
Lawrence Berkeley National Laboratory
Recent Work

Title
ATOMIC CAPTURE OF u- MESONS IN CHEMICAL COMPOUNDS

Permalink
https://escholarship.org/uc/item/78n308xx

Authors
Baijal, Jagdish S.
Diaz, Justo A.
Kaplan, Selig N.
et al.

Publication Date
1963-03-15

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/78n308xx
https://escholarship.org/uc/item/78n308xx#author
https://escholarship.org
http://www.cdlib.org/


University of California 

Ernest 0. 
Radiation 

lawrence 
laboratory 

ATOMIC CAPTURE OF f.l- MESONS IN CHEMICAL COMPOUNDS 

TWO-WEEK LOAN COPY 

This is a librar~ Circulating Copy 
which rna~ be borrowed for two wee~s. 
For a personal retention copy. call 

Tech. Info. Dioision. Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.·-. 

•• 

Submitted to Nuovo Cimento 

UN!VERS!TY OF C .. t.,.LXFORNIA .· 

Lawrence RacUation Laboratory 
Be1·1~:eley, CaU£o1·nia 

o~:lt. . 

UC.RL-1067 1 

ATOW.UC CAPTURE OF 11· Zv1ESONS IN CHE!vUCAL COMPOUNDS 

Jagdish S. Baijal, Justo A. Diaz, Selig N. Kaplan, 
and Robert V. Pyle 

!viarch 15, 1963 

.. :, '· 

I 

/ 

. _:, 



'"" 

.... 

! '· 

---1- UCRL.-.10671 

ATOMIC CAPTURE OF !J.- !v::ESONS IN C:E-L'Elii.UCAL COMPOUNDS 

Ja.gdis.h S. Baijal, Justo A. Diaz, S~lig N. Kaplan, ' 
and Robert V. Pyle 

Lawrence Radiation Laboratory 
University of California 

Berkeley. California. 

March 15. 1963 

·· ~ .. E,,perimental studies oi tne relative ~-meson atomic-capture 

p:..·obabilities in the compounds Ci.iiO, Sb2o3 • PbO, CuS, Sb2s
3

, PbS. anci in 

the metallic solutions A~58 ~~~ Cu.A~18 have been raade ·to test the predictions 
-··· 

of the 01 .F'el·mi-!'ellr;H· Z-law. 11 Xn our ~X?el"iment the cil)tudng atom was 

i4eoti!ied by decomposing a compound llf~timos curve obtained by detecting 

neutrons f1·om lJ. .. capture. The 1neasured atom.ic-captU:l"e ratios are: 
,., , .. 

Cu/0 = 6.14±0.35. 

Sb/0 = 1.86:: 0.096,. 

Pb/0 = 4.56 :l:: 0.53. 

Cu/S = 1.89 :i: 0.13, 

Sb/s::.== 1.64*0.10. 

Pb/S> ;.a:., 2.87 :±0.35, 

A,,jy j;;l: :11 •.. 66~:"..".9, .;E'~•t.;:J•t t-Jl. r ••. ~ - - -

Au/Cu = 0.34 ± 0.032. 

Assuming the Z depel'.ldence 1:>£ the atomic-~.:ap~u1:e probability can be 

expressed as pr~portional to zn (n being any positive or negative numbe~:r), 

we find that our experimental results £aU uppro:dmat~ly hl the l·ange 

n::;; l/2 to n = 3/2, whercs n = l corresponds to the theoretical pl·ediction of 

Fermi and Teller • 

' . 

·. ·,·-

..· .; 



\ 
i 

i :.,.· 

' . 
i 

. · ... 

, .. ·· .. ·.· ' •• ~· '· i : .• .' ; •. . .- . .,-"• 

"'-2.- UCRL;..lC67l 

L .. !nt.rocluction : ~ ' ' ~ . 
~~·*'"" 

· .. ·/ 

A theo:::etica.l study o£ the slowing down process of iJ. mesons ir1 
. ' ' '' ' " ' . '' (l} '' .. ' . '' 

·. conden;;.;e~ matte:r was mad~ by Fer,·:ni and Tellel." •... · They showed that the 

time t•equi:!:ed for the muon to slow down, bGcOn'le bound to an atom. and fall 

into the ground state o! the :n1.euonic atom t~yatem h ~::rnall con:.pared to tho 

• 
ni uon lii'etime. 

ThG.y a.hlo e~timated the l~elat:ive atom1c .. captuzoe 1·ates of mesons by the 

~~erne1~t~· o£ a che~ical compound. ( l} They a~sumed that the ~:robabillty o£ ; 

· capturo by a particular ato:m is _ju~t the pi:obability that a slow ll1C$On. will ia.U 

into a n.egative ene:rgy state in the neighborhood of the atom and that thi!S proba .. 

bHity is p:roportion.al to the rate of "enel·gy lose of the meson rl'e.ar zero ene.rgy. ·. 

They calculated that this rate of enc:t-gy los~ is p:ror)o:&.·ti.onal to the utomic 

nu.."'nber. z. and there!o1·e concluded that the l'elative captux·e pa·obtd:>illty t-lhoulcl . 

be propo1·tlo,1al to th.e ato:n'lic-number :ratio weighted by atomic concentration. 

This conclusion b :referred to as the "Fenni-Tcller z~law. u 

The invect:tigation of t.>,e relative captu1·e p:rohabilities il:-: aton:ic tnbr.ture:e 

is of itself an h1teresting topic in atomic physics; moreover. such info:.t·n1ad.on. 

ie often required in th.e interpretatim'l of other types. of menon interaction e)::;?er- · 

ime•;·tt> whe:re it ia desirable or neceasa1·y tha,t the target be iu ·a cOm;?OUnd form. 

Over the past several years :il nutnbe:r o£ eJ.:perirncats havo bee:1. 1·eported 

.i.n the literature concerr-J.~g th.e relative atoul.ic-ca.pture probabilities of 

.. 1. . • 1 . (2-7) {.1-m.esons 1.n c .. 1enuca co1npotmas • 

.. 
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. ~1· .... . . . . . t : ·. ~; ~1 ' . . d ;, "" t <~-h nz l It · · .:. 1e .ur-st expar&meu specAuca.a. y c;oai.gne '"o "es ll.l.~G ... aw ~.vas 
. . ~ ~ ' ... 

carried out ~.>y Stear.~n$ and Stearns~ ... ~,.ho co~npall"ed the reletive ')'ields o£mesic 

x:rays h~ Cas· and j~.lzOy using cornpowtds and macro.scopic rnixtu~·es of the 

sa.n"le composition. (Z) They assumed that the stopping· power per atol.n is pro .. 

poJ.•tionnl to' the atOJ.~'li~ n~'>Uber arid \VOl"e then able to deduce that t.'he ato.r.nic 

CS.i)ture of mesOtlS in CaS and Alz03 was also l_l.X'Oporeional to z. 
Sens oi a!. questiol'led the co::1clU:Jions ·of Stearns and Steat·n~:l on the ha.ai$ 

that the atomic G~opping power. whid1 ha.d been assw~ed pl"oportional to Z, is in 

!act not acc~rately known at low meson c:;ne:;:-gics. (::>) Sens et al. e:tqle:d.n"lent:ally 

investigated the m.eson capture in sevc.n~a.l compounds by detecting the decay 

ele.c:t::ons b·oni r.aeson.s bound in at<?:.11ic o:r·bits. Knowing the mean lHetk,ae o£ 

IJ.·l.·nesona ia each ele'xnent. <lnid the branching ratio between decay a.!~d capture~ 

they WCl'O able to Unfold tho CU:t'VeUI ~riel obZ.ain the relative ator.aic-CaptU1'C f:l•l"Ob.,. • 

abilities •. They· :~:eported that the.b: results are mo.1•e nearly indl:lpondcnt of. th~. 

atomic llUmber thal"l. proportional to Z. 

More recently SCV(;n:al othel· gl·oups of e.>;perimer.~.ters have X'CfHirted~ 

rnea~Juram·•ents obtained t,.\rough techniquec; simila1· to those o£ Sens et al. {L e. , 

through tha detection of electrons frop1 the decay of bou."&d muons). On the basia. 

of these results, which. are Dumma:dzed in Table I • .i.t .seems safe to say that no 

deduced ~rom the experimental evidence to date. 

We have investigated this phenomeno!l UGiug a different technique8 

na.mclyo the detection of neutrons £rom p.-.in.teractions with nuclei. A~> in p:\·e­

viou:J ex,?eri~e:nts the app1·oach is to deco:mpoae a composite lifetime cu~:·ve 

obtair~ea from a compound into tw-o constituents, each of which con·c:;u;pon.d~ to 

- ~ . ' 
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a p~.}:ticular element. The intercepts at ~~!t'O time !or each Cu:!.·ve can then b>$!' 

corwtituant. ln heavier elements (Z >10), ~.vh.e1·e it is Inore p1.·obf.',ble that a f.~ 

meson will be captt.lxed by the nucleus than it will decay into an elcct~·on, we 

believe that the:re are fewer c:orrecti.on;;; a::~sodated with the detection of neutrons 

from uudezlr captu1:e tht11.11 from the <letection of decay electrOlU>• It can also be 

shown that ic is bettol· to Unlit the detection to neutrons because of additional 

backg:;:ound problems U(!)soci.ated with nud<~<>u· '\' 1·ays. (S) 
. ~ . . . 

The choice of target n'laterials was governed-both by· the cle:n.1.arH:l.s cf the 

any dea.:l"-cut syster.oatics ia capture 1·atio s in the available a"po:d:rnental th1.-:.c. 

The ·prin1c requirement was that ther·e bo g:t:eat Cn<:?ugh. ciiffet·ence in atolnic 

nu.-x":l.bcl' oi the constituent ele1:nerrl:.s so that nuclear-capture ratea could be clearly 

disthl,LUish-;:d and so that the sensitivity of the .resulte to an.y Z dependence would 

be m<udmizecl. 

ln the hope of reduch1g con£unior1 l"<~:Sulting fron'l effects of different ldnd& 

o! chemical bbdin.g 0 wo chose as targets the oxides and suliidea of thx·oe metals 

with widely diffe:..·ent atomic mu·.abel'tl. Alth<>ugh the particular choice of ·~he 

t~·wtala was arbit1:ary. the sulfur and oxygen were chosen because the;t both. 

belonged to the same periodic group (Grou? VI), their compounds we.1.-e readily-
' . . ' 

available, and because o! the rat}u~:r l'emarkablf.; re6ulte previously obse~·ved in . 

O};ides by Sons et al. (Z) Un£ortun;:1tely, the present technique did not conven.i.ently 
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lend itsel£ to a repetition· o£ any of. the l'n>lcl.S\.u•emcnts on. the lighter con'lpounda 
·· .. ' .. '!•, .,_,_;,:::. 

rn.easured by Sens. · 

· · Two metallic solutions, Agl,.,i and CuAu .• we:re also choa~n. becaur~e o£ . 

their honi.ogeneous atructu:~.·'?(9 )- ;and bGcau~>e ;electrically conducth'l.g compou~ds 

2. -J!':xporhnent~l t:trre.n:~'c;:-.:.er1t. 
,..~~ ....... ~~~11-ft 

.... . . . -

''Th~ lvfa.~;net sxstcm and the bea.!.!!,.: :...r.~egative pion::> W~.H't'l p:t•oduccd by bombtu•d-

ing a 2-iri .... thick Be target in the HH-.inch cyclotron with 730 Mr~V :;;n:otons. · ·' · ... 

Some o£ these pions immediately decayed into muons neai· the tc:u·get. .These 
. . .· ,·' .. '. . ' . 

pions and znuons were momenturn .. ~malyzed by the f:~:inging field and parJsed out 

of the cycl~tz·on vacuum tank th1•ough a thh1 alumin.urn window. The b<;::am then 

entered the meson cave th1~ough an $ ... ft. -long iron collimator. Furthe:r: mon.1.er.~-

tum anal'yoia wao provided by a· s·o-d~g.bend through an H magnet. The beam 

. I! 

then p::~.Gsecl'thr<;>ugh a 4 X 4•in. apertu<:e ina Pb colliina~or into a low-bo.ckground 

x·oo:-n made :h·ozn 4-£~. -th.icl' concrete blocks. 

The beam was monito1·ed by a coincidence telesco?e consi:;;ting of two 

4>(4X 1/4-in.. plastic scintillato:rs, s1 and 52" placed as shown in Fig. L The 

sicr~al ll'OJ.~L, another coit1cidence, antic<>irlcide?ce, teleacopeo s3s~kACg signified 

the stopping. of a meson in tho target. Tho plastic scintilu\tol'e S,., 6Uid. S ~· v;e:te 
. ~ ~ . 

. . 
and served to veto coincidence pulses pr~duced by electrons in the bcas:n. The 

7-in. diam scintillation counter .A, ,;etoed. particle~ that pae~ed through the 

u z:s;et without stopping;~ · 

' 
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atopping pions. First. CH2 was used as th~ abt{Ol·bing matc'.dal to minimize 

neut1·on p:toduction from w- stopping.s a.~:ud to act as ~ .mode.rator ·f.C?r mm.tl·ons 

produced <:l.long the beam path. Second, an effm.·t was made to max:imi21e the 

tJ./11 :t'atio with a r.ninimum.losa of 1.1. intensity. 

The latter was accomplished by .fh'st vtu·ying the position of the internal 

Be target to optimi:ee the tot<il flux through the telescope. '!hen the bending~ 

magnet current was increased about lU%. While reducing somev.tlu~.t the iJo 

intensity it also bcJ.~eases the 1;./w ratio il·orn 1/5 to somewhat ·bettez· than 3/ l. 

··~ . Thi~ is because the 'fi source \vas essentially the size of the target, wheroas 

muons being produced in tr decay._ had a n1ore dii:.fu'se source. By detuniug the 

Inagnet we shifted the appa1·ent-source pO:$ition away f1·om the center of the , 

target~ thus .r:educint, both t.~e w and 1J.. intansities. but the efiect on the '?1'
0 s, 

. i·o) 
was m.uch greater than on the iJ.'s,\1. · 

In Fig. 2 we show a diffe:;:cntial rang~ curve talten afte:t· we detuned the 

. magnet. The w- peak is at 8. S in.. o£ CH.~ and the f!- peak at 12.5 ln. 'l'he 
. ·~ 

stopping rate in a 5 g/cm2 target ovel' the a1~ea defined by the 4X4-ln. counter 

was about 17 ,000/min. . 

Electronics. -A echer..'latic diag1·am. of t:.~a electronics is shown in Fig. 1. The 

signal, s
3
s4AC, indicating a &J.- stop in the tal· get. triggered ·a gate geT.le.r3.tor. 

G. whkh produced a "gate pulse11 3 !J.sec wide. · This pulse and a e;.ignal NA 

(designating uncharged particles that inte:~:acted in N) we.re :fed into a coincidence 
\ . 

circmt (K) wlwse output pl~ovid~d a· 4 jstt~,li:"t 11 pulse !or the time-to~height converter 
' ·• ' '- • • • ' I~ ' , · •. I r.: ! i\ :' .',i I-~ , J • 

{THC). The signal, NA was delayed about 1.25 ~sec, as shown in ltig. 3. The 

NA pulses that appeared within the i.irat 1.25 ~sec were th.eref~·Fe unco1·related 
,· .. 

with rnuona and hence gave a mcea.surcm<mt o£ t.~"1.e backgrourl.d . 

.. t, •. 

t.' 
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i ·. /; ··-.· .. , 

s.~S .. AC, delayed by abo~t 2.5 §J.S<;!C. 
:J ~ ·' . 

The delay ~ .. as i:ntrt;>duced becau8o the · 

THC was S5topped by th.e IJ.- stop signal, VJ:b.ich appeared earlier t..~an the 1 iat..~rtu . 

signal. Since the coincidence output oi £{ (sU4-rt signal) anticipated the pl·Qscnce 

of a stop signal. the THC worl<;ed only when the.re waa a ttsc.ftll c.:went. thoreby 

minitnizing d~.ad time. The THC produced a pulse whose height wa.o propo;~.·-

stopping in the target. This pula.e \.Vt:J..G anzJy~ed in a Nu.clea:r-Data 101 pulse .. 

height analyzer {PHA) which was gat:;;;d with a. signal gemn·.atecl by a. pul::u~~shapc 

discriminator which di£fel'entiater,; bc~tween neutron and gamma pulses in the N 

cou.nter. This discriminator h described in n1ore detail below. 

The time-to .. height convex·t~l" wasJ :~n Eldorado Model TH 300( ll) rnodificd 

&o eliminate the rising ramp of the 'X'HC output so that all the pulses had the 

same :rise time (F.ig. 3 ). 

The lh•earity of the THC and PHA system was checked by simulating 

th~ coin.cidqn.ce~ NA with a pulscn~ hn.ying a 1·epetition :rate of 10 kc/ sec. · The 

output of the f.! ... stop signal. s 3s .A(:, was simulated by the S., scin~ill<:1tion 
~ . . ~ 

za. 
counter alone coun.t!ng a Na - source. The J:ad.i.oactive source provided stop 

pulses which occurred randor.nly i11 time. Because the thne intervals bctweem. 

the occun·e•1.~e of a start pulse and the following etop pulse we1·e of raudom 

lengths, the spectrum displayed on the PHA was a random-heigh.t spect:ru.rrt 

andp for linear behavior o£ both the THC and PHP .... should give e:tual pl."oba.bil• 

ity of a pulse a.ppeadng in each channel. ''fha data from a typical; run are 

shown in Fig. 4. These data were fitted to a lifetime curve of the £o:.-rn 

N = N
0 

e -kt where. t was the channel nwnbcr and )1, was aUO\ved to ta.ke on both 

' . 
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positive and negati'~e values. Var}ring both. N0 and A gave a best fit with 

i\ .:: (2.;Lt:4.6)X 10"'~/indics.ting a high degree of linesrity over t:he chamtel ;.~a.ngc. 

Some nonlinearity waa observed at both the high an.d low 2.·anges of the analyzer 

but ncithe:1: of these regions we;~:e ust.l~l h1 the analysis.·; 

incidcmt rneaou beam and :s.·cmoviug thG p,.Jlycthylene ahzorber, caking A and the 

pulse :;hape disc:~.•hninv.tion £rom the cir:cuit and reducing tile be.am intensity.· 

The delayo D \vas then varied udag length RC ... 63U cable· with rn:edsely meas-

u1·ad. The·courltlil for a r_larticUla1· d•::Jlay had a diotribution. with a full wicith. o£ 

less tho.·n t·.;vo channel:?. The centroid 'vas found by weighting each channel in 
' ' 

propo.ttion to· the number o! counts An it. 'J'ht~ time calihl~ation data wc:re fitted 

to a straight li~'le to obtain an ave:rag0 tir.ao/charm.cl (which waa abou~ 9.0 ntec}. 

All mcasul·cd points agreecl'with thh line to within 0.2 chan..""lels. This cc.lib~·a-

scintillation counter. This discrir£"t!nato:J:" \'lao essential~ since in it::; sbsence 

the 1·ate of detecti-on of 'Y rayt:> was compax·able with that o! neu'l::~:ona. 

The neutron countet• consi$ted o! a 5-in. -dian1. X 1:-in~ tb.ick Hqtlid sd.n .. 

tillato.1.·, l'~'E 2 i2. (lZ) contained in a thin-walled glas2 cylinder~ This glass 

container was attached to an RCA 7046 l,>h(>to.::nultiplie:r tube tluotigh a lucite 

light pipe. The scintillator was fluahed conti;luously with chry argon gas to 

·:t·emovc o:x:ygen., ~ince oxyget1 in liquid scinti.llator:s d.estroyr:> tho pulse .. .i;hape 
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This d.isc:dani.na.tion ch·cu.it differs in detail in two.1·espects iro1n most 

of th.o.ss :t·ep<"~rted h1 the lite:~.·ature 0 3 ) l .... il·st,·the tvJo pultses that sar:."lple the 

shape of the scintillator light pulses ·were genel·ated at the sam0 electrode o! 

tho phototu.he (dynode 14) so that fasi sigrtals could be extl·acted irom the anode 

without any n:1.utual .i.ntorfercn.ce •.. Second. the two sha.pe .. inJonnation. pulses 

were t;~;d;racted ~epa:rately from th.e phototube and the actual comparison and. 

1·0moved £1·or.n the detector. This permitted remote monlto:dng of the ·counter 

orjeration. .Th.e basic circuit. as pictured in Fig. 5, is an a.daptatlon. r.>f a 

circuit ~uggei:ltecl by Dr. Robcu.·t Mather. (l~) · 

3.· -Experimental o:rocedu.re and data :reduc..:tion. 
W;"'l$)flJ 1 I'C' r '. ,,. fllrl¢ 2 ,_ r f\"'hWW~~'\1'~ 

The. f:im·e distribution. o! neut:rons £oUowln.g capture in each of the 

elemental and compound t;.:a·gets was !l:"lCl'l.SUl'cd. To find th.e relative ato.r:nic-

capture probability·, we compared the :t•elative captures !n the conctituents of 

L"le compOUlld with those in the separt.~.te ·~ltnnentll. The cornpou.nd and the. 

sepa:rate elements we4"e run consecutively to minimize the effect!.! of pozsible · 

long-term tiro~ .~rifts_.· 1h~ energythre:shold of the 'PSD was:set to' give neutron .. · 

acceptance '\t[itlt.:long:.-torm stability ~.ad eeii$entidly 100% y rejection.. Some. 

3000 neut.l.'Ons .:r.bove a.u energy of ~bout 2 !·l!..eV were colle~ted in an hour for. 

6 . . 2 
l 0 1.1.- -meson iltoppiujta in a target of 5 g/ ern . E~ch tal·get was ::. un Ht least 

twice.· 

The constancy o! the neutl"O~l. coUtlter sensitivity was checked at regular 

~ntervals with a PuBe soul"ce in a .fixed geometry; during the cour$e of the run 

the counting l'ate did not vary by mOi7C than 1%. 

' 
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r;torpings and the time distl.·ibution of neuttorls i~mittecl after the stoppings. The· 

wd.tten as 

{l) 

ox 

(2) 

~:: - ,:\N • 
dt 

and A = !\ , + -'\c r u 

whe.n} N0{Z) is t:ne number of m.uom• bour~<l to the K od:~it of an element of 

atomic. nurnbe:t~ Z.. at t ::: 0 {this is the same at> the t•.;tal m.u:nbe;r o£ :rneson$ l':ltop-

ping}. A is the tot".l dil.>a£>pl:!larz:.oce rate and .\d and 1\c ars the muot1 ... deca.y and 

nucleat·-captu:t•e rates, l'espect.i.v<;;ly. For a single element the obs~u·vecl neutron 

time clistd.butio•'l Y(t) can be w:ritte~;o. as 

(3) Y(t) =EN A e-At+ B . 0 c .· 

whe.t'e ... -9. is the background :~.·ate. ai.~d E ifJ the neut1·on detection efficie.Z1C:Y· 

Similarly, for a bina::.·y compound, we have 

{4) Y(t) :: E lC lN. Ol\.c l e -l\.it .i: ·r.- ·c N •\ .. -.Azt + B· .. " ..,.. .li!.z 2." 0 1 c2 e. 

where E and E are t.~.e l'e(F'~ective tleut:ron detection efficiencies !or the con-1 2 :;-

tltituent eleme·nts, and c 1 and c 2 are the respective atornlc·capture p1.·obabiHties 

that we want to det~:u;mine; theh· sum zhou!.d. be un.ity. 

T~1e ncut:i.·on time-distdbutioll data were least .. squares-!itted to Eqs. (3) 

and {•l) with an IBM 704 p1·ogram, FRENIC. (lS) For en. elemental tat:get tl1e . . . 

measured background and li!etime(lS) were held co~stant and t..lle prog.ra:m. ca.l-

culated the intercept giving the best .fit. !n the analysis of the compou~1d targets 

we then inserted the measured backgl'Otmd and the :measured values ot the life" 

times and the p1.·ogram calculated the inte:rcepts at time ze1·o. 
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In. terms o£ the symbols 9! Eq()l. (3) and (4) the calculated .intercepts 
·.. . . 

v:.re.c-e E 1N0 Acl. E 2 N0 /\:z. E 1 CI.N0 ttt:l, and E 2 C 2 N0 Acz. Tho Et,.:i of 

Eq. (3}, howeve1r, were slightly cU!fcrcnt fz:om thoze o£ .Eq. (4) because of 

geom~uical and neutron attem.tatlon d.if!'et·encec in the targets. Corra:ctiOt.!.S 

WO.l.'C mt.u:l~ f-.w these eifectr; before calculating cl a.n.d Cz. 
The d•;t;;\ilS of these_ cort'C1cti::>n.!l, including the !!epc:..rate e;;~perimer:..ta! 

i--tH.~auml'ements and calculatio;.'l.s are .;:h::H-'C~·i.!;(;d elsewhe:~:c.'Ob) !n zll cases the 

~l~;ngem. in the C 1/c2 ratio produced by these corrcct.iol:s we;.~.·e smaller than 

tho !Stated t~ta.tia~ical el·ro.i·s. 

be an.al~•zed in quite tJ.'le san.1e man.nc.r f.H3Cci\.'U,Jf.i; the sm.all nuclear ca.ptu;c :rates 
' . . . . . 

in the light eletr•Glilts l:caulted in statistically ln~ignificant neUtl"on. )tields. !1\ 

these cases we obtained the relative Cil.pture p.robabilitiea. C /C2 , irom the 

tiiubsidiary co.nd.i.tion. C 1 + c2 = l. 
Exar.nplcs of ex9el.·.i.mental time dht;:ibutious !o~ ~Single :t.•uns an~ Ghown 

'. 

in Fig. 6 {It was not conveai.en.t to combine g:t·Mphically all of the z·uns of a 

t~u·get because o£ sHgl1t varia.tiorss in, tlme/cbann.el calibration ove:1· the cou.rse 

of the exoorimen.t. ) . . 

'*· -Xtes\llt$. 
• ... • ¢ Allot\ • 

.. ,, 

, Th~ e;.:pftrimental_ re:s~ts are given in Table 11. Tho subsc~:ipt•-v l and 2. 
t .'• ' '• I ~ ~ ~,'; i ~ > !•; 1, 

dedg~ate the l1ighcr- and lowe:r-2'. component::; resp®ctively. The r<:ltio C 1 /C.., .. .. 
.rer.,resentD the relative atomic capture proht.t'bility. The sumo£ tlie''capturc 

prob.::J::.ilities, C 1 + c 2 should equal unity and gives, t..'-J.e:refo:re:-a check .. o".n the: 

measurements. The especially low value of this sum for CuS c.:. used £p,·eat 

' 
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· . conc~rn anqlecl ultimately to a com.plet(;) chemical analyr.~i.s of aU ta:l."get 

materiahj Vlhich. were supposedly reagent grade. 'l"'he 1·em.:!.lt:s of this analysis 

PbS we:1·(;} both con:tajninated "vith sulfate~;. By. atomic concent~a.tion their 

"CuS'l.o. 0.345 GuS·;. 0 . .t 55 (CuSO .. ·.· 5 H-,0} , .... ... 

:r 
' .. 8.-.. -t~sll ~~ 0.9::.:- !2., __ t"'J "'' 0 06'- .I""' eo ..... u. - ...,•.;. :t" )<:;; "~" • Q :r.'o.-;.JI ~~ • 

to ·its atori'lic concent:ro.;.tion an.d th'-'t the p1·opo.rtiom.:.lity cons.tants. which are 

re.spGctively. Ir. both case a tho values are ot'lly half of what i:l'; :requi.r((ld to make 

the ato.tnic·<:aptu:..·e probabilltleo ncld up to unity. W'e note that the o!::H~crvatlons 

of Scns et a!.{Z) indicate enhanced captt.n·e b·f oxyge1l in compounde: o! Hght 

could account for th.e l"emaining capturer.. !t u1ay also alter the c 1/c2 ratio 

h·om that o£ a pu4e- sulfide but fu;:th<~l· con·aid~l·ationa suggest that the change hi 

rath.er sm.all. Jfor exa.rt1ple, h'l. the 1:a:::>e of CuS we can asam:ne that the Cu rmd 

S in the ~ulfst:e and suliide captu:o.~e muor.ia in p1·oportiOll to the respactivo ~ 

molecular concentratio~:u;; in which case the meai!.iured value of C 1/C2 i.s a 

weighted ave:l:age of the ·captuJ:e ratios for the two CO:t"J:§.poun.cls. !''or the observed 

contamination the C 1/c2 .ratio for the st:tlfate ca~ v.~_ry between t .0 ~nd .3. 0 
. . . ' . 

(n between 0 and 2 in Eq. S) ar.:.d n.ot chatJ.ge the C 1;c2 :;:atio .for CuS by as much 

as the r.lttated statistical error.-...... 

' 

l. 
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TheJ.·o.fote, dce.>pite the m-:.fo.l.·tu.n'-\t(;'l occul·.re·n.co of the sulfate conta.r.n .. . . 

5. ·Dl!iCU.<:S:.>ion; 
-~~ 

To aid in. the d1scussion oi the ;;:esults, let U3 ascun1r..'! thz.t the ratio o[ 

ator:nic~captu:re probabiUtie::; in a bina.1.·y compound can. be de9c:ribed by a 

(5) C /c ... 1 < .-;~· /'f t n. 
1 2 - o.l az .r. ... l · ·~· 2. 1 • 

whe;~.·s n 1 and a.2 are the atomic cOI:'I.t.: • .:nHration.s o{ the two com.ponEHl.t•'X- an.d n is 

a.r:..y real nu.:rn.ber. The Fe4'ml-TelleJt prediction is obtai;1ed by sctt.ir::~ n·::: 1, 

whe1·eaa capture in propo:ttion to the atornic. concentz·at.:ion .alotlG i~:; give1~ by 

togethe1· w.i.th the: l·aao·s con·espo.nding to n.:::: 1 ~·~d n::: 0. The valuea of n. 

the range n.:: 1/Z to !l;;: 3/2. (A similal' co:rnpilaUon o£ pl·eviou·gly puollshcd 

measurements is given in 'r<i.ible I. ) 

'I'h.e duta of Tables l and l:U a.1:0 p:ret:iented graphically in Fig. 7. 

Although :most oi the measul·t::mcnts fall in the region oi positive n values. the:t·e 

· ' · ·1 - l ,..,.n. d ' "',. 11 d 0 · l 1::. or)vAous y 1:1.0 I.Hlnp e ~· epetu:tencc) vrd.lu zor a cornpoun s.. ne can. :se;:::.rc 1 

£o1· an indication that some class of con1pOUt1dl:l (for exrunple, a.Uoys o:r oxides) 

may sepa~·ately show a eystenl(;'tUC depencii.'ln.ce em the atomic numbe;; • but the 

expe:drnental evi<hmce to date is too sketchy to 9ermit definite conclusions. 

It se<~ms desil·able that the reliabHity of tJ1e data to date ~hould be estah• 

liahecl. befol·e capture in other con1.pounds ls investigated (e. g. , noto the dis .. 

c:tepancy bctw0cn the two LU: measul·en.1.ents). Possible systematic effects. 

" 

.. 
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4!8}'. 
compound.~ . 

. ' . 
Thl3 theoa·ctical situation. is pl·ohably no better th(m the c:gpe:ri::nentc;ll 

been discuec.;ed in an earlier paxt of theh; papt:n:. ~.g. the B-;;illouin gap· il:! 

. i11sulato.rs, and were 'fled by crude ~:di.n1atea to the con.clu::~iml.that the captm"'e 

probability is .proportional to the n.udoar chal·ge Z. u(lt)) .t\p·,larcntly ~ .rnorc 

. t d ' ( z 0 ) ' . . . • • 1' .. . . d ·, f lt '11 . ~ Ul enr ea. a.na cons.t.o.erat~ y n1o:t·e -.vorK H; reqturc oe o:ro W).. •• ltl :tact, 
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\Ve would also lU:;.e to expres.~ out· th<m.kr:: to Dr. Robe:ct L. MY:i.ther for 

his r.mggcstionc-:; co;)ce:rnirlg the pulfH.'l•Ghap:e disc.riminator, to M:r. Cordon. R. 

Keri15 for the pl·eciaiou calibratio>Hl o£ th<;; tlelay cables,· and to !v!r. Cub riel 

H. Kojoian for hb cont:rihutkms du:rhng th<~ plrcnnlng and execution of th.e 

experlmcnt. 

This work was done unde~· th·S~ au:;pices of the U. S. Atomic Enei•gy 

Commie; siou. 

· . 

.. 

•,:, .. ; 
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. i~ ; 
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. ' ~ . : : 

( 11) Manufactured by Eldorado Electronics Company • . Berkeley, Cali!o.rnia~ 
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the performance o£ this experiment NE 212 has been superceded by \NE2l3.) 
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Fl·culcisco i 959, (pd.vate cott1Tnt:mication); 

( l.S) FRENIC is the program code narne for the cal<:ttiz,tion dawcribed by Keepin, 

Vlinelt, and Zeigler~ J. NucL :ti:nc.1·iJ:X ~· l (1957). 

06) J. S. Baijal {?h. D. Ther:;is). · Un:l.ve:rsity of Califor~lia Lawrence Radh~tion. 

Lab~&>ato.r:y Report UCRL-10129, 1962 {u.npub!ished). 

{ i 7) lt should be pointccl out that the relatively greater me~ot& stopping power 

scem.s even 11nore likely to tl::> th::-& an enhanced oxygen capture probability 

(18) As an e::"-t"tmple, the lattice st:;ruct~..u·c of the~ CuJ .... u a.lloy can he cha·nged 

Publ.i.shirl~ Co. , Inc .• New Yox·k. 1'152) Ch. XU, f? 269. 

0 9) .It seems to us that the method outlil"'l{H.1 in .Re£. l might lead to a capture 

2 '? 
p.rohability that is propo~tional to Z, 1 .;.~ rather than Z. 

(20} E. r.ft.:ller, Lawren·ce Radiation Lr..btH•,1.tory, Berkeley, California (private 

communicatio·n). 

\ 



UCRL-10671 

8. -CaotS.ons. 
NoM,V.~ IV,~.....,.,. 

. Fij!-;. 2. Di.He:rontial .N;nge cu.t•ve . 

. Fig . .3. Time ;~·clations•;hips ;:;t pi.tlses in the clect:o.·ortic circuitr;r. 
·, ..... 

Fig. 4. Ty;>icnl THC and l=>!-I.t·\. linenrity calihratlon. 

-::h~. :·.--t~~.,l \t'··' !··-'~ .. ·", .......... "'·n' "''"~1 :.c1 -r:.";:·.~- 4.·. T''"" ~-;,.,,...""/ch--~·""''1 :, ~ .. }.)"0 ..... 1..4_ ~ ..... -"'- ...... ';.:- ..,._ "' ... ,w • .!C •• ~-- ·~-- - ....... ,........... ....., , .. ~,.., "'" ~'t.). .. ...... -

imately .9.0 n,:;ec. 

' 
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Table I.- Summary of "Z law" results from previous workers. 

Compound Ratio 

Sens et al. (Chicasol 

P205 P/0 

A120 3 Al/0 

Si02 Si/0 

KOH K/0 

KHF 2 K/F 

c 6H
4

Cl2 Cl/C 

(Liquid) 

c 6H4 Cl2 C1/C 

(Solid) 

CC14 C1/C 

Lathro;e et a1. (Chicago) 

Lii I/Li 

AgZn Ag/Zn 

Astburr et al. (Livereoo1) 

PbF2 Pb/F 

Relative numbers of tJ.- mesons reaching the lS level in the 
constituents of a con1pound. 

Observed Predicted, Fermi ·Atomic 
. and Teller ratio 

0.371±0.041 0.7•; 0..4 

0.435:1::0.038 1.084 0.66 

0.386:1:: 0.025 0.875 0.5 

0.455±0.083 2.38 1.0 

0.588±0.138 1.0:,3 0.5 

. 0.435±0.0378 0.9·B 0.33 

0.4 76± 0.045 0.943 0.33 

4.1±0.8 11.3 4.0 

15.8:1:2.0 17.67 

2.2:1:0.~ 1.57 

4.8:1:0.7 4.5 0.5 

· Backenstoss et al. (Carnegie Tech.) 

AgC1 Ag/C1 0.8:1:0.2 ~.8 

Lil I/Li 1.3:1:0.5 17.67 

UF4 u/F 0.7±0.3. 2.6 0.25 

Eckhause et al. (Carnegie Tech.) 

BiF 3 Bi/F 1.58:1:0.15 3.07 0.33 

UF4 u/F 1.52:1:0.15 2.56 0.25 

CuA12 Cu/A1 1.75:1:0.18 1.11 0.5 

nt 

-0.12±0.18 

-0.88±0.18 

-0.46±0.12 

-0.91±0.21 

0.19±0.27 

0.27±0.083 

0.35±0.091 

0.024±0.19 

0.96±0.044 

1.75±0.71 

1.02±0.07 

-0.22±0.24 

0.091±0.13 

0.44±0.18 

0.70±0.043 

0.78±0.043 

1.56±0.13 

t Assuming that the atomic capture probability goes ·as zn (n being any positive or negative number). . . 
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Ct;)mpound 

C1l.An 

AgLi 

CuS 

Sb2S
3 

PbS 

CuO 

Sb 2o3 

PbO 

UC.RL-1 067 1 

Table!!. -Resultf.' ~~mic~c~~turc E_rob.n.bll~~y in the 

constituents of. th6·¢.ornpaunds. -----·--.... -·:-. ..... 

-- ---
cl c., 

'~ 
Cl/·Cz cl +Cz 

--.. 
0.26:£-: o. 023 0. 77 rlc (), 02~) 0.34 * 0.032 1.03 ::l;Q.032 

0.921 ::l:.0.023 ' 0. 079 ~ 0. 023 11.66:!: 3.39 -
O.!.H:;;O.Ol5 0.2'7 :i: 0 . .024. 1.89 :i; 0.18 o. 78 ::!.~ 0.028+. 

0.59:±0.015 0.36 :::o:ozo 1.6•i±O.l0 0.95::1:0.026 

0.66:!:: 0.019 0.23:0.027 2.87:1:0.35 
... 

0.89 :i;0.033' 

O.S6 :r 0.019 0.14±0.019 6. 14 ~ 0.85 

0.65±0.012 0.35 :i: 0.012 1.136 ± 0. 096 

0.82 :±. 0. ozo o.la ~:: o.o2o 4.56:a~o.53 

.,. 
ThesG low values were found to be due to contaminated targets. See te~a:. 

' 
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! 

~rable III. -Surnmary .. of rc!?.~--~~o:a~ nurnber of p .. - ~•eson! 

re~chim; the rne~ic K shell b the const.H:.t.A.ents of a ~:he1~t"'/.ic~-tL 
____ ,t.t;....,- . -------·--- ; --

Co:rnpound Ratio Observed 

CuAu 
.... 

.Au/Cu 0.34 ± 0.032 
.,. 

Ag/Li 11.66±3.39 l~g·J~!.. 

CuS Cu/S 1.89 ± 0.18 

cb c 
0 203 Sh/S 1.64 ± 0.10 

PbS Pb/S 2.87.:;; 0.35 

GuO Cu/0 6.14 :i: 0.85 

Sh
2

0
3 

· Sb/0 l.i36 ::r, 0.096 

PbO Pb/0 •L$6 ~: 0.53 

.? n~ dieted. 
F(:!l*l1.1i 

and Teller 

OA95 

9 1 • 4 

1.81 

2.13 

5.12 

.. 
3.6;~ 

4.Z5 

10.25 

Atomic 
l.'atio 

0.182 

0.58 

l 

0.67 

1 

1 

0.67 

1 

n 

0.62 * 0.094 

1.08 \i· 0.11 

1.07 ~: 0.16 

0.78±0.053 

0.65:1:0.076 

1.41 :I: 0 •. 11 

0.55 * 0.023 

0.65 :.t 0.050 

+ 
AgLi and Cn.Au are metallic solu:e..l.mll>. AgLi has 107'o of Li by weight. 
Cu..-"\u has 36% o! Au by weight. 
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This report was prepared a$ an account of Government 
sponsored work. Neither the United States, nor the Com• 
m1ss1on, nor any person acting on behalf of the Commission: 

A~ Makes any warranty or representation, ~xpressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any i~formation, appa­
ratus, method, or process disclosed in this report 
may ~ot infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages res~lting from the use of any infor­
mation, apparatus, method, or process disclosed in 
thi;:; report. 

As used in the above, "person acting on beha 1 f of the 
Commissio~" 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, di;:;seminates, or provides access 
to, any information pursuant to his employment or contract 
with t~e Commission, or his employment with such contractor. 






