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ABSTRACT 

AycUt48G ..-qti'OD•omlooion AAcl noqtroD-~UpUciCy cllotrlbutlooa from 
• I 

t4 .. moaoa captul'c la Al, 81. ca. Fe. As. 1~ '-• and Pb were ~a.•urect, A 

hlp·efflclency (54.5~ for fio1Jion ncutrono) cadmlqm-loadecl Uqulcl-ec::intlllator 

tank wao uaed ao tho neutron detector, Simple ucloar modele wttb Forint sa• . . 

and Qauoelac oucleoa-momootum diatrlbutloiUI wore used to fit the experimental 

reCiulte. A reduced nucleon eUocdvo n:l&BO wao employed to yield tbe oboerved 

\ average neutron multlpUc::lty, &wt valueo were obtained aa a function of tho widtb 
. 

of tho aaoumeci nucleon-momentum 4istributions. Use of tbo Qauoeian momentum 

clietri~tion obtained ill oxporimento Oil quaai-elaetlc 8C&ttOI'lD8 6JlVOIJ effective 

maaeea raoglng from as 0,1 Mp ln tho llshter nuclei to • 0,45 Mp in tbe heavle~r 

nuclei~ AA excited Fermi sao dio,l'lbuUon glveo larsor effective maaaeo for tho 

lighter DUclel and omallor effective maooes for the heavier nuclei than doeo the 

Ciauaalu mociol~ Neither of tbeoe modela slvoo sood agreement with the neutron • .. 
multiplicity ciletrlbutiono, altbousb calculatlono ln wblcb dlroct neutron emlaelon 

anci nucleon cluaterins on tho nuclear ou.rh.co &I'O AtUn.amod improve the flt; 

For both tho Fermi sao and Gaueolan modeltl. tbo !!_erase nuclear 

excit&&tlon onorsy varleo Unearly mtb 1!-VOraso neutron multiplicity and le 

:~ 



·" "'• 

' . 
excitatloa l(l oxpl'o(uto4 la ~to ot the m~ ~a roct.cocl by lta K .. eboll blndlns 

eneray. the reeult (wlth t4e oxceptlon of calclwn) la conetut. 0. t8IIIO.Ot. ovel' 

the wide ranse of atomic nwnbera covorecl in the experlmellto 

For Ca 40 we alao made a ahcdl·model calculation ualna 11. olmple 

hal'monlc-oaclllatol' potential. Tho agreement with tho o~aorved averase neu-. 

tron multlpUclty la soocl altbousb perb.ape fortuitouo. 
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· TW1 · •• ~·rtau• c~oimuea &A lnvoatigatl~ai l·~~le•r-mo~eDtum 1 
~ 1 , > ' ,' ; ' ' ' 

1 
• I • ' f 

· cUo~ribQtlou uclaueleon effective maeaoa by m•••uromeat11 of the number of 

· · neutrou emitted from a nucleua excited by muon capture .. 

.!" 

A muon captured into an atomic K-ehell mpende part of Ita time within 

the nucleus, and there la a large probability, in not too light nuclei, of the muon 

belng captured by a proton according to the weak-lnteractioD proceao 

I'• + p- n + V • 

Ia competition with thia l'eaction la the muon1 a decay, I' .. -'? .. + " + 'ii. (I.a. the 

~·· : elamenta i'eportecl on here, the fractiona that dec-.y ran from • 3fo ln lead to 

· • 40CJC, in aluminum. ) 

In the capture proceaa tho neutl'lno takea off moat of the ezaergy. If the 

· proton la at reat, tho neutron recolla with. about 5 MeV. Since the proton in the 

nucleua typically Ia movlna at the time of capture, the recoil enersy of the neutron 

'ln the rest system of the nucleus la different from S MeV. The neutron, and hence 

'. 

the nucleuu, will have a cUatributlon of energies l(Q) that depend• on the mo

mentum clietributlon of the capturl~g proton. . . 

Measurement& of tho aver•se number of neutron• emitted. indicate 

averase nuclear excitatlona of tO to ZO MeV, Proton emlealon iu small com

pared to neutron emlasion bocauoe of the effect of the Coulomb barrier at thcuu~ 

moderate exclta.tlona, and photons arc siven ofl only when the excitation ia below 

the threahold for particle emlaelon. Thua neutron emisalon atrongly predominate• 
·• ' 

and a ~wledge of the numbero. of neutrons stven out followlns ~-meaon capture 

yielda information about the nuc:lea.r-excitatlon diatrlbutiona and therefore about 
' 

the proton-mon\entum dlatrlbutlon. A more detailed review of the capture 

proceaa and aaaoclated nucleit.r excitation ca~ be :found in Ref~ t. 
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.... ; :· Tb• oa.-Uocs,GUon.~o 4ooc:JPtbe •bAD· ~leaao txclt•t~oo awl attendant : . . ' z ' 
uu.tl'OQ omloal.on, by Tloii1Qo ~ Whoeloi'• has undersone va.J>loue modifleatl9ns 

.· ' . t 3 6 . 
in orcle_r to lmp~ove quantitative asrecamont with experiment. • .. Mott of th••• 

. modifications fine! better agreement ie pooalble if nucleon maeeea in the nucleus 

are aaeumed smaller than unbound nucleon maoaeo. Thlo nucleon characteristic 

iD • consequence of the velocity dependence of nuclear forcea that can be approxi

mated by changing the unbound nucleon maao M to a reduced "effective" mass 

• M • A number of theoretical approacbea to the deacription of nuclear matter 

predict effective masses of about one-half the unbound maso. 7• 10 

In analyzins an experiment that mea.oures the neutron-multiplicity diatrt-
! 

button, we can adjuot the effective ma.es to sive agreement between the measured 

values of averase neutron emission and theoretical predictions for varloua choicee 

..... , 

of the nucleon-momentum diatributlono. However, it waa hoped that the reaultins 

distribution of neutron multipllcitlce, beins generally different for theee varloua ' , 

modela, would allow a more definitive picture o~ the capt~re proceaa. 

Some details of the nuclear excitations tha.t can be inferred from neutron ... 

multiplicity measurement• are alae of intoreut in muon-capture-rate calculations, 

the capture rate being a aensitlve function of the excitation. A reduced maea . ' 

M :: M/2 hao been uaed to improve aareement between experimental capture 
• I 

rates ln medium and heavy nuclei and calculations involvlns universal-Fermi-

it 12 interaction couplins constants. • 

The flrot high-efficiency meaeurement of tho distribution of multlpUc:ltlea 

t waa made for silver and lead, in which cosmic-ray muona were used and a 

larso cadmium-loaded Uquld-sclntUlAtor tank oell"Vod as a. high-efficiency rleutron 

detector. There waa conoiderable advantase to be aa.lc.ed, ln te:rme of countlna 
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. {':··.}.··· ..... ·· f:i, ;~~-•.. : ~ ·.~~:-.·::::<\ . ~·f'"·:, UCI.L~~t~~,aev. 
. l'&t•. AllCl pu.solty of be&IJ,l,' l:ty' u•las Jll\IOQO #;rom. t1ut •"'·'-h cyelot;ron; thla 

. -~ i •••· r :_.:I' ·, •, , 1 ~ '.', t: .~<·/ ·. : ~~-;~:!. \(
1
:, • .:·\ , ! 1_ I: '1 ~- ,,· r 1' r' • •. 1 ~,' .. 1 ~ '.: ; r 

. eX))e:rtmeat wu c-.soriecl out with the a a~• neut:roa detector for eight taraeta 
·• -: ~ ~ .''.. ' . '.' ; . ; : ~ . . . " ~- •. • i ' ·, • . ·. ~ . . ' . . . . '-

, . 
. •.• ,· 

.: ·rangins .from alun:Unum t~ ~ead. .·. 

. x . . 
..... 
r t, • ~ 

II, THEORY 
! 

... . ;·. A. Nuclear Excltatioo. , 
.. ·• ; . '.-~~. I . ·: _ .... : 1.! i ' I ' I .• ' • • I • ' • • ' . I • • ·_ ' • • ' ' \ • • • ! ; ' ~ 

·. · 1 · • : • ID. ealcul&tlaa the auclear-excltatlon cU1trl~lo~ VfO u•w.n• the a.,m~ 
, ' / .• .. :'·. \ ·.~'; ), .' j'i • '· / ; :. I· i1 1 . I •' • . : • ' • ' : • ' ' · I I . t · 

. : fir~ lor the eaptur4a probability used in Ref. t, . 

··~. 

;• I , ~ : . , :·, f 1 . 1 t ·I \ , i l I • , • · ' t , I -~ , : l 1 \ ' 

·:· ... ', .-::~> .. :.,: .... w .~ K1 f d3
E., d

3
f d

3
!l f(_e) 1 t-S(!l)] 6!., +,. • !) 6~Et • P.,~ -~ Qh .... , , (t) 

• l l t .,, ..... 
.. Ill ~bl~h K1 la ~constant; f(_e) and g(!l)• obtained fro:rQ ~be ground-state nuclear 

. . ' 

' 
'.;; . 
. ,.• 

. ~. '. 

/I 

wave functloll, are the probabllltlea per unit volume of momentum 1pace of finding 

a proton of momentum f and a neutron of momentum:!!.: the factor l t-g(q)) le 

·contributed by the Pa.ull exclusion prln1ple; p is the Qeutrlno moment~'.:· ., . 
• . I 

Q 11 the excitation of the product nucleus (Z-t, A);· u.d Eo is the total en~~IY , . 

1 
. 1 available for excitation: the rest energy of the muon reduced by both ita 
l' I , I K·shell binding energy, and the (Z-t, A), (Z, A) mae a difference. The tranoltlon 

, probability cu. be expressed in terms of the nuclea:r-excltatlon distribution 1(0) a• 

' 
c.- oc j l(O)dQ • 

~ r 

We can therefore derive 1(0) (except for a normalisation conetant slven by 

' '' · . , J I(Q)dQ = t) by Partial lntesratlon of (t) to obtain an expression tnvolvlns only 

. the variable a. 
t, Fermi Clas Model 

The momentum-dletrlbutlon function• for a deaener&te Fermi sa• are 

taken to be 

·~ 
i 
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I ' ' ' •b•'-• · -~··t• tlie.'~~-'~ tempe;rature in en~rsy unit,. (MeV). and po 'u.cl ~· 
. ~-

a~· the proton and' .. e1,ltron Fermi momenta for the target and product Duclet 
•• 1 • .·_.· • ; ' 

wheJ'e 

' 
FollowinJ lte£. t we obtain fo~ 1(0) 

Z91K(Eo·Q) 
I(Q) 111 t-exp(-0/8

1
) 

' ' 

a= 

z z 
(qo +po ) 

ZM
111 

z 
P., 

- --:-:-"11 .. 
4M 

I . 

-------------,,, .• 

I 

(3) 

and tbe .. ~rmallzatlon conat~t .K la determined by } I(O)dO = t. Tile effective. 

• nucleQ~ m••• la M , whose value will be derived by optlmlzlns the asreement 

between thle model and. the observed avcrase neutron emlaalon. 

2. Gaueeian Model 

If a Qauselan moment~ cUatributlon of the nucleons la aseumed, ·. 

then 

f(p) =·exp(-p2/ca2) - z z 
S(!J.) = exp(-q /a. ) , 

(4) 

where e& pv•• the width of the m~mentum, dietJl'l~Uon artd la determined 

experimentally from quaal-elastlc ucatterina. The nuelear-e:¥citation dlatr,l-
-~ ' 

button derived from Eq. (t) then becomes5 

(5) 

\>' 
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I 
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~d. K' lo .~ Det~•ation constant. 

3, Shell ~del · 

., 

·l 

•• 
""MQt 

t 

} 

Nuclear""e~cltation clistributicme can $leo be calculatocl ft"om a shell model 

and 1(0) then becomee a diecrete spectrum of energloo. Luyten, Rood~ ADd 

Tolhoek13 have calculated I(O) for C~t. 40 for a aimple ha.rmonic-o~u:lllator ahell 
. I 

model. . This simple model is however not auttable for evaluating neutron 

emhJaion since lt predicts nuclear excitations ln multiples of tewo (• 10 MeV) 

only, We have extended thle calculatlon ualns their transition probability and 

employing Nilsson• s Hamtltonla.n. 14 which splits the simple harmonic-oscillator 

energy levels with terms proportional to l • a and to 1 z. - - . 

B. Neutron Emleslon 
.<· 

Nuclear clo-excltatlon hi assumed to occur by neutron ,boi~-off and is 
. . 

' . 
treat•d exactly aa.ln Ref. t,. which giv.,a the probabiUty ot emla•lon of at leaat 

"' neutrons N ao 

" 
z.,.] ro::~~] D n~ • 

N., a t .. exp(-<O·B
11
)/lft} L [ ~ 

111 

ncO 
(6) 

w~ere B 
11 

la the blndina enersy of the first "' neutrono tq be emitted, and 
• 

Bn ie the tempe.ratur, of the compound nueleue and. is a.aewned to 'be a. con1tant 
: 1 ~ ( 

in t~e derivation of N.,. Variation of 80 over a :reaeon.a.ble ra.nae of value• hae 

only a. small effect on the neutron multiplielties. 
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... :; .. ·:,· Tho pro~'b1Uty ~r omt~slo~ ~~ j"'t " ~-.-~by • aucleua with a 
: I 

cliatrtbutlon of exaltations, I(Q), la therefore , 
· '' Eo · . Eo 

P., ~Is N
11
1(0)dQ ;. k ·. N.,+ti(Q)dQ. 

. II lo't t 
(7) 

The .i!lltosra.le wer~ evaluated numerically for the varloua exaltation 

diat'l~tions. The constant& used are given ln Tablea·l ancl n. The values of 

P., were then avoraaed over the natural ieotoplc abundance& of the taraete 

(Table I). The values obtained are those expected with a tOO%-efflclent detectol'. 

To compare with experimental value a of the neutron multlpllcitle!l, we converted 

~ : I 
:···,?~he., P., 1 a t~ the distribution (F n) expected with a detector of efficiency 

· . ·e (e • 0. 5.45), 
\.· 
{" ... ,,, ... 

nl(a~-n)l 

Dbe,ct neutron .adeaion ha" beet.a. Cf!)naiderecl by aovoial autb"a ~cl will~ 

diacuaaod late,. · 

I ' ' f 1 'f 
' I •. I 

;_ 

;· ;,, I' 
. ! ' :: .; i 

' ~ 

' . 

. ,_ . 

(8) 
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I m. EXPERJMENT At. J?~OCEDUIU;: ... 
·,· •• '1. . A.· Detection System · . l 

f 

4 usatlve ... am of partlclea wa.a producocl wlthtA tbe Berkeley t84·m. 
·~ • ' : .- ·'l . . 

' cyclotl'on, Particle• of zoo .. MeV /c momentum W~l'· IOlocted by a masnet 

. ayatem and detected by a lcintillation .. counter telescope. The counter teleacope 

(Fis. t) W&l made of t/4·in. -thic~ plastic aclntlUatora except for the 2-tn ... thick 

water ~erenkov counte~ C a.nd the 1/2-ln. -thick plastic antlcounter A. Becai~ae 

of their amaller velocity, negative n1uona were stopped by an amount of CH2 
I 

absorber that allowed the muons to pa.\a through and atop in the targets. The 

effect of a amall number of electrona ~~.the beam was eliminated by a water 

~erenkov counter in anticoincidence with the telescope. 

The number distribution of neutrons emitted after f.L • capture wa1 

measured in a large (30-ln. high, 30 .. in. dia.m. ) cadmium-loaded liquid acln

tlllator tank. 15 The neutrons were thermallzed and captured in the cadmium 

,\ with a capture lifetime of 7,8-f.Laec, and the reaultinsaamma-ray.aclntUlation 
I! 

pulaea were detected by an array of photomultlpliera viewing the acintllla.tion 

tank. The detection efficiency for a aingle neutr,on waa about 55%. 

A block dlaaram of the electronics tD given in Fls. z. The reaolutlon 

tlmea of the ~oincidence c:lr~ults were about tO nanoaeconda. The beam waa 

monitored with s1 and s2 in coincidence. A stopping particle (Sz• s3, .and s4 

in coincidence and the aum o~ C and A in a.ntlcolncidence) trisaered a 30-J.laec 

1ate which waa delayed by 2 f.L8ec to eliminate prompt pulaea associated with 

muon decay or capture tn the target • 

Neutron pulaea occurring during the sate tlmea were fed into a num,er ... 

to ... helgbt converter and stored in a tO-channel pulae ... height analyzer. Thla 

I 
I 
i 

. I 

~ 
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metbod ·save ·~~.diate multlpllelty lnfol'matlOIA dul'iAS tho I"Wl, ~t moro 

cleta.Ued information \7&8 obtalpecl from tho, photosrapha of oaclUoac:ope trac;eo. 

The neutron-detector puloes were dteplayed on • 3$-J~.se'c exponential e~eep 

X a XO ( t • exp(-t/7.8)] to £lYe &n equal denaity Of pulsea AlODI the trace. 

Another (linear) trace contained the delayed and added. outpute from the oix ·•· 

telescope countero displayed in oequence (Fig. 3). 

The tank background wao continuously sampled by a ~Dealer that wa.a sated 

on for Z5 Jl&ec; after a. ouitable delay followlns each teleaeope pulse. This 

sampling technique wae periodically compared with ~ eb.Ubrated a.ga.tnot 

background obtained on fUm. 

B. Beam quality 

Since the higher neutron multipUcitieo eh bo strcUlflly affected by ptou, 

conoiderable attention wa.o directed to roducins to a mlnlmtu:n and meaouring the 

pioil contaml~tlon in the muon beAm atoppin&ln the ta.rgete~ 

\ ~: lD order to estimate an upper limit to the pion contamination, a. pooltive 
. lj 

beam. wao a topped in a eclntlllator target and the w• ... J.t. + decayo were counted ao c. 

· function of CHz absorber thickneae (Fig. 4 ) The addition of Z.S in. of CHz 

d 
~3 

reduce the w-decay rate to leao than tO of ito peak val~e. l!~or greater thick-
\ 

neaeea ot~tiotlcally algnlfic~nt v decay• were undetectable with o~r apparatuo, 

but the number of~· o lo presumed to continue decreasing with the further 

addition of abaorbel'. ·(Tho .,. peak le ~ in. of CHz beyond the 11 peak.) 
I 

The reve_ro&l of the field direcd\na of all masneta. including that of th41 

cyclotron, produced a negative beam with the aamc geometrical propertieo. 

A negative baun of maximum intensity bad a JA/fl ratio of about t/7. Changes 1 .. 

~ 

1D the pooltton of the cyclotron• 8 internal tarset, however, otrongly influence the 
• 

l 
·~ 
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~eaai compoaltl~ 1a~ woli' ·~the lnteulty- tid~ lit lloc~~_, ploruJ are produced 

ln the tar set wh•~•ae the' muou ort1lnAto from u decay and have a much more 

dlfiuse aourco~ With· aomo aacrlilce ln beam b1ten.alty lt wa.a poeatble to im· 

prove 1reatly the tA/• ratio. 

Figure 5. a cliflerential range curve of the final ~eacn beam, ehowa 

the atoppinga ln a t-in. thick carbon ta:rset lnaldo the neutron detector. A 

comparison of this curve with the one of tA .. -•"' decay ae a function of aboorber 

tbiclmees (normalised to the same number. of stoppinss at the i&.- peak) mhowo 

that v• a comprise lesa than ZO% of the total beam. (The I'- intensity waa 

reduced to one-seventh.) Combinins thia information with the ,..+ result, we 

estimate that the fraction of v• s stoppinstn the target la losa than o.ooot with 

t3 inches of CHz abaorber. This fraction is 11mall enouah to preclude any elgntfi .. 

cant contribution to either tho average neutron production or the neutron-multi• 

pllclty distributions. 

c. Data-Collection Procedure 

Eight targeta were chosen 110 aa to epan a. wide ranse of atomic welghta, 

be -monolaotoplc where poaolble. and permit compa.rlaon with the resulU of the 

previous coamlc~o.ray experiment. All tarseta were 7 inches in diameter (the 

alze of the beam tube) and o~ thlckneseea aufficlent to atop all of the muons 
z . 

' (about tO s/cm, CHz equivahu-.t). 
' . I 

The beam level waa reduced to atve an ave rase of not more than 0. i 

backsround "neutron•~ pulae per atopplng muon. This backsround rate cor

reeponded to ,'a muon etopplns rate of about two per tnbiute. 

For each element, elx to twenty t-hour tarset rune, ~~Jternated with 

backsround r~a, were made. In a.dditlon, aeveral runs were ma.de with no , 
:! ' 

target in plac~ to correct for muons atopplns llll the laat counter (S 4). 
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'I D, ' CAllbJ'&tlODO 

Tho aeu,troa-clete4;tion efficiency wo.1,1 callbratect at frequent iDtervalo 
, , , , Z5Z • 

by :roplaclng the tarset aaaembly with c. flatdon chamber eontabun~ Cf • Thlo , 

I 

' t6 
lootope yieldo an avera1e of 1.87*0.08 neutron1 per opontaneouo flcalon. 

We aoeume that boil-off neutrona from I.A. • capture havo roushly the aame enersy 

spectrum aa the fiaaion neutrons. For e. somewhat different aeometry, 

, Monte Carlo calculations gave the followlns enerJy dependence for neutron 

thermalizatlon and capture efficiency of the tank: 99o/o 0 , 95'Yo,89o/o, ADd 84o/o for 

i•, 3 .. , 5-, and 7-MeV neutrono, respectively. tS 

I 
The oscilloacope-aweep apeedo were calibrated perlodicaUy with a 

cryotal-controlled oscillator.' 

IV. DATA ANALYSIS 

· The data on film were t:ranaferrecl to punched c&l'dc by moano of a 

&sltlsed acannlna 'projector. With the data. ln thia ,form lt vao a simple matter 

1\; with a computer for uo to vary puloo height and,thnlnl critorla:L in order to 
I 

normalize· and optimize data relative to backaround. 

Tank .. trace pulaea were accepted for 30 JLSee beshmlns either t.5 or 2,5 

J&Gec after tho prompt-pulae tlme. The longer dela.yo were uaod for the three 

Ushtest elements, (Table III) ln ordor to reduce the fraction of t£-·decay electrono 

occurring within the neutron sate. The choice of the minimum acceptable pulse 

· height was determined by the eharp riae ln background for lower values and tho 

sradua.l lessening of neutron-detection efficiency for higher valuee. 

The time diutrlbution of noutrono from the Cf25Z fleslon-cba.mber

ca.Ubration runa ia given in Fig. 6. (The fall-off at the earliest time la due to 

the time tak~arifor the neutrons to thermalize.) Comparison of the fisoion .. 
~ 

chamber data wltb the time distribution of tank pubes from .,. capture verlfieo 

that these puloes are due to neutrons. 

~ 

,, 
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made for '"~'Y tarsot ~~d. ~od the co\Ultor ba.;ksrov.ncl data. taken on each 

of tho runs. These counter data were calibrated againet frequent backgro'clnd 

measurement& recorded on fUm, which ehowecl that theae background pulses 

were randomly (Poioson) distributed in time. From the tarset-out mea11ure .. 

menta we determined that the fraction of muons not atopplng in the target was 

0.07:Ir:O.Ot. }.. further corre.;tlon wa.a made for muon decay. The fraction that 

decays la 'A.d/''A (Table I). where ).d la the decay rate. and the total diGJappear

ance rate ). la the aum of 'Ad and tho capture rate ).c• In aluminum and aUicon 

it waa also necessary to correct for decay electrona detected during the neutron 

ga.te time. This cor,ection reduced the number of stnale .. neutron obeervationa 

ln A1 az1el Sl by = 7'J'o, 

A detailed deacrlptlon of the on•or analyola can be .found in Ref .. t 7. 
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···. ::. ;' ·. · ' .; ·,; .· A. 'Experimental Roaulta . · ·,. ·. ·, ·· · 

.·, _; 

I, •. I·,; ''I,, \ ' .' l ·.~·::. \ '\ ' i ' ' ' .;:. : 'i' \ '' • ,, 

· ., ri ,,.!;· ... t1~~or~ectod ,..t"e• of the experimentally obf~~~cl uu~ro11 ~ultlpllcltte&~ 
• ~ ~: '. ,' ' j - • • 

., a,e gl~411~. ln, T.t.'ble UL :Values corrected for back.rouad., t~r1•t·o~t, and decay 
• • • • ' I • • ' • 

and ~·d~c,ecl to a common detection efficiency (0.545) are atvealn Table IV. · The k~ 

aeutron-multlpllclty resulte of Ref. t, which .-eported. tho li&me neutron detector 

and fiealon-chamber-callbratlon method aa used in the preeent experiment, are 

siven at the bottom of thla table. The asreement with thia experiment 18 good, 

both for avorase neutron emieuaton and for multiplicity distributlonu. A aummary 

of previous. experimental reeulte for averase multlpltcitie~ for our targets ie 

11 ven in Table V. 

B. Comparison of ExEerlment with Theory 

The followin1 calculations of neutron emission are slve" without lncludtns 

effects of direct emiaslon alnce lt la not clear what theao correction• ahould be. 

(Calculations of direct emleelon for calcium range from Z5%, by Dollnaky and 1 ,, 
1: t8 •- t9 ' Blokhln.tsev. to • Z-,v, inferred from LubJdn. ) Reaulta that include Singer• a 

dlrect-emleaion correction& for the hea.vy element• are siven at the end of 

Sec. V. 

We bave Investigated tw43 forma of the DI1CleoD-momentum cUatrlbutlon. 

a Ciausalan ucla. Fermi aao. ln our calculation of neutro.n emlaalon from~

capture. Values of average neutron en'liaalon &od multlpllclty dlatrlbutlona from 
' z 

theoe models are functlona of: (a) the momentum-dlatrlbutlon width (« /ZM 

for the Ciauaalan, or 81 for the Fermi sae), and (b) the nucleon effective maaa 

• M • AIJ a flrot etep we made a wide range of choicea for the dlatrlbutlon width, 

and for each ~·h,olce calculated the M• that gave the mea.oured avel"age neutron 
(~i/f ... 
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QUiltlpllcity, · F~.r We ~ _, · a compal'laoa w~o thea ma4o of the predicted 
t ' , ·, j ·, , ~ ' , ' , , ~ I , ' , ( , ! , ' o , 

.\ . . ft\ultlpUc_ity dlatrlbutlOQ. (P o• pt ••. • • , • with tho moaau.rod V&luea 
' .l :. 

(F O * 6F ~ F t at 6Ft, • • ~ )J P,cl the qtandarcl soodueae..,of-flt parameter 

X Z ~:o~ L [ (P - F )/6 F ] Z was determined. (The x Z waa generally aaooclatecl 
D r,t. n ~ . - . 

,_'i(:: z ' 
,.- · .. ' with three to four degrees of freedom. ltor example, a value of x • 3.4 for 

.. 

four degrees of freedom c;orreaponda to a. probability of 50~ that chance atvee 

.. _ · no better fit.) 

Figure 7 ahowe typical profUea of M• and X 1 plotted asalnet the 

momentum-width parameter. 
z - -

Becauoe X io net a aonoitlve function of the 

width parameter, the model cannot determ.ne both the effective maoa and ~he 

width of the momentum distribution. Therefore. in aecertalnlns an effective 

nucleon maaa we must rely on other oourcea for nucleon-momen.twri·d~strl .. 

bution data. Such data. come from a variety of meaeureme_nu on interactions 

of bigh-enersy radiation with li&ht nuclei. and for a simple Gaussian distribution 

I z/ . . 
'- yleld a width p&rameter C1 ZM t_hat ranges from about i-4 to 20 MeV • the pre. . · 
'li zo . 

ponderance of data belns closer to the larger value. For all of our element• 

X 2 
ta essentially constant in thto range whereas M* senerally lncreaee• by 

• t5o/o (Fig. 7). 

The momentum-distribution function for a 20-MeV ·Gaussian is shown · 

in Fig. 8. Also plotted is a Fermi gas distribution (Of= 12 MeV) having the 

·, same mean-square momentum as the 20-MeV Gaussian, and a completely 
., 

degenerate Fermi gas distribution • 

Figure 9 gives the nuc:lear-excitatlcm dlotrlbutlone I(Q) for the above 

. momentum cllatrlbutlona. 
I) 

(Because M in each caae wu chosen to give the 

experimentall:~.~(n) all tho avoraae nuclear excitations for theoe eurvee have 
i .r~- . . 

subatutially the oame value,) . 
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. \ o .. z'' \. . . ,. 
· Vnluoo ot M /Y~ x ·f.' n.ncl tho P!rQdlc*ocl multipllclty dtot:ributlona for 

' i i' .:. 
Ferml·s~s-momentlim dl~t:rlbutlono with o1 = 0 and iZ MeV are given ln 

. ;· Tables Vl and VIL Gauoeian~moment~~dlotr~bution. reoulta with a 
2 
/2M = 20 

, ;; MeV a~e .given in Table. Vlu; The flte wt\~ .tho obaerved ~··'.tipliclty d.lotributions 
.: . 
·; · are not sood, e_xcept for oilicon and calcium, which give good agreement for 

:· · .all 8f > 7 to tO MeV. (~xamplea are ohown in Fia. 7.) Thia better agree-
~ . ' ' ' 

ment for silicon and calcium la probably due to their lower neutron yielda 

\ which -.re attended by lese stringent pa.rametor.fittlng requirement•. 

' ' The harmonic-oscillator ehell ... model calculation of the excitation of 

40 Ca (Fig. tO) gives a value for the average multiplicity, 

in good agreement with the experimental reoulta, (n) 
(n)= 0.744. which le 

r.:~ 0. 746*0. 032. The 

calculated average excitation, (o) = tt.t!S.MeV, la c:lo1e to Q = tt.7 MeV, 

derived from the Fermi gao and Ga\UUll&n model• and the m~a.aured ( n) • Tho 

agreement of this oh~ll-model calculation la interesting but ie probably accidental, 

aince the thremhold for emioa!oza of the firet neutron, 0 t M(Z-1, A)c 2 

2 
- M(Z, A)c = 9.63 MeV, happeno to fall in the narrow range defined by the two 

~·.·~··most-frequent transitions. 

Effective ma.aaec of 0.540 and 0.389 for 1 and Au respectively have been 

calculated by Clementel and Villi from experimental valueo of nuclear-level 
21 . 

spacings. 'I'heoe valueo are similar to those from tA--meaon capture. A 

theoretical calculation by Brueckner, Lockett, an~ R.otenberg22 gives All 

effective maoo in Zr 90 of 0.39, which alao comparea favorably with the valuea 

we get for silver (which io our tarset clooest in atomic weight to Zr 90). 

The ne~tron multiplicity distributions predicted from our models are 

not in good ag,ecament with the experimental values. The calculations. for 
. ~-~·-. 

example, uniformly predict fewer 'single-neutron emleaiona than observed 

(Fig. t t). 

,.. 
i 
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. •. 1 1D t~ •bor• 4l•c••lon we have ..,.cl a. model tbat take• ao a.ccoua~ of 

. ·dt~~~t~i~~~~~l~ ~t'uutrona or.~~ ~u~loa~ .. .',u~faee ~ff~cta~ ·s. 6 . Slna~er baa ahown 
I j i . ~ I ,• • , I 

that these effect• may be important. He baa eatimatect the fraction of directly 

emltted neutrons for the four heavieat ele-menta used hero, and a nucleon• •: 
) . . 
I : I 

clueterins correction for $llver. Dlre~t emiaaion increase• the elngle .. neutroD 

yield a.t the expense of higher multipUcitiee. Singer' e clUIIItoring calculation, 

which aaaumea aome capture by nuclear·&iurface quaat ... deuterona, provides 

a mechanism for enhancement of two .. neutron emierdon. The above effects;; 

both tend to produce better a.a~reement between calculation and experiment. 

(Theae araumenu are of little con.equence in the caeos of' 51 and Ca. becauee 
' \ 

. I 
of the bi&h blndina eneray of the eecond neutron and the reoulta.nt emall UkeUhoocl 

of multiple-neutron emlaeion.) Correctlna for direct neutroll emieeion (Table IX) . . \ 
decreases M by AI tZ% for the degen~rato Fermi-sa• model, by • Z5o/o 

. \· ' 

for the. Fermi aaa model with s,. t2 M~v. and by ad5% for the Cia.ueeia.n, 
2 . ' . ' I . ' 

a. /2M-= 20 MeV. 'Tbie correcti~ generally improve• the. fit with the multiplicity 

distribution for the tZ-MeV Fermi aa.a model and for the 20-MeV Ga.ueeian model, 

For the degenerate Fermt .. aa.a model it stveo a aubetantta.llmprovement tn 

every case. 
• • 

For ellver the clueterins correction increases M by tO% above the value 

baaed on the dlre~t-emiaaion col'rectlon (Table IX). The tnclu~Jlon of both cor- · 
' 

rectione a~tvea algnificantly better asreement between experimental and calculated 

multiplicity values. 

The nuclear radius (1' ·• roA t/l) comea into o\# calculation through the 

proton a.nd neutron Fermi momenta. Our calculated values of effective maeaee 

• are iDaenaltive to chansea in r 0 (• 5'Yo change tn M for ro a t. 2*0.1 fermi a). 
;?,' 

In common wlt~ Klein• 11 calculation of I'- -capture rates in complex nuclei, Zl 
. ' 
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• • we &4 rathes- lat"JOI' varlatloaa la W /M U' tW. ua.troa aacl proton radll are 

aasumed to bo different. (A o. t·.F btcrGUlCG la roD. when rop :: t.Z F glveo 

• an increase la M /M of • O.ZO.), 

Any error introduced into OUl' calculated reun.tlu by lsnorlns proton 

emission (or direct neutron emiaslon) ha.a the effect of over oetlmatlng rather 

than unde.-eotimatins effectlv~ maaoeo. 

The average nuclear excitation (o) produced by muon capture appearo 

to be a relatively luenoltlve function of tho details of the excitation diatrlbutlon 

and neutron-emiaslon modelll, If we a~ewne different valuee of ( n) and 

calculate (o) we find there lea linear rela.tionehip bet~een (n) and (o) 
very nearly independent of the model (Fermi sa• or Gauaalan) a.nd the width of 

the momentum dlatributlon. A typical example ia slven in Fis. t2. Only in the 

caae of Ca ia lt not poaaible to fit all of the pointa to a single atraisht line. 

For Ca the completely degenerate Fermi saa doea not fit the Une well, but 

neither does it fit the experimental multiplicity diatrlbutione nearly &8 well &8 

. l either the Oauselan or the nondege~erate Fermi gaa. 

The a.verase kinetic energy of the emitted neutron te reflected ln our 

choice of nuclear temperature ( (:KE) -= 2 8 ) and, aa in Ref. t, we have uaed 
\ D 

a value of fJ = 0. 75 throughout. \ D , 

The value of 8 hao. not been deiormlned accurately for t.L • capture but la n , 
24 

commonly deduced from low·ener1y fllaion and nuclear lnteractlone. Turner 

114• meaau!'ed the .,_·-capture neutron apectra for Ca. and Pb in a hydrogen 

·bubble chcunber and ohown that 8 Cli t MeV. From a comparison of the number n 
of neutrons with E ;,. 3 MeV to the total neutron multiplicity for all of the targeta 

;, 25 
ueed ln this exP'srlment, Hagge et al. deduced 6 m 0.5 to 0. 75 MeV. Around 

n 
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.0.1' MeV the VArlatton AQ/,.9 14!1 appr~tely •J. foao the ~at ••ulttve caee,. 
: • . • I 1 ' , . ' • , ~ \ ' ' · : ; : ' : . . ' • 

sold, eo tbetaoanunod valu.o of 0. 75 MeV probably latrocluces an unc;ert&lnty ln 
~ . ' . ; I ! . ; • ; • . . \ ' ' 

(~) of no ~ore_ than ().5 Me.V. 

Value a of ( Q ) determined from our experimental valueD of ( n )are 

!f.i~~i~.~- :i~ ·~~ble X. Tho otatlatlcal uncertainty in ( Q) to lea a than % t MeV 

(except for st. lit: Z MeV)~ The uncertainty due to tho model b probably not more 

than •t MeV. 

Alao slven 1D Table X ,are (P.,). and ( (P.;' ))t/•. The latter va.luea 

are more nearly thooe of tntereat ln the calculation of muon-capture rate a, but 
. . . . ' ' . 

they are also more oenoltlve to the detallo of tho excitation distribution and 
I 

therefore not to he considered ao experimentally determined but only preaented 

for illustration. 

U the average neutrino momentum to expreoaed aa a fraction of the 

available enersy, l. o., the .,. maoa reduced by tta K-ahell binding enersy. we 

obtain tho value a in tho laot column of Table X. With Ca · aa an exception thl• 
1
ll ave!!age neutrino momentum le quite uniform over a wide ranse of z. 

:,\ ; !'' 
; ' 

i, 

\ 
~-·, ··''\ . \ 
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. : · Vl~ :· CONCLUSIONS 
!tl ' . . 

With tho moclole -ao ba.V<i taken for D.GUtl'o- ~mlosloa from e&-meaon 

oapture, reduced ·offectlvo auclear mas sea must be. asaumed ln or4er to get 
. . 

agreement with our meaaured averaae neutron multlpUcltlee. 

The multlpllclty distribution• predlcted by our model are not ln quanti• 

tatlve agreement with the experimental reeulto (except those !or olUcon and 

calcium). Inclusion of Singer• a d.irect-emtamion correction for the four heavieet 

element a uniformly improved thla asreement. For silver • hi a additional cor

rection for nucleon cluaterlns further improvea the aareem~nt except ln the 

ca.ae of the degenerate Fermi sas. Our calculations for qther elements • with 
. ! 

rea•ona.ble valuea of the cluetering parameter, did not lead to algniflcant im .. 

provement. 

The ave rase nuclear excitation ( 0) tnferrocl from the average neutrOA 

multiplicity by meana of evaporation theory ia buseneltlve to the momentum 

distribution, effective ma.sa, or other model pa.rametero, 'tho variation belns 

no more than at MeV. When the averase neutrino momentum, inferred from 

( Q ) • ia exprooood ln uldte ~fa roeduc::ed f' ma.ao (the reat-maaa energy 

minus ita K-obell blndlng en.ergy), the reault (with tho exception of calcium) la 

constant-· 0.8Z •O.Ot ... over the wide range of atomic numbera covered. Of 

. couroe average values of bl~her momento of the neutrino momentum [such a.e 

( ( p..,
4

) ) t/4 ] become lncreaslnaly model ceneltive and therefore le11a well 

determined by our measurements. 
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Society Winter Meetlna, Berkeley, California (t96~). Expansion of 

Abstract, Bull. Am. Phys. Soc. !• 725 (t964), 
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Target 

ilAl -.. 
Si' i4 -: 

zoea 
2.6Fe 

47As 

47Ag 

531 

79AD 

82Pb ~. 
azPb 
szPb 

··---~ ~ . : 

Atomic 
mass 
nu.znber · 

27 
za 

·~·:,,4Q. 
56 

t07 

t09 

t27 

t97 

Z06 

.107 

208 

Table I. Isotopic abundances, nuclear mass differences, muon binding energieo, · 
totar muon-disappearance rates. and decay rates. 

a 
Abundance 

i.OOO 

0.922 

0.970 

0.917 

o.5t4 

0.486 

i.OOO 

t.ooo 
0.236 

o.zu 
0.523 

Product 
nucleua 

.. tzMI 

ilAl 

t9K 
15.MD 
46Pd 

46P4 

szTe 
"78Pt 
·atTl 

·' Tl 8t 
ltTl 

-· . b 
M(Z-1, A)-M(Z, A) 

(MeV) 

3.t29 

5.i5t 
!.833 

4.220 

0.546 

1.624 } 
1.200 

t.26 

z.oz 
t.o953 

5.506 

Be 

" (MeV) 

0.463 

0.535 

1.054 

1. 72 

4.76 

5.80 

10.10 

__ .,; 

t.0.66 

-cl 
l xto-;, 
(uec- 1) 

u .. 3Z 

12.06 

•Z9.6 

5i.O 

tta.s 
tt6.t 

t45.8 . 

i34.9 

• ~d xto-5 

-t (oec ) 

4.54 

4.54 

--1.54 

4.45 

4.t.6 

4.t3 

3.8 

3.8 

; 
. J 

1 
j 

' l 
' --.··1 

.. :l 
-~~~1 

0.401 - .; 

0.376 i~i1 
0 .as• ... ~ 

• & ., ::··.':"~ 

0.087 ~~~ 
s·:1 

0.035t 1~] 
~-~~ 

0.0356 :;~l 

o.out \~ 
0.0282 ~ 

M 
N' 
4 -·~ 

.?i~· 
a. Gladys H. Fuller, Relative Isotopic Abundances, in 1959 Nuclear Data Tables_, K. Way, Ed. (U.S. Government PriD.tins ·~i ,, 
Office, Washington lS, D. C., t959)p. 66. AbUndances not quoted in our table were neglected. The sum of those q~oted for J 
an element were normalized to unity in our calculatiou. ·· -~sl 
b. L.A. Kanigo J .. H. E. Ma.ttauch, and A. H. Wapstra, Nucl. Phya. !!.• iS U96Z). · --~ 

::··; 
c. Kenneth W .. Ford a.nd John G. Wills, Calculated Properties of Mu-Mesonic Atomse Loa Alamos Scientific La.boratorv :A 
Report LAMS-2387. 1959 (unpublished). . : _., 

d. Al, Si, Ca: J. Ce Se~s. Phys. Rev. 113, 679 (t959);' Fe, Ag, Au, Pb: -5. N: Kaplan, J. S. Baijal, J. A. Dia.z, G. Kojcrian~;J 
and R. V. Pyle, Lifetimes in Medium a.ndffigh- Z Elements, Lawrence Radiation Laboratory Report UCRL-10297, June t.96Z~ 
(unpublished); Iodine: T. A. Filipa.s, R. Palit, R. T. Siegel, and R. E. Welsh, Negative Muon Capture Ratee in High-Z 

Elements, Carnegie Institute of Technology Report NY0-10563, July 1963 (unpublished). 

e. R. W. Huff, Ann. Phys. (N.Y.) i6, 288 (t96t). 
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Table n. Neutron separation energies· .. : .. ~ 

·: ..... 
. 'I 

:~"'. j 

-==================================J 
Target Product Atomic-mass number and neutron separation ener.,'iea (MeV)a ~~·;J 
nucleus - ·... nucleus • .. · 

1 

___________________________________________________ :.::_~i 

t3Al - ... tzM& A Z7 u 2.5 
; 

.: ~ .. ~ 

6.437 t t.097 7.331 
. ·-:"::\(:t:. ... ~ 

t451 - ... 
tlAl A 2.8 Z7 2.6 ~-~:''· 

.. 
}~I~~~:. 7.723 t3.069 tt.344 

zoea -- ·' i9K A 40 39 38 
.. ·-.. 
- ·.:- ·',: .•. : 7.798 t3.079 iZ.030 .. 
-·~-

... f.: 
~ . .; 

u,Fe 
~, -

zsMD - A 56 55 54 
' ~- .. 

7.270 i0.220 ~ .. 
:.::~?~i.j,~ 8.940 

As .... .. .. "'Pel A i09 i08 i07 47 .. .f ;- :.:~·::_: 

6.z4c 9.osc 6.39C ~; i~~_y;.& 

5Jl 
. 

--~· .. - szTe A tZ7 tU 125 

;;}i~:~--~ 6.3S3C 9.099c 6.57?C 
·-~·-· .. . 

79Au· ·- 78Pt A 197 t96 195. .. 
~ 

,· 
.. . 

5.86 7.92 .6.2.t :;.· :"'~: ... 
• 

82Pb ...... 8ST1 A 2.08 2.07 ~06 ·:·· 
4 3.83 6.80 6.56 -

. - ' 
a. From L. A. Kenic. J. H. E. Mattauch, and A. H. Wapstra, Nucl. Phya. 

b. A. G. W. cameron, A Revised Semi-Empirical Atomic Mass For~nula.. 

c. V. A. Kravtsov, Nucl. Phya. 4t, 330 (1963). 

',•w' 

2.4 

16.535 

25 

17.090 

3.7 -·· 

t5.t54b 

53 

iZ.049 

106 
9.4tC 

iZ4 

8.55 

2.05·'"" 

7.54 

-

2.3 

t3.442 

' u 
·t2.9~ 

36 

.1Z.835 

52 

tO.SZ9 

105 
7.409c 

tZ3 

6.3 

. ·· Z04 . 
6.62 

-~ 

.. .. 
.-- ~ .. -· 

. .. 

, . . 

. ·-.:~:::~ 

19t. ~ 
. 1) 
6.4.' 

2Q3 . .. 20! -::· 

7 .. 88 6. 79,~ 

...... l 
".1 

3 i. t 8 (t 96 Z). except aa notecl. - · · ·· iii 
. ·~ 

Chalk River Report CRP-690, t 957 (unpublished)'. 1 . itt1 
':... ?~~ 

d 
o·; 
"'1 
~\ 

~ 
e~~, 

_::; 



Table m. Experimentally observed neutron multiplicities (uncorrected data). 

Average Multiplicity distributioa Target Neutron gate Efficiency background Total 
time a (pulses per 30- events 'o ft fz. f3 f. (~ec) tJ.&ec sweep) 

Al 2.5 to 3t.O 0.495:t:.Ot4 O.tOZ t.492 9t.Z 471 at 26- t· 
Sia ''· ·~. 

2.5 to 29.5 0.553*..015 o.oaz 657 439 t86 28 t f. 
Caa 2.5 to 29.5 o.ss3:~:.ots 0.078 !846 it 54 -!605 .,t_.,,. ........ 

--... •. ,; ~ ·. tO 4 

Fe t.S""'t~ .. :3t.O _ 0.545:1:.015 
~: . ·.:-~ .. ' O.t05 1426 705 559 t32 z6 2 

·!_,.,. 

Ag t.S t6 3t.o· 0 •. 545:!:.015 . 0.129 897 3t7 384 t46 38 9 
........... 

I t.5 to 3t.o 0.545:t:.Ot5 o.tzz 909 351 405 to a·-- - ·--3s-· 9 

Au t.S to 3t.O O.S45::t.Ot5 O.tt4 tt92 408 StO 198 52 t9 
Au& t.S to 29.5 0.608:1:.017 0.097 535 ZOt t99 tOt. 22 9 

Pb t.s to 3t.o 0.54511;015 o·.tt7 720 235 325 113 37 to 

Target t.S to 3t.O 0.545*.015 0.093 30 18 tZ 
out 

Target t.,S to 29.5 0.599*.017 0.089 25 t.Z tJ. 
out a 

a. Data taken during a later cyclotron run. 

·:.. .. 

! dl 1 ' 

's i' 

0- t 
t. t 
0 ' 0 
2 0 

z t 
t· ·0 

4 '_ . t 
3 0 

0 0 

~ 

-~ . 

• N .... 
' 

c::: 
n 
;:o 
.r-
1 .. .. 
N ... 
w 
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.~ ... ·. ·~ . Table IV. Corrected experimental results adjusted to 0.545 efiiciency. _ 

Average. 
Target multipliCity. 

(n) :ro ~. 

At: . ' 1.262:1:.059 (),449:1:.027 0.464:t;.028 

Si 0.864:!:.072 ().6 i 1:!:.042 o. 338:!:. 042 

Ca o. 746:.032 0~633:t;.02t 0.335:!:.022 

Fe .>i• i2SZ.04i 0.495:t.018 0.4t6Z.Ot 9 
' 

Ag ~''f':'t)ts=.o6o o. 360:t:.02t 0.456*.023 

I 1.436:1:.056 0.396:t.OZ.t 0.474:1:.023 

Au 1&662.:1:.044 0.370:1:.015 0.425:i:.Ot6 

Pb i. 709:!:.066 0.3Z4:t.02Z 0.483:t:.OZS 

Aga i.60Z.18 0.389:t:. tOO 0.455:!:.075 

Pba 1.64~16 0.348:t.i00 o.479z.057 

Multiplicity distribution. 

Fz ~3 ~4 

o.o5z:.ot3 0.036:t.007 -0.0023z.004 

0.045:!:.018 -0.002:!:.008 0.003:t.005 

O.OZS:t:.009 0.004:!:.006 ', ·0~003:!:.003 . 

0.074:t:,.~it O.Ot4:t:.005 -0.000i*.003 

0. t44:t:.O i 7 0.031:!:.009 . 0.007:!:.005 

0.087:4:.015 0.035S;.009 0.007:!:.005 

0. t56:i:.OtZ 0.032*.006 O.Ot4:t;.004 

o.t37:i:.Ot8 0.04S:i:.Ot0 o.ott:i:.006 

0.1ZO:t:.035 0.030=-.0tS 0.001*..003 

o.t37:t.027 O.Ot8:i:..Ot2 0.010:!:.005 

-O.OOtZ.004 0.003:'=.004··· · ·. 
,.:,; . - . ...-.- ·:~ 

0.002z.005 0.003*.006 _·: 

r '_ .•• ;. 

+0~002Z..003 ..... :}::·i~ 

· o.ooz.:~:.oo4 OsOOt*.oo'3~:]~;I~ 
0 ;o OOl:i:. 004 . . . _' ·>?~:~~ 
0.003:!:.003 0.0003:!:.003 ··:. . . ~ .. 

• 

' 
' ~ 

.!! 

l ·1 .. 
. '' ' ......... ~ ' ·i .. 

o.ooo:.oo;·"·.· "o.oto=.oo7l 0.009z.006 

0.005:!:.004 
. . I 

o.oo3:.ooz .· _ 0.002:t:..002 i· 
. ~ l 

--------------------------------------------------------------------------------------~---------: a. Results of Kaplan, Moyer, and Pyle (reference t) adjusted to 0.545 efficiency. I 
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·.Element· Average multiplicity Source 

. I': 

' 

} 
I 

Al 

Ca· 

Ag 

. . a· 
0~95*0.17 Wldgoff (t9S3)b ·" 

. c d 
Conforto and Sard (i95Z) • 0~40:&:0.4. 

t.60*0.t8· 

1. 7 *0.4 

1.9611:0.72, 

Kaplan, Moyer, and Pyle (t958)8 

Winsbers (t954)f 

.• l . 
. ·, .! l •. jf! ... 

' Pb' :::::'; :' .;.!; z.s. *<>.5 
j.::, ir .... :~--~ -.. ~ .. "':·-- .... ~--...:.. .; . 

Pb . . . . --.,_,_., . t.5 :t:0.4 

Pb .' . ./~;:. :·; ·' ··· ···.U., z.14*0.t3~ 
'Pb . :'' . ·,. ' ; ' t.5 *0.4 

,. . ' 

Groetz1nger, Berger, and. 

McClure (t95t)l . 
. h d 
, Crouch and Sard (t 95Z) .'. . 

. c d 
Confo~o and Sard (t 952) • · 

Widgoff (tc)53)b 

Jones (1957)1 

· · · Kaplan, Moyer, and Pyle (t 958)e 
.,. .{ 

' 
f ' •. 

·Pb ·· .. 
': :. ,·: !.:!; t.64:tO~t6 

a. 

b. 
c. 

,.r,. 

Statistical errore only. I • ,. 
' 

See M.. Wlc.tgoff, Phys. Rev. 90~ 89t (i95S). 
. ----. 

See A.M. Conforto and R. D. Sard, Phya. Rov, ~· 465 (t952). 
d,. These value~ and errors are au quoted by R. D. Sard and M. F. Crouch, P!'ogreea 

in Cosmic Ray Physic& (North-Holland Publlshins Co. , Amsterdam, 1954) !.!!, 3, 

e.· See Ref. t. 
i 

f. See L. Winsbers, Phya. Rev. 95, 205 (t954). 

lo See 0, Groetzlnger, M. J. Berger, and Ci. W. McClure, Phya. Rev. !!.• 969 (1951). 

h. See M, F. Crouch and R. D. Sard. Phys. Rev.~· tZO (t952). 

i. See D, R. Jones, Phya. Rev. tos. t59t (i957), 
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. ·· , .. ;/:;:;:1;;:_· .. ':. . . ( . :u . ,.z7.. UC1lL-ttZ<i3 Rev. 
_' Tabl~. V~~ .. Fe .... ~ J&lf d.la.t:rlbutl4ln, flf • 0 .MeV. The effocU,. maaa that pvea 
. '; t.he e~pe~~~ental ave rase multlpl~city, x 2, e,nd tho predicted multiplicity distribution •. 

. f\' ···;-·. 
: \. Target··· Effective· '· · · Multiplicity distribution 

I· . . 

·· mass · 
,.. .·M•/M :x~ ·PO pi Pz P3 
'; ---·~----------------·----·-·------··-.----:;· 

: ·, '·· 

·'' ' ' 

'!::• .. !, ,. . 
> ' ~ I' • • 

::: 

'\ 

A1 

Sl 

ca. 
::! 

Fe',· '. 

Ag .'.'. 
·I:·!' 
,l,j 

·.I~;·,:,;;' 

1 ·.,·t; 

"I 

Au . : 
.. •( 

Pb .. 
·' . ~ ~: : 

, .. 

' •' 
. '· 

'' i 
\, '. 

o. 74 4t .. 9 0.4t5 

0.95 :t7.6 

t.39 

0.76 

0.49 
" o.so 

0,38 

0,36 

: ~·· .. : 

.. 
t. •. ·.l. 

' t' 

.... : 

• 11 i I· 
'. 

'• • t, I 

r 1, ' .\ ', 

' .. 
. ' ,. ' 

I 0.534 

0.593 

.· i 

', I 
;. 

]. : 

' ' ' , tr. 
. ( .~ 

t l 

' I 

0.483 

0.46t 

0.407 

0.467 

o.toz 
·0.005 

0.073 

. i '.. 

', ,: 
':.t. 

' ·"· 

'• . 

\ 
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Table ~n. .. Fe~ ~~ cllatribUtlcm;. Bl• tZ MeV. The 'effective mua that atvea the 

experimental averase multlpUctty. x .• anct the pl'e4icted multlpUclty dietrlbUtion~: 

Target EUectlve 
mass z 
'1vf.'• /M X 

Al 0.60 40.0 

Si 0.81 2.6 

Ca 1.03 5o0 

Fe ' 0.60 10.9 
''.i 

Ag 0.35 ·25.3 · 

I 0.37 42.0 

·Au 0.25 43.8 

Pb 0.24 39.4 : 

(' 

Po 

0.465 

0.573 

0.613 

0.505 

0~404 

' 
0.441 

.I; 

. I . 4 . ·. ,. ,. o. 03 
. ~; , . L~J 

' ·· . . ' 

- ·'.I 

. ' 
···.! 

0.389 

Multlpllclty distribution 

pi P2 p3 p4 

0.399 o. 119 0.017 

0.383 0.043 

0.367 0.020 

0.385 . 0.102 0.008-. 

0.370 o.t72 0.049 0,00~ -
0.373 0.149 0.035 0.002 

0.359 ,. o. t 75 0.055 .0.007 
' 0.364 0.182 0.056 0.008 

.. 

~-

·• 

.. 
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·,_ .._ 

.. 
' \ 

.r· ,. 

... ; ·.Effective 
Targei:·;·mass z 

:' :.M*/M 

\:,. 

i' I 
I'. I 

.. 
·;I' 
I:.'\ 
:: ·; 

'·' ,, 
r: 
;•.·· 
·; 
'•J .• 
. . 

I ' I • · •• ~ ,':0. 

:~": '·. ' 

·i·,: I 

.i. 
I 
I 

I' 

. 'li 

,'I \' 

. :.·. i 
AI 

'' 
I .. 

Si ... ·,· 
i. 

",•. I' 

I ',I c· .... a·,: ... ··.·. 
' ',' 

Fe .. 
I· ·.I 

Ag ., r' 

···.', 

I 
.,l 

Au ' 
., . , ' ~ 

Pb ,. 
'. \;, 

., 

'' 

·.; 

., . 

X 

0.59 38,0 

0.7'3 t.9 
0.9Z z.s 
0.63 t0.6 

0.45 Z3.6 

0.54 38 .• 3 

0.46 36 •• 

0.48 34.5 

.. j; 
. ,. 

l , I I ', ', •If 

' . '. 

, . 
,·· 
,I' 

. . . 

:. r· .. '·' 

Po 

0.469. 

0.579 

o.6zt 
0.510 

0.40~ 
0.440 

0.399 

0.38~ 
; •' 

" ' I I,·. 

' 

' I 

. '.) 
,'I : '• 

I' 
• f •• I : ' ~ I 

' ' 

I ': I ~ 

: I .. 

. ' 
''' 

\· 
/"1\ j ~ I • I 

' ' 

UCRL ... ttZ43 Rev. 
<o•• -• • > •' ·• • ! 

. Multlpllclty distribution 

pt Pz 

0.393 o.tt8 

0.372 0.048 

o •. 3sz O.OZ7 

0~.379 0.100 

0.373 o.t69 
0,3'77 o.t46 

0.36 ~· o.t75 

o.37Z , o.ts3 

,. 
I 

. I 

I 

f\ 

' l· 

i,• I ·1, 
,t I· ' ' ·,1 

' ·. 
;, 

•I 

, I 

• I· 

. ' 

p3 p4 Ps 

o.ozo 

o.oot 

O,Ott 

0,048 

0.034 o.oos 
0.053 0.007 o.oos 

'I 

,•, 

0,053 o.ooa 
,, 
\· 

>I• 

'' •. 

'· 

'y 
,. ' ) 

•' .. 
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Table IX. Effective maifs, X 2• and predicted multiplicity distributions corrected for Singer'- a direct 
-:·· emission and clusterlnJ. ========================================================= -··· Target Direct-

- emission 
parameter 

Clustering 
parameter 

Effective 
mass 
M*/M 

_____________ M_u_l_t~ip~u-·c_i~ty~di_s_t_ri_b_u_ti_on~-----------· • , ~ 

.... 

Aa . 0.2!6 :o 
'· 

I . . '0.199 -o 
Au o.ts7 -- .Q 

-· Pb ·o.tSS -- ;O 

A& ·-o.zt6 O.t44 

Fermi gaa, 81 = t_Z MeV 

AJ O.Zt6 - 0 ·. 
-t _ ·o.t'' -:_ ·:c, 
Au - -o.ts7 ··o · · 

· Pb -_ o.ts3. 

AI o.zt6 
0 

o.t44 

Causal~. a.Z/2M c 20 MeV. 
-·-Aa - o.2t6 o 

I ·o.t99 o 
Au o.t57 o 
Pb o.t53 o 

o.zt& o.tu 

.. 

- , ..... 

·o:43 

0.45 

0.34 

0.32 

0.45 

o.u ¥ 

0.30 

o.t9 

o.ts 
0.29 

0.36 

0.46 

0.40 

0.4t 

0.39 

z 
X 

. ' 
!. 

4.7 

20.2 

27.9 

ts.z 
9.5 

--- .. 
.· .. - .. 

24.4 

32.2 

4t.S 

35•7 

tt.s --

-·. .- .. . · ... 

ZZ.l 

29.6. 

32.7. 

30.4 

to.s 

.- • :~. ,f .. 

•, ~ ... .. 

0.343 

0.378 

0.333 

0.320 

0.333 

;;. ........ .. 
.... !; ' --. 

.. ... 

0.409 

0.442 

0.407 

0.394 

0.388 
.. 

""!·.-.-

0.407. 

0.44t 

0.40t 

0.387 

0.387 

~ .. · '• ~ 

0~463 

0.474 

0.458 

0.459 

0.472 

0.377 

0.380 

0.364 

0.368 

0.397 

0.380 

0.384 

0.373 

0.377 

0.400 

. ' 

Pz _P3 P4 _P5 ~-~i· : ~·· 

o.t66 

O.t36 

. 0.029 : .. 
--. .,. . 
. _ O~OtZ 
.. ·.-

> . 

"; .• :: ...... ,1 

. ~- ,, _ ..... - ,... "" .. . ~~ -~ .... ! 
• .. . - -~· .• ·7·' .. .. .. <; .. ·' 

o. t79 . _.0.030 - ' ·-.-~ 
,. •• ••• .... ... ... ~:- ...... .,.... > .-.... 

o.t9o :.-~,-o~o3o ·-i.- -:._;_ 

o.t75 · .-.,-o~ot9 ., .. -· -~ - .:-·-' 

.. ·_: 7'- .. 

o.tst 
o.t35 

o.t58 

o.t65 

o.t67 · 

- .. _ -.. · . 

O.t49 
o.t33 
o.t6o 
o.t67 

o.t66 

·" 

0.054 

0.039 
-

o.osa 
0.060 
0.041 .. 

·"'[ 
,..-
< 

0.053 

Oo038 

0.056 

0.057 

0.04t 

... ~·..:.. .-. 

0.009 

0.004 

o.ott 

· o.ot2 ·-

0.006' ·. 

0.009 

0.004 

o.oto 

o.ott 

0.006 

0.001 
.. 

" ":·-

__ .: 

o.oot;:·. 
~ . . . . 
., . 

-· 
o.oot 
o.oot 

.. . 
- .. .. .. 

:.. 

.. -.. ~ 

. ... 

.. 

" 

• \,1.) 

'C> 
1 -

,· .. 

. .. , .. · 
· .. 

c:: 
" (") 

~ ·.-r ..... 
__ .. 

N . • .. w .. 
~ 

- ct ·< . 
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·Table X. .Maximum •xcltatlo._. average nuclear excltatloa. uul aYeraae neutrino 
· momentum. · 

Target ··Maximum Ave rase Average 
excitation, excitation, neutrino 

I ~ <( Py. 4 ) ,., •• (p"c) /~· c 2 
Eo (0) momentum 

(MeV) (MeV) (p"c) (MeV) . 
.. (MeV) 

A1 tOZ.t 15.5 86.6 83.5 o.az 

Sl too.o 
I, 

t3.3 86.7 84.5 o.82 
·I. 

Ca to2.8 ' tt. 7 9t.t 89.5 ' ' 0.87 

Fe 99.7 14.5 '.> 85.2 82.5 0.8Z 
' 

·, 

Ag 99.8 17.5 8Z.3 78.1 0.82 
11. '. I I 98.7 15.6 83.0 I ' 79.8 I 0.83 

94.3 16.3 
r , •• ' 

Au 78.0 
''. 74.Z 0.8Z 

t· ' ' ., 
Pb' 91.2 15.4 

.. , 

75.~ 72.3 0.80 ' : ~ ~ f i 1 ' 
•I ::''t:' ' ' .. 

·' ;• 

a. The values pven here are for the 20-MeV. Gaussian. They are quite close to 
" \ . 

those for the t2-MeV Fermi aaa ud about 1 to 3 MeV lese than the 0-MeV Fermi 

sa•. 
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J'IOUU: LEOENDS 

' ' ' n,. t. Experimental arraoaement ~f the counter tele•cope u4 cadmium-loaded 
\ . . 

· liqutd ... sctntlllator tank. 

· Fig. z. Block diagram .of electronic•. 

Fig. 3, Typical oscilloscope trace•. For the tank trace, the dotted line repreaenta 

the minimum height accepted and the time durin& which the neutron pula •• 

were counted. On the telescope trace a muon atopplna la aignaled by the 

presence of pulaea from counters Sz• s3, and s4 , and the abaence of 

~erenkov and antlcounter pulaes (C and A). 

Ftg. "· 
na. 5. 

Fig. 6. 

Positive-meson stoppings:inthe aclntlllator taraet. 

Negative-muon &toppings in a carbon taraet. 
-25Z · 

Time distribution of delayed pulses from (a) Cf- flaalOD-cbamber.., , .. 

calibration runs, and (b) f.\- a toppings in silicon. Backaround baa been 

subtracted. . ' 

Fig., 7. The effective mass M required to give the experimental (n) , and the cor ... 

z responding fit (X ) with the experimental multlpUcity distribution, as 

z functions of the momentum-width parameter (8f for Fermi sa•, or a. /ZM for 

the Gaussian). For calcium and gold. 

Fia. 8. Nucleon-momentum distributions. (a) Fermi saa (sold), 9f • 0 MeV; 

(b) Fermi gas (gold), 91 • tZ MeVJ (c) Gaussian, o.Z /ZM a ZO MeV. 

Fig. 9. Nuclear excitation distribution from f.\· capture in sold. The effective mas a 

'' 

in each case has been chosen eo as to aive the experimental average 

mUltiplicity. (a) Fermi gas (gold), 8
1 

= 0 MeV; (b) Fermi gas (gold), 

81 = tZ MeV; (c) Gaussian, o.Z/ZM a ZO MeV • 
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to.' Mu~ ·.~ttatlOA of Ca 40• Shell-aoclel cal~watloa. bannoa.lc-oaclllator 
' .. !r I , ! · 

potential. ~calc ) • 0. t.&.a ( n.
8
xp )'. 0. l46*0.03Za x Z • Z3~ 

•,. 

UC1\L<-ttZ43 ~y. 

L: ns: t t. Comparte'on of the. obaerveci DeutroD multlpllcltlea with hiatolr&ma 

calculated by ualn1 the Cia~aalan momeDtum distribution. o2/ZM c: ZO MeV • 

Fil• tz. Ave rase neutro~ multlpllcity (n) va the averase nuclear excitation ( 0) • 

(in 1old) for both Oauaalan and Fermi aa• momentum diatl'ibutlona at varlou 

temperature• and with various effective maaaea. The point a can all be fitted 

with a alnsle atralcht line • 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




