The lines of. constant: n~ () 
.>=' ·n rnas:s 

difference. e) The curves o£' constant n ° mass. 
( 

F'ig,. 12. Pair spectrum resulting from t:b..r-J absorption o.f n- mesons in hyd.r-ogen. T'n . .:::, 

center of the spectrometer is set n':lur lCO Mev. The spectrum clearly shows 

the separati?n between the procesr;es (2) and (f:i: ). The brand1ing ratio:) 

·oetween these reactions can -pe de:r.i ved from this spectrum. 
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::O'ig • .t3 .. Energy di st:ribution. of pair frag,."!lents., The frequency of occurrence. of a 

given energy division is plotted against the energ;}r fraction EJ./{E1 + E2 ); 

the measurements cover the range .2 .( EJ(E1 + E2 ) <. .8. The ordinate does 

r~ot represent the actual count but is divided by the gamma ray energy interval 

cor.tribu.ting to the particular division ratio interval. It is seen that the 

distribution i.s uniform v::i.thin st$.tistics. 

Fi;., >1., P1ot of the function giving the energy distribution of gamma. rays from the 

process n .. + D ~2n + 0' for a constant mo.trix element., 

li'l[;a 15e Pair spectrum. resulting from n capture in deuterivl!lo The spectroreeter cent6.r 

io ~et 11ear 130 ~jev. 
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