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HEAf::tmp;~~~~NT OF Q FOR HUON3 M . 

Oordt,n McDonald Bin~;hrun 

('l'heeis) 

A free running "muon etrob~1r.cope 11 \Jas U£\Eld. to rooaeure the ro. t,l{) 

of the precession frequoncies of muons (f) and protonn in water (f' ) for 
. p 

the earns ma.gnetio field. The· stroboscope frequency was 200 He/sec. 1'he 

results obtained were: 

Pot;itive muons stopping irl bromoform (...L)+ ::: .3.1SJJ6 + 0.00007 
~ f' -

p 

Negative muons 6topping in water (_L)- = 3.1808 + 0.0004. 
f p !!20 -

~'he f'irat ratio is ar:;aum!..'<i to he nlf:o t.ho.t of the free pa.rticlea nnd lMds 

to the following value a for (g/m)+ and m +: 

(H/m)+ = (9.684.0 ± 0.0002) x 10-.3 m -l 
e 

m+ = (:206.'166 ± 0.005) m 
a 

'Where m is tho eleotron lm1M·. A rliamagnet:tc correction is applied t.o e 
the tJacond ratio and an equivalent value (g/m)~ 

0 
is obtained for nogHUve 

2 
. muons stopping in \>lattlr: 

-.3 
(g/m)~ 

0 
= (9.6760 ± 0.001.3) x 10 

2 
rn 

e 

-1 

Assuming equal maoBea for positive nnd negative muons we obtains 

g .. (H o) .. r/ 
---~-............... 

+ g 

{ ) •4 = • 8 • .3 ± 1.4 X 10 

The prfHlent experiment is in quite raaeonnble agreement vith the recent 

Columbia experiment of llutchin~:~on et al. !''rom the combined refmlts of 



J • 

both experimente ve have 

r 

and .. 
,, . ) -4 = -(~.9 ± 0.8 X 10 • 



. 
·l 

I • INTRODUCTION 

The muon and the electron poee one of the most interesting 

1 queotions in particle physics. They have widely different ma111eel!l~ yet 

they are very similar in all other respects. In the hope of obtaining 

4. 

a clue to the answer of this question, it is of interest to measure accurate-

ly the magnetic moment of the muon and to compare this experimental result 

with that predicted by quantum electrodynamics. The muon g value is given 

by quantum electrodynamics (Q.E.D.) aa2 •3,4,5 

g = 2(1 + ~ + 0 75 2fT • 

= 2 (1.001165) 

2 
!L+ 
,f 

• 0. ) 

(1) 

where a is the fine otructure constant. The behaviour or Q.E.D. at small 
I 

distances is not well understood and it has beeri suggested that the theory 

h -13 -14 mny not be valid for distances r - 10 - 10 em, In thie oaee it 
00 

is necessary to introduce a momentum cutoff ~ c into the integrals involved 
0 6 

in Eq. (1) • This results in a muon g value ae follows 

g = 2(1 + .iL rl - a (...11L)2 J + ) 
2n '- 3 ~ · •• • 

0 
(2) 

7 
where m is the muon mass. Electron proton ecattering results indicate 

that the correction term in Eq. (2) ie less than 0.02 ~ • Thus an 

experimental determination of g to an accuracy of 1 in 10
5 or better 

could yield information on quantum electrodynamics at small distances, 

in addition to information on differences between electrons and muons. 

It will develop later that the present experiment ie 1 otrictly speaking, a 

determination of the ratio i because m is not known to the accuracy that m 

is achieved here. 



lee aDd tans potnttNt out
8 

tho poeetbilt.tt or exparilaentallt 

determininc the mon 1 value. I' is baaed on parity aonconeeM'CltiOJl 

in the pion-mu.on-eleotron 4aca)" obaint whiob reeulta in polartaation of 

the muon' spin along the muon direction of motion a~ then the ao,mmetr1c 

deoq or the lll\1on with respact to its spin direction. The angular 41a-

dtj8") . trib'lition or electrons, J'L • from the decay of polarised 11110118 at. 

rest ia given b.r9 

df(e") l.. (1 +a' cos 6") 
dA = 4n (3) 

where 8" is the angle between the IIIUon spin and the direction or electron 

emission, atld.S'I. is the solid angle. Eq. (3) has been averaged over the 

electron 8nergy distribution. The V-A theory of muon decay. which appeare 

to be 1n good agreement with exper1Dsnt, predicts that a 1 = ± 1/3 \there 

the positive sign is for positive muons and the negative aign ia for 

negative muons. The electron distribution ie peaked backwarda relative 

to the line or flight or the muons, for both podtive and negative muona. 

5. 

It is thus inferred by the V-A theory that, in the pion rest trama, positive 

mnone are polarized opposite to their line of flight and negative mucna are 

pol~ized along their line of flight. 

Experimentally, polarized muons are obtained trom the decay in 

flight ot pions and the muon beam so obtained may not be completely 

polarized. Aleo the mons must be brought to rest in a suitable target 

· material which may result in further depolariZation. The experimental 

diatribution corresponding to Eq. (3) is written 

dt(~) = l.... (1 + a cos a•) --ciA 4n (4) 

where the ae;ymmetry coetttoient a = R~ a' aPd ~~ to. the ~~~JOn polarization 



at decay. For\ the remainder of this report we vill assume that muons 

carry a "poltiriza tion vector" vhich ie approximately @.long thtf muon beam 

line, for }?oth positive and negative muons. We refer e• 'to this vector 

6. 

and so a vill be negative for both positive arid negativ~' muons. Experi-

8 10 . . . ' I , 

menta , have shown that positive muon beams from cyclotrons have almost · 

.. complete ·polarization and that this polarization may be ret.ailled by suit-

. 11 . ' . 
able choice of target material. Work done at the Berkeley 184" eynchro-

cyclotron9 with a positive beam a~rangemant reasonably similar to the one 

used here, implied an average value Rp:: 0.857 ± ,024. In the present 

experiment brOmoform vas used for the positive muon ·w~ork because of ite 

· high Rp· value, its high dencity, and the sma.l:l magnetic field shift experi­

enced by the stopped muona •. From CP. inva.riance~ it i8 expected that the 

· magnitude of the beam polarization is the same for both positive and nega ... 

tive muons if the same beam setup is uead. Experiments with negative muons 

show. that they are almoat completely depolarized even with the' most favor-

13,14 . . . . .. . 
'able choice of, target material~ · · · Water was ueod ae the target material 

. in the negative meson work of thio experiment mainly for· convenience. The 

·. asymmetry. coefficient (Eq • .1~') is· exp:~cted to have a magnitude~ 0,04 with 

a wat(lr target. There are no known target materialS whose ·uee.:reoults in 

f . ·' s. fl5 an appreoia.bly 'higher value or negative muons~· .. chif has observed the 

·rate· nt which nega·tive nnione are transferred .to impurities (e .,g. neon) when 

S·toppad ln liquid hydrogen. If we aseume similar behaviour tor oxygen. then 

.the negative muon~;~ vill be trnnoferred to the.oxygon in·vater ·in times 

-10 
- 10 sec. 'l'hue the negative: muon target of thiaiexparimertt is really 

the oxygen in water. 

The experiment to be d~sc~ibed here is a preceseion type experi­

roont. Polar bed muQna are bro'l,lght to rest in a ,:target. (oroll!o~orm for 

... 



positive muons, vater for negative_ muona) located in a homogeneous 

'magnetic fit'!ld H. The frequency of precession of the muons about the field 

dir~ction is given by · 
' 

r = fL! .. ~ 
4 11m c 

( 5) 

'\.rhare it haa been a.ssumad that the muon and electron have equal charge. 

The resulting rotation of the muon 11 polari~a.tion vector" is viewed by a 

system \oJhoae pehaviour is very similar to that. of a- stroboscope. · The 

present experiment. easantially determines the value of ;H at which. the 

st.robosaopa frequency f is equal to the muon precession frequency f. . . . 0 . 

7 • 

This value is called the ''resona.nce" field, H(res). In fact however, the 

magnetic field is not measured directly. Instead, the corresponding proton 

resonance ~requenoy fp is measured for protons in water. Thus at resonance 

Ye have 

f = f (res) 
p p 

r = r 
0 

(6) 

In this experiment 'We determine the values r (res) for the caBe$ in which 
p 

positive muons are stopped in bromoform and negative muons are estopped :l.n 

water. Than since f 0 is accurately known, we have determined the precession 

r 
frequency ratio -r- for muons and protons in the same magnetic field. 

p 
(In the present discussion we-' will neglect any corrections due to the fact 

that the muons arnr protons are not free~) No\1 the muon has a finite mean 

life t" given by!·= 2.2 1-t aec. nnd so the uncertainty principle will 

impoae a lower limit (A f ,.. 1/2 n l: ) on the error in f. Thus for an 

accurate determi~tion of !' it is necessary to operate at high precession 

.frequencies and consequently at high mngllllltia fields; In the present case 

the. value r 
0 

= 200 Mo/seo. waa oh(:>sem with the limitations being the 

maximum available magnetic field and eleot.ronio difficulties. From the 



8 

and 1 proton frequency are re~;;pact:tve1y 11 •• 7 kilor:ausr; a~d 62.8 Me/sec. 

f'rom Eq. ( 5) and a r;imilnr equation for the proton in the tJame ma.gnotio 

field H we obtain 

(7) 

where g p is the proton g value and l)J is the proton mat~e. The beet values 

~ ,. 

,,.,. 

16 
of these constants are gp = 2(2.79275 ± 0.00003) and mp = (1836.12 ± 0.02) me 

where m is the electron mass~ The best va1m~ for the muon mass, obtained 
e 

from experiments other than the present type, comes from meic X-ray work 

6 nd is
17

•18
' 19 (206 76 02) . r .... m = ~ + • m • Thus a measurement of the ratio -. - e r 

5 p 
correct to 2 parts in 10 , as in this expP.riment, is actually a determine.-

tion of the ratio g/m, as stated earl:ier0 
20 

The value of g has been measured 

by the n {g-2) experiment," the most recent value obtained being 

g = 2 (1.001162 ± 0.000005). Thus· it is possible to obtain an accurate 

-
value of m from this exp~riment. 

Measurements of the ratio ;.f- have a.lrea.dy been made by a number 
.l.p 

of workers. The most accura ta value obtained is that of Hutchinson et a1
21 

and was reported immediatr:~ly prior to the running of this experiment. They 

obtained the value .. ~-· = J .18331. ± 0.00005 as the average value for pod tive 
p t1 

muons stopping in several differo~t~ materials. Their report also li~ted 

values obtained for negative nn.wns stopping in various materials. They 

used the relation 

(8) 

rather than Eq. (7) in thn calculation of g/m. In J<~q. (8) is the 

ratio of the prE~cession frequency of an dectron to that of proton in 

,-. 



... 

same magneti,c field and g
8 

1e the electron 1 value. In this way it is 

pot,sible to take advantage of .the accurate determinations g = 2(1.0011609 
. e 

22 i . ± 0.0000024) by Schupp et al and ..!! = 658.22759 ± .00004 as discussed 

9. 

. r . 
by Dumond.23 It must be .noted that t~e electrons were free and the protons 

~ere in water tor the latter determination. · Thus a diamagnetic correction 

must be applied before this determination is. ueed in Eq,. (8). 

In the following section it \fill develop that the major difference 

between thio experiment ard the recent experimnts or ~ther workers is that 

no pulsed oscillators are ~sed here. _The timing of the incoming muon and 

the decay electron ia done simply and immediately relative to ~.crystal 
.: 

controlled free ·running oscillator, the n200 Me/see oscillator .. •:• This 

oscillator senerates the muon stroboscope frequency £0 •. 



10. 

II. MUON STROBOSCOP& 

The operation or ttl& e.pparatu8 is ·beet understood br first briefly 

considering the case where polarbed muons are stopped ·in a ~ fret region. 

It is desired to determine 'the magnitud~ or the aeymmett-y coeff'iciont a 1 ani 

the polarization direction 91 with ree~ct t.o an array or tour identical 

. counters spa·ced 90° apart as shown in Fi~h 1. The "polarbation 'Vector" 

has been shown by the arrow at th8 centre. The counters are denoted 1(i.e. 

foNard as seen from the imlon in the polarization direction) R, B9 L and 
. . . . 

the same rcmr e;ymbols are also used to denote the corresPonding. n\itnbet or 
electrons d.etected from a given number o£ stopped muons • We aeeume thai 

the count.ers have small solid angles. Then f'rom Eq, (4) we have 

n .. L 
tan ¢ = f .. 8 (9) 

and. 

faJ a 
2'{i!;s)2 + ~R-L)2 

J:. 

wben ~ :: F + B + R + Lo~ The above relations will be used .in the 
\ 

et~oboacope discussion• 

(10) 

A simplified block diagram or the eymmetrio ·muon etroboscope b 

shown in Fig. 2 • Here polar1sed·-J'IJUOne are stopped in a target located in 

a -aniJ:grm mas~ tic fitW H. ;, It has been assumed that the muon orbit 

direction .makes an angle ¢ vi ~h the axis of the ~ counter a.t tbe instant 

the muon crosa~e :the p. counter. The incoming muon 18 detected b7 the 

"p,counter1• an:! the decay electron ie detected by the''~ counter," The 

counter signals are then eent to the oorreapondinl!' fast mixer unite, These 

units each contain tour mtxing circuits labelled X, li, Ill, IV and A, B, 

c, P as ebwn. Each mixing otrou:i.t has t-wo inputs, one from t.h~ 200 Mo/eec 

oao114t~r and one t'tom the approp:aiatt ceunt.er. The oso:l.ll-.tor. Utpllte 



R-L 
Ton cp =-­

F- B 

2 V (F-8)2 +(R-L)2 

lol= F+B+R+L 

F , 

MU-26639 

Fig.). Determination of ~on. polarization with respect to counter 
. . 0 

array consisting ~f four identical counters F ~lt .B .L. spaced 90 ~part. 

11. 



Muon target located 
in uniform magnetic 
field H whose direction 
Is-perpendicular to 
the diagram 

1-' counte~ 

,.,. fast mixer unit 

Direction of precession 
of stopped muon 

{3 fast mixer unit 

~a-~~--1-"~~"-"~""~c:"-~ ~~~~~~~~c+--c"-~+-:-:A--/4-t-+'::r ~ » 
L+A/4 f0 ' ..L L+A-/2 
l To Lf3'A_t4 

lise Disci@~ Disc Disc D~iDiscl~ 

'" 
~·· ·•. 

~.---:::~ A B c D 

Gate I I F L B R 
I I 
I Gate II II ,R F L B I 

I I m 

: 
Gate ill s R F L 

I nz: 
I 

Gate nz: 
1 L B R F 

A' wavelength 
used 

in cable I See text I 
L_ ___ _j 4X4 Scaler Matrix 

Usc' discri minatar 
•·j,Jte=variable delay and 

gate unit 

MU-26640 

Fig. 2. Simplified block diagram of symmetric muon stroboscope. The · 

Angle between muon orbit and axis of ~ counter a. t !natant. muoq c:ror;eea 

pcounter is denoted by¢. 

l2. 



are such that I and A, II and B• etc. • are in phase but successive quarter 

wavelength delays are added in gQing from I to II. II to III, etc.· Each 

mixing circuit ie capable of detecting counter signals during'ari interval 

of approximately one quarter cycle at the negative peak of the 200 Mc/seo 

wave, the actual ~idth of this interval being determined by the setting of 

the diecrimina.tor which vieYB the output ot the mixing circuit. Thus each 

fast mixer unit may be tlwught of am a set or four sYitches operating at 

a frequency ·of 200 Me/sec, each flYi'tch having an .sm time of approximately 
' - . ' l 

13. 

1 nanoeec. Yi th succeed ve quarter cycle delays be tween suecesaive switches. 

As can be seen from F.ig. 2; the four outputs or each fast mixer unit go to 
,, 

a 4 x 4 scaler matrix •. Four identical variable delay and. gate units, gates 

I to- IV v are included in the ;.t fast mixer channels to allow variation of 

the interval, th~ electron gate, in which decay electrons are accepted. 

Because of the difficulty or setting gates I - IV eo that they are all 
'' 

closely the same, a slightly different arrangement was in fact used and 

. will be described .in Section III E. The position of the muon-electron event 

on the 4 x 4 scaler matrix is a measure of the phase difference- (relative 

to the 200 Mo/sec oscillator) between the muon arrival and the electron 

emergence• ,The scalers and their average aasociated eleotron-rmion phase 

differences are (referring to Fig. 2) 

F 1.1oalers phase difference 0 + 2 n n 

L\ scalers -

B. scalers 

~ scalers 

11 y+2n n 

n+2nn 

l!!+2n n 2 . 

The reaoon for the designation ll', L, D~ R wUl become clear be loY'• 

We will now oondder the operation of the muon etroboecope at 

resonance, i.,e. the magnetic field H has been adjusted eo that the frequency 

or precession t = r 0. Let us suppoae that a J.J cou0ter f,iignal a,r:rivem in 
I 

the .9Jl time of mixing circuit I. (hereafter .2n t.ime~ will be referr~d to as 



14. 

"slots") and triggers gate I., 'l'hen any f3 counter signal vhich occure dur­

ing the gate I and slot A will correspond to a forward count F in the 
r 

ochema or i'iciure 1. (VIe astrume equal signal delays between each ooU.nter 

and its fast mixer unit~) Thus the !A element of the 4 x 4 scaler matrix 

is marked "!''"• Similarly any f;\ counter signal which occurs in gate I and 

alot B corresponds to a left count L in the achtline of Fig. l~ ·. The remain-

ing matrix labels may be ebtained in-thb same \day.· It must be noted 
·. . 

that $. !l'JTI!nit~ muon. otroboecope hae been l!lfHlUmed, ioa • all elo.ts haVe 

equ.sl wid t.ha ~ the pairs I aM A, II and B; e to • are exactly in phaee vi th 

truccessive phase shifts of $xactly T between successive paire • In thie 

ca.se.it is meaningful to use the. aame symbol on four·soalere as ehown, 

since each member' or a- particular group or four will show the same average 

number or c~unts as both muons and electrons arrive randomly .relative to 

the 200 Me/sec oscillator. The muon stroboscope esaontially seta up a 

system of_count.,:rs aa in Fig. 1 but in a. frame of reference rotating at 

frequency f 0 • The only difference is that, because the 11 pola:rbat1on 

vectortt rotates through about 90° during a alot (assuniing slots a:t~ about 

l/(4 r 0 ) wide) P the muon stroboe~ope will see a alightly lower asymmetry 
. ' ~ ' 

than the asymmetry obtained' in P'ig. 1. It must be noUd that the labels 

on the 16 matrix elements are strictly true only for f = f
0

• 

Nol-l the operation of the muon stroboscope will be oomdderad 

for the situation vhere the magnetic field 16 not at its r~oonance value, 

i.e. f "f f
0

• In the spirit of Eq. (9) we will define the phaae angle e 

or the npoll!lrization vector" relative to the rotating frame as 

tan a :::il 
Ria ... Le (11) 
ya -Bs 

e where R :a eum of the four R scalers, etc, SimilarlY: we can define (for 

,•, 

1. .... / 
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usa later) the asyrnJMtry coefficient A as seen by the muon stroboscope c. 

A= (12) 

Whetl f f. f 
0 

the polerir.e.ti,_on vector will rotate (angular 'Velocitr S) 

relative to the rotating .frame that has been set up by the 111\lOn stroboscope. 

From analogy with a con~entional stroboecope we would expect a relation 

of the form a = 2n(f' ... f 0 )T,w + ~·where Tav ie the average time interval 

for muon precession and ~ 1a a constant ~hich we call 11 the initial phase .. " 

Since the muon strobotJcopo essentially 1'photographsn the 'phase angle e 

by means of the decay eleqtrop.s that are emitted, we expect Tav to be 

determined by the particular electron gate the:t has been set. (In part B9 

below, the anticipated 6 rll.9lat1on is shown to follo\!1 as a close approximation 

to Eq •.. (11).) ~o far 1W have not phown how the resonance field is deter .. 

mined. Because the initial phase b not kn()\;ln to the present experimental 
. 24921 

accuracy, it is necessary to uee a phaPe differenoe method. · .. At 

resonance "~ will have 0 ;:::: i ·regardless of the electron gate in uee~ ainoe 

both the •~polarhation vector" and the rotating frame have the eame 

frequency (f = f 0 ). Thus the phase angle .6 was obtained experimentally 

as a function of' f (and hence also f} for two different electron g&tee, 
p 

The first gate, the early gate, extends from time T to (T + 0) after 
e e 

the muon enters the system and the eecond gate, the late gate, extende from 

time 1'1 to ('l'
1 

+ 0) ~ . Then rp(re~:~) was obtained aa the proton frequency 

at \~hioh there was zero phase difference between the early and late. rei~iulte (> 

. . ' 

·In the scheme of Fig.- 2, 'l'e and T
1 

were the delays set on ge.tee I to ~V 

for two sepa]:'a.te runs at a given ·proton frequency f • The em.me gate width . p 

Q was used for both runs. The procedure was then repeated for a aerie~ of 

valuep of r . 
p 
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Tho factors which determine the actual value of initial phase 

may l:>a set out as follO\Io -

(a) The angle ¢ of Fig. 2. 

(b) The precession frequency c.1f the muon bet\.leen the time it oroeMs 

the /~Counter and the time it comes to rest. The relat1on25 which gives 
' 2 

the frequency or precesaion, f ( ){ ) , for a muon or total energy m ¥ o 

moving perpandiculnr to the field linea of a uniform magnotio field fi is 

r( ¥ ) = ~_e~H~-
·. 2TTm1(c £1 + <~>¥J 

2 (13) 

For ( = 1, Eq. (1.3) reduces to Eq. (5) ae expected. Also it is sean that 

f ( 1() < f (1) • 'I'h~re is an additional lovering Of tho initial muon prE!Ceooion 

froquency due to the fact that the initial part or the muon orbit (betwen 

the counter and the target) is through a elighly lower magnetic field. 

However this additional effect is negligible here. 

(c) 'l'he apparent direction of the axis of the f3 oountor. Thio ie 

set by the~ orbits in the magnetic field. It can also be influenced by 

the distribution of stopped muons-in the target. 

(d) The direction of' the 11 polarization vector" for the incident won 

beam. It rna.y be orientated at a small angle relative to the beam direction. 

(e) The relative signal delay between eaoh counter am its faet mixer 

unit. This is discussed later. , 

In order to keep the mathematics workable, ~t is nooeae~ry to 

use simplifying approxilTh~tione. It is aesumed that tha finite target aize 

and the fi~ite solid angle of the~ oount~r may both be_ neglected ~re. 

In Appendix 1 the effeot of finite solid angle 1a considered in a eimple 

oaae and it is shown to be of no importance in this experiment. The 
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~----Delay= T ----*1 

Ga·te I 

etc p. fast mixer unit 

ON 
OFF 

{3 fast mixer 
unit 

{3 counter 
signal .. 

""Co :::: stroboscope p3riod (; nanosec) • 
~ '· . 
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. All slots I, II, III, IV, A, B, c, D are "tf6 wide and sp3.ce<i l:c/4. 

p, and ~ fast m:Ucers are exactly in phase and both are free running. 

' T '= Dejtay, G m· Gate, set on th,e four identical unite_ Gate. I-IV of 

Fig. 2. 

Fig~ 3. ,Timing diagram for eymrrietric muon stroboscope~ Notice 

that T and 0 are riot ·to scale. · 
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effect of the magnetic field and energy lose on the electron orbits vill 

also be neglected. We vill just continue to use the distribution of Eq. 

18. 

(4). Any timing jitter existing in the system will be assumed to be small, I' 

i.e. <<.1 nanosec. We vill assume a symmetric muon stroboscope with slot 
~ ~ 

vidths of ~ • The timing diagram is then as shown in Fig. 3. T and 

G are the delay and gate settings on the four identical variable delay and 

gate units. Clearly T and 0 are not to scale. We consider the case in 

which a ~counter signal arrived at time x after the start. of slot I. Then 

gate I will be triggered as indicated. 
qotei. 

counter signal a.rri vee at time t' after the beginning of the first A slot witlt;~ 

It is then assumed. that a ~ 

This slot begins at time y afte1· start of gate fj. We wish to determine the 

total number F0 of IA events coming.from the first A slot within the gate, 

for a run in vhich N1~ polarized muons were stopped in the target. We have 

N r dx = total number or muons which arrived in interval dx at x tor 
lt 0 

all I elots (aince the stroboscope is free running). 

(4?+ 2nft)= total phase angle of "polarization vector" at time t after 

arrival (r~lative to axis of~ counter). 

Thua from E;q. (4) we obtain the number of IA events due to muons in dx at 

x of all I slots and electrona in dt at t in the first A slot within gate, 

d
2
li'

0 
= (N f dx) (~.~) ['1 + a coa ( ~ + 2 n ft) J(e -tft ~ (14) 

J./, o . 4 n 

where ASl ia thE,:) fi counter solid angle. From Fig. 3 we bave t ::; 'l' + y + t • 

and N t = f 
0 

('l' + y + x) where N • ie an integer. Thus we may rewrite Eq. ( 14) 

as 

(15) 

vhere y Z.< T and y + t' << T have been u~ed. Integrating on. t 1 and x and 

using (f - f 0 ) ~ 0 (since for the range \!Sed in thb experiment 

\.I 
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'

r "" r \ ~ 10-3 r ) ve obtain 
o ·o 

N ..&Sl. -T/'T. 
F 0 = 1~ n ; --c· f 1 + ~ cos [" f + 2 n (f' .J' 0 ) T J . J (.16) 

·0 

Similarly by making the substitution t' ~ ~~ + nL., in Eqa. (15) 'and (16) 

the number or IA counts, Fn • due to muons in all I slots and eleotrone 
th 

in the (n + l) slot within gate o, is obtained. 

-(T+nTo)/t · 

F = .. N/.t.6&e .· . . J 1 + .2!!
2

. cos fi + 2n(t-f
0

)(T+ n T,) .J} . 
n ·144nf

0
T l ·. 11 . · . 

(17) 

Thus the total number of IA counts is giveri by 

N T 
.. (T+n '-'o )/t [. 2§_ l 

F = F:o k 6 
, . tl + ,f. cos£~+ 2n(f-f

0
)(T+ n To) J J. (18) 

where k = 
G . 

N =­To • 

Nl.t hSl.._ 
· and N = number or cycles within the gate G; i.e. 

144 tl f l: 
0 

With the eymmetric stroboscope being considered here, Eq. (18) 
I 

is alao the expre.eeion for the ,II B, III C and IV D count~ • 

We will consider the ·,·I· B element of the matrix nov. To obtain 

i te ooun ts • L, 1 t ia merely nac-eetJary to make . the oubeti tu tion t 1 ~ t' + · .l'.o ' . 4 
in Eq. (15) and proceed exa(Hily··a.-s above. In a similar manner the B and 

R counts may be obtained, the '.:complete final recults being wmmarbed in 

the following equations 

F = f k e -\T+n T.)/t !~ ·+ ~ oos fil + 2n(f-t 
0

)('1'+n To ) J ] 
n=O n 

~ -(T+n "t .. )/r_J . !b! · 
B = ~ k e tl ··- 2 coa £~ + 2 n{f-t

0
) (T+n "t") J} 

n=O ''11 

N -(T+n "'tc,)fr_.{ ·_. .2!. 
R = L k e ; 1 + 2 sin fl + 2n(f•t )(TtnTe») J } 

n=O 'll 0 ··· 
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From Eq.. (11) we have 

~r -n 1"../r - ·. J 
1~ e sin L f + 2 n(r -f',) (T+n Tc.) .. 

tan e ::t: "" 

N -nt:.A: 
~0 e cos Lf + 2TI(f-f

0
)(T+nlc) _7 

(20) 

From Eq. (20) the expression for 9 is obtained, 

(21) 

with 

A :::i A..o [ ·~ n r(tf2fl(f .. f )1 .. 1/t: J} 
t"' tu·g. . ,L_ e 0 • 

. n=O . c'. 

A more axplioi t expression, giving tan ~t may be obtained by performing 
\ 

the SU!1lm.'\ t:ton of the geometrio series above at'ld using !! ...;. 2 x 10 .. .3 ~~ L 
. ~ 

\ 

Under the assumption that (f-f
0

)1C and (f-f
0

)G are both emall the app.roxi-
·' 

mate ·expression :nio.y bs obtained from either Eq. '(21) or Eq. (22) 

-~ = 2 n (f .. f ) a 
0 

(23) 

where 

0 · is thuG the veigh ted value of the gate width G Com paring the value e of ~ 

obtaineti from Eqo. (22) and (2.3) for 0 = 2 .5 !.t sec (as used in this experi­

roant) it is found that, for values (f. - f (rea)) = jo Kc/eao and 60 Ko/sec, 
. p p 0 0 

the errors involved in using Eq. (2.3) are respectively 0.2 and J • These 

errors are much leas than the corresponding statistical errors of this 

experiment so ve may use Eq. {2.3) and take the phase plots, i.e. Eqe (21), 

as straight linea 

·-· 
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e = ~ + 2n (f-f )(T+ -o) 
0 . (24) 

lt is seen that Eq. (24) is the relation that vas anticipated in part A 

of this section. 

An expression for the asymmetry ~e seen vith the muon stroboscope 

may be obtained with the aid of Eq. (12) and Eq. (19) 

I. N 

A:: ,. ~ 
-nLtfr: + i{l + 2n(f-f0 )(T+nT.o) J 

e 
(25) 

(26) ' 

Because of ita comparative inaennitivity to (f-1'
0

) no attempt wae made to 

use A, or any of 1te terma, to find the resonance. /:we note that the 

preaent Eqe $ (24) and (26) are to be compg.red vith Eq. (S) and a;RRG 

respectively, in reference. 24. _7 For future ref~rEmce, the decroase in 

A at (f -f (ree)) = 30 Kc/sac, and 60 Kc/sec wao calculated. With 0= 2.5 t.& 
p p . ' . . 

sec the respective drops were 8% and 32%. 

An equation similar to Eq, (24) may be written for both the late 

gate (T1 to T
1 

+G) and the early gate (T
8 

to T
6 

+a). Them.l?:t'lC!or tpf! 

16 t.Qe pt?.JOO for' both, we have 

(6}. - e ) = 2n(r-r )(T -T ) e · o 1 e (27) 

Whereas Eq. (24) is approximately a straight line, Eq, (27) is exactly rA 

straight line. As anticipated in Section II A, we see that f= f when . 0 . 

el- ee ;::: o. several independent oheok~ were made to Elxamine the conotancy 
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of ~ and will be discueeed as they arise" Alao it will be shovn in 

Appendix 2 that the introduction of ,an additional . time delay Z in the 

signal line or the ~ counter changes the initial phase as tollovs 

(28) 

22 .. 

During the positive muon run a measured delay Z = 2.51 ± 0.01 nanoeeo vas 

introduced to check that the initial phase did change ae expected from 
0 0 

Eq. (28) (181 ± 1 ). In addition• it was possible to check ~r there 

was any systematic dependence of resonance frequency on initial phase. 

From Eqe (27) there should be no such dependence~. 

C • ~~tri~, tfuon Stroboac?E! 

Because it is impossible to set all the slots of equal width l!l.nd 

maintain them equal, and beoauae the various phase shifts cannot be dooo 

exaotly 11 the actual muon stroboscope will be aaymmetrio e The asymmetric 

muon stroboscope. is, coneit~ered in Appendix 2 and it is sho~n that a large 

part or any ~ystematio effect due to different slot widths mny be removed 

by redefining tan 0 as follows 

and 

X 
L = eto. ' 

tan a = . Rx - LX 
Fx ... nX 

(RIIA)x 
. :::: etc. 

In the eama way we will redefine A 

(29) 



.. 

A::: 
-.2 W>2 + (Rx- Lx)2 

L_X 

23. 

(30) 

~X X X X X 
with 4- = R + L + ·. F + B • The definitions given in Eqs. (29) and (30) 

a:ra the ones used throughout the remtlinder or this experiment, although 

a alight modification of Eq. (29) will later be necescary to allow for 

background eventse 

From Appendix 2. and also in viev of the assumptions made in 

Section IX B, it becom1.Ht quite olflar we cannot prove in a simple roonnnr 

that the early and late phase plots will' erose at the resonance frequency 

even i'o:r an asymmetric muon stroboscope. 'fhe final test of the. equipment 

must be as folJ.m1a .... if the actual muon stroboscope were presented with 

polarhed muons precessing at ~ kn<"Mn fr~~~.1.ency under conditione as in .the 

expori'll'l$nt. could it determine that frequency correctly? A run was made 

whioh simulated muon preceaeion at a known frequency. The stroboscope did 

in f'aot determine the frequency correctly. The details will be givfiln later. 

D. Estimate of total matr~ counts required for a statistical accuracy 

4.1ILm = 2 x 10""5 
-g(iii 

In all error work of thio report, the oymbol~ denotes the 

standard deviation in the quantity it preC(Jdes o Bore we oonaider smlx tb,§ 

errora 4B§2ciat&d ~itb th! coyntin« pt!~t§t1Q@p the complete error treat• 

ment 'Which includes all eystoma.tio efi'eots is given iJl Section V(A).. From 

Eq. (8) 

(.31) 

vhex·e it is at1$U!1'2d (a.nd will be shown later) that the errora in g 
. e 

( :~ .) and t arft much smaller than those in thie experiment o No error in 
p 
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m is considered am ~o will later obtain m in terms of m • Now f ie a . · e 

"measured" by statistics of Eq. (27) and f is meaeured directly by 
p . 

proton resonance oo thatAfp is syetel'll.9.tio in nature and ie not con .. 

sidered here, i.e~ we eet A fp = o. From Eq. (27) 

(32) 

where -we have aleo taken 6 f 
0 

::: 0. We now wish to obtain expreee:l.ona for 

..6 0 and ..0.. e1 from Eq. (29) • In the ueual manner e . 

(:33) 

2 x 2 . m x 2 IIA x 2 xus x . 2 rvc x 
with L\R ::: ..C.:S(R ) + ~ (R . ) + ~(R ) + 6(R ) eto .. i.e. the 

2 X 
sept.'ra.te errore in 6. R etc. are considered independent. Inspection of 

Eq. (29) sh~.,ws that in fact they are partially corre ln ted. However, errors 

in N ..u and Np need not be considered since both oa.noel from Eq. (29). 

By rigorously considering errore due to n
1 etc.,.~ eta. in Eq. (29) it '" .~ 

is easily ohown that the correlation is euch that our independence 

aem..1mption, above results in a. alight overestimation of the error in a • 
. Df 2 X 

So ve may proceed vi th Eq. (33) • 
2 I0 X 

considering a typical term.~ Ll~ • for 

axa.mple D. (R ) • 

A (Rro)x = \] t kiD 

RID 
where the cloae approximationQ - = 0 

ni 
Since systematic errore muat be etttimated 

(34) 

RID 1 -
and ND = 6 have been uaed. 

later Pin the ex~riment there 

appeared to be no point in accurately oalcultlting all 16 values as in 

\~ Eq. (J4). Instead a conaerva.tive value of V6 k etc. vaa choGen and 

used for all 16. Only""" 20% of the experimental values of these te:rme 

exceeded 1.2 (all were ..t( 1 • .3) eo the use of the factor 1.:2 in the 16 



,. 

equations like Eq., (34) 'Will result in a slightly conservative accuracy 

estimate. Thus from Eq. (JJ) ve have 

x· x 2 (F ... B ) sec a 

·For the present pUrposes we oan note that even in the act.ual 

25. 

X X X X . 
stroboscope the relation R + L =. F + D appeared always. to be satisfied, 

as we would expect for the symmetrical stroboscope from Eq. (19). and thus 

we may simplify Eq. (JS) to 

. 1~ ,rg-
~a::: TAl V~><' {36) 

where use has been made of Eq. (30). 

Returning to Eq. (31) and using Eq. (32) and Eq. (36) the final 

expreosion is obtained• 

{37) 

Aaeuming 2:..::::::: 22:'~ • and setting (T1 .. T
9

) c 2 .• 9,~,eeo., }AJ = 0.22, 

r = 200 ?-1c/ sec. (the values are shown to fit the cond 1 tions of this 

) 
X . 4 

experime.Jlt ve obtain L ::: 2.6 x 10 • In the actua:}. final result of 
e 

this experiment L..x ~ 3.4 x 10
4 for~ :::::::.. 2 x 10-5• The d.ifferenoe, e · g/m 

of course, is due t()' the fact that the above work ignores syetoma tiO 

errors. 

It is of interest to note 'l>lha t the above accuracy meane in tenno 

of stability of £ , the initial phrAse. Using the above resul te we find 

D., ae ::;; 2 .4 ° oo change a in '£ must be small compared to 2 o4 °. Also~ from 

...2 
Eq. (28), L\z::: 3.3 x 10 nanot;eo., eo any changes of relative delay or 

-2 
slot, phase during the e:x:pari.rwJn t must be small compared with 3 .3 x 10 

nanoseo. We investig4te this later. 



Working fro:m Eq. (.37) it. ie poeeihle to determine the optimum 

settings of various paramet~rs s? t~t the fractional error in g/m is a 

minimum for a given amount of running timeo These settings obtained by 

assuming ra thar idealized running oond i tiona, are d ieouseed in Appendix 3 • . 

26. 

·~ 
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1I I. DETA II.S Ol" EXPl'::R !MF.NT 

The positive meson beam arraneement is shown in Fig. 4. The 215 Mev/c 

beam waa produced at an intarnal target of the Berkeley 184" synchrocyclotron. 

The doublet quadrupole Q 1 pr~luced a rather indistinct image juet downstream 

from the exit of the collimator wheal. The beam 'Was then bent thr6ugh25° by the 

H type bending magnet Ml and. finally' it was focussed at the muon target by mana 

of Q 2 • Both Q l am Q 2 were B" quadrup<>lee. ~'he muon target was located at 

' 
·the center of the air gap of the n magnet "Orion." 'I'his ma.gnet was fitted with 

a circular polo tip assembly (sea b•low) in order to produce a homogeneoue field 

at the muon target, The target co.ntainer was a braas box 2" x 211 x 111 with tho 
/ 

1" dimanaion lying in the beam direction. In the case of.' the positive meeon run 

the walls of the box \./ere 0.005" thick, and it wao filled with bromoform. With 

the synchrocyolotron operating on the normal ~hart duty cycle ( -J%) approximo.t.e­

ly 5 x 10
5 

mesons/minute were incident on 2n x 211 area at Orion at full beam. 

Copper absorber then atopped the pions and alowed the rnuono eo thnt they stopped 

in the target. The pion to muon ratio vas approximately 10. A "second dee" is 
' 

availAble for i-ncreasing tho duty cycle ("stretching the beam") but in this instance 

we were uriable to obtain sntiaf'aotory operation of this device so that it beco.ma 

necessary to do the positive muon work of this experiment with 1/4 full boa.m (be­

cause of deadtima requirements, see later) and the short duty cycle. Scaling 

rates of interest will be given in Section IV(A). 

'l'he negative meaon beam was obtained simply by reversing s.ll magnets. 

In this case. the brass walls of the muon target were 0.002 11 thlak and the target 

was filled with distilled water. In this run w~ were able to oplrate the second 

dee satisfactorily and the duty cycle wae improved by a factor.-. 20. About 50% 

of the beam was contained in an initial 11 spikeu ar:d this was gated out. Again• 

scaling ratao of interest will be shown in Section IV(A). 
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Fig. 4. Beam arrangement in meson cave at Berke1er 184-inoh 

synchrccyc1otrono Beam moroontum was 215 Mev/c. 



JL. Q._ountera · 

The layout ot the counters is shown in Figure S. The sizes of the 

plastic ecinti:l1ators were as follows-

1 . 

. 2 

3 

4 . { 

5 

6 

7 

Scintillator Sir.e 

4" X !)It X 1/211 

.3" X 411 X 111 

2n X 2n X 1/811 

4-1/211 X 4-J/411 X 1/811 

2" X 211 X 1/811 

3" X 4" X 11r 

3" X 411 X 1/8fl 

29. 

.·In e~ch case the first dimanaion stated ie that in the plane of Fig. 5. A etop-rnq 

muon is identified by the event 1 2 3 4 5 6 where the usual coincidence-anti-

coinoidence notation has been used. Similarly the ~rging electron ie given by 

the event 5 6 7 42. Counter.s 2 and 6 were used as the /./,counter and the ~ 

counter t"espactively. A crossover aignal was obtained from each, in a manner 

described in Apt)(~ndix 4, and vent to the appropriate fast mixer unit. Both 
. ( 

oau~ters uned 111 thick scintillators in order to reduce multiplier phototube 

timing fluotua tiona. The use of counter 7 is primarily to ensure a definite lover 
\ -

limit to the output pulse from counter 6 as both fast mixer units had a pulse 

amplitude range within which they operated, This also is diccusaed in the above 

R ,C .A.· Type 681Q ... A photo tubes were used in counters .3, L~, 5 and 7 

¥~4erea.a counters l, 2 and 6 employed -R .c .A. Type 771.6 phototubes, 'l'he latter 

. 26 
photo tubes have been shtrwn to have the faster rise time and smaller transit 

time e~prpad, which are ,important- factor~ in counters 2 and 6., Light pipaa, up 

to 3 feet in length, were used to remove the phototube~ to poaitionr. where they 

oould be ~hielded against the stray field of Orion. At the poaitions of photo-
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·~Counter 

\ . 
Counter 2 \ 

\ Meson beam 
\ 
\ 

Lower pole-tip of 
circular pole-'tip 
assembly whose 
5 spacers ore 
shaded Ill 

Counter 7 Counter 6 

I/IU-26643 

Fig, 5o Counter arrangement in air gap of Orion. 
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tubes 2 and 6 this &tray field amounted to 1 kilogauss when the field at the 

center of the magnet \otaS 14.7 kilogauss. A system of 3 steal pipes (outer one 

5-1/211 O.D., 1/4" wall) and 1 inner mu metal pipe reduced this £ield to 0.2 ge.usa. 
. I 

This residual-field did not se~m to be lowered by adding another inner mu metal 

pipe, but it \otas added an.Y\ofay as a nsarety margin." The above residual field 

could pt11rhaps have a. very alight effec!- on the phototube gain a.rd transit time., 

Delay curves done ~ith the field on and with the field off showed that any 

tra.ns:i.t time change wae<. 2 nanosec. In this experiment the magnetic field .H 

-J is only awept in a range ~ 10 H so we see that the above effects, if they exist 

at all, are constant and cannot enter into the result. The 6810-A phototubes 

were shielded by 2 steel pipes and 2 mu metal pipes only. 

Aleo shown in Fie. 5 are the two proton resonance probes Pl and F2. 

The probe P.2 provided the oignal for the magnetic field regulator to be diecussed 

below. Probe Pl. vas uaed for monitoring a,nd exploring the field,. It was mounted. 

on a tl!X'ee way travel and when the target Yas removed it could move in a plane 

midway betvaen the counters \/hila they were still actually in plat.~e, 

"' The complete syetam used with Orion is ahown in Fig, 6. The circular 

assembly A A 1 B' B carried an inner coil system consisting of 1 pair of pickup 

coils and 5 pairs of trim coils (nos. 1-5). This system ~f·ooila W&s recessed 

into the inner surfaces of' the brass spacer as is indicated. In addition there 

was an outer coil assembly consisting of 2 pairs of coils wound around the .out ... 

aide of the assembly. One of these outer pairs vas used ae the correcting coil, 

the other as a trim coil (no. 6). As is seen from Fig. 6, the main coils of 

Orion were excited from a 250 K.W. generator equipped with a curran~ regulator 

4 whose stability \las-1 part .in 10 ,. The magnetic field regulator operated 

independently of this ~urrent regulator and had a correction field range of ± 7 

gauss which was ample to cover the current excursions. 

The electronic block diagram of the magnetic field regulator and 

monitor systems is shoYn in Fig. 7. As is shown, there ulator system has 
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Fig. 7. Block diagram of Orion magnetic field regulator and monitor system .. • 



two loops- a tDJU ·12.2J:? which receives its error signal from the pickup coil, and 

a ~QH l2Qn which receives its error signal from P2 in conjunction with a phaee 

detector., Both probes Pl and P2 were the simple amplitude bridge type described 

27. 28 
by Thomas et al • . We vill not d. is cues the design of' the field regula tor 

. . . . .· . 29 
any.further here, oinoe·a detailed de~cription hae been given elsewhere 4 In-

stead we shall merely note that under actual operating oond1tions the monitor 
' 6 

signal Pl seldom showed fluctuations larger than ± 2 parte in 10 about its 

average position. ·If the !'orion regulator amplifier•t unit vae allowed -20 

34. 

6 
minutes warm Up0 then t.he drift of average ponition seldom exceeded 1 part in 10 

during a run or 1 hour. 

~ Homogeneous Haen~tig ~ 

The overall approach used here vas to first produce a magnetic field 

vhich has circular symmetry about . the oentral vertical axis 11 This field was 

then made homogeneous in the target region vi.th the aid or pairs of circular 

coils. The pairs or rectangular coile ·involved in the first etep, together 
30 

with the coils of the second step, may be thought of as "current ehims•• 9 

The c1r.cul~ pole tip aa~emhly produced much of the desired oymmetry. 

Referring back to F'ig. 6 \Ia note that it consists of two outer steel plates 

(.24" dia.; and 2 .. ~ tt· thick) bolted to· an i.nnar braes asQembl)" oo~sisting of 

two spaced plates (24t' dia. 1" thick). The braes assembly was rnaohinad as a 

unit so that its outer surfaces were accurately parallel<) The eurfaoes ot each 

steel plate \!ere also ground accurately parallel~ The advantage of this type 

of pole tip assembly in reduoing field non-uniformity associated ~ith reluctance. 

differences along the various flux paths. through the magnet has been described 
. 31 

by Goodman • As is shown in P'ig. 6, the assembly rested on four braGS wedge 

jaoka while four brass blocku oap~rated its upper m~faoe from the upper pole 

tip of Orion. The height of the jacks and the thicknaoa of the blocks vere 

approximately equo.l. 
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The symmetrizing procedure WtU~ to tiret balance (ie. H(+ x,o.o) ira 

H(-X,o,o), eto .. ) the field on the) co ... ordinate axes X, Y, Z ehowa on rs.s. 9, 

(Note that the present Z is not to be contused witb that or Eq. (28)~) The 

vertical dir~otion was done by a combination or &hitting the assembly 

vertically in the air gap (the reason why the jacks and vedgee vere not exact~ 

ly the same thickness) and by applying our~ent in snli ~·~ bll[ of t~im 

coil 6. Figo 8 shows the resultant symmetrical distribution (H(0,09Z) ~ M
0

) 

that could be obtained in this wayo (H
0 
~field at origift o. = l4o7 kilogauea.) 

Also shown are the distributions for {H0 - H(O.Y,O)) and (H • H(X,O,O)) betore 
0 

they vere completely symmetrized.. It sho'4.ld be noted that the outer pointa 

( re la ti ve to 0) are somewha. t u.r.oe:rtain owing to the large line widths involved • 

The X and Y directions were each balanced by applying appropriate loading to 

the pole tip asuembly by meana of the vedge jacks., In tact it was neoeeeary to 

first remove the load from the wedge jacks by means of small hydraulic jacks in 

order that the former could be adjust.ed. In this f'aehion it we.a possible to 

obtain, for example on the X axis, 'H (X = +1) = H(X= -1) vi th an error of~ 3 p.p.m. 

We use the notation 1 p.p.m. for ''one part per million." 

Even after the field has been balanced on the three co-ordinate axes 

as described above we still do not have circular ayrmnetry about the Z axis 

'bectmoe H(X, Y, Z} f. H(Y. X, Z). The rootanr,ular pole tips of Orion cause 

this trouble• .Although it it:l not ehmm on F'igo 6, vo removed the normal 3" pole 

tips from Orion in order to cat the main exciting coils clooer toeether.. This 

reduced the above effect by a. factor of at laaat 2, the field still falling off 

faster in the Y direction than in the X direction. By applying current io trim 

coil 1 so aa to obtain a reaaonable line \doth, lt was found that in the midplane 

on a 2 11 radius circle the field was closely given by H(e)= H(2,;000) + (50 P•P~~>m.) 
2 

cos e where 9 is indicated on Fig. 9 (e not to be oonfueed•with Eq. (29)). 

This field distribution is ttmt of a pair of rectangular oo1le30 (long ~ide of 
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H = i4,7 kiiogouss 

2Z0 (coil 3) 

MU-26646 

--
Coil Total Turns Dimension 2Z I amps Direction 12 Pin Plue 

0 

1 2 X 125 DIA.·::: 4.6n(average) 5 o9°' 0.20 ..,z 1 ... 7 

2 2 X 100 II 6.5 11 II 5 .. 9'' 0.,)2 +Z .2 .. 8 

3 2 X 1.25 n 8.611 It 5o911 1.4.3 .. z 3 .. 9 

L~ 2 X iO 2Y = .3o011 

0 
II 5.611 0.50 -z 4 - 10 

t . .,J 5 2 x; 40 II 6.2 11 II . 5 06 .. . 1 .. 23 .;z :5 - 11 

6(lower 2 6" 
half) 500 DIA. '~II ·"' 0.45 ·:-z 

·Fig. 9. Tr,im coil arrangement with current directions used for. positive 

meson beam. 



rectangle parallel to X axis) tUI might have been anticipated on the ba.edl!l of 

the origin or the trouble.. With ~he aid of t.he 2 paira or rectangular ooib; 

the difference between the maximUm and minimum field values oh ibis same 2" 

circle was ~ 5 pop.m. 

The field no\/ had a high degree of circular symmetry, and trim aoib 

1, 2 ani 3 ware adjusted in a rather empirical fashion to achieve the mo~t homo­

geneous field in a cylinder 211 high (Z = ± 1) and 21t, in diameter (X, ! ::~ ± l) • 

P'ine adjustments of, tho jacke 9 +.rim coil 6 and the rectangular coila could then 

be made 'With the circular coils near their correct values., In this way it vae 

possible to attain a field in the cylinder such that no pointe fell outside the 

limits H0 ± 4 p.p.m. Thn final trim coil arrangement. is as ehovn in Fig. 9t 

the various current and field directions are those for the case or the positive 

muon work. During the actual run there were oma.ll long time variations in the 

above limits.. There wre also long time variations in the field difference 

bet\Jeen the monitor probe position and the target center., Both these effects 

are considered lat0r. lt iS euapected they had their origin in the fact that 

the main exciting coils were not rigidly held down and could be heard to i•oreak" 

as the magnet came on. Wooden chocks were hammered into the cracks in an effort 

to reduce this creaking. 

Finally we note that when the oemt.ral field in Orion was oet for )1 

Me/sea (halt the present value) and a plot m::tde ae in Fig. 8t it was apparent 

that field fall off from the origin to a given point (expressed in p.p.m. or 
H0 = 7~4 kilogauss) was less by a factor of 5 or more. Thie shows the marked 

effect of na.turat.ion around the pole tip edges a& the field is increased. Some 

work was also done 'With the pole tip astembly placed in the H magnet 11 Titan •11 

The X and Y directions, in this case, were found to be almost symmetrical with­

out any current in the rectangular coils. In fact the field along the Y 

direction fell off slightly leeo slowly than that in the X direction because 

Titan has ita exciting coils close together. Thus t.he field of Titan would 

probably be a little easier to mak~ homogeneous than that of Orion. Titan wae 



in use at the time. or the present run .. 

'· L Elec:tron:J.£0 

The olectron1cs block diagram 1s ehovn in Fig. 10 •. · Details of Jmich 

... 32-
of the equipment are ~iven in the Radiation Laboratory Counting Handbook. 

'l'he baeio muon stroboscope of Fig. 2 can be seen in the right or Fig • lb • It 

is noted that a "lt olov mixer" .9.nd a "~ slow mixor" have now been placed .bet\.JGen 

the 4 x 4 scaler matrix arrl. the corresponding f'a.atmixor unit in order that 
' ' . ' ' 

certain requir~monte rr11.1Y be demanded o£ both the muon and electron events before 

they may reach the matrjx. As can aloo be seen, both negative and positive 

signals were taken from the ;.t counter and the F' counter. lh each case the 

negative and positive eigM.le were combined in a crossover network C before be-
' 

ing e.xnplified by Hewlett ... Packard 1.60 A. and 460 B (linear) ampH.fiero. This 

output went to the ap~;,ropriate fast mixer unit which was operated by t.he posi­

tive, limited part' or the amplified oroaeover {ulse. The purpose or the Ol'CIS£1 ... 

over pulse33•24•34 is to red~ce ti,l)ling jitter al!eoclated with pulse amplit~de 

variation. Both the orotsover network and the faet mixer unite are described 

in detail in Appendix 4 • 

'l'he four dbcrimina·bors follwing each fast mixer unit have been 
-t 

labelled according to the sl~ widths that they determine. Thr:Hle dil>crirninator 
· R6~3/V 

pulses must be delayed (--500 ncinoeec., of RGG)i!ij) to allow euffioient time for 

the electronics to decide if the oorraeporrling requirements have been met AM• 

if ao, to have the corresponding slow mixer gated 11 on., 11 If both the nruon and 

electron ewmts do satisfy all the requircmenta, then the diacrtmtnator pulaec 

pass through the slow mixers to the matrix,·a.nd for these events the uyatern is 

identically that of Fig., 2 with C.lne J.rnpQJ:tan~ ~- ga.tee I, II, lli, IV 

no longer dete1•mina the interval in which elootrone are accepted • Instead thie 

interval ('1~ - 1~ + G) is set on gate l which gatep on the o(>inc1dence oi:rouit W4. 
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Note : GATE = Variable delay and gate circuit 
A,B Hewlett·-Packard .460A,460B amplifier 

W = Wenzel coincidence circuit 

DISC = Discriminator 

INV = Pulse Inverter 
S.C. = Slow coincidence circuits. SC3 has anti also 
E.F. Emitter follower 

·c = Crossover pulse network 

D Delay (RG63/U cable) 

Fig. 10. Electronics block diagram. 

} See reference 32 

} See text 



In thiS Wf:l.,Y there is no poseilJility that a particular channel of the .a;rsst, 

~rtixer may be favored and eo porhape introduce systematic error. The gat.ee I, 

JI, III, IV turned on at the 4 x 4 matrix about 0.2 j.J. sec before any aloctron 

couJ.d pof;f'ihly o.rriv~ aM did not turn off until about 0.2 ·/./. aec after tha l.nt-

est pN>t~ible elflctron. ( 

The requireu!fmts :pla.cNl on the muon fWcnta nrc summarized as follows 1 

. a. 1 2 3 4 5 6 - this is done in the ueual way with coincidence ... 

anticoincidence circui te Wl and W2. Events t'IY3Etting this rt:Jquirement are aoaled 

by S2. 

b. no S2 evant in the previous 10 ti sec. - impc>eed by means· or dead time 

circuit 3 (see Appendix 4) and slow coincidence, circuit &i2• in order that gate 

1 l~s sufficient recovery time. All 7 gate units used in .this experiment hAd 

been reworked so that they t~ere capable of a. 40% duty cycle within a. 500 I" eeo 

gate which rep€lated 60 tinms/~acond, a more exacting rate requirement than that 

imposed above • 

41. 

o. no J.t fast roix.er input in previous 3 It eec .. - imposed by dead time cir-

I ' 

cui t 1 and S.C. 2. It was found that the fast mixers -would operate continuously 

at a repetition ru.te> 1 He/sao without deterioration of the output~ eo the 

above requirement is m<ldeat. If the above three requirements are all eatiafied 

by the muon evant, it is scaled by scnler N and gate 2 is tr1ggared to gate 
lt 

11 on" j.J, slow mixer., In normal operation the "teet" input to slow coincidence 

circuit 4, S.c. 4, is not r\'lqtlired and the test equiprent 1e not in use., 

Similarly -we may summarize the requirements to be met by the eleotr~,n 

event: 

(a) ; 6 7 2 4 ..... parforrood with W3 and W4 in the usual manner. 

(b) ooc~s during interval T~ - (Ti + G) ~tar the muon arrival- this 

is d'one by feeding the ga. te 1 into one of the normal clipping line plugs of W4 .. 



.. 
' 

The gate :i..s then d:trect coupled, \lith e.ppr<>priate e.tt.enuation• to one of the 

nctual coincidence di()dee of the coincidence etrcu!t. The eynchroc~·clotron 

42 • 

r,s.te '\.!as ~imilnrly introduced into \J4t although it ia probnbly not t.oo important 

thnt. th1.n r~ don..,. r:vents ~atinfying (a.) ttnd (b) Ci\re scaled by Cl. 

(o) no p fast mixer input during previous J tt meo- imt)()sed by dead t1oo 

circuit 2 and S.c. 3 for A!'\'r'.e re~;.~.twna ao in rrruon caae. 

(d) no other S2 event (stopped nn:ton) occure. in the time int.ervo.l bet'Woen 

the triggering of gat.~ 1 and the} e.M'ival of an electron durlng tb3 gate ..._ thb 

requirmrJOnt iv mv.dc in order t.o reduce the proba.h11Hy tha.t M Gleotron getB 

asdgnad to the incorrect. Jnrent muon. Such occurroncea probably could. not 

introduce systematic. error, but they would re.::ult in a 1ow~ring bf the asymmetry 

A as seen by the stroboscope • From Eq. (.37) we are· obviously interented in h.~v .. 
f. 

ing A as large ne poaEiible. Notioe thr:~t althclueh the f't')llowlne S2 event. (or 

events). coming in the above time interval, oould not trigger the r,at.o 1 again 

(bocause of deadtitne circuit 3), it 1e still nnceouary to ilshut dwn" the 

e1oct.ron d~tection initi.~ted by tho original S2 event• . Tho elAotronice vhich 

performa thia operation io ea.11ad the 1'anti gate generator for multi muon evonto." 

On the arri-va.l of the f'ollow:ing S2 event, a 10 1J> sao ant.i noinoidenoe _gate ie 
. . 

sent to SC 3. Tho arrival of yet more S2 events within this 10 /.;l,tJeo gate extende 

the gate 10 ;.taeo l>ey()nd the luot arriv~l. The gate is capable of b()i.ng ext~Dnded 

indefinitely. 'l'he complete details of thia uyatem are given in Appendix 4. 

Also shown in li'ig. 10 ie the equip:nent used to teat the muon atrobosoope. 

It is seen that after leaving the corresponding faet mixer unita, both the /1-

counter and p cow1ter signala "W(:~nt to test favt mixer unita.. Each test fnot 

mixer unit contained just one mixing circuit, which was identical in design 

with t.ha f't)ur mixing circuits conta..i~d in the normal .fast miXer unite.. 'l'ha two 

teet units were drivan from a variable frequency oxcL1lator which operated in 
6 

a range near 200 Me/sec and was eotable in frequency to 1 part in 10 for a one 
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hour run at a. given setting in tne range.. The 2<:?0 Me/sec oeoillator and ther: 

variable or;cillator were entirely independent of each other • During tElet rtcna 9 

I 

' 1t.eot11 inputs '"ere required in both s.c .4 and s.c .5. Thur., for exaznple, only 

the muons arriving in one of f!,I ... giV and. in g~ . vera able to get to the 1,. x 4 

· T . T 
matrix. The slot width g · is det.erm:!.ned by the rs.tie> 11 / n It is shown 

p, ' ~ I.J 

in Appendix 5 that the abova test arrangement effectively presents to the muon 

. stroboncope a muon preoet;aing with the frequency eat on the variable osoill11tor .. 

It is thua .P<-lSf".ible to check if indeed the early ard late phase plots croes 

t.Jh()ll the f1•equencies of the tvo oocUlatorrJ are equuL 

After the initial beam and electronics tune-up procedures had been 

completed, cheoks,vere run on varioua conditions which were relevant to the 

stroboscope operation. The decay ourve for positive muons a topping in br.omo­

forrn \Jas tra.ced out to delays T~, as long e.e 6 /J. sec (0 = 2 p. sea) to investigate 

background concHtionso Similarly a slow precession (1 Mo/tlea)· experiment was 

performed with polilitive muons stopping in bromoform so that the asymmetry co-

. efficient obtained could. be compared with that obta~ned at 200 Mc/seo with the 

stroboscope. Also the effect of background wtU! examined by running the slow 

precession E'lY.pariment at delays 'I' aa long as 6 l" sec (0 = 0 .. 2 11- eeo).. The out-

put pulse heights from the tt counter a11d f3 counter were checked to verify that 
/ 

they fell in the operation range of the faat mixer. Checks vore then run with 

the muon stroboscope in operation under 11 beam through" conditione, in which 

2. Z, 5, 6 are nll removed (alao the range and the target) and 7 vas required 

in Wl rather than W3 o Delay ourveQI t.tare run by varying the delay Z in the signal 

line of the crossover eignal coming from the ~ counter, and recording the matrix 

counts. These curves were repeated tvo days latsr to check for timing drifts. 

A typical curve is t~hovn in the discm.t:\Sion of the fast mixer oircui t il'l Appenrl :be 4 ~ 



Checks were also made und.er "beam through" oonc.Ht.ions to determtm 1f the 

etrobodc.ope ehoved any apparent phase angle change as t;Nj output voltage ot 

44. 

the 200 Mo/eec o~c111e.torp the voltage to co\ll'lters 2 and 6• arrl. the varinu! 

elot widths wre deliberately varied about their norrral valueth The meaning of 
I . .. . . . 

ttl.e phase angle utder beam through· condition ia diseussed. at the erd of 

Appendix 5, 

In the positive muon run the resonance was expected21 near a monitor · 
m , . . 

probe protori trequnncy r. = 62o?7 Mo/eec so the range within 30 Kc/eeo or this p 

trequonc;r vas swept in 10 Ke/sec. steps. As not~d earlier G = 2.5 ~ eec was 

used, and phase plots were obtta.ined for '1~ = 0.2, 1.5 and .3 .1 /J. sec. in an 

effort to check that there was no systematic dependence or resonance frequency 

on the value or T.:a;:lt These phase plots were obtained with the ~ counter. delay 

normal, i.e,. Z = o, and with an extra 2 •. 51 ± 0.01 nanoeeo introd.uoed, i.e .. 

Z = 2.51 ± .0.01 •. ['The author b! indebted to Mr. C. Kerns for the conatruotion 

and calibration of this delay. _7 For most of the data taken, the following is 

a typical sequenoe--
m 

(a) tp = 62.75 Mo/seo, Z = 0 nanoseo 

(b) = 62.'79 Mc/eeo 9 Z = 0 nanoseo 

(c) = 62.75 Mojseo, Z = 2.51 nanoseo 

(d) = 62.79 Me/sec, Z = 2.51 nanosec 

In this fashion it was hoted to minimize the effects of any drifts which could 

perhaps be present. About 20% of the final data vas tha combined resulte of 

runs spaced ee~ral days apart, Such runs allowed checkP for drift to be made. 

During the data taking frequent cheoke were made on -

(a) The high voltage supplied to the 11. and f3 counter8. 

(b) The power supply voltage of the fast mixer units. 

(o) Currents in the 6 trim coils. 



.. 

(d) 

(e) 

(f) 

Delay T and gate 0 .. 

Internal check ot frequency meter. 

Temperatura in air cooled racks in which fast mixer unite 

wore mounted. 
\ 

' 
(g) Output voltage of 200 ~,ic/sec oscillator .. Checks (a), (b) 

45. 

and (g) were made with the aid of a digital· voltmeter (Non-Lin .. 

ear Systems~ lnce Model V64)., 

At lese frequent intervals checks were. alAo made on -. 

(a) Frequency of the 200 Mc/oec oscUla. tor-checked several times. 

(b) Field difference betw€':an the monitor probe poE~ition and the target 

canter- checked 8 times during the run. 

(c) The field distribution in target region was cheeked before t.he 

run and t\lioe during the run., A 111 x 1" :x: 1•' block of ctl!'bon wns uued to 

determine the relative weights for each quArter of the targeto 

At the conclusion of' the positiVA mnon run tho target wae 

emptied and background phase plots were run for juat a fev frequency 

settinga at each value of T, and for Z = 0 only 

For the negative muon run with water, the reeonance waa expect-

, 21 m I . . I . 
ad near f p = 62 .83 Me oao ., The range within 60 Ke eeo of this freque nay 

wa.e awept in 30 Ko steps (one point was also taken at 62 t~74 f'.1o/eec).. The 

coarser steps were uaed because t~ the very small asymmetry in thie run, 

Phase plots were made for Q = 2 .,5 fJ,. sao and T ;.; 0 .. 2 I-' aeo and 2.1 It aeo, 

the plots being obtained only for Z ;;; 0 o The ohecke mslle here were the·· 

anme aa in the poaitiva muon l"Uno Since no effort was made to finelY 

readjust tha 6 trim coil$ when the field of Orion and the trim coil 

.60 
curl"enta 1r1ere all reversed 9 the field ia not M1 homoganaouo in thb x·un • 

However, thh doEln not matter as the st.atistioal acoura_oy is tr,uch lesv 

for the negative muon run. At the conclusion of ttla run, the ,tftrget w~~s 



emptied and just One backgroum :rtin tna.t1e for each of r·· a o·~z tirid -~ .1 /I. eec 9 

the combined lw ae.yrnmatry !!t.hd lw background rate tnnking it !mponf:'1ble to 

ol,taitl background. pha.t:~~ ~llt'>U. 

During the negatha muon run \U~1caune of the high rat~~J) t,h~ tost. 

equi.pmont 'W!l!3 ~e t Ut.'J nnd ph'lse curvos worl3 obtained for r :: b ·' • and .3 .1 p 

sec for each d<!llny Z/.1>::~ 0 at1d Z1
t= 2.~1 ± 0,01 no.nosno where z1lle the 

addition!.i.l delay .imtertod bf.rtweun the J.t £a.st rnixe.r. unit and the t.cet tt 

f as ti mixer unit. 'l'he meaning of 
T the teat run phat.e nnelet e • h&s been 

<liscm~wed in Appendix 5 \rllu:n-e it 
. T 

is ehmm that 0 is the weighted average 

phase difference betW!')en the ll1U.on strobosc.ope and tho first harmonic of 

· F v ( t 11 ) for the group of e1ac trone obe;erved o F ( t'') is the average a . ~ 

pro\)a.bility that an fllectron signal may got through teet p i'ast mixer a.t 

time t 11 after muon signal came through the test t.t rant mixe1· • The average 

is taken over all pounihle o.rrivnl timaa, x'; of the muon a.ignul in i,ho 

slot gT of the test JJ fast rnixer. 
/.t 



) 

47. 

r1 · RESULTS OF EXPERir-ENT 

L l:YR1co.l Qountina ~ 

These have been summarized in Tabl~ t'ror both the positive an4 
. . ) . . 

negative muon runs. In the positive meson run it is eeen. that the stopped 
' ' 

Jt:tuon rate dropped by a factor or 4 on empt,ying the target and apP.lrentl.y' 
l \• 

moat of the ree~ual rate is due to ·scattering out ot mu~nBo since re~val 

of the target does not have much effect on this rate. from the lover ·H.ne 
. .- .. 

of Tabla l it is apparent that the rates during the negative meson run ~ere 

tnore than 10 times those or- the positive run. The mu:imwn allowabl~ rate 

(det-ermined by dendtiloo requirements) for the duty cycle of tba nese.U.ve 

run vao only G: little higher than the rate of 'l'able I • It ie apparent 

that removal o:f the 'Water from the target does not haw a ls:rge etfeot on 

the stopped muon rate. Similarly removal of the target has little e:tfeot I> 

. ' . 
The large stopped muon background probably ia duo to eleotrone ~n the 

negative beam as ie diacus~ed in IV(D). It ohould be noted that the 

i•target-empty" and 11 target out01 ratns of Table t may )lava an error or 

10% due to normalization~ The matriX· counting rate with empty target, 

and for each setting of T that was u0ed, will be disouseed belowo 

Study of the positive tnUOn decay curve showed that leas the.n 

10% background was encountered for delays T as long as 6 lt oeo~ but the 

background inorea$ad r(i.pidly thereafter. 'l')iu slow preceei'Jion ~xperimesrt. 

for positive nn.tOJlS stopping in bromoform gave an uncorrect-ed ratia 
. . . ' ' ' 

vith ~ error of- lO:'e and thia ;ratiq also tUd not change appreciably 

for delays T El.S long as 6 p, ;sao. Photographs of tpe outputs ot' ~~ t+ 
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and ~ counters (~ith Orion field orr) sho~ed that they were operating 1n 

the light level range 0 .. 9 to 1.6. Thie range would be extended to soma­

what h1rr,her values with the fie:M on (curv.ature or the alectrtm ot'bite) 

but it waa clearly within the range for which the fast mi~r units were 

designed. 

The reaul ts of d~lay ourve \iork done under "beam throuRh" 

conditione showed that over a t'Wo day :rsriod any Urning drU't vas ~1/1011 

of delay (1" :: 0.169 nanoae J. Because the above period wae only about 

half that or the positive run, the above drif't 'Was e.rbH:rarily doubled 
0 

to arrive at (from Eq. (28)) an estimated phase drift!0 ~ 2.,2 • Varia-

tion of the output voltage of the 200 MC/seo oocillator by +O.IV and. -0.08V 

aboUt its n<>rmal value (2 .2 V rm&) produced phase changes (end or Appendix 

5) of< 1~~5°. During the ex.per1ment this voltage was always 'IJithin 0,01 V 

of i te normal value • The voltage to the p, counter and p counter vae loy .. 

ered 100 V from its normal value (2200 V) to produce a phase change ..( 3 °,. 
This voltage was always within 4 V of it~! normal ve.lue during the actual 

experimental rUns. 1~e vidthe o£ the various slots were. Varied ± 20% 

about their norntal values ("- !".!) in order to check the effect of slot . . 6 

1-~ld th on phase angle .. By e:t.mply uoing ll~q. (11) it ~ae found that phase 
0 

angle shifts ..:::::. 1 were produced • Use of Eq. (29) reduced theee shifts. 

Thus the system is to a large degree 11 self balanoing11 as regards Blot 

width variations, evan 'With the strongly peaked "beam through" distribu­

tion. This would explain hov the actual experimental phase angle e obtained 

using Eqo (29) were never significantly different from those obtained from 

Eq., (11). 

~ fP@iti~~ ~G-filln 

The retmlts of full target runs are phown in Table l't and have 

" 
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been corrected for slot vidth by means of Eq, (29). In trpioal runs 

the asymmetry parameter obtained vras A = ...0.22 ± o.oa which indicat0a 

a value not significantly different from that obtaine4 in the slow 

precession experiment. This shows that th$ overall timing jitter preaent 

is < 2 ,!) nan~eec as was expected from the light pulser and "beam through" 

testa. The results in Table II represent about 5 days of running under 

the positive beam conditions .. 

It ie also necessary to estimate the error in proton frequency 

t during the ,experiment., We haVE~~ the relation 
p 

where 
m 

t (t) = monitor probe (Pl) proto.n frequency e.t time t 
p 

f(l) (t) = ~*transfer field 11 at time t, i,eo the inOn38.1iS in proto" p ) 

frequency aa the probe Pl is moved from the monitor position to ~he center 

or. the target .. 

t ~2 ) (P ~ t) = increase in proton frequency as the probe Pl ia 

moved from the canter of tha.target to point?, at timet. The quantities 

on the :right hand side of Eq·e (38) are the actual Ulli3a&ured. qua.nt1tiell\. 

The time dependence will be taken into consideration by merely ine:r~aeing 

the errore appropriately. .Also we' take' f ; 2 ) (r 
1 
t) = 0 Et.nd ae,(£1~n eu1 

error to cover nw.gnatio field variation in the target region f'ol' all t 9 

With this scheme we have then 

r = rm + t(l) 
p p p 

(39) 

with t~l) being the ooneta,nt transfer field~> Ttl$ oont:ribution~ to till$ 

error~ in each of the quantities ~ , r~l) and t~2 ) •" now li~ted 



-I:> (again, we use the notation 1 p.p.m. = 10 f )a 
p 

<A> rn 
p 
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(1) Time stability of the magnetio field • Ae noted in Section 

III C there ware fluctuations which seldom exceeded ± 2 p.p.m. together 

vith a drift which seldom exceeded ,;!: 1 PeP•m• during a typical tun or one 

hour • It was assumed these effects were independent and eo an enor ot 

± \[f p.p.m. wa.a assigned far time stability. 

(2) Error i~ frequency measurement a The Hewlett Packard 

Electronic Counter Model 524 B used in this experiment was the pne which 

·is uaed with the frequency standard at this laboratoryli During the run 
- ' 

it vas checked against another counter of the same type and the two agreed 

to closer than 2 p.p.m. (the second counter was then oheoked and .tound to 

be ulightly out or adjustment)~ At the (ttld of, the run it was rechecked 

with the frequency standard • We will use the very conserVative e.oouraoy 

estimate of ± 2 p.p.m. here • 

(.3) Shi.ft36 of the proton resonance line or Pl due to the 

addition or re (N0.3 ).3 to the water samp~. The simple shape WafJ cylindri­

cal (height = 1. !i diaTnE1tU,r) and we.~ formed by drilling ou~ a polyat~ne 

rod. Samples or the same ohape 11 but with d:Lft'erent concentrations of 

Fe (N03 )3
, were used to obtain a graph ot resonance line trequencr agairuJt 

concentration• at the fiXed magnet.io field of the exp~Jriment, Th~e sraph 

was extrapolated to zero concentration and it wao concluded that, for the 

O.lN solution used 11 the shift Vali ~ + l p.pom. This waa taken into 

consideration by< allowing a' further error of' .;t l p.p.m. 

Combining (l) (2).and (J) above we obtain 

rm :; V1o p'.p.mo 
p . 



(B) r(l) "'r(l) 
p ±L-1 p 

As .noted in Section III D there were long term variations 

associated with the transfer field and it was e\ispJcted that they may 

be aaeooiated with slight movements or the main exciting coila. It 

was found that setting r~l) = 0 with6r;l) = ± 3 p.p.m, ~overed the 

extreme dev.iations observed during the positive muon run~ 

co) fl r<2 > 
p 
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The extreme deviations from the central field ~ere determined 
' 

for each quarter of the target • These deviations were chosen to include 

long term variations. Since the statistical aOOUfacy of this experiment 

was much less than the field deviations, the field was checked only three 

times, for the positive muon run, and a rather coarse grid was used • 

The extreme dev:iations of eac.h quarter or the target were then weighted 

according to the 1" x 1" x 1" carbon block data. The results were a 

measured extremes ± 5 p.p.m, 

weighted extremes 

From (A) (B) and (0) we arrive at the final result 

m r = r 
p p 

rp ='{59 p.p.m. (46) 

where (D) and (C) errors have been combined in the most. pessimistic 

fashion as there is a~ poeudbility of some correlation \>etween the~. 
' ' . ' 

The frequency ot the 200. Me/sac oscillator wao checked only 
' a few timea during the positive run since its accuracy was very muon 

better than the stat~stioal accuracy of the experiment. The reuult of 

these checks was 

(41) 
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Finally for the positive run, ve ehov in Table III the data 

· ohta.ined from the empty target runs. · :Only the ~ counter delay Z = 0 

·. was run since the low counting rate excluded the possibility of accurate 

phase measurements and comparisons. The average aeyuvnetry of thie "back-

ground11 was ~ = -0.12 ± .03. It has meaning to ·average the values of 

~ in Table III as we recall from Section II B that A decreases by only 

8% for (fp - fp(res)) = 30 kc/eeo. In the final column of Table III 

are shown the.ratioe of total matrix counting rates for tull target and 

empty target ( 0 .005" brass walls) • Thia ratio was measured tor each 

value of T. • The matrix counting rate 'Was reduced by a further factor 

or 2 .,when th~ empty target 'WaP removed.. Part of the matrix co\lnt1ng 

rate, with the target .out., would be due to muons stopping in the ,00211 

aluminum vrappi~g of counters 4t. 5 and 6. ,. 

The ~ counter delay waa left at Z = 0 throughout this run as the 

low decay e~,symmetry .makes a.coura ta phase comparisons 1mpos"ible. Table IV . ' . 

showa the results obtained for the full target (H2o) runs. 'l'he~e resulte 

represent """1 day e>f running under the negative muon beam cond.i tiona • The 

shorter dela1 T = 2 .1 .Jt seo was used in this case eo that the error ot 

each phase angle measurement could be reduced to a reasonable value in 

the running time remaining (Eq. (36)). For oomparia<m with the poaitive 

run, the asymmetry coefficient A was. calculated in the present caae from 

.. . 

the results. for T. :;; 0,2 .11. sao and r; = _62 ,80 11 • 62.83, and 62 .86 Me/sec e~ 

(these results contained more than ~alf the total atatietice). The.average 

value obtained wae A-= -(1~0 ± 0.4) x 10-2 as is shown (recall from.Seotion 

II B• and above, that it ie reasonable to take the preeent average). 
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This value contains no corrections (other than the slot width correction 

of the counts). It appears low when comp3.red to the corrected value 

-0.04.3 ± 0.005 obtained by Ignatenko et a1.13 The difference may not 

imtnad.ia.tely be ·aseumed to have been caused by the stroboscope since. it 

gave a good asymmetry in the pooitive muon run. Unfortunate~y ~e did 

not perform a 13low precession experiment for negative mesons in water 

and so cannot make the di'rect.;oomparison as we could for the positive run. 

Also shown in Table IV are the rat.ioe of total matrix counting rates for 

full target and the empty target (0.00211 brass walls). These rat1oa ehow 

that although, for tho negative muon run, there 'W~S ltttla effect On the 

stoppec1 muon rate (S2) on emptying the target. there is a large affect 

on the total roatrilc rate. This effect i.e evan slightly more pronounced 

than in the positive run, /as might be expected since the target uped hare' 

has thinner walls~ This indicates that the large background prosant·in 

S2 rate is due to etable particles (beoa.use we pee no large number of 

extra decays). It is probably due to scattering out of electrons, ainoe 
37,38 

experiments indicate a comparatively large electron contamination 

in negative m&eon beams. As in the positive meson run• the removal. of the 

empty target decreased the matrix ·oountine rate by a factor of -2 in the 

present case • 

Because the statistical accuracy of the preBent run is muoh 

worse than the positive run, no great effort was tnade tQ make the raag ... 

natio field very homogeneous again after all the currentca had been :revereed., 

Also we did not both to determine the weighting f"aotori of each quar~r 

of the target. Thus some of the errors are larger in the present case. 

The errors are as follows; 
m . . 

(A) f . = VlO PoP•m• p . 



Thus wo have 

(n) r(l) + 6t(l) 
· P - P = ... (4 ± 5) p.p.m. 

(c) L\r<2 > · = ± 6 p.p.m. 
p 

r = rm - 4 p.p.m. p p . . 

.6 t = Vi:.n p.p.m. 
p 
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(42) 

where again ve have combined (D) and (0) in the moet paseimietic faahion. 

'J.'he 200 Mc/o~c oscillator was again monitored during the nega. ... 

tivo run. ·Unfortunately, it we.$ damaged during this run and when retmired 

it stabilized at a slightly different frequency. Thus it was necesl!lary to 

aseign a frequency and enor which nbridged 11 the go.p. The reoult was 

f = 199.8275 ± 0.0014 Me/sec 
0 • (43) 

-5 Even thia error is< 1 x 10 t 
0 

and so is vory much leu than ttw preaent · 

statistical error. 

L s iml!l§ tml MY.P.n ~ l1Y.n 

Table V shws the results of this test. There was e~uf.fioient . 

time to run only 3 points on each phase 11 plot.11 The rantife of .t 100 Kc/sec 

for the frequency of the variable oscillator oorreeponde roughly to the 

proton frequency range of ± JO Ko/eec used in the po~itive run. The 

variable frequency oscillator \-.las at~ble to ± l p.p.m. at ~ given fJ>equency 

setting. 'l'he Value (.)1' the frequency, r • of the 200 Hc/eeo OPC1llator as 
0 

ohown in 'l'able V io that at which it atabilbed after l;>eing repaired • A~ 

can be seen, it was stable to ± 1/2 p.p.m. throughout thie teat, The 

magnetic field wae held at a proton frequency of 62,83 Mo/seo ~hroughout 

this run. As noted in '!'able IV, the value of A :for negative muOn.IJ ~toppins 
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in Yater vas only -1 x 10-2 and I!BO we note that ita affeot on ihe munbor13 

shown in Table V 1a < the etatietioal errore. Thus ve ff1a7 ooneider that 

the negative muoris decay isotropicaliy in this rune- In the last t'l.fo 

columns of the Table ve show the calculated phase o.ng~·~ g'l' (Ecto (29)) and 

its er.roo;A eT (Eq .. (35))., The particul~ va.luee of &T_ shown in Table V 

were obtained· by arbit.rHrily aeumming the 11e.l!'lymmetry coefticient'' to be 

. negative in the teet run (just as it is for the aotue.l muon deeay B.s)"Mlnetry) .. 

I 

(' 

\ 
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V. CAI..GULATIONS 

Differanc~ 

Eq. (35) of Section II D gave only the st4t1etical error that is 

to be atH~ignoo to a given phase measurement. Here we wish· to determine 

the complete error which muet be asaigned to a determination of. the phase 

differenoe • In order t<:> correct for baok.ground we must revrite Eq. (29) 

as followe 

(44) 

X X 
where the countll5 R etc. refer to full target results and Rb etc. retar to 

empty target results. From Eq. (29), Eq~ (30) and the fact th~t the 

actual atroboscope always satbfied. the symmetric stroboscope relation 

Rx + L x = Jl"x + rl, we have 

with 

tan eb .:::: 

Rx- Lx - (~x/2)r Ab ain ~ 

Fx- Dx - C'Ex /2 )r ~ coa ~ 

X K 
nb - \_ .,x ....;c 

• r = L-/L 
b t:'x nx 

x;b ... nb 

and A= 
b 

(45) 

For the purpoEJEU!I of error eetima tion it ie necessary to rewrite 

Eqo (27) in the more general' form 

r = r + 
0 

(So)l- (eo> + f - f1 
--- !12 ·- @. ·-

(46) 

In this way we obtain the following expreeeion tor the square of the error 

·in the muon frequenc~ 



+ ~<ao)l~ <8o>e _7 
2 

["2n (T1 .. Ta)2 J 2 
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(47) 

vhere use has been mads of the nominal relations 0 = a
1 

= Q and . e 

f
8
= ~ = { " The errors which have been condderSd in F.q.; (47) are as 

fe>llows• 

A 90 - the etathtioal error in the phase angle expression after 

correction for background, i.e. Eq. (1 .. 5). This error i~ analogous to 

that of Eq. (35) where no background was considered. 

f D the poseible drift in initial phase or the stroboscope 

during t.he I_'Un 0 i.e. we allow l£e .. ! 1/~ f 0 
t 

b3 , L:;J.'1· ~AG - these are variations of Gate 1 during the runs. e . 

'l'hese variations could be caused by setting errors and by jitter e We. note 

that the effect of these errors on the expsriment can always be vnade 

arbitrarily small by operating in a sufficiently narrow range about the 

resonance trequaney. In the present experiment only the errore ()i' tl'l~ 

outermost phase determinations a.re increased by a, fe-w percent due to· varia-
. · .. · r 2 2 ... -1/2 

tiona of Gate lo '!'he poeeiblo variations were estimated as 1. ~ T t.6: 0 J 

. = ± .:3% LT + 0 _7 :for. \)oth early a.nd late gtltf'ls. Thus we hav~;~ from Eqo (4'1) 
~2. 

2 2 2 ) 7& t2 ... 4 2 2 
· L:lt =IS.to + iS(Go 1 +:.((~0 ) 8 + D + 9 x 10 £((~0 )0•t) +((6a)

1 
... J) _J 

~ . 2 
['2'fl (Tl .... Te) _7 

(48) 

t.rhere £ need be known only approximately irl order to e~timate the last 

term in the num~eratore 

It ie now n~ceseary to dete;mine40o fromEqo (45). Firat we 
X X X X 

will ooneid.e:r the error oontribut:tonra due to R , L 11 F and a • A 

typical derivative 1~ aa follows 



(49) 

X 

with L 
0 

X 

= L (lo..r) and we have used F.qs. (29); (:30) art! the symmetric 

stroboscope relation R + L = P' + B in the secord term of the numerator; 
0 0 . 0 0 ' ' 

which ie usually a much smaller term (neglecting signs) than (F
0 

- B
0
). 

Expressions similar in form to Eq. (49) may be obtained for the other 3 

contributions. Combining all 4 terms we obt111n the folloving expression 

for the square of the error in 90 due to the a to. tie tics of the .LYJl 

target data 

= (50) 

'l'he nU11lSrioal tao tor in the numerator ie from Eq •. (.34) ·as usuai. The term 

of next highest order in the numerator of Eq. (50), and whioh has been 

neglected, is 
,·,·· 

An upper limit for this term 1e obtained by setting sin (e - a ) = 1, 
X 0 -b 

2 L 2 3 X 
and is given by (1.20) ( T) r A

0 
AbL • vhere the pymmetrio stroboscope 

relation R + L '= F + B haa been used.. Dy also using this relation in 
0 0' 0 0 

the numerator of Eq. (50) • 1 t lll!lY be shown the. t the nutnera tor of Eq • (50) 

· is)> the above uppor limit" Thus the omiasion ot the above ter11 from 

Eq. (50) is justified. We will write Eq. (50) in the more convenient 

form 



y 

MU- 26647 

Rx. LX 
tan e = fx -BX where e is the ru11 target phase angle ~ithout background 

correction. 

tan Rx x 
Bt,= ...Q - Lb· where E\, is the phase angle asaooia ted with the back• 

F~- B~ 
ground (i.e. empty target)., ~ is the corresponding asymmetrr. 

e0 = backgr~und correcteq ~hase angle. 

; Ab ::: baokgrounq oorx·ected asyrnmetri. 

Fig. 11. Vector di&gram of background correotion4.. 
r . 
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• 
(51) 

The contributione or the ~!;groy~ error a (target empty) to 6 6 
0 

will be 

oonpidered next. From Eq • (45) ve obtain, us ina R + L = F + B • 
0 0 0 0 

Eq. (29) and Eq. (JO) 

(52) 

Tho significance of Eq. (52) is easily seen c,n the vector diagram. of' Fig. 
. 16b 

ll in which the 'background b represented by a vector r ~ e ·.. and the 

background ooJTeoted data by (J. ... r )A
0
e 

160
• The sum of these two vee tore 

gives the full target vector• as ia stated by E:q. (45). Finally the com .. 

plete expression for the error in So is obtained from Eq. (51) and lq. (52) 

as 

(53) 

From Eq. (48) and Eq. (5J) ve obtain tho complete expresdon for 

the equiv~lent error to be assigned to a determination or the phase differ• 

enoe 

-4 r ) ;t;2 li\2-
+ 9 x 10 L ((80 -I)+ ((6) -r> _/. 

e o 1 (54) 

b b 
Actually there will be come correlation between errors ~(e ) and Ll(e )

1 ' · o e o 

ninoe they have the ool'llll1on error~ Ab. Hwevar it may be ehown that 

Eq. (54) is a(!tually a oonaorvative statement of the accuracy beoauee of 

the fact tha't it is the error in the ~if'fer~!!Qfi between (6
0

)1 and (€10 )
8 

which is involved. 



The use of Eq. (48) in the error calculations ie'equivalent 

to assuming the gradients of our late-early phase difference plots, i.e • 

.i\n [' <eo>
1 

.. (9
0

) . J= 2n (T _ T ) L 
df . e 1 e r 

p p 
(55) 

. m 
where wo have recalled that 'We actUt1lly plot (0 )1 ... (a ) versus· f • 

. o o 9 p 

and Eq. (39) har.i been used. In the poaitiva muon work ot the preeent 
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oxp3riment, a more general procedure will be used .. 

.39 

By the method of least . 

squa.res 11 we will fit the straight linea 

(eo)l • (e ) = a + a X oe 1 2 (56) 

( m m 
where X= 100 f - 62o77) and f is Me/sec units. 

p p 
The values of a2 ao 

obtained .may be compared w 1th the values caloula ted frorn Eq. (55), as a 

further check of our stroboscope theory. 

The complete procedure 1nvol11od in the combination of the positive 

muon results will now be outlined. It is designed to take into oonpidern~ 

tiono to a good appr()Ximationt the correlations Yhich exist among oorne <)f. 

the errors .. 

r 
(1) The corrected phase angles 60 , ar:d the corresponding errors A 9

0 

due to full target etatbtics 5 \Jere calculated and ar~& show in Table VI. 

The relevant equationa are Eqe (4;) and Eq. (51)~ 

(2) The 6 phase differance eete vera calculated and the straight line 

of Eq. (56) was fitted to each &et,: In this work the square of the err~)r 

assigned to each phase difference measurement waa given by 

2<r 2 r 4 2 2 
A Go\ +A (9

0
)8 + 9 x 10 .. £ ( (60 \ ... ~ )+ ((9

0
)e .. ,!) 

after Eq. (54)~ This ia a very good approximat~on beoauae the last term 1o 



small and so t.he fact that it doee not repraaent a random error ie of no 
. 

importance. The results of straight line fitting are given in Table VII 

where a2 is expressed in degrtH~B Pftr 10 Kc/ooo (i.e. dogrees :tnr unit X). 

"'e note that the experimental gradient agrees quite reaeona.bl;y with the 

calculated value 6 The last tvo columna of the table shov X (rea) and 
.· I 
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.6X (res) vhare the subscript z. is added to denote the X value appropriate' z 

to p counter deLay Zo We have from Eq. (27) and Eq. (56) 

(51) 

c~a) 

In Fig. 12 and ll'ig. 13 w .show g'r11phs of the experimental phase difference 

points and thE>ir errors (as El.Baigned above and therefore eeaentially 

~~(e~)1 +d(~f) ). The errors ~X (rea) are also shown horizontally 
o e z 

c:ucis 
near the X &&1-K., Dy inapeotion of the graphs for a given Z value it is see~ 

that to. the present experimental accuracy there i.e t\O dependence of reson­

ance frequency on tha valuoe of 'I' vhioh are involved~ This is ae expaoted • 

The three reaulto for eaoh Z value were then combi~d ~!Jiderinf{ only the 
JC 

errore A4~ras). 'l'he two combined resulta had a J probability of O.OJ. 

This is low, but it will appear below (Table P: columna :3 and 6) that the 

final errors are..-. 50% greater than those obtained from A_;.j.res) alone. 

Thus the tvo combined results are reasonably conB1atent. 

(3) The background phase angle data was fitted with straight linea 

whose slope 'Was obtained from Eq. (21) and Eq. (2:3). Thio is justified by 

the notea below Eq .- (23), and the good agreement in elope shown in Table 

VII. since the statistical etTor is large in 1.he background run. The 

raf>'Ulta.nt values of·~·~(e0 ... eb) andA6t> ~re sho"m in 'fe.bl~ VII!~ Also 

shown are values of A
0 

obtained by averaging several ~ns for both Z ~ 0 

and Z = 2.51 ;t 0.01 nan()seo at each delay T. In tru, lal!lt column of Table 

VIII are ahown the phase angle errore due to 1-VAokground, ae given by Eq. 



• 
9 

A 

62.74 62.75 62.76 62.77 

t: (Me/sec) 

z::: 0 

( T 1 - T e ) = 3 .1 - 0 .2 f.J. sec 

{T -T ) = 3.1 - 1.5 ~sec 
1 e 

{T -T ) = 1.5 - 0.2 1-J, sec 
1 e 

Vertical er.ror flags are 

MU • 26648 

Fig. 12. Graph of lute-early phase difference versu~ proton monitor 

frequency for posit:tve run :With Z = o. Horizontal flags show error13 

Ll,Xjres), {see text). 
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- Z z 2.51 ± 0.01 nanosec. 

(T
1

-T
8

):::: .3.1- 0.2 f.l sec • 

(T -T)::: J.l -1.5 IJ.See. 
· 1 e 

(T1-\) :o: 1.5 - 0.2 f.l sec. 

Vertical error flags are 

MU-26649 

Fig. 1.3. Graph of late-e~rly phase difference veraus.. proton monitor 

frequency for positive run with Z c 2.51 ± 0.01 nanosec. Horizontal 

flags show errors.6X (res), (see text). z . 
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(52). Where A~ b large, the last term of Eq. (52) ie'WJ-ttten as 

f Ll sin (eo-eb) J 2 
and the extreme deviaU.on for ± AE\, ~a used • 

l. b - •. . 
Since only Z = 0 was run• the same L.\ 9 is used tor both the Z = 0 

0 

and Z = 2.51 ± 0.01 nanosea results or Table VII. 

·65. 

,r~2--~b----2~. --b-· . 
(4) We next take into account the errors VLl: (90 )

1
+ f!(e ) and 

. o e 
in measuremonts of the phase dU"ference o The first of these errors 1e · 

common to all points on both Z lines for a given value or (T
1 

• T
8

). but 

is lndependfmt tor different values of (T1 - T
8

)" The eecond one, ! 0 , 

is common to all p()inta on all lines. It will appear. below that reaui ta 

from the lines (T1 .. T
4
J = 3ol ... 0 .. 2 JJ sec carry -70% ot the wight. in 

the final result, and also that £0 makee only a small. contribution to the 

errors in the pointe of' the other (T1 ... T ) lines.. Thus. it b a good · 
~ . 

approx~~tion to assign a SQmmon error\(~2+lf(e~)1 + ~ (6~)8 to all 

points on both linea correepo~ing to the ~ (T
1

-T
9

) value• but to 

assume these errore are iml!oond.ftnt for points on lines oorresp(mdinl:~o 

differ!,Dl (Tl' .. Te) values. frr)m Eqv (56) we see that for a given value of 

(T
1

-T
8

), tho common error to be included with both erroraalC
1 

1e given 
b l...\ 1-a; 2. t:f . b 2 b . . 

Y a~'J"J) + ( 9 0 ) 
1 
+ ~ ( 90 ) e • The procedure for combining this conmo11 

error and the two errors A Xz (all three error!! are ind.epe,nent) 1B 

diacuseecl in Appendix 6 and is given as follows, .. 

) X21 ~reo) 
L ~~ \res} 

X(res) = z z z 
6 X(res 1 final) = 2 +I! X(rea) 

(59) 

(60) 



\lith X(res) = 

~A~ (roo) 

l 
(61)' 

z 

, and ~X(res, final) is the final error 1~ X(reea). AU .of the above 

work is tabulated in Table IX. The errors AX(res. final) are then 

connider·ad ae independent (note on f 0 above) and the usual weighted mean. 

(similar to Eq. (59)) is taken, together with its error (similar to 

Eq~ (61)). 

of Eq., (54) 

These are ahoY~n on t.he hottom of the table. All the errors 
m 

have now been taken into account., Changing from f to t 
. ' ' p p 

brings in A f (Eq,. tn), Eq •. (40)) and using the resonance cond'-tion 
p . . . 

Eq. (6) includes tho e:rTor ~f of Eq. (48) which is the last error con ... o ' 
tributi<m to f:l. f. The final result for poe i ti ve muons stopping 1n bromo• 

form is 

(62) 

Strictly, Eq, (62) applies for f measti.red in water and t measured in 
,,' 21 p ' 

bromoform.. However we assume that the muons and. protons experience 

·very similar shielding. in bromofol"Jll. Then to the present experlmantal 

accuracy Eq~ (62) may be considered to give the ratio of preoeuio;f.on' ' .. 

frequencies for free muons and free protons in the aame magnetic fielq~ 

since the chemical shift of protons in bromoform relative to protons in 

\later is only -1.8 p.p .. m. (i.e .. 1 esa shielding in bromoform) .. 

This waa calculate1d from the po~lit1ve muon results for: both 

Z = 0 and Z = 2~51 ± 0.01 nanoeec. · In this way ve could eheok 'to see ~ 

the init1~l phaaEt changed as expected (Eq, (2sn.. Also ~ for Z = 0 will 

be used in the negative muon work belovo Straight linee of the form 

(fJ3) 
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tlfi!re ttttt;,d to the tht'$9 pht.Ui/8 piots for each Z valu~ e This .. 1s justified 

bec;,.use ths predominantly etatieMoal etTorVtf(G~) + 9 x 10-4 f~0.;.f.J2 
aeit\ii.gned to el!O.Oh point· is MUCh greater than the deviation of'· the t.ru.e 

phase ourve from linearity (see note~ below Eqe (2.3)). Since in the 

positive run we have f = fm , f o.nd~iare given by using in Eq. (63) . p p . 

. the conditione. 

X ::: + 0.20 . 

X= O.U. 

The results or this work are-then 

• • 

~ 0 0 
.:r (Z = 0) = + (1 ;t .3 ) 

f (Z = 2851 ± 0.01) ::: -(177° ± 2°) 

Change off = :""(178° ± 4°) 

(64) 

tisi.ng Eqo (28) to obtain the expected phase chAnge ve obtain .. (2 'll f Z) 
0 

{ 8 0 0) . = - l 1 ± 1 and so we aee that the agreement ie quite reasonablee. 

The procedure used here is slightly different from that or the 

poait!ve run.. In the present oaee it 1a not possible to measure eb (Eqo 

(45)) owing to the combined low badkground (target empty) rate and low 

asymmetry., Thus instead or 90 we will use the phase angle e of Eq,. (29), 

and estimate the maxi.mum effect or background t'rom. Eq. (52) e No known 

subatance giVes a'muon decay asymmetry coefficiont1.3el4 which is appreciabl.7 

A 
higher than that obtained in water oo we vill lill.6SUme ....!2 = 1. This 

Ao 
almost oertainly is an overestimate of' ~ einoe we knov by experiment 

that appro:d.mately half the background is due to negative rm.1ons $topp~ng 

in the brass walls of the target o Such rnuons BUtter addi tiona.l depolarize.- · 

t1on due to the fa.ot that the copper nucleus has spin ( ~ ) , · It hae been 



ehown42 •43 that for a nucleus of spin I there is an additional reduction 

in muon polarization by the factor ~ ~1 + 2 
2 

J For brass this 
. J (2 I+ 1) • ' . 

factor is "'o.;. Furthermore the negative muons which atop in the brass 

suffer a large Knight ehift44 ( ~ 0.1% = 6) Kc/eec) and hence there ia a 

.. further reduction in Ab by a factor of ""'0.5, from Eq., (26). Similar 

68. 

remarks to those above also apply to the negative muons ~hich stop in the 

aluminum wrapping of the counters. By writing the last term of Eq. (52) 

in the form LlL sin (6
0 

- 6b) J and taking the maximum variation possible 

we obtain the estimated·maximum phase angle error due to background as 

- r --1-r 
(66) 

The significance of Eq. (66) on the vector diagram or Figo 11 is obvious. 

A further differance between tha present procedure and that of 

the positive run io that here we will use the initial phase f as determined 

on the positive run. This will enable us to extract the most information 

from our somewhat meagre negative muon statistics. If the change from 

positive run oonditionn to negative run con:Htions oonfliatod of merely 

' 12 
reveraing all magnets, then we would expect from CP 1nvar1ance tha.t £ 

l..fOUld be unchanged" However, an additional change wafl made in that the 

muon target wae changed from bromoform to water. We Yill now consider 

three corrections to be ma.de to the positive run ~ in order to take the 

target change into account. 

· (1) Tho average anergy of' the muona which atop in the target \Jill 

nov be leaa than in the positive case., Returning to Eq. (13) we see that 

this will mean a elight chango :i.n the precession frequency between the 

time . when the rrtuon croosee the J..t counter and \shen it stops.. The ini tiul 

phaae will involve the quantity 

f 1
) ~ -2fl j£r(l) - f(y) J dt ( 6'7) 



where the integral extende from t~ tine the muon crosses the /.1. counter 

( t = 0) to the time the muon oomea to rest. 'The negative sign is choeen 

because the moving muon will be preceseing.more slowly 'than.the rotating 

frame at resonance and eo it will appear to loose a small amount· of 

. initial phase • Eq. ( 67 ) may be rewritten as 

f(l) = ~ ({ir.-l). de 
)')I -1 

(68) 

where a is meaflured along the muon orbit tro:m the 1J, counter • We .\Jieb to 

estimate f(l) (CHBr3 ) .. _f(l) (H
2
o). This wao done roughly by taking the 

69. 

average muon orbit (of length s
0

) as passing through the l" sointUlator 

of the p. counter. the two l/8" scintillators of counters .3 and 4. and halt' 

ot the target. In this way the y values at tho inEltant of striking the "" 

counter were eetima ted ae 1.2S for va ter and 1 o.30 for bromoform. Then the 

· integrand in each case was assumed constant, at th& above maximum value~ 
. ]:;.(1) . ::k(l) 

tor the entire s
0

• In this way it wae estimated that+ {H20) .. !t' . (CHDr
3

) 

< 0.7°. . v ' 

(2} Due to their lower average momentum, the muons wbioh etop in the 

water target \>rill have orbits which erose the p. counter at a olightly 

larger angle ¢ (aee Fig .. 2) than the orbits in the poaitive run. Th~.s 

will appear as a slight change of initial phaee. Since (~) = 0.001, 

the change in initial phase of the ''P<>larbation vector" will be oloaalr . . 

equal to the change in the urbit.direotion ~. The change in¢ was 

estimated using the following relation 

(69) 

where we have used the suffix 1 for the bromoform oalile and the stlffix 2 

for the water oa.oe., It hae beon assumed that to first order the orbita 

have the eame length since it will appear below tha~ (¢
2 

• ~1 ) is ~mall. 



.1'he orbit vas assumed to end at the centre or the target in each caee. 

The eeotion of the orbit up to counter 3 vae divided into 7 regions and 

tor each region the value ot Pl .. p2 wae determined at the midpoint or 
p 

the region and at the end or the region. The increase 1n angle ot the 

70 • 

orbit, i,e, ! J~ do1 , vas determined ror each region !roll an approxi­

mate orbit. P'rom this rough numerical integration of Eq. (69) an "average" 

value or (¢2 - ¢
1

) was obtained (used the midpoint values or ratio above) 

aD.i an upper ··limit to (¢2 - ¢1 ) was also obtained (used the maximum values 

of the ratios). We list them as follows a 

Limit 

(~2 .. ¢1) ~ 30 

0 
(¢2 - ¢1) < 5 • 

(70) 
"Average,. 

Taking the "average" value we have for the change of initial phase due to 

this effeot 

(71) 

20 
(J) There may be a range dependence of the initial phase or the 

"'polarization vee tor." 
0 

An error of ± 8 was assigned to cover this 

possibility. Combining (1), (2) and (3) we obtain the total correction 

(72) 

It was found that the correction contained by Eq. (72) represents a 

resonance frequency shift """20% of the final error and eo this correction 

is not very .important. from the .firat ot Eq, (65) (since Z = 0 vae used 

here) and from Eq. (72) ve arrive at the initial phase to be used in the 

naga ti ve muon run 
0 0 :i (H

2
o) .± Ai (H

2
0) = + (5 ± 8 ) • . (7J) 
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• T = 0 .2 p, sec 

o T = 2 .1 IJ> sec 

Vertical error flags are 

V l e t 9 x 1o-4(e - ! )2 

Fig. 14. Graph of phase angle versus proton monitor freql.lency for 

negative run with Z = o. Horizontal flags sho~ errors A X 8 (res, 

final), (see text). 
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?z: 
The procedUre used for the negative mon ruD ma,y nov be 

outlined a 

(1) The phaee angles 8 were calculatec! t'rom Eq. (29) and each vaa 

assigned an error~2 e + 9 x 10-4 (e .. f )2 v1tb~e siven by Eq. (35). 

(2) Straight lines ot the form 

(74) 

with x• == 100 ern- 62.8)), were fitted by the method ot least aquarea. 
p 

Fig. 14 ehowe a graph of the experimental pointe and the straight linea 

of beet fit. 
. ' b 

(3) The maximum ph.aee angle error due to background, A 6 (max)• 1e 

oaloulated from Eq. (66). The effect or drift in initial phase is already 

included from the positive run (it has a negligible effect here). Since 

A eb(max) ie common to all points on a given phase line, it may be com;., 

bined with the error of .f (H2o). Then we obtain X' (res) and ita final 

error..6.X•(res, final) from the folloving relations 

X' (res) = J (H20)- al 
a2 

X 8 (res, final) = lx 1 (res) 

(75) 

(76) 

Since the statistical errors Aa
1 

ard L\a
2 

are the dominant ones, ve may 

combine the results from our two phase lines by the usual method and obtain 

i qroa) atld its error lJ. X 1 (res). Then using Eq. (42) we proceed ae in 

the positive case and obtain the final reault for negative muon• atopping 

in water 

(77) 
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All the above work has been tabula ted tn Table X. Here ve M7 Jm1 ai!IS\Url8 
''·•: :·,_, 

that this is also the ratio for tree negative muons as will be disauesed 
. f ' •· • 

in the next section. 

E. Calculation of g/m for Both Runt 

Defore we use Eq~ (8) it is necessary to correot the experimental 

value or r /t eo that both electron and proton are in the same field, since 
e p . . . . 

the stated v~ue of the ratio is for rp taken aa the trequeAaf of protons 
. 21 . 

in distilled water. Hutchinson et al. obtained the corrected ratio 
• I 

f
8
/tp (both free) = 658.2107 after applying a correct1on45 ·or 25.6 p.p.m. 

to allow for diamagn~tic shielding or protons in water., ~To detaile~ are 

given or the water sample uaed in the experimental determination of t
8
/fp 

. and so it is not known if there is also a bulk eueceptibility correoti~~6 

\lhioh must be applied. Apparently thia h the main uncertainty ~n the 

corrected ratio and sinof! it is at most-. few p.p.m., for this experiment 

\Ia may ae~me no error in the ratio f
8
/t (both free). The g/m_ ratio for 

.P 

poPitive muons (we have assumed that this is the g/m ratio for ~ positive 

muons) is then given directly from Eq. (S). 

• 
(78) 

For the negative muons we must first correct f to obtain the frequency of p 

free protons. The diamagnetic correction of 25.6 p.p.m. ~ill be used to 

+++ obtain t (free). The bulk suso!iptibili ty correction due to F 8 · ions wae 
p . 

shown to be.£:: 1 p.p.m. in Section IV G(J) and that due.,to bmlk diamagnetic 

susceptibility or water is smaller36 so w~ ignore both. In this way we 

obtain from Eq. (S) an equiva_lent g/m ratio for negative muons in water 

( Bm )- = (9o6760 ± 0.0013) X 10-J m •1 
R 0 e 

2 

(79) 
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AaiiiWiling that the masses of poeitive and negative mona are equal, ve 

obtain tor the rractioml difference between the g value ot tree positive 

mtione, 1 +, a.al the equivalent g value ot negative mona in vater·, ~-(H2o) 

= - (8.3 ± 1.4) X 10~ • (80) 

As noted earlier, g-(H2o) is really the g value for negative muons in the 

oxygen in water. 

F. §limulated Muon Tept Run 

Straight lines of the form 

(81) 

. T 
were fitted to the data of Table v. The error assigned to each a was given 

~r •T . . . T · T 2 T 
b D;. e + 9 x lo-4 (e - i ) where for error oaloulatione £ may be 

obtained ~rely by 1ns~etion from Table V. The uwal resonance condition· 
T 'l' . 

(9 )1 - (6 )
8 
~ 0 was ueed and the tvo resonance frequenoieo found were 

as follows• 

z = 0, r var (res) = 199 .8290 ± 0 .0028 Me/ li8C 
' 0 

z = 2.27 ± o.o~rovar (res)= 199.8243 ± 0.0036 Mo/seo 

~T 
A common e:rror ...Q vas then allowed with:f~ = ~i0: 1.1° since test run 

a2 
only lasted ,-v 1/2 day and so the arbitrary factor of 2 is not included here •. 

Using Appet)d!x 6 we .obtain for the combined result 

~var 
~- (res) ~ 199.8272 ± 0.0024 

0 (82) 
and. we had t

0 
=199.82860 ± 0.00010 
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T~s we eee that the tvo frequenciea are 1n verr good agreoment 0 the error 

present in t 0 var (res) ia --1 part 1n 105 and ita only half the final error 

or the positive muon vork in this experiment.. furthermore the error ot 
.. var -
t

0 
(res) as given above 1e predominantly due to lack' ot et&tistioe. The 

above test shows w:uior aotwU. operating conditione that aey unknown 

systematic effects are small c~mpared with the error or the positive muon 

vork, and completely negligible in the negative muon vork. By proceeding 

in a manner similar to that described in part C or this section, the phase 
. ll. 

angle change corresponding to a ~ change or 2.,27 ± 0.,01 nanoeec could be 

determined., The result 'Was 

0 0 
Measured change = -(170 ± 3 ) 

- - 0 
Expected change Eqe (US) = -(163 ± 1 ). 

This agreement vas considered reasonable because of the fact tMt there 
lA 

will be small phasing errors ( 'f etc. of Appe~ix 2) in the stroboscope. 

A sharp distribution will be more sensitive to these errore. Also there 

is a poaeibility of a systematic error associated with the delay change., 

During the test run this change was made by simply inserting a short cable 

and coupling in the signal line. The delay measured was the increase in 

delay when the same cable and coupling wore inserted in ~noth@t system, and 

so we did not measure the actual delay change experienced by the test 

eyatemo This is in contrast to the 2.51 ± 0.01 nanosecond delay which 

was the actual delay change made during the experirmnt. 



VI. DISCUSSION 

A. b?4t1!!1n Muon Worlc 

; 20 
Eq. (78) may be combined with the recent (s~) experimant 

76. 

which gave 6 = 2 (1.001162 ± 0.000005). In thia way we obtain the poai ti ve 

muon mee value 

+ m = (206.766 + 0.005) m 
- e • (83) 

. 21 
Recently Hutchinson obtained the results f/f = ).18))8 ± 0.00004 and 

p 
+ . 

m = (206.765 ± O.OO))m (13 p.p.m.) aft~r further analysis of the pre­e 

liminary report of Hutchinson et al. 'l'he CH2~ and CHBr3 work used in the· 

preliminary report wae discarded in the recent results, which therefore 

involve only the H2o and HCl work., Hutchinson noted that there may be· 

appreciable rates for the formation of compounds in the oaaea or CH2I2 and 
Qr"e 

CHBr3 and that consequently the chemical shift oorreotione -6!!EI uncertain 

for these two materials. However, neither Hutchinson's CHBr) result nor 

that of the present experiment (see Eq. (62) and Eq. (SJ)) shows significant 

deviation from the combined ~0-HCl results.. Thus it seems reaeonable to 

combine the present ex~rimental result with that of Hutchinson. Thia 

results in a mass value 

(84) 

The muon mass value obtained with mesic ~-rays (Section I) is in good 

agreement with Eqo (83) and Eq. (84) but it is not as accurate ae the 

pre ee nt results • 

B. N§go t1 vp Muon Work 

ll'ord et al. 
46 

have discussed the corrections to be applied to 

the g value of a free muon in order to obtain the g value ot a negative 

-muon bound in a J~mesio atom. In their notation the g v'lue or a free muon 

.• 



ie given by (go + gl) where 1
0 
= 2 ( 1 ~e .. ' Dirac;· pez'iicle) and 1

1 
is, the · 

radiatiVe correction, Thus (g0 + 1 ) le o~ ltq~ (l) o W@ list the othser 
. 1 

. . 
corrections and giva the ~rieal va.ltWs ter· 8oe 

(1) . Binding correction to radiative corrections, g2 
~ . 

. (80) = -0.000013 .. 
go 

(2) Direct binding oorrection 11 g3 .. This i&~ ths largest correction 

and results from the relativlstic treatment of the magnetic. moment· ot a 

Dirac particle in a. central field, 

· !J (80) :::: ..0 .,001104 .. 
go 

(J) NUclear polarization correction, s
4 

e 

!!It g (gO) = +0.000012 
0 

(4) Electronic polarization correction~ g5 ~ This term is negligible 

unless the ground electronic state haa fine structural levels., 

(5) Diamagnetic shielding by the atomic elaotrons 0 g6" This vill he 

very similar to tha shielding experienced by the ~uoleu:~t is the eecond 

largest correction considered~ 

(6) Center of mass correction, g
7

• It may be neglected*' From the 

above corrections we obtain the result 

where w have taken the po~i tive muon u the tree muon~" Tbie ira to ~ 
. . -~ 

compared vith the experimental result or -(863 ± 1.4) x 10 a~ give~ in 

Eqe (8~ o ford et alo feel that the agreement i& ~asonab~ in viev of 

77. 
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the facts that it was necessary to make aesumptlona about the electronic 

state of the ,u-mesio atom and alao there may be ohemloal ahUts preeent. 

The above results indicate that the g values ot tree positive and negative 
. . 6 4 a . 

muons are the same to within parte 1n 10 • Hutchinson at al. obtained 

the result 

and again it is seen that the two experilmnte are in quite reasonable agree-

ment. The combined result or both experimente is 

g-(H
2 
0) ... g + -4 

----+-- = -(8.9 .± 0.8) X 10 • 
g 
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VIII. APPENDICES 

Appendix l. P;stiW;\to of Efftot, of Finj,Y, Sol14 AMJ.e pf l3 C01n:ttor 

··This is done by considering the very simple case shown in ' . . 
Fig. (Af). The ~ oountor is aeeumed to be a spherical disc or radius 

f • with half angle f.0 • We aetnune that the polarbed muons stop at o. 
the center of sphere. Referring to Eq. (14) of text, the following 11 

now the expression ror the number of IA counts d'7 0 due to . all I muons 

in dx at x and to electrons in dt at t of the first A slot in 0 

80. 

4 ~£ df d¢' { J -t/1:' t 
d F :::::: N f dx 4 11 . 1 + a ooe 6 e ~ 

' 0 11.. 0 
... (Al) 

Eq. (Al) considers only the elementAQ..:::::: eint dE. d¢' e.e shown in Fig. Al. · 

Also 6 is giv~n by 

oos e =sin£. sin¢' sin(~+ 2n ft) +cos£. cos (I+ 2n ft) • (A2) 

Thon £:o 2..1f" 

lFo= I r d4
Fod¢' dE 

0 0 

. . (A)) 

It is aeen that term of d
4
F which involves ain

2
£ sin ¢' gi~es no contri­

o 
· bution integrated on ¢• in E!q. (A3), and we have 

d =N r dx 2 1+-·----
~· ll .. cge fo) { a{l-coa 2 fo) 

0 /JJ 
0 4(1-cosl,) 

cos( f + 2n tt) 

• (A4) 

Comparing F.q. (A4) ard Eq. (14) of text ~e esse that the only difference 

haa been the reduction of the muon asymmatrt coefficient by the factor 

1 (1-oo~;s 2 f ) · o 4 (i',..c,;osfo 58 • In this experi.rnent it waa roughly eetimated that Eo~ 20 

o.nd eo tbia reduction only amounts to a tew percent" The expression for 
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tan e, Eq. (20) remains unaltered., From Eq. (A2) thia vlll alao .be trw. 

1n the more general caM where the counter is B)'111118tr1cal vitb reapeot 

to the change ¢' ~ ¢' + 180°. 
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AppendiX 2 & ~s;vmmetr1c !Jhon StroboaoOf! 

In this appendix we investigate the etteot due to the. 1lots ot 

the muon and electron rast mixers being unequal in vidth., It is al111o 

assumed that the slots are not exactly centered at the quarter cycle posi­

tions and that the signal delay time between the p coWtter and ita taat 

mixer is a time Z longer than that between the tt counter and ita taet 

mixer.. The symbols ~I etc. denote t~ slot widths of X etc. and. the 
. IA . .. . . 
symbols 'f' etc.., denote the shifts of the elot centers of ~ fast mixer 

/ 

.·unit relat1Vfl to qwuoter cycle times defined by slot I. The timing dia­

gram ie · that, shown in F 1g e A2 I) where again it is not poe s1 ble to d rav T 

. and ·0 to scale. 

and 

Referring back to Eq .. (14) of text we have now 

t = T + y + t 1 ~ Z 

The cosine form in Eq. (15) now becomes 

ooe Lif + 2 n(f -f
0 

)( T + y) + 2 n f ( t' - Z) -2 n t (x .. .,,IA + !t _ 11 
) J 

0 'f 2 2 . 

Agabt y<.<.. 'l' and y + t' - Z«"'C may be uaed., Si.nce Z ie a;mall :in this 

experiment, \t-t0\~ 10-J t
0 

may etill be used as an approximation here. 

The calcula. tiona proceed just as in the text and we obtain 

± -(T+n "t"o) 

n=O 
8 

"t { 
IA !A } 

· l+Yf coe £~ .+ 2Tl(f.,f)(T+nt'c) JJ 
(A5) 

IA 
wher~F refer$ to the counts in element IA only, as the counte 1n IIB, 

eta. vill differ slightly now1 
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Slot centers are marked by short vertical full lines. 

Z = time delay of ~ signal line relative to that of ~signal line. 

Fig. A2. Timing diagram of asymmetric muon stroboscope. Notice 

that T and G are not to scale. 
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(A6) 

(A 'I) 

W t " b I A -v- ,1 · \VIA ( ) ith he su stitutionu g = g = vo1 6 and Z =,. = 0 9 Eq., A'l reduce§ 

to Eq., (18) as would be expected.. From Eqo (A6) .w note the effect or add­

ing delay Z to f3 counter signal line is that stated in text with Eq. (28)'" 
. . .. 

Eq. (A7) indicates how the asymmetry (as seen: by the stroboscope) ts.llu 

. as the slot w~the are increaeed.. The taotor ~ is the appropriate one 

.for the symmetric stroboscope, as can be seen by inspecting the text. Thus 

'With slot .widths of' "t"o /6 the asymmetry is reduced only ~10%;, It b 

useful to rewrite Eq. (A5) in terms of quantities actually scaled during 

the experiment~ 

~ IA 
N 

L 
n=O 

(AS) 

I 
where N.U is the nunibElr ·or muons which arrived 1m slot I and ~ is ths 

· number of electrons which emerged in alot A.. ~xpreaeions similar in form 

· to Eq .. (A8) may be obtained for the other 15 elenwnte of the matrix .. 
tne. 

By studying Eqo (A5) or Eq .. (A8) the difficulty ofl\asymmetric 
.: ' . . . 

muon stroboscope (i.e. the actual muon stroboscope) is inmadiately apparent. 
-

All slot widths, all~ values, and all ry values will in general be el1ght~ 

ly different and ao the :simple expression for tan e (Eq,. (20) of text) will 

no longer be true. Apparently part of this difficulty ie overcome it ve 

redefine tan 6 by the following expression 
Rx ... Lx 

tan 8 = - -,x ... r (A9) 
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where 

X 
L =etc. 

' 

and 

R
ID ID = k 

with N~ being the total number or electrons detected in the run in vhioh 

N mu.ono were stopped. In this new ochema Eq. (AS) beoomea 
~ 

IA x N~ f h IA (F ) - . ~ 1 + :t R 
- . :36 r "C (1-e ...c > 

0 

f -n"t"c{t" n=o e ooe f~ IA+ 2n(t,..t
0

) 

(T-J + n:t:o) J } (AlO) 

with similar expressions for the other 15 elements of the matrix. We see 

now that the first term (the larger one since lJ IA involves a) will be the. 

SWDe for all elements.. In add! tion '1 IA ie only varying slowly with 

respect to ohangeo of I or A slot Yidth at slot widths near 'to/6. Thus 

the use of Eq. (A9) should largely compensate out any syetematio effect• 

due to different slot widths, or to Blllall slot width changee during the 

experiment. Actually 6 waa calculated from both Eq. (11) and Eq. (A9) to 

see if there was any effect. It wa.a fourrl that the difference betveon the 

two values of 6 was always « 1 standard deviation. From this it ie 

included that the matrix is largely "self balancing" as regarda Jlot width. 

A given slot width occurs once in each group R8
, L8

• r 8
, a8 

and so there 

is a large degree or cancellation of slot width dlfferencee 1n Eq. (11). 
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Appendix 3. Some OJ!timum Settings 

In this appendix we wUl examine the. optimum valuee ot the· 

parameters involved in. ~ ~ Since the allowable rate tor a topping 
(~-~ . . 

muon& is not dependant on T1 • '1'
8 

for this experiment it ia relevant to 

find optilllum values from the condition that Llg/m = E be a minimwa tor 
g/m 

a given total number of stopped muons., 

Equation (.37) of text gave the relation 

E = .. 

From Eq., (A4) and Eq. (26), for the symmetric muon stroboscope near 

resonance we have 

A= 
9a(l-cos 2 Eo) 

4 n
2 

(1-cos fo) " 

(All) 

(Al2) 

The vnluea of .L.x and Lxe will b~ simply replaced by those of ~l al¥1 L_ · 1 · e 

as given from Eq., (19) (i$e~ symmetric muon stroboscope) 

• (Al.3) 

It 1a noted from Eq. (Al2) and (Al.3) that a p counter or finite eoU.d angle. 

is being considered .. From Eqa. (All), Al2) and (Al3) 

0.8 
E::: 

a r 

with the condition (N )1 + (N } = constant = K. 
IJ- IJ e 

+ 
(N ) 

(Al4) 

J.t e 
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Optimum solid angle ot @ coun~re 

From Eqe (AU) w fhd tb&t·E 11 ~t a min1mwa vban ooo ~· 1/'J 

i.e .. E«> = 71°. ., ". optimum solid anglee ASl (opt~ • 'f ... ,,ara4. 

·Optimum U.W w1si~h g. (we m.strume ·the ~WDe' width in oacb run) 

By' ins pee t:lon ot Eq e ( A14) 0 ahould be a& lu-ge as posei.ble • Hov .. 

ever in that case the repetition rate would be loveied du to ino:rct.aaed dead• 

time of the gate. The value 0 = 2.5 JJ sec vae chosen so that the allowable 

repetition rate vas the same tor any value of T up to-...) p. HID• tn a1a1 
. . ' . . 

ca~ the value of. E does not show much further decrease for larssr v-luea 
'•, 

. of '0, as would be expected since most of' the muons have alree.dr deo9,111c! 6 

Opt~ setting of T;• 

From Eq., (Al4) 

1 T' /r;. 
e 

-where T6 , T• = '1'.1 ... l'e • and (N ) . will be taken as the independent 
~~ 1 

(AlS) 

By inspection we want T = 0 1n order th&t E ohauld be &s emall e . . 

· ae possible.. In practice the emallest value or T
8 

that could be used· vae 

T = 0 .. 2 p, sec .. e .. 

. oE o E 
These are obtained by the conditions OfN ) = Of' = 0 w1tb the. 

·"' l results ... 

optimum ratio 

The above vork does not allow tor t'act that background ie 
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becoming appreciable at delays -6 p, sec IJd also that the Rtm!ftl ot 

such a long delay 'WOuld in fact mean that the atoppiq llUOD rate vou14 

have to be reduced for the T
1 

run., in the ac~ experiant the lonpst 

delay used was T 1 = 3 ol tJ. sec. Also the solid angle is determined bf 

the electron orbits (allowing f'or energy loss) in tbe magnetic :field an4 

0 
in thia experiment fo~ 20 • There was no vay to increase ~ &J'F8Cia'blf 

and fStill rcatair• a reasonably simple counter design. 



Appendix 4. Details· of Electronioe 

A .. Crossovex: flalsg Nt~ · 

The actual pulse conditions under which ve vi&hed to operata 
. . 

were .first determined by placing the actual p, and ~ counters in an 
electron beam at the 18411 synohrocyclotron, The light level· correspond~ 

1ng to electrons tranovereing the 1" thick scintillator& vas· given a 

relative value of 1 unit., Then in tho actual experiment the muons would 

be expected to give a light level slightly greater than l unit due to 

their higher ionization, while the electrons detected would be expected 

90. 

to give light levels in the rough range 1-3 units owing to their curved 

orbits (estimate obtained by drawing orbits). Thus it was decided to seek 

operation in the range of levels 0.5-4 for safety. The R.C,A. Type 7746 
. )2 

ltlU.ltiplier phototubes were set up viewing a light pulsar calibrated for 

this range, and typical averagf" outputs are show~ in l''ig. Al(a.). These 

traces 'Were obtained with a recorder used in conjunction "With a sampling 

oscilloscope L-thia was consti~cted by the counting research group directed 

by Mre Q. Kerns, since .moat of the above investigation was done before 

c'ommercial models were generally available _7 whose bandwidth was 700 Me./ 

sec. Clearly timing shifts -2 na.nosec. \IOUld be obtained with such a 

pulse height range if we attempted to standardize the pulses merely by 

limiting them. 

Instead of using the usual overclipping arrapgement to form a 

crossover pu..1~fil 11 a more general arrangAment was used in which both positive 

and negative signals were taken from the tube. The behaviour of the 

crQasover pulee ruay then be influenced by varying R
1 

and R
2 

(see Fig. AJ(b)~, 

the relative cable delay inrerted in the signal paths, or the resistors of 

the summing function., The values of' these parameters 1o1ere determined eo 

that the crossover point (~oeitive -. negative) remained steady ae the 
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light 
levels 

RCA Type 7746 
H.V. =t2.200V 

Load= 62.5.0. 

MU-26653 

Fig. A .3(a). Average output pulses from R.C.A. Ty~ 7746 phototube for 

four different light levels. Relative light level :::: 1 corresponds to 

approximately 130 photoelectrons arriving at the fir~t dynode of t-he 

tube. The operating conditions are as indicated am the divider used 

was similar to that shown in Fig. A J{b), except that R 3 160 K, R = 220 K, 
1 2 

R
3
= 150 K in the present case. 
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Fig. A .3(b). Final arrangement used to form crossover p1lse. 
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Note that the capacitors of the voltage divider have not been shown. 
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light level was varied (using crossed polarizer&}. .Aotuallf w ~ 1101'8 

interee;ted 1n the behaviour ot the spiked JU].se (aee belov) which 18 

' 
mixed with the 200 MC/seo wave, eo the parameters were chose~ to mintaiae 

its movement. Howeve1·, it vas found thllt the behaviour of the cro1aovor 

point vas very similar to that of the spiked pulse • The final 5tfSteiR 

arrived a.t 0 iB shown in Fig., A3(b) and the timing sh:lf't of the spiked 

pulse was< 0.2 nanosec as the light level wae changed trom 0.,5 to 4, !he 

purpoae of thE! 400 p.f. condenser at the summing function was to prevent 

operation of the fast mixer units by the somevhat ragged tail ot the 

amplified crossover pulse (see Fig. A4). As is seen from Fig. A3(b) a 

se}:arate negative pulse vas taken for use in the standard coincidence cir• 

cuits.. This pulse had a small ·trailing positive pulse 'originating from 

the summing function, and it was necesaary to remove this by a suitably · 

biased emitter follower. Recalling that t .• e stroboscope 1a required to 

have a average timing ata.bili ty -0.01 nanosac ·(Scctio~ liD) both the 11. 

and f3 phototubee were supplied from the same high vol ta.ge line. In thie 

way it was estimated that a high voltage change of""" 100 V wae required to 

· produce a. relative t" .. ~l delay change of 0.1 nanoeeo., During the actual 

experimental run the high voltage vo.r ia tion was< ± 4 V D 

B. Fa.s t M;txer Uni t!i 

The circuit diagram of one miXing circuit ie shown in Fig. A4. 

Each fast mixer unit has four of these circuits. The input amplified 

croeeover-pulsa~i-s~sketched-tn-~he-upper- part of the .figure e 'l'he swing 

from negative to positive takes J na.noaec., vith the positive portion 

rising in l nanosec am being limited by the Hewlett-Packard 460B(U.near) 

35 
amplitier. A fast rising pulse is then obtained by feeding the ampU.t'ied 

crossover pulse into e. grounded baae e~tage (2Nll43, near cutoff).. Only 

. the positive part of the pulse operates the 1np.1t stage. After oliPP~• 
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1-' and f3 fast mixer units each contain 4 mixing circuits as above, connected in 
parallel at point A. 
Tl-4 8:2 turn auto transformer wound on Type 102 core. 
T5-8 inverting transformer (Pulse Eng .. PE 2679-7) .. 
Transistors Ql .., 12 2N 114.3 

Ql.3 -24 2N 501 

Fig. A 4. Circuit diagram of one mixing circuit of fast mixer units. 

I 
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a spiked pulse is obtained wbo8e amplitude ia ~/2 V and vbose tuU vlcl.th 

at half maximum is 1 nanosec. Thie pulae vas 1110nitorecl at poiDt x 'bJ 

removing the l20J'2.. resietor e 'l'he spiked pulee was mixed vith the. 200 Ma/no 

wave in the secord state (2Nll4.3) and the overlap vaa integrated o" thm 
bicts 

collector cap!l.citance and then amplified. The 'hd:8 adJuet vas normallf 

set so the output envelope was + 1.2V into 125St. loade Under lisht puleer 

test conditions it was found that when tha fol-lowing discrimiliator wae aet 

for a slot width or'"Co/6 (i.e. triggered by 1/6 of input pulsel)o then i.te 

level was -o.6 V •. In the experimental run this corres:ponding setting w.a · 

""'~ 0.8 V so that the scintillation p.1lses may not be quite as fast as thoee ,,._ 

or the light pulsar. 

The inpUt from the 200 Me/sec oscillator was normally let at 

2.2 \1_ r .m.s. am this vas then stepped down to minimize loading of the 

terminated linao In order t.hat mixing circuit.output variations could be 

associated only with relative timing it is necessary that the amplitude of 

the 200 Me/sec wave be held constant, and that the crossover pulse be well 

limitede The amplitude of 200 Me/sec wave was regulated by means ot a feed .. 

back circuit which controlled the supply voltage of the output etagee It 

was found that there were still some long time drifts present and these were 

correcte~ manually with a helipot. The fractional amplitude variation dur~ 

ing the experimental run vas..(± 4 x 10-.3. It should be noted that becaUS«!! 

all mixing circuits of lt and p fast mixer units are driven from the earns 

200 Me/sec, the effects or amplitude variation will tera-tb-cnrnoel-. -.The---­

limiting action of the crossover pulse was examined .bY setting the elot 
' ' 

width for lro/6 at light level = 1 and then finding how the slot width varied 

as a function of light l~vele This is shown in Fig. A5(a) where we see 

that the limiting in the range of interest (1 .. J) 1a very good and in faot 
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Fig. A 5(a) Graph showing percent change in slot width as 

relative light level is varied. 
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is reasonable over the entire range (0,5- 4). It should be noted that 

this curve 'Jas influenced by choice of aeries resistor in emitter ot tn ... 

put stage e 

Each mixing circuit vas temperature compeneated aa indicated in 

Fig. A4& Th8 adjustment vas made ~o as to minimize the change produced bJ 

a heat lamp. 
. 0 

In the actual run the temperature variation was ow 3 c. 
The fast mixer units were symmetr~zed as much as poseible by chooaing eete 

of 4 transistors with equal delay tinY:ls for use ·as Ql-4 and Q5-8. The de .. 

lay times were obtained by plugging succesaive transistors into aay Ql 

socket and tracing the spiked pulses. It was fourd that the timing distri­

bution for 2Nll43 transistors had a width of ~0.5 nanoeec while that for 

2N501 transistors was -1 nanovec and this is the reason behind the choice 

of transistors as shown on Fig. A4. Further symmetrization was done by 
,, 

studying, for example, the pulse heights in outputs A and C of ~unit when 

an output was received in B (used to trigger oscilloeco.pe.). 

Before the experimental run the muon stroboscope wns tested in 

a setup in which both It and ~ phototubes viewed the same light puloer (&et 

for light level = 1). The relative delay Z of the p signal relative to the , 
.~ signal was varied and a delay curve could be obtained for a given matrix 

element. In Fig. A5(b) the solid line graph is the ideali~ed curve we would 

expect, the element IA being taken ae an example. We aeawne the center of 
we 

the I and A slots are exactly aligned andAdo. not cone¥er. timing jitter .. 

Then the ordinate at relative delay Z is simply the product of the number 

of light pulses N considered and the fraction ofa cycle during-whtch pulses 
p 

of relative de lay Z find that .Qotl3 slots I and A are turned one The above 

follows from the fact that the 200 Me/sec ·oscillator and the light puleer 

are operating independently of each other. (It is probably easier to see 

how the ·idealized curve is obtained if we imagine that ve leave the 11. and 

~ pulses exactly aligned and instead vary the 'time displacement or the 
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Fig. A 5(b). 
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Solid line graph is the idealized IA delay curvu for 

N light pulses per run. 
p 
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Dashed lines show deviations from the idealized cm·vo 

and were obtained in light pulser tests. 

• • Dotted curve is delay curve obtained with rne~>f•l• bt:nu, 

traversing both J..t, and ~ counters (•beam through .. ) . 
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slot centers.) The dashed sections on Fig. A 5(b) represent the 4evt& .... 

tiona from the idealized curve as measured in the light puleer t®itse Such 

deviations can be explained by timing jitter in the ph.ototubSGB; Typica~ 
. I 

D and D vere ~5% N s:_ e Also D~ dro~d bv a t.aotor ot 2 in a Z 1 2 P "'tc £ rr- rl 

change of 0.1 nanosec which indicate& the order of the phototub& jitter. 

26 
This checks reasonably with that expected in the above case., Teat& vere 

. I 
made on the timing stability of the system by setting Z to obtain .Np ~T~ 

counts (i.e. on the steep sides) and looking for_counting changes over a 

period of time. In a typical run of several hours any timing shift waB 

<o.Ol nanosec., For comp9.rieon we have also sho1Jnon Figo A 5{b), vith 

the dotted curve, a typical delay curve run during the ex~riment., In. thie 

run the meson beam traverses both J..t and f3 counters, ibe ... the "beam through'1 

run described in text (Section III F). As would be expected» the timing 
I 

jitter appears much worse here (D1 and n2 ~ 40% Np ~- D 0
2 

drops by 

factor 2 for Z change ......... 0 .J nanosec.). In the actual precession experimant 

we may expect that the timing jitter.will be even worse becnufle or the 

various electron orbits. Timing jitter alone cannot introduce systematic 

erro~ in the experiment hut it can lower our accurncy by lowering A 
' 9 

the magnitude of the asymmetry aa seen by the muon stroboscope. 

C., Dead~ime Circuitr_y (This circuitry waa designed and constructed by 

Mr • R • Brown .- ) 

(1) Deadtime generators 1 and 2 

'l'hese circuits could be tJ,et for deadtimea in the range 1-10 p, eeo. 

They were set for J tt sec in the present work. The ~ame circuit was used 

for both units and is shown in Fig., A6. On recei.ving an input discrimina ... 

tor pulse it put out a pos.itive 12 V signal provided there had been no 

previous -input in the preceding 3 lt sec c The arrival of further inputs · 

during a dead time merely extended the dead time to 3 p, sec after the last 

arrival e As is shown by the various waveforms, the arrival of an input. 
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Fig. A 6. Circuit diagram for both deadtime generators nos. 1 

and 2. The deaqtime may be set in the range 1-10 ~sec 

by setting P. 



Fig. A 1. Anti gate generator for multimuon events. Also shovn is S.C .. ), 

-which is a slC\.1 2-channel coincidence circuit Yi th 1 anti-input for the 

anti gate. 

-0 -
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pulee (we are assuming no preceding pulse) d1echargee the SO pt capacitor 

which then charges towards + 15 V through P.. Th.a input pulae &lao driwa 

Q5 (shaper) from saturation to outoffe As the 50 pf capacitor charges tc 

near +1 '1, Q5 ie held in cutoff by the tunnel diode.. Near +1 V the tunnel 

diodfl IDiitches to its high im~danoe state, driving Q5 into saturation. 

The output is then obtained by differentiation eo that we observe only the 

leading edge of the shaper collector vaveform. The various properties ot 

the circuit are nov clear. 

(2) Dead time genera tor 3 and SC 2. 

This deadtime generator is similar to the onoe above except th&t 

its range of operation was 3-35 lt sec. ·In this run the dead time was eet 

at 10 ;.taec. The output went to a slow coincidence circu~t S.C. 2 similar 

to S.C. 3 (see below). 

{3~ Anti gate generator for mulrtij_ ·muon e'vemta, and S.;C. 3. ·The 

·circuit diagram is shown in F'ig. A7. Its purpose is t() prevent electrons 

belng assigned to the wrong muon parent as noted in the text. The incpming 

~topped muon pul8e is SJUit, one path goes through a 25 nanoaeo delay and a 

10 11. sao deadtime generator, while the other goes to a two fold coincidence 

circuit, or "and1t gate, which receives its other input from the deadtime 

generator as shown. For just one muon input there ie no output from the 

nand" gate because of the 25 nanosec delay. But if a second muon arrives, 

within 10 f.i- sec, it finds the 11 and 11 gate open am eo triggers the flip ... flop 

which send a an an ticoincidenca ga ta to S .c . 3. '!'hen if no more muona arrive, 

the flip flop is reset, 10 jJ, sec after the second muon, by the trailing 

edge of the dead time circuit output. 'l'he operation of S .a. ) iB clear.. All 

other alow coincidence circuit a S.c. 1, S.c. 2, S.c. 4, s.c. 5 are similar 

to S.c. 3 except that they have no antHnpttt. 

.• 



In this appendix we shall show how the test run described in 
t~~t 

the teet (Section III E) doeo indeed simulate muon precession at the fre-

quency set on the variable oscillatoro 

Figure A8 shows the complete timing diagram for test operation. 

The upper two lines refer to the ~ and t3 test fast mixer units (driven 

by f~ar •) and the lower two lines refer to the p. and f:i fast mixer units 

103. 

of the symmetric stroboscope (Fig. 3). 
var 

The re 1a. ti ve phaea of f 0 and t 
0 

iS completely random and the muons will thus enter in a random manner with 

respect to both oscillators. \lie assume a phase difference rl between the 

JJ. and ·~ clots in tha test fat:t mixer units (recall there. is only one slot 

Jl. ' 
in each), and also a relativ~ time delay Z · between the stroboscope and 

'tes:t j.l 'fast mixer units {compared with the time delay between the corre$pond-

ing ~i units ) • 

'l'he periodic curve Fev(ttt) represents the probability that an 

electron signal could [',t"~t thrnugh the test ~ unit at time t" after a muon 

signal got through test /t unite averaged 

L 
over all arrival times x9 in aT r:.lt .. 

(By putting Z = ( t 11 + 2 , f 
0 

var) we see that Fav(Z) will be very similar 

to the delay curves of F' ig. A 5 (b). The only ~Hf'ference between the tvo 

cases is that the timing jitter will not be the same.) We will aeeume that 

the npips" of F ( t 11
) are symmetrical and so from Fourier analysis we .write 

av 

~ T 
F (t") = L.-

0 
a cos m(¢ + 2n fvar ti•) 

av m::: m o 

Thus for th(• test far,t mixer units we have­

Probability that ~counter signal arrives in g: = r:ar g: • 

(Al6) 



ON 
OFF 

ON 
OFF 

f 
0 

fl 
F (t") 

av 

I 
f~ar 

etc f-L 
Gate= G-
Gate I 

f3 

l 
Test 
fast 
mixer 
units 
( f ~ar.l 

l 
Stroboscope 

~isxter 
units 

_ ( fo l 

t I 

L,e counter signal 

MU -.26'6 56 

= frequency of variable frequency oscillator. 

= frequency of 200 Me/sec oscillator. 

= 199.82860 ± 0.00010 Me/sec. 

104. 

= phase difference between muon and electron test fast mixere 

= average probability (averaged over x 1 ) that~ gets 

through ~ test unit at time tn after ~got through # 

test unit. 

Fig. A 8. Complete timing diagram for test operation. A typical event 

var 
Muons enter randomly with respect to both r t t because 

0 0 
is shown~ 

oscillators are independent. 



., 

Probability of a ~ counter signal in dt at time t after IIUOft signal 

arrives · 

= ~ · _
8
-tlc stl f :;t! -r T var · · } 

4n ~ i-;; O ~cos m t. ; + 2n r
0 

(t..Z~) J (A17) 

where ye have used t" = (t-Z1~ ) • The asymmetry of the muon (negative) 

decay is too small to affect the present work. Thus ve have aeeumed an 

icotropic decay distribution. 

For the stroboscope fast mixer unite we have-

Probability that It counter signal falls in dx = f dx. (note that the . 0 

averages with respoct to x• and x can be made separatP.ly because of the 

fact that the relative phases of f and fva.r are random). 
0 0 

Probability that f3 counter signal arriving in dt gets through ~ fast mixer 

unit = 1. 

Thuc the total number of IA counts in interval d t within first 

A slot of ,gate 0 is given by 

(Al8) 

- '1' T Yhere N,u is the m.unber of muons a topped in the run and f = ¢ _ :2 71 r :ar z Jt • 

We note that Eq. (Al8) is very similar to F;q. (14) the only differences 

var T 
being the additional factor f g a.nd the additional harmonica i.n the 

0 /..t 

above case" Proceeding in the usual way we obtain (as in Eq. 18) 

N oD -('I'+n "to)/t:"{m F=L Lhe a 
n=O m=O m 

Yith I T 
. h = N g 11, ..& Q__ 

(Al9) 

;t r 4 n 



j 
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The expressions for L, B, and R. may be obtained from Eq. (Al9) with the 

following subotitutiona-

L ~T~ ~T + .] 
2 

B .fT 
~ 

~T + fl 

R fT _,. :fT + l!t 
2 

We also define the teet phase angle in the usual manner (Eq. 11) 

(A20) 

Thus we obtain 

(A21) 

where'Kn = 2n (f:a.r- f
0

)('I' + n1:o) and we see that only the od.Q harmonics 

enter. Comparing Eq. (A21) with Eq. (20) we see tha. t, although the early 

and late phase plots must still be equal at rva.r ::: f ~ they may not be 
. 0 0 

closely a.pprc•xlmated by straight lines in the present case. The first 

coefficient to complicate matters is a.
3

, but it is probably quite fJfnall 

compared w1 th a
1 

since the frequency response of the system is already 

falling off at 200 Me/sec. If we assume F'av(t 11 ) "pipe" are triangularp 

sin~TJ/2 sii n/6 
with base -- J. , then a3 9T ~ 5% a ;;!. for mo in 

m' fvar 1 
range 1-2. Thifl range covers the shape of the "beam through" delay curve 

of F'ig. A 5(b)., 'l'his curve 'Will be similar to F ( t 11 ) as noted earlier. av 

(Experiment shmJs that F a.v ( t") ia slightly lesa peaked than the "beam 

through" delay curve~ In the test rune the statistical accuracy of 

(F
5 

- D8
) -and(R

8 
- La) was only r..-5% so we assume tha:t the higher harmoniclll 

may be neglected. Then we have 



. 107. 

N -n "'Cf'l: . T ·. . . . 
· > e sin££ + 2n (fvar '• t )(T + nl:o) J 

T 
tane = 

'fi;"O 0 0 

N n "Co/'t T 
(!22) 

;>~ e- sin ( ~ + 2 n ( f var - t )( T + n l o ) J 
~ 0 0 . . 

Comparing with Eq. (20) and Eq. (28) we get the analogies 

zl": z 

. fvar ii r 
0 

(A23) 

Thus it is seen thit the behaviour of the combined muon stroboscope and 

test system, vie'Ning isotropic muon decay, is the satre as that of the 

muon stroboscope alone viewing the precessing asymmetric muon decay at 

var T 
frequency f

0 
• Recalling Eq. (21) and E:q. (~1 3) we see that e 1s the 

weighted average phase difference betwAen tho muon stroboscope and the 

first harmonic of F ( t") for the electron ga~ in uae. For the actual av 

exJXlrimental results the countl3 were corrected for slot Yidth eo that 

eT was defined after Eq & (29) rather than Eq • ( 11) • 

'!' 
If we set g· = 

jj 

__ .L_ 

6 f var 
0 

we may write Eq. (A 16) in the form 

F ( t") = t £1 T (¢'1' + 2n fvar-t 11 ) _7 av + a coa 
0 

~ (A24) -...;;· (¢J' + 2n fvar + L,_::! a cos m t") m= m 0 

T 
where a = 6 111 is. the test run 11 aaymmetry coefficient" analogous to that 

rc Itt -1-..::. .-{ 
of Eq. (4) •.. We see that 1 t .is :real-t-ed to the coefficient of the first 

harmonic of F~v ( t" ) • If we also ee t 

for test operation wili be only 1/36 

T l g p, = 6'fVar then the counting rate 
0 

that for normal operation since the 

muon and-electron signals each have a probability of l/6 to get through 

their respective teet circuits. 



108. 
Note on "Beam Tbrough" Operation 

The matrix counts ~fe (e-J.J) J are considered a tunotion ot 

average electron-muon phase difference, e(e-~), in which w neglect 

mul tiplee of 2 n. Thus ve coneider that we have four pointe- F8 corres­

ponding to 9{e-.u) ::: 0 , Ls corresponding to O(e-lt) = n/2P etce, and tit 

the curve (by least squares or Fourier analyeio) 

NLS{e-j.J..) J =' ac Ll + b cos (9(e-;.t) + ¢ ) J 
0 0 0 (A25) 

. 8 
. R8 t 

It can be shown thatfan ¢ = 8 - 8 and eo we have the significance of the ° F' -D 
n phase nngle" under "beam thi-ough11 cond i tiona. 
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Appendix 6" fartiet;lly: Correlated Errora 

We consider tvo measurements, x
1 

and x
2

, ot 'a quantity x.. The 

errore in these two measurements are considered to be made up or a random 

error with standard deviations o
1 

and o
2 

respectively, together vith an 

error or standard deviation~ 0 which is common to both x and x. lt is 
1 2 

conoidered that a
1 

and o
2 

and .60 a.re all independent ( .6.oiJl8.Y be random 
.,. 

or systematic) and that ve de eire to determine the veigh ted mean or x
1 

and 

40 x2 together with its standard deviation& It may be shovn that these 

quantities are given respectively by 

2_ ~ 
X: i=l.t£_..,.1 __ _ 

i.=?;-2- a ~2 
(A26) 

arrl 

(A27) 



a:ta2 

A,B,Cil), 

I 1 II1III,tv 

A 

E 

t 

t~ 

fp 

dt(e"l 
dn 

to 
var 

to 

tp<r,t) 

;tD'( t) 
p 

:f'(l)(t) 
p 

r~3)(if, tl 

experlmente.l asymmetry eoeftic1ent 

theoretical asymmetry coefficient 

eoefticients ot &trsisht line fitted by least ·~· 

slots ot p (eleetron) tast mixei." unit 

slots or ~ (muon) fe.st mixer unit 

muon decay a.s;vnunetry as seen by s~roboscope. 

bacltground uyrmnetry as seen by strobOscope 

muon :lecay asymmetry af'ter background subtraction 

velocity of light 

electron charge 

fractional error in s/m 

muon praceesion frequency 

electron precession :frequeucy 

proton precession ~requency in water 

energy· averaged angular distl.·ibution of elec·trona ham 

muon decay (relative t.o mu.On spin) 

energy averaged angular distribution of electrpn& from. 

muon decay (relative to 11J:X)l.a.riza.tion vectoru) 

frequency ot 200 Me/sec oscillator 

frequency set on variable frequency oscillator 

proton .frequency (water) at rat 'time t' 

monitor probe proton frequency {water) at tir4e t 

transfer proton frequency (wter) e.t time t 

no. 



F,L1B,tt 

F8;L8 ;B8 ,R8 

rf,Lx,:ax,rf' 

111. 

probabU1t;y that elecitl"'D getfS th1"oU8h teet ~ unit at 

time t• atte:r JllUOh aot tb.roup teat lA ·unit, averaaed 'ovar 

arrival. times Of Dl'UQn 1n slot Of teet 1i unit . 
- . th 

torw.rd counts -etc due to electrons in the (n:+-1) 

contri'bu·ttns alot within gate 

forw'fl.l'd;, left, back, right counts 

sum of tour forward scalers, etc. of matrix 

sum of tour .forward scal.era 1 etc of mat.rix a.f'ter each 

has been corrected. to::: slot wid'th 

sum of tour t'ort<~b.rd soillers, ate, of me.trix d~ing 

background :ruJl. Each scaler haa been cor:reoted tor slot 

Wid·th. 

(r - ~) Ertc. 

muon g value 

proton g value 

electron g value 

A B C D li£ 1S 1g ;g slot widths of p f'ast mixer unit 

rl ,gii ,giii ,giV slot widths of I.L ta.at mixer unit . 

G 

H 

k 

m 

Width of gate set on Gata 1 

magnet.ic ;field 

N ~ 
~ -n f

0
t 

muon raa.as 

electron mass 

number of cycles of 200Mo/eec oscillator Witllin gatf! 

an integer 

number ot stopped muons 



B$ 

r ~tc. 
·l' 

~- etco 

ll ( 9(e•t.tB 

X 

X 

X' 

z 
z~ 

7 

r12. 

maaber ot detected. eleotmu 

.number ot 111U0D8 .., .. tv1DI ill elot 1 etc~ 

matrix counts considered ~· tunct1on.ot ave~e elootroa 
. . ''~! . 

lllUOn phase tU.tference ( 111' 'Which aul tiplel ot 211 are DOt 

considered) 

:ratio or matriX count1na ntea for. empty Wiet a.M. twl 

target runs 

muon polm.riztll.tiori at decay 

time after nn.ion stops 

time after start of A elo·t 

early gate set on Gate 1 

la.te gat$ set on Ga.te l 

any gate sat on Gate 1 

time a!'tel" start of I slot 

frequency scal.e used tor fit·cing results of poUtive :run 

frequency scale used for fitting results of negative .run 

time between stfJ.l't. of gate arid first A alot 

relative delay of p counter signal lina 

relative delay be·tween stroboscope and test J.l. fut tnixe.;r 

·units 

tine structure constant 

electron 

muon total.enerSY • mrc2 



,~,., 

.--~x 

~b 

ata.tistical enrore ill~~ ~ 

eoomon error in both ~ _ end X2 
el.ement ot solid fAJllle 

113.-

in error discussions 1 t denotes the $~ cl$viation of 

the quantity 1 t precedes • 

angular coordinate of finite solid angle ~ counter 

pb.a.se ot muon in rotating fre.me 

phaae of muon in :ro't,ating frame a.!'ter correction tor 

slot width and background 

phase of background in rot~.e. ting frame 

equivalent phase for test r1.m · 

average el\2ctron~muon phase dit.fereuce neglecting 

multiples of 2:rt 

angle between muon ap;in and direction of electron emission 

angle between muon "polurlza:tion vector" and direction 

of elect.ron emission 

muon 

sum oi' F, L, B, R 

...X X X ...X sum of .v· , L , B , .H ie « total matrix counts e.fter 

correction for slot. wid'th 

su:m of r:~ ~~ ~i ~ ie. tota.l background matrix counts 

at·ter correction for slot width 

sum of F , L ; B "'1 R ie. total ma:trix counts after 
0 0 "' 0 

oon-ection tor elot width and sub·t:raetion ot background 



¢' 

rf 
¢0 

I» 

t(Ctmr
3

) 

t(H:;p) 

4>D 

tiA etc 

muon Dl8f1.D lito ( 2 .2 ~ sec) 

period. ot 200 Mc/aec oscillator· 

ansle between muon orbit anc! WI ot &S oounter at 

instant muon crosses ~ countar 1 

angulur coordinate ot finite solid ansle ~ counte~ 

phase di.f.ferenoe 'betwen l.l and f' test fasts mixer uni ta 

equivalent initial phase under beam t.brough oondi tiona 

initial phase of muon "polariz~tion vector" 

ini tit.u phase in positive run with z = 0 

ini tie>~ phase in negative run with Z = 0 

dri:t·t of 1ni tia.l phaa~ 

114. 

delay of cent;re of A f3lot :relative to centra of I slot, etc. 
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Beam '.1'6.rget Stopped Muons/min. ( 82) E/uitn. 
- .. T. • o.~, ·;.& sec 

Target Target Target Tarset 
Full .empcy OUt ruu 

Positive 
1/4 l1\lll &tGDl CHBr

3 
9.0 X lo3 2.0 X 103 1.8 X 103 60 

Short Du.ty Cy-Cle 

l!Sj~ 

Full Boom 5 1.0 X 105 4 
"stre ~ched" ~0 l.5 .Y. 10 7•8 X 10 720 

-

.t = TotaJ.. i~ x 4 matrix counts. 



T 

j,1 oec 

Oe2 

1 .. 5 

~ 
~- ~ .. · .. ' .. 

3·i 
• 
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'ra.ble II. nt.ta. obt.ai~ t'ro1a tuU tarpt :ruu vtth poa1t1w IIUOll&• 

Counts ehow are obtained tJ'Oia actual counts with Bq. (29)• 

r; 
Me/sec 

62. 71~ 
75 
76 
77 
78 
"f9 
So 

62.74 
75 
76 
·n 
78 
79 
Bo 

62.74 
75 
76 
77 
78 

Po 

Z•O Z • 2•51 t 0.01 naDb@OC~ 

LX tt' r r .. r}' r .i' 
762 lll.lf- lo88 774 1151 885 9U 

1017. 1378 lYfO 971 2483 1710 ao86 
1142 1426 1256. 926 1189 2~ 1016 
3238 3943 3313 25~3 2589 2742 
1071 1310 1037 8o4 U65 9TI 1296 
1336 1422 1026 959 1240 lo85 1429. 
1044 ll22 8lt-O 795 834 774 U23 

71+1 91•6 1171 986 ..,~ 591 479 
6rt ··•481. ;~15 

:237 J3lt 332 :2:28 )2lt 263 287 
348 4~3 346 215 871 695 936 
3)+() Jl.~6 G!9il· 255 420 365 495 

485 52'.2 763 
T27 636 472 6oo 464 590 6"{4 

156 200 275 ~Bu 349 405 311 
766 S~9 13.11 1053 437 367 322 
t•Jj) '(32 '{')2 595 678 568 509 ) 

335 i+GO 391~ 25B 749 533 643 
769 760 579 574 572 547 725 
926 6~5 535 697 3:~0 313 435 
697 513 524 6&~ Jo8 338 386 

= ... o.22 ± o.cr2 

Delay of ~ counter 

'l' = Deley of Gat.e 1 (gat.e Wid.th G = 2.5 "' sec) 

Proton reaonance frequency of monitor probe 

1?1 in Me/sec 

r 
121.4 
9673 
1267 
3342 
1552 
1.605 
U74. 

601 
598 
367 

1097 
555 
715 
591 

258 
31~ 
64.1 
811+ 
767 
359 
295 



Table III. Data obtained trcm empty tarset tuw~~ v1th pce1t1V® ~, 
'l'be ~ coun~ del.o.y.Z ., 0 vas used, 

T 1fl! 
~ I\ ~ ~ An X 10 ~X l.O p ~ 

14 sec Mc/eee 

0.2 62.714- lo8 119 135 97 ~l,, o.a 
77 125 140 136 96 .. 1.8 0,7 0.112 

80 138 137 145 119 -o~7 0,7 t0.007 

1.5 71+ 67 70 86 72 ... 1.3 loO Oel35 
80 91 87 75 91 .. QQ9 0"9 tO~G110 

,3.1 ·r4 37 43 44 43 .. Qa9 1-3 Ool39 

80 .35 44 31 35 ... 1.5 le9 :tO.Ol3 

Av. ·1.2 0~3 

Proton reaona.nc111 frequency of monitor probe Pl.., 

Target empty 1~/beam. monitor 

r = ----------------------Target full t' /bsum monitor 

. 



/ 

Table IV. ~te. obtaine4 hom full target (~0) wu 'lith ~ti'" 

muons. Notation 1s eame aa that ot Tablee II &nd mo 

T 

J.4 sec 

o.:a 

2.1 

~ LX r rf .,. 
I' 

Me/sec 

62.74 2510 2339 2432 2309 
17 10179 10179 10424 10117 

8o 22210 22125 221.~:27 22072 o~oao 

83. 10357 104ll . 10239" l01T7 :tO,oo8 

86 28884 28850 28247 28524 

89 13041 12862 12691+ 12873 

77 9701 9710 9817 9768 
80 21+36 2474 2524 21~92 

83 2638 2592 2670 2599 0.12 

86 ~~l+49 2518 23:/3 2526 :t:O .. Ol 

89 7458 75L1-0 7572 7550 -

(3 counter dala.y z = 0 

Rl -(LO ± o.l~) X 10-2 (eee text) 

T = Dole~y of' Go.te 1 (gttte width G "" 2~5 1.1 aeo) 

118. 



ziJ. 
nanosec 

0 

2.;;n 
:l: ,o1 

'rable v. Rasulta ot aimulated llUOD test 1'\Ul• 

., tve.r 
T MT 0 LX Bx. r -;c 

IJ. sec Me/sec 6 

0 

0.2 199·'"'13 5ll 199 2 85 + 77·4 2.3 
83 5o6 16 3 266 +11.6~4 2.2 

93 199 1 42 424 +1,9.6 a.s 
3·1 199.73 20 359 2cb 1 - 27·5 2·7 . 

83 209 8 o. 128 +119·9 3·5 
93 2 68 317 112 +262.1 2.9 

0.2 199·73 2 91 357 87 ... 89,4 2.6 
83 5 299 379 3 ... 51-7 2.6 
93 85 481 229 2 - 16.7 2.5 

3·1 199·73 36 1 2l.j. 132 -185.2 1~ .1 

83 1 65 80 1 ... 51..0 5·3 
93 101* 23 0 38 + 5)8.2 5.1 

zll = additional del~y placed between normu.l and teat muon 

ft:.\Bt mixers. 

T = cleluy of' Gate 1 (gate Width G = 2. 5 p. sec.) 

411Var_ "'o - frequency aet;. on var!til.ble frequency oscilla·t.or. 

X L et;.c. obtained from t11..ctual cotmts by Eq. 29~ 

f'
0 

"" 199.82&-So ± 0.00010 Me/sec. 

t:? = is obttl..i.n:3d fl"om Eq. 35. 

119 .. 

-
0 



z ;n 
p 

na.nosec Me/sec 

0 62.74 

75 
76 

77 
78 

79 
80 

~.51 74 
± .o1 

75 
'76 

Tr 
78 

' : 79 
so 

'1' • 0.2 ~ec 'l! • 1~5 $.dJee 

90 llll 
0 eo 

0 
.. 43.0 6. 7" 

0 

-96.0 
;.,.35·2 7·2 

·_',;,U.6 7.0 ·42.9 
... 2·1 4.2 +: 6,6 

+ 4.2 .. 6.6 +26.6 

+35~2 6.4 
+32·1· 8.3 -+81.5 

-214.5 8.2 -.267 ·5 
-20'2 .4 5·0 -240.1 

-200.9 7-3 -198.3 
-171.6 l+ .2 -170.1 
-166.2 6.2 -159.1 

.. -159·5 6.9 ·125.3 
-143.5 6.5 - 90.0 

(-) is obtained from Eq. 45 
0 

!::/./ ia ob·t;a.:tnad from EQ• 51 
0 

Ml 
0 

0 

7·5 

1.2.2 

9·7 
18.7 

10~1 

llo3 

10.4 

17·3 
'('.8 

11.0 

?.6 
12.1~ 

120. 

T IIIII 3-.l IJIJ$0 

60 Mt 
. 0 

0 o· 
.. 131 13.6 . 

.. 95·4 .6tO 

"' 57.8 9o0 

... 13-3 9·1 
+ 50o7 9·1 
+ 93·6 6.7 
+139 10o2 

-342.3 12.2 

~274-3 15q9 

-241.1 13.9 
.. 196.9 9~0 

-140.9 9·1 
.. 107·7 15.6 
.. 55.4 21.3 

•. 



l2L 

. . . . ' . ~ . 

positive muon ph&e$ ditterenco data. a2 11 

expressed 1n 'desreee per 10 lf.c/secw 

z Tl .. T' a.e , Experimental xz(ns) 6Xz(res) e 
nanosec J.LSOC Eqe 55 6.2 6a2 '~ ~ 

0 3~1 ... 0.2 33·2 32·5 2.4 ... l It «hOO. Ool3 

3·1 ... L5 l8.t~ 15·9 3o5 + 2. 1 ... o.11 o.44 

i lo5 .. 0~2 14.9 17.7 2e7 .. 3 6 +0.15 OQ33 
; 

~ ....,_....""~ 
j : 

l i 

! 2.5i ; 3-l .. 0.2 i 33·2 34·7 3·3 -16 5 +Oo4:"(' 0,;16 ! i 
± .01 ~ ' : 

I 

3·1 .. 1.-5 l8el+ • 18.3 3·1 .. 16 6 +0~8'7 0.39 

: 1.5 - 0.2 , 14.9 • 17.1 : 2.5 ' 0 5 +0.01 o~~n 
; ---



T 

IJ. sec -
0.2 

1.5 

3 .. 1 

Table VIII. Ta.bulat1on of phase anale error M: 

due to background in ];10s1t1ve muon :run, 

Ao eo .. eb 

•0.24 t 

-0.24 t 

-o.26 .t 

o.o1 10° 

o.oo 00 

0.0'2 60° 

Z = 0 in ba.cl-.ground . run. 

_,~b is given by Eq_. 52. 
0 

Mb 6£Jb 
0 

18° L1° 

34° a,6° 

4f 2~c;P 

122. 

,, 

.. , 



.. 

• 

123. 

Table DC. Final resulta tor positive muon run. 'the t.req~ J"at10 

tor tree poai ti w muona and tree JXrOton& mq a.l.ao be 

assumed to ba etven b¥ (t/tp)+, 

Tl "' 'l'e v6.2(f3b) + 62($b) I ~D 6X 
X(r.as) 6X{reB) ol.. oe - (~e, final) .,._see a.2 "2 

3·1 ... 0.2 +0.20 0.10 0.091!. o,o67 o.15 
3·1 .. 1.5 +O.i-t.5 0 .. 29 0.23 o .• l3 0.39 
1.5 - o.a +0.07 0.21 0.17 0.13 0.30 

X( res) ;:s +0 .:2o Lli( rae) ~ 0 ,13 

- --
-m - m / f ( 1·es) ± :..">£ (rea) = 62.7720 ± 0.0013 Me sea p . p 

D.f ( l'EHI) ... V a2f!A( res) + tf~t 1 

p p p 

,6;f' 
p 

:. t (res) ± r'::.f (res) 
:P p 

= 62.7720 ± 0.0014 Me/see 

Eq• 40 

------------·~-----.. --------------------------------------
f "" f ± l~ 

0 0 

t = poaiti ve muon t'r~quency in bromoform 

fp d 1~oton frequenc~· in m1te,r 



T 8.2 

l! sac Eq. 2l~. 

0.2 . 13·9 

2 .• 1 35·7 

-

124. 

Te.ble X. Final results tor negative muon run. 

Experimental 6X' AG'b(~) x•(rei) 
"'2 6a.2 ";. 6al ' (res, tine.l.) 

11 .. .,0 ,3ol +16° 14° 1•.8° :..0.79. 1.24 

32.5_ a.o -+'26..0 35° 7·9° -Oo65 1·13 

X' (:ree) rQ -0.72 

AX'(res), = o.84 

m tn 
f (rea) ± t~ (res) = 62.8228 ± 0 .ooB!~ Mo/aee 

p p 

M. -(rea) = -,d d2tfll( res) + -6.2 t ·• 
P v· P ~ 

"" 7.:2 x 10 Me sec -4 1 ] 
Eq. 42 

f 
p 

..m ... 4 = r - 2.5 x 10 p 

:. f (res) ± b:f (rea) = 62.8~:3 ± o.oo8 
p p 

f = f ± 6f = 199.8275 ± 0.0014 
0 0 

f ::;;~ negative muon fraquency in water. 

proton frequency in ~ter. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor th~ 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. 
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